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Abstract

One of the primary goals of the CERN Large Hadron Collider is to search
for new physics. Many such searches have been carried out, in particular
searches for supersymmetry, yet no new physics beyond the Standard Model
has been found. With a large number of free parameters introduced by
frameworks such as supersymmetry, it can be difficult to interpret the null
results of searches. The first analysis presented in this thesis attempts to
tackle this difficulty head-on, and gives a summary of the constraints from
the Run-1 ATLAS searches. A combination of 22 searches were used, with
integrated luminosities of up to 20.3fb™! of 7 and 8 TeV data. The results are
interpreted in the context of the 19-dimensional phenomenological MSSM, and
are presented in terms of the masses of supersymmetric particles. Constraints

from dark matter, heavy flavour and precision electroweak measurements were

incorporated, and results are also interpreted in terms of these observables.

Properties of models missed by the Run-1 searches are also shown. The second
analysis presented in this thesis documents a direct search for new physics,
using 18.2fb™1 of 13 TeV data collected during 2015 and 2016 by the ATLAS
detector. The search targets final states with large jet multiplicity (at least
7 to at least 10 jets), which can arise from the pair production of gluinos
decaying via a cascade. Further requirements are imposed on the sum of
masses of reclustered large-radius jets. No evidence for new physics is found,
and the results are interpreted in both a model-independent way and in terms
of two simplified supersymmetric models, one of which was inspired by the
results of the first study. Limits on the gluino mass of up to 1600 GeV are set

at the 95% confidence level, extending previous limits.
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Preface
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in detail in this thesis.

e Search for new phenomena with large jet multiplicities and missing trans-
verse momentum using large-radius jets and flavour-tagging at ATLAS
in 13 TeV pp collisions. [ was the lead author for this analysis, coordinating
the analysis team and performing many aspects of the analysis and producing the
majority of the results. The analysis is currently the most comprehensive iteration
of the multijet analysis, and is published as a paper [1|. Prior to the release of the

paper, the analysis was also published as a conference note [2].

e Pursuit of new phenomena in final states with high jet multiplicity, high
jet masses and missing transverse momentum with ATLAS at /s =13 TeV.
I also lead the majority of aspects for this analysis, which is discussed in detail in
chapter 5| of this thesis. The analysis was published as a conference note [3], in which
I created all of the plots and tables.

e Search for new phenomena in final states with large jet multiplicities and
missing transverse momentum with ATLAS using /s = 13 TeV proton-
proton collisions. I carried out many of the analysis tasks for this study, such as
trigger studies, and investigation into pileup effects. My most significant contribution
was the statistical analysis and interpretation of the results. The analysis was

published as a paper [4], and was the first supersymmetry search to be released from
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the LHC with 13 TeV data. Prior to the release of the paper, the analysis was also

published as a conference note [5].

e Summary of the ATLAS experiment’s sensitivity to supersymmetry after
LHC Run 1 — interpreted in the phenomenological MSSM. I was responsible
for the interpretation of the results, which was no small endeavour given the 19
dimensional pMSSM. This involved the creation of almost all of the plots that
featured in the publication and their interperitation. I also created a framework to
re-implement existing analyses and process the 300,000 pMSSM points, implementing
2 of the 22 analyses myself, with the remainder being performed by collaborators.
The analysis was published as a paper [6], and is the subject of chapter [4| of this

thesis.

In addition to creating publications, I also contributed to the running of the detector
and performance work. For my service task, which was required to join the ATLAS
collaboration, I performed monitoring of optical links for the semiconductor tracker. I took
shifts operating the detector, as both Run Controller and as the Inner Detector shifter,
and was involved in SCT operations through hardware replacement and DAQ/DCS
expert on-call shifts. I also contributed to the performance of ATLAS simulation, by

validating many of the jet triggers in Monte Carlo simulations before the start of Run-2.

My DPhil took place at an exciting time in particle physics. I witnessed, and was actively
involved in, the start of Run-2 of the LHC programme that saw an almost doubling of
the centre of mass energy of the proton—proton collisions from 8 TeV to 13 TeV. This
opened a new energy frontier, hitherto completely unexplored, with which to potentially
discover new physics. It has been a great privilege to be one of the first people to probe

this new frontier.

Throughout this thesis, if a diagram, plot or other figure has not been produced by me,
then this is stated in the caption with a reference to the source. Plots that I created that
have been published by the ATLAS collaboration are also labelled ATLAS or ATLAS

Preliminary. Other contributions by collaborators are acknowledged in the text.
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“If it disagrees with experiment, it’s wrong.
In that simple statement is the key to science.”

— Richard Feynman, The Character of Physical Law



1 Introduction

What is the universe made of? The pursuit of the answer to this question is the subject
of particle physics. Not only that, but the particle physicist desires knowledge of the
fundamental building blocks of the universe: the simplest and indivisible pieces from

which everything else is successively composed of.

One of the earliest known attempts to describe the universe in terms of elementary
building blocks was provided by Anaximenes of Miletus, who proposed that there be
only four elements: earth, air, fire and water. While this theory is beautifully simple,
it cannot reproduce the universe we observe. The periodic table of elements is another
attempt to answer our question, but since each element can be broken down into simpler
constituents, this does not represent the fundamental answer that particle physicists are

searching for.

Our best answer to this puzzle is the Standard Model of particle physics. The Standard
Model is a theory describing all known elementary particles and their interactions, but
there are numerous reasons why we acknowledge it is incomplete, and why it cannot

fully describe the universe we observe. As a result we continue to search for new physics

beyond the Standard Model.

Modern day particle physics carries out searches with particle accelerators. As technol-
ogy progresses, colliders are able to smash particles together with higher and higher
energies, allowing the experiments built around the collision points — such as ATLAS —
to probe progressively higher energy scales. It is hoped that in a high energy collision,
new fundamental particles will be created which will further our understanding of the

constituents of the universe.
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However, it is one thing to create such a new particle, and another to find it. This
thesis documents my contribution to searching for new particles, particularly in the
form of supersymmetric particles. Chapter 5| documents a search for the gluino — the
supersymmetric partner of the gluon — which is pursued in cases where it decays via a
cascade of other particles. This results in final states with a large amount of hadronic
activity, which is both difficult to measure accurately and difficult to predict theoretically.
A special background estimation technique is employed to overcome these issues. No
evidence of new physics was found and strong limits were set on a variety of new physics

models.

This thesis also documents the interpretation of the null results of searches for supersym-
metry. There are a large number of unknown parameters introduced by supersymmetry,
and as a result there is no single way to get an idea of the impact of these searches on
the parameter space. Furthermore, there is also limited understanding of the interplay
between limits on new physics models set by direct searches at colliders and other mea-
surements, such as the dark matter relic density. The study in chapter [4| attempts to
address these issues by combining the results of many Run-1 new physics searches and
assessing their impact on a large class of supersymmetric models taken from a scan of

the phenomenological MSSM.

Chapters [2| and |3| lay out the theoretical and experimental framework used to carry out

the studies in this thesis. A summary is of this thesis is provided in chapter [6]



2 Theoretical overview

The Standard Model of particle physics contains our current knowledge of fundamental
particles and their interactions — save the masses of the neutrinos and their oscillations.
Deeply embedded within the Standard Model is the concept of symmetry. Symmetries;

either intact or broken, have proved to be at the heart of how matter interacts.

This thesis will focus mostly on experimental aspects of particle physics and some of the
implications of the results. To understand this, a basic understanding of the underlying
theory is essential. This chapter will cover the fundamental concepts used in later chapters,
and is split into three main parts. Section will lay out the theoretical framework
of the Standard Model, introducing the particle content and then covering the strong
and electroweak interactions, as well as the origin of mass. Some of the known problems
with the Standard Model will be described in section which motivate searches for
physics not described by the Standard Model. Supersymmetry, a theoretical framework
that could address some of the shortcomings of the Standard Model is introduced in

section and is the topic of both chapter [] and chapter [5

In writing this chapter, I used the excellent references |7H11].

2.1. The Standard Model

2.1.1. Particle content of the Standard Model

The two elementary building blocks of the universe, forces and matter can be described in

terms of quantum fields, with the notable exception of gravity. Fundamental particles are
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the quantisation of these fields, being point-like, structureless and carrying internal angular
momentum (spin). All other entities are then successively constructed as composites
of these elementary building blocks. Before going into the details of the interactions,
this section will describe the elements that are most widely used from an experimental

perspective: the different particles, their charges and main interactions.

We categorise particles according to whether their spin is an integer or half-integer (in
units of A). The fermions comprise the matter particles and have spin one-half. The
bosons, with integer spin, mediate the interactions of fermions, giving rise to forces and
mass of fundamental particles. The particle content of the Standard Model is summarised
in table 2.1} In addition to the symbols listed in the table, typically f is used to denote
any type of fermion, with f representing the antiparticle. Similarly ¢ and ¢ denote a

quark and lepton of any flavour.

The fermions are further sub-divided into two categories, depending on whether they
have strong interactions or not: if they do they are called quarks; if not they are called
leptons. There are six types (or flavours) of lepton in the Standard Model that come in
three generations of charged and neutral doublets, each doublet appearing to be identical
in all properties other than mass. Neutral leptons are called neutrinos, and are massless
in the Standard Model, however experiments have found that they have a small but
non-zero mass [35-39]. The neutrinos only have weak interactions (making them difficult
to detect experimentally); whereas the charged leptons, the electron, muon and tau, have
both electromagnetic and weak interactions. Similarly to the leptons, there are also six
flavours of quarks, again coming in three generations of doublets. Each doublet consists
of an up- and down-type quark, named after the quarks of the first generation. The
quarks differ from the leptons as, in addition to the weak and electromagnetic, they also
carry colour charge and thus have strong interactions. Furthermore, for each flavour of
quark there are three ‘colour’ versions. Both the quarks and leptons have an antimatter
counterpart, anti-quarks and anti-leptons respectively, which have the same mass but
opposite charges. For example, the antiparticle of the electron is the positron. It is
theorised that the neutrino may be its own antiparticle [40], however, this has not yet

been verified experimentally.
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Name Spin Mass Charge Discovery
Quarks
u (up) i 2.3 MeV +2/3 1968 |12,13]
d (down) 3 4.8 MeV -1/3 1968 [12,[13]
¢ (charm) : 1.3GeV +2/3 1974 14,15
s (strange) i 95 MeV -1/3 1968 [12,13|
b (bottom) 3 4.2 GeV -1/3 1977 |16|
t (top) : 173 GeV +2/3 1995 |17,[18]
Leptons
e (electron) 3 0.511 MeV -1 1896 [19]
Ve (e neutrino) 2 <2eV 0 1956 [20]
p (muon) 3 105.7 MeV -1 1936 [21,122]
v, (1 neutrino) i < 0.19 MeV 0 1962 23]
7 (tau) 3 1.777 GeV -1 1974-7 |24
v, (T neutrino) : < 18.2MeV 0 2000 |25]
Gauge Bosons
v (photon) 1 0 0 1932 |26|
W= 1 80.34 GeV +1 1983 [27,[28]
Z 1 90.12 GeV 0 1983 [29,30]
g (gluon) 1 0 0 1979 |31]
Higgs Boson
h (Higgs) 0 125.1 GeV 0 2012 [32,33]

Table 2.1.: The known fundamental particles comprising the Standard Model and some of
their properties. Not listed in the table are the antiparticles of the quarks and
leptons, which have identical mass and opposite electric charge. Furthermore, for
each flavour of quark there are 3 colour versions, and there are 8 different coloured
gluons. Masses are from the Review of Particle Physics [34].
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Z/v/h g W

Figure 2.1.: Feynman diagrams showing the interactions between fermions and bosons.

Forces in the Standard Model are generated via interactions of the gauge bosons. The
neutral photon is the carrier of the electromagnetic interaction, which has infinite range
due to the massless nature of the photon. The weak interaction is mediated by the
charged W+ and neutral Z bosons; their massive nature giving rise to the short range
and hence apparent “weakness” of the weak force. The strong force is mediated by gluons,
of which there are eight types with different colour combinations. Finally, the neutral,

scalar, massive Higgs boson gives rise to the masses of particles in the Standard Model.

Some of the main interaction vertices are depicted in figures and [2.3] which show
the interaction of fermions with bosons, the self-interactions of gauge bosons, and the

interactions of the Higgs boson respectively. Neutrino oscillations are not shown.

With the notable exception of the top quark, quarks are never observed outside of bound
states known as hadrons. Each hadron contains a number of “valence” quarks that
together carry the quantum numbers of the hadron, and “sea” quarks, which are virtual
quark-antiquark pairs. The quarks are bound in hadrons by the gluons of the strong force.
Each hadron must be arranged such that the overall state is colourless, and hadrons are
classified by the number of valence quarks they contain. Mesons are quark-antiquark
pairs, for example the 7% (ud). Baryons are bound states of three quarks, and include
the proton (uud) and neutron (udd). Further states also exist, including the recently
discovered pentaquarks [41], containing four quarks and an antiquark (and vice-versa).
The top quark is never found inside a hadron due to its large mass; even though it decays
weakly the energy released is so great that its lifetime is approximately two orders of

magnitude smaller than typical strong interaction time-scales, meaning the top quark

decays before any hadron can be formed.
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Figure 2.2.: Feynman diagrams representing self-interactions between gauge bosons. V and
V' correspond to any two gauge bosons such that the total electric charge is

conserved.
h Vv
\\\ ,/‘ e
\\ h/ ,’ V ,/,
\\ ’/ h ,/ h
h oS Viw S0 &« 00 —----io--
x
4 ~ 4 ~
/, \\ h/ /, \\ h \\
/, \\ // \\ \\
o h . o h h V!

Figure 2.3.: Feynman diagrams for the interaction of the Higgs boson with the gauge bosons,
and also the self-interactions of the Higgs boson. V and V' correspond to any
two gauge bosons such that the total electric charge is conserved.

2.1.2. Gauge invariance and symmetry

Fundamental to the Standard Model is the concept of gauge symmetry. A field theory is
said to be gauge symmetric if the Lagrangian (and therefore any physically measurable
quantity) is invariant under a gauge transformation. The simplest example of a gauge
symmetry comes from electromagnetism, where Maxwell’s equations remain invariant

under the transformation of the 4-potential A* — A" = A* — OFy.

In quantum field theories, we are interested in the transformation of fields, and due to
the unitary nature of the symmetry groups of the Standard Model we are restricted to

transformations of the form

V(@) = ¢ (2) = e(a), (2.1)

where here, & may mean one of two things: either « is a real scalar corresponding to
global gauge transformations, or « is a real-valued function of the space-time coordinates

x, corresponding to a local gauge transformation. In both cases ¢ and v’ must describe
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the same physics, and imposing this requirement has important consequences. Indeed, as
shown by Emmy Noether |42], every continuous symmetry results in conserved quantities.
Quantum electrodynamics (QED) provides a starting point to outline some of the relevant
principles of gauge invariance, and how symmetry properties are related to dynamics —

an account is given in appendix for the interested reader.

2.1.3. Theoretical description of the Standard Model

The Standard Model Lagrangian describes the dynamics of particles and their interactions.
It arises from the requirement that all interactions be invariant under local gauge
transformations, as well as the Poincaré group transformations (translations, rotations
and Lorentz boosts). It is a unified framework to describe the electromagnetic and weak
interactions between quarks and leptons, together with the strong interactions between
quarks and gluons. There are three generations of left- and right-handed chiral fieldq']
both for the quarks and leptons. The left-handed fermions form SU(2), doublets whereas
the right-handed fermions form singlets. The fermion content of the Standard Model is
summarised in table . The left- and right-handed quarks are triplets under SU(3).,
while all leptons are colour singlets. In the electroweak sector, the field B, corresponds
to the U(1)y group and the three fields W) (i = 1,2,3) correspond to the SU(2)., group.
Furthermore there is also an octet of gluon fields G (a =1,...,8) which correspond
to the colour SU(3). group. The Standard Model Lagrangian without mass terms for

fermions and gauge bosons is given by

1 a v 1 ) v 1 v
»CSM - — ZGW,Gg - ZWMVVVZ'M - ZBNVBM
+ LjiD, "L + er;iD " er; + Q;iD,Q; + JRjiDufy“de + Ur,; 1D, uR;,

(2.2)

where the summation index j runs over the three fermion generations, 7* are the Dirac

matrices and:

o G% = 08,G8 —8,G% + g, [ GG,

Yer=31Fw)f
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o Wi, =0,W)—0,Wi.+ g WIW},
e B, =0,B,—0,B,,
are the field strength tensors,
o Dy =0, —ig TGS —igTiW, — ig1% B,
is the gauge covariant derivative, coupling the matter fields to the gauge fields, and

o T, = %/\a are the generators of SU(3)., with A\, being the Gell-Mann matrices, and
f% are the structure functions. They satisfy the algebra [T}, Ty] = i fape T

ijk i

T, = %Ti are the generators of SU(2), with 7; being the Pauli matrices, and €7” is

the anti-symmetric tensor. They satisfy the algebra [T}, T;] = i€; .1}

Y is the weak hypercharge and is the generator of U(1)y.

gs, g2 and ¢; are the coupling constants of SU(3)., SU(2), and SU(1)y respectively.

L;, er;, Qj, dr;, ur; correspond to the fermion fields, listed in table (with, for

;7" representing the anti-fermions).

example, Ej =L
This Lagrangian is invariant under local SU(3). x SU(2). x U(1)y gauge transformations

for the fields. For instance, the electroweak sector has:

L(z) — ¢@T+8@ 3 [(0)  R(x) — @7 R(x), (2.3)

Wla) = Wio) + —-0yala) = ale) x Wio). Bu(a) = Byla) + -0,5(a). (24

Here, B(x) specifies the local U(1) gauge transformation, and a(z) = (aq(x), as(x), as(x))
specifies the local SU(2) gauge transformation. L and R correspond to any of the left- or
right-handed spinors of table 2.2l We are allowed to add any terms to this Lagrangian as

long as they leave it gauge invariant.

There are many problems with this theory, some of which will be outlined in section [2.2]
but most notably there are no mass terms for the fermions and gauge bosons. Furthermore,
the W3 and B fields have not mixed to form the more familiar Z and photon. This is of

course due to the lack of the Higgs field and electroweak symmetry breaking, which will
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Weak interaction spinor Q Y I3 1
U c t +2 1 : :
a-"] @- 0= 00 () 0
a/ ). b) . —3 3 —32 3
dy) = dg dY) = sp ) = by -1 -2 0 0
ug) = UR ug) = CR ug) =1Rr % % 0 0
I/e 14 VT 0 —1 l l
Ly = L= "] ILs= 21 f
e/, k)L T/, —1 -1 -3 5
e =(n W= @=(k | -1 2 0 0

Table 2.2.:

be discussed

The fermion content of the Standard Model with their associated charges. There
are three generations of both right- and left-handed quarks and leptons. @) refers
to the electric charge, Y to the weak hypercharge, and I and I3 to isospin and
the third component of isospin respectively. They are related by Y = 2(Q — I3).
Right-handed neutrinos are not present in the Standard Model and so are not
included.

later. We will see that the gauge bosons gain mass as a natural consequence

of the addition of the Higgs field, which simultaneously also allows one to add fermion

mass terms

without breaking the gauge invariance. Without the Higgs field, it is not

possible to add mass terms for fermions or bosons without breaking the gauge invariance

of the Standard Model.

The Lagrangian in eq. (2.2) can be completely broken into separate parts describing the

electroweak

which will b

and strong interactions,
Lsm = Lqcp + Lew (2.5)

e done in what follows to illuminate some concepts.
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Quantum Chromodynamics

We can extract the relevant parts of eq. (2.2)) related to the interactions of quarks with
gluons to form the Lagrangian of Quantum Chromodynamics (QCD):

1 _
——GO, G 4 iy (D, — ig,GAT ), (2.6)

Lqcp = 1 G

where the notation has been changed slightly and ¢ (x) denotes the quark fermion ﬁeld.ﬂ
The quark fermionic field ¢ (x) is an SU(3), triplet comprising the ¢r(x), ¥a(z) ¥p(2)
fields corresponding to the three colours of QCD, (denoted R, G, B). Correspondingly,
antiquarks carry anti-colour (denoted R, G, B). One important feature of QCD is that
the force carriers, the gluons, also carry colour charge — each a combination of colour
and anti-colour described by the Gell-Mann matrices. This results in self-interactions
of gluons, which has important consequences for the theory. This self-interaction is
represented mathematically as the non-commutation of the generators 7%, and in the
field-strength tensor G, this results in the term g, f “bCGZij giving rise to the three- and

four-point self-interactions of gluons, as shown in figure 2.2}

One crucial result of the self-interaction of gluons is that the apparent coupling strength
of the strong interaction changes as a function of energy scale — the coupling strength
is said to “run”. At high momentum scales, the coupling tends to zero (which is the
opposite of what happens with the electromagnetic coupling strength). This is the origin
of one of the most peculiar properties of QCD, namely asymptotic freedom, which refers
to the fact that at short distances quarks and gluons are essentially free due to the
coupling strength being very small. Conversely, at low momentum scales the coupling
strength blows up. This other extreme results in another important feature known as
confinement, and corresponds to the phenomenon that coloured particles are never seen
in isolation. As two coloured particles separate, the potential energy increases until it
becomes energetically favourable to produce a new quark-antiquark pair. This continues
until the original energy supply (from, for example, a particle collision) is exhausted, and

the quarks and gluons form colourless bound states — the hadrons. The new particles

20ften in texts a fermion mass term —ma1) is added to the QCD Lagrangian — it is omitted here as
mass generation will be discussed later.
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travel in approximately the same direction of the originally separating particles, and
empirically we see roughly conical sprays of hadrons. In high-energy physics experiments,

this is the origin of jets.

The Electroweak sector

We can pick out the terms corresponding to the interactions of leptons and the electroweak
bosons from eq. (2.2):

in 7 92 L _ [%
nt [ b [571-% + 5(—1)3#] L; + en, [5(—2)34 ex, . (2.7)

where the (—1), and (—2) are respectively the weak isospin of the Y(er) and Y (eg) fields.
This can further be decomposed into a charged current (denoted CC) part and a neutral

current part (denoted NC), L&, = Loo + Lc.

Firstly, we identify the charged vector fields, W = \%(W/} F iW7) and define

7 92 —tr—
ECC = Lj’j/'u E(T—FW: + 7 WH ) Lj (28)
where 75 = (7! + i7?). Expanding the Pauli matrices, one obtains terms such as

% (17L'y“VV;r eL +euy'Ww, l/L), corresponding to the experimentally observed charged

currents only interacting on left-handed fermions.

Secondly, we identify the neutral gauge bosons as mixtures of the remaining Wl‘j’ and B,

fields:

w3 cosf, sinb, 7
= g (2.9)
B, —sinf,, cosb, A,

where 7, and A, correspond to the Z and the photon respectively. The mixing is

governed by the weak mixing angle 6,,, where tan,, = g1/go.

The neutral current part of the interaction Lagrangian is

Lxc = Liy" [%Tgwj - %BM] L; — gin, 7" Byer, . (2.10)
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which after substituting in the physical fields and using the relation gs sin 6, = g, cos 8,
becomes

Lnc = gosinby,(eryer, + ery'er)A,

9o ) (2.11)
[DLfy“uL —epyter, — 2sin” 0, (e y ey, + éR’y’”eR)} Z,

2cos b,

for a single generation of leptons (the expression is repeated for the other generations).
The coefficient of (er,7y*er, + éry*er)A, implies that e = gy sinf,,, the electric charge.

Hence both the electromagnetic and weak forces are encompassed in this description.

Finally, we consider the electroweak kinetic terms of eq. (2.2),

1

‘ 1
Wi W = 2 BuB"™. (2.12)

Ekin —
EW 4

After re-writing eq. (2.12)) in terms of the physical fields Wj, Z, and A, we find cubic

and quartic terms, corresponding to WWZ, WWA, WWWW, WW ZZ and WW AA —

the weak-boson self-interaction terms.

Throughout this section, there has been no mention of mass, and there are no mass terms
in the electroweak Lagrangian. Yet, simply adding mass terms to the Lagrangian such
as $m% B, B" would break the SU(2), x U(1)y gauge invariance and so is forbidden. A
Dirac mass term for the leptons is also forbidden since terms of the form m (e, +1r1R)
would also break the global gauge invariance (the left and right hand fields belong to
different SU(2) representations and have different charges under U(1), see eq. (2.3)).
A more subtle mechanism is needed to generate masses, namely the Higgs mechanism,

which is discussed in the next section.

The origin of mass

A mass generation mechanism is needed for three gauge bosons (WW*, Z) and the fermions,
while simultaneously leaving the photon massless. The problem of mass generation was

originally solved by Brout, Englert, Guralnik, Hagen, Higgs and Kibble [43-45| by
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introducing a complex SU(2) doublet of scalar fields

. .
o [¢] L[t , (2.13)

¢° V2 P3 + iy
where ¢; (i = 1,...,4) are real scalar fields. We add this field into the Standard Model
Lagrangian in the most general way by adding a kinetic term, a mass term of the new
field and a self-interaction term with a coupling strength, A. This gives the following

terms in the Higgs Lagrangian:
Liiiges = (D"®)1(D,®) — V(®), with V(@)= p2®'d + \(dTd)2% (2.14)

For ;2 < 0, the potential V(®) has a minimum at

2

7!
TP = —— 2.1
o (2.15)

which has an infinite number of solutions. One must choose a solution and, in order
to conserve electric charge and keep the photon massless, it is convenient to chose
¢1 = ¢ = ¢4 = 0. By making this choice, the neutral component (¢3) of the doublet

field ® develops a non-zero vacuum expectation value
(0[®]0) = — ’ ho— /2 (2.16)
= — with v = . .
V2 |, A

By picking this vacuum we have spontaneously broken the SU(2), x U(1)y symmetry.

This process is known as electroweak symmetry breaking.

Expanding around this point and writing in exponential form yields

1 o (oo 0
d(z) = =@ @)/ (2.17)

V2 v+ h(x)

with three circular 6 5 3(x) and one radial h(z) degrees of freedom. The circular fields,

known as Goldstone bosons, can be be absorbed by a gauge choice known as the unitary
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gauge (® — e (@)™ @)/v®), This leaves

1 0
b - — ) (2.18)

V2 v+ h(z)
With @ in the unitary gauge one can expand the kinetic term of the Higgs Lagrangian,
(D,®)T(D*®), which, after using the physical fields Wf, Z, and A, and ignoring strong
interaction terms, becomes
L2+ L2 (0 4 W 1 Lot n)(e 4 g2) 2,27 2.19
§(u)+§(v+ )W, +§(U+ )7 (91 + 92)Z,. 2", (2.19)
where Yy = 1, the Higgs hypercharge, has been used. Immediately, we can read off mass

terms for the W and Z bosons:

v 1
My = % mz = 5v\/g + g3, (2.20)

and, crucially, we see there are no terms of the form %ME‘A“A“ — the photon has remained
massless. Therefore, by spontaneously breaking of the symmetry SU(2), x U(1)y —
U(1)g, three Goldstone bosons have been absorbed by the W+ and Z bosons to form
their longitudinal components and get their masses. Since the U(1)g symmetry is
still unbroken, the photon which is its generator remains massless. Furthermore, from
eq. we also see interaction terms between the gauge bosons and the Higgs boson
of the form hhWW , hhZZ, hWW and hZZ, with the coupling strength proportional to

the square of the gauge boson mass.

The Higgs potential can also be expanded in terms of the unitary ®, giving

200 AL
V(@) = — 2” W2 = Xoh® — Th' + %, (2.21)

from which we conclude the Higgs boson mass is
mi = 2\ (2.22)

From eq. (2.21]), we also see there are cubic and quartic terms in h, corresponding to three-
and four-point Higgs self-interactions shown in figure [2.3] with the coupling strength

proportional to the square of the Higgs mass.
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We now turn our attention to the fermion masses. Amazingly, this can be solved by the
same field. Due to the arrangement of the scalar Higgs field @ in the complex SU(2)
doublet, one can construct interactions of the Higgs field with fermions that do not break
the SU(2), x U(1)y gauge symmetry. For example, for leptons of the first generation,

the invariant Lagrangian has the form
,Ce = )\e(l_/lq)eR + (I)TéRLl). (223)

After electroweak symmetry breaking when the Higgs field obtains a non-zero vacuum

expectation value and with the Higgs field in the unitary gauge, one obtains

L= T/; (erLer + éren)(1 + h). (2.24)

Since YR + YR = Y1h we can read off the electron mass m, = \.v/ v/2. Furthermore

we see terms such as eeh, the coupling of the Higgs to pairs of electrons, with the
coupling strength proportional to the mass of the electron (or rather, the mass of the
electron proportional to the coupling strength). The mathematics is identical for the
other generation of leptons, giving m,, = \,v/ V2 and m, = A\;,v/v/2 and corresponding

couplings.
Similarly for the leptons, interaction terms can be added giving rise to quark masses,

Ly = —2a(@Q1Pdg + ®TdrQ1) — M\ (Q1Pug + DTarQ)) (2.25)

_ 2D g ggy -~ e )
= S B+ dny) = =

where ® = i7,®* and only the first generation of quarks is considered. Again we see mass

(ﬂLUR + l_LRUL) (226)

terms for the u and d quarks (m, = \,v/v/2; mg = A\qv/+/2) and interaction terms uuh
and ddh. However, the situation becomes more complex when three generations of quarks
are included. Cross-generation transitions between quarks are observed experimentally
in weak-force mediated processes. This suggests that the weak quark eigenstates are
a superposition of the mass eigenstates, which gives rise to CP-violation, as described

further in appendix [A.2]

That neutrinos oscillate between flavours, and therefore have mass has now been well

established [35-39]. However, in this formalism there are no mass terms for the neutrinos.
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Figure 2.4.: A photon—fermion interaction at tree-level (left) and one-loop (right). As long as
momentum is conserved at each vertex and g = p’ — p, the momenta around the
loop k and k' are unconstrained. Diagrams from [46].

It is possible to generate mass terms for the neutrinos by adding vg fermions, and after
electroweak symmetry breaking, terms similar to eq. (2.24) emerge. This approach does
not explain the very low experimentally observed masses, as intuitively the Dirac masses

should be at the electroweak symmetry breaking scale.

2.1.4. Renormalisation

When considering quantum corrections to calculable properties in the Standard Model,
such as coupling strengths, the effect of loops such as the one shown in figure must
be taken into account. However, one finds that the momenta of internal particles in
the loops are unconstrained, which can lead to divergences in calculations at low or
high momenta, known as “infra-red” and “ultra-violet” respectively. These divergences
correspond to missing information in the theory — the Standard Model is not expected to
work at all scales, and new heavy particles may enter the loops changing the divergence.
In order to make our theory consistent with measurements these divergences must be

removed, and are done so via a process called renormalisation.

From a technical perspective, renormalisation is the process in which the divergences
can be absorbed by adding scale-dependence to various parameters such as coupling

strengths or particle masses. The result is that one can subtract counter-terms from the
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“bare” Lagrangian Ly in order to remove the divergences

Lonys(1) = Lo — Ler(p) (2.27)

where Lcr contains the counter-terms. The new Lagrangian, L,y contains the physical
couplings comparable to experimental measurements. These counter-terms, although they
remove the divergences from the calculation, introduce a dependence on the momentum
scale p, which is characteristic of the process considered | Therefore the physically
measured value of a quantity also depends on u. This outlines the important consequence
of renormalisation: that the (renormalised) coupling strength — as well as other physical
observable — is not constant. For example, in the case of QED, the coupling constant

apy becomes a running coupling apyy (1) varying with the momentum scale p.

For QED, the coupling strength increases with p. This is equivalent to the charge screening
effect in QED, whereby the closer one approaches an electron with an electromagnetically-
interacting probe (increasing u), the larger one measures the charge. The opposite occurs
in QCD, as the coupling strength decreases with increasing i, leading to the phenomenon

of asymptotic freedom and confinement.

2.2. Problems with the Standard Model

While the Standard Model can accurately predict many processes, the theory is far from
a “theory of everything”. Firstly, the Standard Model fails to explain a range of observed
physical phenomena. Most strikingly, the gravitational force is not taken into account.
Furthermore, astronomical observations suggest that 95.1% [47] of the energy density of
the universe is made from a mixture of dark matter and dark energy, of which there is
no candidate source in the Standard Model, discussed in section [2.2.1] Even within the
observable matter sector, the Standard Model does not provide enough CP-violaton to
explain the origin of matter-antimatter asymmetry that must have existed to provide the

matter dominated universe we inhabit. Another important example is that the Standard

3For example, i can be understood as a measure of the momentum transfer in an interaction, however
the exact choice of value is arbitrary.
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Model does not provide a mechanism to generate neutrino masses (although this can be
incorporated), nor why the neutrino masses are on such a different scale to other particle

masses.

Secondly, although the Standard Model may explain the interactions of matter and
forces, it does not explain why they interact in that way. The Standard Model has 19
free parameters, whose values have no theoretical motivations and must be determined
experimentally. In an ultimate theory, one hopes to have a dynamic mechanism that
generates the values of the free parameters. There is also no justification for the orders
of magnitude difference between the masses of the fermions, or that there are three
generations of fermions. Furthermore, the transition rates between different quark flavours

(the elements of the CKM matrix) are also not predicted.

Thirdly, there are inconsistencies within the Standard Model, although some argue
that these are more aesthetical in nature. For example, in order to create a “theory of
everything” one would expect that the forces unify at some high scale, however this is
not the case in the Standard Model, as can be seen in figure 2.5 The non-zero vacuum
expectation value of the Higgs is potentially at odds with the observed total energy
density of the universe by over 50 orders of magnitude (see appendix for a discussion).
CP-violaton has also only been observed in the weak sector, yet there is no reason
a priori why there shouldn’t be an additional term in the Standard Model that breaks
CP symmetry in the strong sector. Such a term would provide a source of CP-violaton
from the strong interaction. Experimentally, no such violation has been found, implying
that the coefficient of this term is very close to zero. The coefficient is said to be “finely

tuned”, and is considered to be unnatural. Another example is the hierarchy problem,

further described in section [2.2.2]

There are also a small number of experimental measurements that have some tension
with the Standard Model, though there is currently no 50 discrepancy. Notably, the
experimentally measured value of muon’s anomalous magnetic dipole moment (“muon

g — 27) is between 3-40 away from the Standard Model prediction [48].
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Figure 2.5.: Renormalisation group evolution of the inverse gauge couplings a~! as a function

of the energy scale @ in the Standard Model (dashed lines) and the MSSM (solid
lines). In the MSSM case, the sparticle masses are treated as a common threshold
varied between 500 GeVand 1.5 TeV, and ag(myz) is varied between 0.117 and
0.121 giving rise to the red and blue solid lines. Image taken from reference |10].

2.2.1. The dark matter problem

A major problem with the Standard Model comes from cosmology. Measurements of the
power spectrum of the cosmic microwave background (CMB) suggest that there exists a
type of matter that interacts gravitationally, but not luminously. This is supported by a
host of other astronomical observations, including galactic rotation curves, gravitational
lensing and collisions of galactic nuclei (for a review of the evidence for dark matter, see
reference [49,50]). However, to date no convincing evidence of direct detection of dark
matter has been found. Recent measurements by the Planck collaboration [47] suggest

the energy density of the universe is split into the following fractions:

Q= 0.69 (2.28)
Qcpw = 0.26 (2.29)
Qbaryons = 0.04 (2.30)

where Q, Qcpym and Qparyons Tefer to the fractions of dark energy, cold dark matter

(CDM) and baryonic matter respectively.
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The identity of dark matter (and dark energy) remains mysterious, however it is assumed
to have a particle naturelﬂ In order to be consistent with cosmological observations and
particle physics, dark matter must be stable (or long-lived) and have no electromagnetic
or strong interactions. This rules out every particle in the Standard Model with the
exception of the neutrinos, however CMB measurements suggest that the majority of
dark matter must be “cold” (that is, non-relativistic). As a result, although Standard
Model neutrinos are dark matter particles, they cannot explain the observed dark matter

abundance in the universe.

Several proposed solutions to the dark matter problem exist, including axions, sterile
neutrinos, or additional generations of heavy neutrinos. One of the leading candidates
is the proposed existence of weakly interacting massive particles (WIMPs), due to the
coincidence that WIMPs have the velocity-weighted mean annihilation cross-section
with the right order of magnitude to yield the observed dark matter abundance (see
appendix for more details). However, as already mentioned there is no such candidate
particle for a WIMP in the Standard Model, and so a new physics theory is required.

2.2.2. The hierarchy problem

The bare mass of the Higgs boson, my, o depends on the curvature of the Higgs potential
at its vacuum minimum. The physical mass squared is the sum of the bare mass squared

and the sum of corrections from radiative corrections squared, mi = m3 , + dms.

A problem arises when considering radiative corrections to the Higgs mass. Large
corrections appear when considering loops such as those shown in figure 2.6] At 1-loop,
the corrections have the form

5mi,f x —gj% {AQ + m?c In (£>} 7 6mi7b x ‘|‘92 {AQ + mg In (A)} 7 (2.31)

my my

4 Alternative hypotheses exist, for example that the universe is permeated with astronomical bodies
such as primordial black holes or brown dwarfs that are non luminous, or that modified forms of
Newtonian gravity or general relativity provide a more accurate description. However, it is difficult
to account for either all of the dark matter, or all of the experimental observations with these
approaches.
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Figure 2.6.: Corrections to the Higgs mass from (a) fermions, (b) gauge bosons and (c) scalars
at 1-loop.

from a fermion f and a boson b. All of the A terms come from the regularisation of the

loop integral and are unphysical, and after renormalisation the corrections become

m m
omj ;(p) o< —gfm3 In (f) ., omjp,(p) < +gpmi In (f) , (2.32)

where g is the momentum scale. These corrections will hold for any fermion or boson as

long as they couple to the Higgs, including any new physics particle that could be very
heavy’|

Given that new physics is expected at the Planck scale, M, = C’;‘—; ~ 10 GeV at
which the gravitational interaction becomes important at the quantum scale, eq. (2.32))
implies there are potentially enormous corrections to the mass of the Higgs from any new

particle. This is at odds with the experimentally measured value of 125 GeV.

This can be resolved if m3 ; is also O(M) however, in order to achieve mj = (125 GeV)?,
one would require a cancellation between mj , and dmj through over 30 orders of
magnitude. Such a cancellation, or fine-tuning, is widely regarded as unlikely. The
apparent need for fine-tuning defines the hierarchy problem, which is not actually a
problem with the Standard Model itself, but rather that the Higgs mass has a disturbing

sensitivity to new physics at high scales.

There are several possible approaches to the addressing hierarchy problem, including
that there is a new physics scale well below the Planck scale [51], close enough to the

electroweak scale that the level of fine-tuning is no longer an issue; or that the Planck

SEven if new physics particles don’t couple to the Higgs, as long as these couple to Standard Model
particles with Higgs couplings, then they will contribute via 2-loop corrections.
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scale is actually closer to the electroweak scale, as is in the case of models with large

extra dimensions.

It is interesting to note that none of the other particles in the Standard Model suffer
from such a divergence. This is because they are all protected by a symmetry [11,52].
This raises the question, is the Higgs mass protected by a new symmetry not found in
the Standard Model? From eq. we see a sign difference between the correction
from fermions and bosons which raises a tantilizing possibility: if every boson was
accompanied by a fermion partner of equal mass and coupling (and vice versa), then the
dangerous divergences would be systematically removed. In other words, if there was a
new symmetry between bosons and fermions then the Higgs mass would be protected
from the radiative divergences. Such fermion—boson partners are an essential consequence

of supersymmetry, which is explored in the next section.

2.3. Supersymmetry

Supersymmetry (SUSY) is a proposed symmetry between bosons and fermions. As will
be discussed in this section, the result of such a symmetry is that for every particle in the
Standard Model there is an additional supersymmetric partner particle, or superpartner.
This results in the particle content of the universe increasing by at least a factor of two,
which is somewhat at odds with any desire for a theoretically simple universe. However,
the theory has many attractive phenomenological qualities which make this increase in
particle content worthwhile. For example, both the hierarchy problem and dark matter

problems can be elegantly solved with SUSY.

The idea of SUSY was born out of the need to extend the Standard Model, driven by
searches for solutions to the hierarchy problem. Since the Standard Model is built upon
symmetry principles, it is natural to attempt to extend it by finding a larger symmetry
group that envelopes the Poincaré symmetries of special relativity (translations, rotations
and boosts) and the internal symmetries of the Standard Model. However, the Coleman-
Mandula theorem [53] severely restricts the possible ways in which this can be done. In

fact, it was later shown [54] that the only possible extension of symmetries beyond Lie
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algebra and groups was to directly link the matter and gauge fields. This results in the
super-Poincaré group, which includes transformations of bosons into fermions and vice
versa, as well as the Poincaré symmetries. The transformations between bosons and

fermions are known as supersymmetric transformations.

This section will explore the properties of such a symmetry, and its implications. First,
the theoretical foundations of SUSY will be laid out in section [2.3.1] Then the particle
content of the Minimal Supersymmetric extension to the Standard Model will be discussed
in section [2.3.2], with section [2.3.3] exploring the implications of these new particles.
Conditions required to maintain low fine-tuning are given in section [2.3.4] and finally

experimental signatures will be discussed in section [2.3.5]

2.3.1. Foundations of supersymmetry

A supersymmetric transformation is one which transforms a fermionic state into a bosonic
one. The generators of the SUSY transformation @ and Q' are constrained [53,54] and

must satisfy the algebra

{Qa. QLY = =204, P, (2.33)
{Qa, Qﬁ} = {QL» QL} =0 (2.34)
[P*,Qa] = [P*, QL] =0 (2.35)

where P* are the generators of space-time translations, p is a Lorentz index, a, &
are spinor indices, and o* = i[v“, ~*]. Tt is possible to define N such pairs of SUSY
generators, however cases with N > 1 are only of mathematical interest, and only a

single (N = 1) SUSY is considered in this thesis.

Single particle states are organised into supermultiplets. Each supermultiplet contains both
fermion and boson states which are superpartners of one another. The supermultiplets
themselves must contain the same number of degrees of freedom. Two of the main
categories of supermultiplet are chiral and gauge. Chiral multiplets comprise a two-
component Weyl fermion and a complex scalar field. Gauge multiplets consist of a

spin-1 vector boson and a spin-1/2 Weyl fermion which are both massless, at least
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before electroweak symmetry breakingﬁ In a supersymmetric extension of the Standard
Model, each of the known fundamental particles is therefore in either a chiral or gauge

supermultiplet, and must have a superpartner with spin differing by 1,/2 unit.

Since the SUSY operators @, @ commute with the generators of gauge transformations,
particles in the same supermultiplet must have the same electric charges, weak isospin,
and colour degrees of freedom. Furthermore, as the () operators commute with the
generators of translations P#, they also commute with the mass squared operator P*P,,
from which it follows that particles within the same supermultiplet must have the same
mass, as is shown in appendix This provides an elegant solution to the hierarchy
problem discussed in section as, if SUSY exists, then the quadratic divergences
of the radiative corrections to the Higgs mass exactly cancel out. This cancellation is
not just possible, but is an unavoidable consequence of SUSY. However, if the masses of
bosons and fermions were identical, then the SUSY partner particles would have been
discovered along with the Standard Model counterparts. As this is not the case, then

this symmetry must be broken.

Supersymmetry breaking

The fact that superpartners have not been observed experimentally means that SUSY,
should it exist, cannot be an exact symmetry of nature. Therefore there must be some
mechanism to break the symmetry. The nature of this mechanism is unknown, however
it is desirable that the mechanism preserves as many of the attractive qualities of SUSY
as possible (otherwise one may as well abandon the introduction of the symmetry in the
first place). In particular, we should not want to re-introduce the quadratic divergences

associated with the corrections to the Higgs mass.

This can be achieved by the addition of “soft” SUSY breaking parameters to the Lagrangian
of the supersymmetric Standard Model. These soft parameters are not invariant under

SUSY transformations, and so break the symmetry, however maintain the property that

6Gravity may also be included, in which case the spin-2 graviton would share a “supergravity” multiplet
with the spin-3/2 gravitino.
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the loop corrections to the Higgs mass from superpartners cancel out the quadratic

divergences.

A general model including the soft terms is known as the Minimal Supersymmetric exten-
sion to the Standard Model (MSSM). However, the new terms added to the Lagrangian
leads to over 100 free parameters. With so many parameters, the MSSM is no longer a
predictive theory, but instead a framework from which specific theories can be generated,

corresponding to choices of these parameters.

In a theory in which SUSY was exact and unbroken, the dynamics of the superpartners
would be precisely determined. Therefore the method by which SUSY is broken has
important consequences for the properties of any models generated. Concrete mechanisms
for soft SUSY breaking have been proposed, including gravity mediated SUSY break-
ing [55], Gauge Mediated SUSY Breaking (GMSB) [56-58| and Anomaly Mediated SUSY
Breaking (AMSB) [59,60]. Each of these methods results in a different phenomenology of
the models possible, for example mass splitting between sparticles and the nature of the

lightest SUSY particle (LSP), resulting in different signatures at collider experiments.

R-Parity

Supersymmetric theories are constructed by specifying the particle content and the
associated symmetries, from which the dynamics can be calculated. This approach often
gives rise to lepton or baryon number violating terms in the supersymmetric Lagrangian
that has the key consequence of allowing rapid proton decay, for example p — 7% may
occur as shown in figure 2.7, However, powerful constraints on the proton lifetime have

been set by experiments [61,/62], with a lower bound on the proton lifetime of 103* years.

One solution to this problem is to introduce a new symmetry to protect the proton
from decaying, coined “R-symmetry”. The corresponding quantum number R-parity is

multiplicatively conserved, and is defined for each particle as

PR — (_1)3(B—L)-|—287 (236)
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Figure 2.7.: Example of a Feynman diagram depicting proton decay, in the case non-zero
R-parity violating couplings.

where B is baryon number, L is lepton number and s is spin of the particle. All Standard
Model particles have Pgr = 4+1 and SUSY partners have Pr = —1. Conservation of this
quantum number has several important consequences. Firstly, that Standard Model and
sparticles cannot mix, meaning that there must be two sparticles at every interaction
vertex and therefore all sparticles must be produced in pairs at a collider experiment.
Secondly, that the LSP cannot decay to a Standard Model particle, meaning it must be

stable. Since the LSP has not been found it must also be neutral and weakly interacting.

If the LSP is massive| then there are further consequences. A massive LSP is an ideal
cold dark matter candidate, and SUSY models then have the potential to solve the dark
matter problem. Furthermore, each of the LSPs produced in a SUSY event will, as they
only have weak interactions, escape detection and potentially generate a large amount
of missing transverse momentum (Em). This signature provides a clean separation
between SUSY events and the Standard Model background, and has been exploited in

many searches, including the one discussed in chapter [5

The imposition of R-parity conservation is rather ad hoc, and alternative solutions exist.
For example, the couplings between the sparticles and particles allowing proton decay
could be very small, such that proton decay is not explicitly forbidden but allowing for
an extremely long-lived proton. Such theories are called R-parity violating and have very

different collider signatures to RPC scenarios.

"It is possible for the LSP to be massless |63].
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2.3.2. The Minimal Supersymmetric extension to the Standard

Model

After soft SUSY breaking, the simplest extension to the Standard Model is known as the
Minimal Supersymmetric extension to the Standard Model. This section describes the

particle content of the MSSM and some of its properties.

Before discussing the additional particles introduced via SUSY, it is natural to ask if any
of the Standard Model particles are already superpartners of one another? As described
above, superpartners must have the same gauge quantum numbers, but differ by spin a
half. The only candidates are the Higgs boson and the neutrino, however, if these were
superpartners of one another many phenomenological problems would result, including a
mass for at least one of the neutrinos that is beyond experimental bounds, and lepton
number non-conservation. Therefore, in any supersymmetric extension to the Standard

Model, each known particle must exist in a multiplet alongside a genuinely new particle.

The MSSM is most conveniently described in terms of its interaction eigenstates, at
a high energy scale where SUSY breaking is small. At low energies, all of the MSSM

particles gain mass through a supersymmetric version of the Higgs mechanism.

The Standard Model particles are grouped into chiral and gauge multiplets. The fermions
are placed into chiral multiplets, such that their partners are scalars. If the fermions were
placed into gauge multiplets, this would yield additional gauge bosons and corresponding
gauge interactions. The gauge bosons are placed into gauge multiplets, such that their
partners are fermions. The particle content of the MSSM is summarised in table and

is described below.

The superpartners of the quarks and leptons are called squarks and sleptons respectively,
with the “s” that has been prepended standing for scalar. Collectively the squarks and
sleptons are referred to as sfermions. The left and right handed pieces of the quarks and
leptons form separate two-component Weyl spinors, with different gauge transformations,
and so each piece must have a scalar partner. For a fermion f, the supermultiplets are

then (fL fL) and (fr fR), where the new scalar partner of the fermion is denoted with
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Names Spin 0 Spin 1/2 Spin 1

Chiral multiplets

Squark, quarks (iig, dy) (ur, dy,)
(x3 generations) UR uR
dr dr
Sleptons, leptons (7. 1) (Ve e1)
(x3 generations) er erR

Higgs, Higgsinos (Hf H?) (Hf H?)

Gauge multiplets

Gluino, Gluon g g
Wino, W bosons W= Wwo W+ Wo
Bino, B boson B B

Table 2.3.: Particle content of the MSSM before electroweak symmetry breaking.

a tilde on top of the symbol (note the tilde notation is used for all SUSY particles).
The scalar partners have also maintained the L and R subscripts, however there is of
course no “handedness”, and the subscript refers to the handedness of the superpartner.
Within a supermultiplet, the gauge interactions are the same, for example the uy, will
interact with the W boson, but the ug will not. Neutrinos in the Standard Model are

only left-handed, and so the scalar partner is denoted 7, for neutrino flavour £.

The vector particles of the Standard Model are arranged into the eponymous gauge
multipletsﬂ These are the SUSY equivalent of the Standard Model gauge bosons,

and contain the minimal additional fields necessary to create a theory that is both

80ne may consider that the gauge bosons may have been placed in a “higher” multiplet, and have
spin-3/2 superpartners. However, such a theory would be not be renormalisable |10].
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supersymmetric and gauge invariant. The spin-1/2 partners of the gauge bosons are
collectively referred to as gauginos. The gauginos corresponding to the unbroken SU(3).. x

SU(2), x U(1)y are called the gluinos, winos and binos respectively.

Higgs Mechanism in the MSSM

As a scalar, the Higgs must be placed into a chiral multiplet. In the Standard Model,
only a single Higgs boson is necessary to give mass to the quarks of different hypercharge.
However, this is not the case in SUSY and a second doublet is required, with opposite
hypercharge, to give mass to the up and down quarks. The new complex doublet fields
are denoted H, and H,, named so because they give rise to the masses of the up-type
and down-type quarks respectively, Hy also giving rise to the lepton masses. Each of the
fields has two weak isospin components (H,” H?), (H} H; ). The corresponding fermion

superpartners are the Higgsinos, denoted (H;} HY), (HY Hy).

The addition of two complex SU(2) doublets spontaneously breaks the electroweak gauge
symmetry in a similar way to the Standard Model. Both H? and H? obtain vacuum
expectation values, satisfying v2 + v3 = v?, with v as in eq. (2.20). The ratio of the
vacuum expectation values is traditionally written as tan 5 = v, /vg. At the tree-level,

the Standard Model fermion masses become

Au _ M

Vu, mg =

A¢
Vd, my = E

which, for the quarks, has the knock-on effect that the mixing angles in the CKM matrix

Va (2.37)

not only depend on the Yukawa couplings, but also 5.

With two complex doublets, there are eight degrees of freedom. Three of these become
the longitudinal components of the massive vector bosons, W, Z, with masses still given

by eq. (2.20). The remaining five Higgs scalars become the following physical fields:
e 2 CP-even scalars, h° and HY,
e 1 CP-odd scalar, A°

e A pair of oppositely charged scalars, H*.
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By convention, h° is the lighter CP-even scalar, and is identified with the Standard Model

Higgs boson.

Sparticle mixing

The superpartners listed in table are not necessarily the mass eigenstates. After
electroweak symmetry breaking, mixing between the gauginos and Higgsinos, and within
the various sets of squarks and sleptons can occur. The neutral gauginos and Higgsinos
mix to form the neutralinos, denoted x?, with ¢ = 1, 2, 3, 4, while the charged winos and
Higgsinos mix to form the charginos, denoted )@t, with 7 = 1, 2, in both cases ordered
from lightest to heaviest. Typically, it is assumed that the lightest neutralino x? is the
lightest SUSY particle, unless there is a lighter gravitino or R-parity is not conserved.

The gluinos are unique among MSSM particles, as they cannot mix. As for the squarks
and sleptons, in principle, any scalars with the same electric charge, R-parity and
colour quantum numbers can mix with each other. For example, the up-type squarks
(L, 1, tL, UR, Cr, tr) can all mix, likewise for the down-type squarks, charged sleptons
and neutral sleptons. However, this leads to flavour changing neutral currents from SUSY
loop diagrams, which are heavily constrained by experiment. What is still allowed is
mixing between the sfermions within the same generation. This is only significant for the
third generation, and as a result the #;, and ¢z mix to form the ¢; and #,, with #; being
the lighter squark. Similarly, the sbottoms and staus mix to form (by, by) and (7, 7)

respectively. A summary of the gauge and mass eigenstates is given in table [2.4]

2.3.3. Implications of supersymmetry

Many beyond the Standard Model theories exist, yet SUSY has ranked among particle
physicist’s favourites for several decades. There are several reasons for this, some of which
have already been alluded to. Firstly, SUSY provides an elegant solution to the hierarchy
problem in its unbroken form, automatically cancelling out the quadratic divergences to

the Higgs mass from radiative divergences. Secondly, in the case of R-parity conserving
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Names Gauge Eigenstates Mass Eigenstates
Higgs bosons HY H) HY Hy h° HO AY H*
iy, g dy, dp (same)
Squarks 3L SR €L Cr (same)
iy, T br, br 1 15 by by
€L €R Ve (same)
Sleptons A1, fir Uy (same)
I, TR Ur T1 T2 Ur
Neutralinos B W° HO Y X1 X9 X3 X4
Charginos W* HY H; Xi Xo
Gluino g (same)

Table 2.4.: The undiscovered particle content of the MSSM (with the exception of h?), before
and after electroweak symmetry breaking. Mixing within the first two generations
is assumed to be negligible.

SUSY, the LSP is an ideal dark matter candidate, with the potential to either saturate
the observed dark matter relic density, or make up a component thereof. The additional
CP-violating phases also provide mechanisms to provide the observed matter-antimatter
imbalance in the universe. The third reason is purely aesthetic in nature, and is related
to the speculation that all three Standard Model forces might eventually be described in
terms of a single grand unified theory (GUT).

Grand unified theories

The idea of a GUT is to embed the SU(3) x SU(2) x U(1) gauge groups into a larger
group that is spontaneously broken at some scale. Above this scale, the three forces of
the Standard Model would have equal couplings, and would have become unified into a
single force. Below this scale, the couplings would run according to the renormalisation

group equation. This “grand unification” is not only borne out of a desire for theoretical
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simplicity, but it would also automatically predict the quantized nature and values of all

elementary particle charges, which is not done in the Standard Model [64].

The nature of the running depends on the particle content at a given scale. With the
known content of the Standard Model, the gauge couplings do not appear to be on a
trajectory such that they would unify at a high scale, as shown by figure 2.5] However,

adding SUSY particles provides a significant improvement to the unification as is also

shown by figure 2.5

2.3.4. Maintaining naturalness

The Standard Model is considered unnatural since a large degree of fine-tuning is required
to account for the divergences associated with radiative corrections to the Higgs mass.
One of the motivating principles behind SUSY is the automatic cancellations of these
divergent terms However, since SUSY is a broken symmetry the cancellation is not
exact and there is some inherent fine-tuning in any SUSY model, albeit less than in the
Standard Model. Requiring low fine-tuning for a model therefore has consequences on

sparticle masses.

In the MSSM, the contribution to the Higgs mass from radiative corrections depends
on the difference in mass between superpartners. This suggests that a particle and its
superpartner shouldn’t have too large a separation in mass, otherwise the problems of
fine-tuning would re-emerge. In particular, the largest correction to the Higgs mass (at
1-loop) comes from the stop quark [65], which itself receives large corrections from the
gluino. Other sparticle masses do not contribute significantly. Furthermore, the mass of
the Z is also dependent on masses of the Higgsinos. This implies that in order to avoid a
SUSY theory that is largely fine-tuned, the stop, gluino and Higgsino shouldn’t be too
heavy [65],66].

Exactly how heavy is “too heavy” is a subject of debate, which is related to the subjective
nature of quantifying naturalness. However, it is often stated that if the masses of the

superpartners are very much larger than the TeV scale, then the radiative corrections



Theoretical overview 34

to the Higgs mass again become problematic [67]. This motivates searches at the LHC,

which can probe the TeV scale.

2.3.5. Experimental signatures

The existence of SUSY can be inferred indirectly through the effects of quantum cor-
rections affecting, for example, branching ratios of certain decays, particle masses, or
additional CP-violation. However, the most striking evidence for SUSY would be the
production, and subsequent detection, of SUSY particles at a collider experiment such
as ATLAS. The most frequently produced particles would be those with the largest
production cross-section, and therefore the most likely to be seen first. As we can
see from figure [2.8] which summarises the sparticle pair-production cross-section at a
centre-of-mass energy of 13TeV, it is the gluino and the squarks that have the largest
cross-section for a given mass, due to their direct coupling to the quarks and gluons of
the proton via the strong force. The production modes for squarks and gluinos are shown
in figure 2.9] Given their large cross-section, and that naturalness arguments suggest
these particles could be in the TeV range, it seems prudent to search for these particles

at the LHC.

How might one search for squarks and gluinos if they are produced at the LHC? If the
squark is lighter than the gluino, then dominant decay modes of the gluino would be
g — gq or g — qq, if not, the gluino may decay directly to the LSP and a quark or
gluon. Squarks would decay similarly, typically ¢ — ¢y, but again depending on the mass
hierarchy of the SUSY particle spectrum. In both cases, many jets would be produced
from the hadronisation of the quarks, especially if they are top quarks. The charginos
and heavier neutralinos will typically decay to the lighter neutralinos and charginos via
h/W/Z (depending on the charge), or possibly a squark or gluino if heavy enough. In all
cases, the end of the decay chain results in the LSP, which escapes the detector resulting
in a key signature of SUSY: missing transverse momentum. However, the amount of
missing transverse momentum depends on the mass splitting between the different SUSY

particles in the chain and the mass of the LSP, resulting in scenarios where any missing
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Figure 2.8.: Sparticle pair-production cross-sections at 13 TeV as a function of sparticle mass,

calculated from ref. |[68]. The gluino cross-section assumes all squarks are de-
coupled, the squark cross-section assumes the gluino and the stop are decoupled
with the remaining squarks degenerate (meaning a 10-fold squark degeneracy),
and the stop/sbottom cross-section assumes the gluino and the first and second
generation squarks are decoupled.
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Figure 2.9.: Feynman diagrams for strong production of SUSY particles.
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transverse momentum becomes difficult to measure above experimental noise. A search

for the gluino in such a scenario is presented in chapter [5

2.4. Summary

This chapter has introduced the Standard Model, the theory describing the interactions
between the known bosons and fermions which give rise to the macroscopic concepts of
forces and matter, and also the origin of mass. Yet, for all of the precise verification
provided by particle physics experiments, the Standard Model has many shortcomings

and there are too many unanswered questions to consider the theory a complete one.

The possible extensions to the Standard Model are severely limited by the Coleman-
Mandula theorem. One exception is supersymmetry. Not only is it certainly a fundamental
question to ask whether there exists a symmetry unifying matter and forces, but there are
strong theoretical reasons to suppose there is. Many of the problems with the Standard

Model can be resolved simultaneously by the introduction of supersymmetry.

Despite the strong motivation, there is currently no experimental evidence that SUSY is
realised in nature. Yet few would argue that it is not worth searching for. However, the
fact that after soft SUSY breaking the theoretical framework has over 100 free parameters
raises the question of how to even begin to search for SUSY. Furthermore, how might
one interpret the null results of such searches? Possible answers to these questions are

explored in the following chapters of this thesis.



3 The ATLAS experiment

ATLAS [69] — “A Toroidal LHC Apparatus” — is one of the four major experiments at the
Large Hadron Collider at the European Centre for Nuclear Research (CERN), situated
near Geneva, Switzerland. The name is shared by both the detector with which all of
the data used in this thesis was collected and the collaboration of over 3000 scientists
that operate the detector and analyse the data. This chapter describes the Large Hadron
Collider and then the ATLAS detector, focusing on the individual sub-components and

algorithms used to reconstruct and identify physics objects used in this thesis.

3.1. The Large Hadron Collider

The Large Hadron Collider [70] is the most powerful particle accelerator ever
built, and also the most complex and largest single scientific machine ever created. It is
used to accelerate and collide protons together (as well as provide heavy ion collisions
such as lead-lead and proton-lead), such that new physics may be explored from the
particles created during the collision. It is roughly circular in shape with a perimeter of
approximately 27 km, and is situated across the Swiss—French border, at a mean depth of
100 m underground (with a maximum depth of 175m). The was built over a period
of 10 years, from 1998 to 2008, and resides in a tunnel which was previously occupied by

the Large Electron Positron Collider (LEP).

Around 9300 magnets are used to control the beam of protons in the including 1232
dipole magnets to bend the beam in a circular direction, and 858 quadruples to focus the

beams. The remaining magnets are of higher orders, up-to dodecapoles, which are used

37
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for cleaning and more precision tuning of the beam. The dipole magnets were designed
to bend a beam of 7TeV protons, which requires a magnetic field of 8.3 T. In order to

accomplish this, superconducting wires, cooled to 1.9 K, carry a current of 11800 A.

The[LHC| programme has operated in several phases. The first, Run-1, took place between
the 30" March 2010 to the 13" February 2012, with a nominal beam energy of 3.5 TeV,
rising to 4 TeV in 2012E| The second, Run-2, began on the 20" May 2015E| with a beam
energy of 6.5 TeV, and is scheduled to finish at the end of 2018. In-between these phases,
the [LHC] entered a shut down phase for maintenance and upgrade work, to enable the
increase in the beam energy. Run-3 of the [LHC|is planned to begin in 2021, lasting for
at least three years, finally reaching the design beam energy of 7TeV.

The [LHC] beam itself has humble beginnings as gaseous hydrogen inside a pressurised
bottle. Protons are produced by ionising hydrogen inside a duoplasmatron, which
generates a plasma of electrons, protons and molecular ions. Protons are then extracted
and injected into the first of a series of accelerators which act like gears to progressively
increase their energy up to 450 GeV, after which they are injected into the LHC in two
counter-rotating beams. A schematic of the [LHC] injector chain is shown in figure [3.1]
The LHC beam is not continuous, but is arranged into bunches of O(10'') protons. These
bunches are injected into the LHC from the Super Proton Synchrotron in “trains” of
bunches. A summary of a selection of beam parameters during the major data-taking
periods of Run-1 and Run-2 are shown in table After the LHC is filled with bunches
of protons, the beam energy is ramped up to the desired energy by 400 MHz radio
frequency (RF) cavities. The beam is then squeezed and then finally stable beams are
announced and collisions occur. The beam itself loses intensity over time, mainly due to

the collisions in the interaction regions.

The proton beams are brought to collision at four interaction points along the [LHC]

ring. At each point, a detector has been built to measure the particles produced in

!The beginning of LHC running was delayed for over a year after the completion of the construction
due to a catastrophic magnet quench. The quench caused localised heating, causing the liquid helium
to vaporise resulting in an explosion of the LHC beam pipe. About 100 bending magnets were
damaged.

2The author had the good fortune to be the run-controller for the experiment on the first day
of stable beams, which saw collisions in the @ detector at a centre-of-mass energy of 13 TeV.
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Figure 3.1.: A schematic of the ring and accelerator complex at CERN. The successively
higher energy accelerators are: Linear Accelerator 2 (LINAC 2), Proton Syn-
chrotron Booster, Proton Synchrotron (PS), Super Proton Synchrotron (SPS) and
finally the Large Hadron Collider. Image reproduced with permission from .

the collisions. The [ATLAS] experiment is one of two general-purpose detectors situated
around the ring, the other being the Compact Muon Solenoid (CMS) [72]. The other two
experiments are more specialised: the LHC-beauty experiment (LHCb) [73|, a forward-
arm spectrometer designed specifically to study the properties of heavy-flavour hadrons;
and ALICE (A Large Ion Collider Experiment) [74], designed to study lead-lead collisions.
The interaction point (IP) in ATLAS is approximately 10 mm long and 0.005 mm wide
in the traverse plane [75].

An important figure of merit for the LHC is the luminosity of the beams it can deliver to
the experiments. The luminosity L is defined as the proportionality factor between the
rate of events of a given process ¢ with cross-section o;:

dN;
dt

=L-o. (3.1)
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Parameter 2012 2016 Design
Centre-of-mass energy (TeV) 8 13 14
Bunches / beam 1380 2208 2808
Protons / bunch (x10'") 1.48 1.10 1.15
Minimum bunch spacing (ns) 50 25 25
Peak luminosity (10%) cm™2s™! 7.7 13.8 10

Table 3.1.: Summary of beam parameters through the major data-taking years to-date,
and also the design specification. Data were also recorded in 2011 and 2015,
however these years provided a significantly smaller fraction of the total data
recorded.

In order to be sensitive to rare processes (with small cross-sections), such as the production
of supersymmetric particles, the LHC must provide as large luminosity as possible. For
a collider experiment such as the LHC, with two counter-rotating colliding beams, the
instantaneous luminosity is given by:

Ny’ f

I —
dro,oy,

F, (3.2)

after assuming two equal sized beams, Gaussianly distributed in x and y. In the above
expression, N, is the number of bunches per beam, n is the number of protons per
bunch, f is the revolution frequency, o,, are the Gaussian widths in the z and y
directions respectively and F' is a reduction factor due to the crossing angle of the beams
at the interaction point. Using the design parameters of the LHC given in table
with f = 11.25kHz and o0,, = 16.7pm yields the design maximum luminosity of

L ~ 10* ecm~2s7! |76]. The luminosity can be improved by optimising these parameters.

A consequence of higher instantaneous luminosity is a larger number of additional proton-
proton interactions per bunch crossing, known as pile-up. Although a rare interesting
event will trigger the detector readout, these common low momentum transfer events
will simultaneously be recorded, obscuring the interesting physics and degrading detector
performance. Increasing n or decreasing o, , gives more interactions within the same

bunch crossing, known as in-time pile-up.
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For example, at the peak instentaneous luminosity recorded in 2016 of 13.8 x 1033cm 25!

translates to an average of about 47 simultaneous proton-proton interactions per bunch
crossingﬁ For large N, the bunch spacing can be shorter than the detector latency,
and interactions from other bunch crossings can affect the measurement; this is known
as out-of-time pile-up. The distribution of the mean number of interactions per bunch

crossing during Run-2 is shown in figure |3.2]
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Figure 3.2.: Distribution of the mean number of proton—proton interactions per bunch crossing,
commonly referred to as in-time pile-up, for the Run-1 (left) and Run-2 (right)
datasets, taken from reference 77| and reference |78| respectively.

Equations [3.1] and [3.2] both refer to the instantaneous luminosity, which decreases over
time as protons are lost from the beam. The integrated luminosity, £ = [ Ldt, provides
a convenient way to describe the total size of a dataset, and is directly related to the
total number of observed events, simply N; = Lo;. In 2012, 23.3fb~! of 8 TeV data were
delivered to ATLAS by the LHC machine, and in 2015 and 2016 42.7fb~! of 13 TeV data

were delivered.

3The mean number of interactions per bunch crossings is calculated as Louncnoiotal where Lyynen is the
instantaneous luminosity of each bunch in the LHC, 04,4 = 80 mb is the total inelastic cross-section,
f is the LHC revolution frequency 11.245kHz. During the 2016 LHC runs where instantaneous
luminosity was at its maximum, there was nominally 2200 bunches in the LHC. The instantaneous
luminosity is calculated in descrete time intervals over a luminosity block, which is approximately
one minute of data taking.
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3.2. The ATLAS detector

The [ATLAS] detector is a general purpose particle detector. Its primary objectives are to
investigate the Standard Model and search for new phenomena beyond that. To do this,
many particle detector technologies are combined to measure all kinds of Standard Model
particles to high precision. Neutrinos are the only kind of known particle that cannot
be detected directly by [ATLAS] however due to the hermetic design of the detector the
transverse momentum of these particles can be inferred. This principle also extends to
the measurement of supersymmetric particles, which may escape [ATLAS| undetected if

weakly interacting.

Overall the[ATLAS| detector is cylindrical in shape, and at 46 m long and 25m in diameter
it is physically the largest of the detectors at the LHC. With a mass of 7000 tonnes it
is also one of the heaviest, second only to its companion detector — CMS. Around 100
million electronic channels read out the detector, which is similar in number to that of a
modern digital camera, except that the detector must respond to particle collisions at a

rate of 40 MHz and withstand the intense radiation produced for many years.

The detector is generally divided in three regions: the so-called barrel region consists
of concentric cylinders centred around the beam axis, the end-cap regions provide the
circular faces of the cylinder, and forward regions are those closest to the beam direction
which receive the largest particle flux. The exact boundaries of these regions vary
according to context, and will be discussed below. ATLAS comprises a magnet system,
described in section to bend the trajectories of charged particles such that their
momenta can be measured, and several sub-detectors. The Inner Detector (ID), described
in section [3.2.3] is located closest to the beam interaction point — itself consisting of three
further subsystems. The purpose of the ID is to detect the primary interaction point of
proton-proton collisions, measure displaced or secondary vertices from long-lived particles
such as those containing ¢ or b quarks, and measure the tracks of charged particles with
high precision such that their momentum can be calculated. The calorimeter system
surrounds the ID, and consists of two subdetectors. It measures the energies and positions

of electrons, taus, photons and hadrons; further details are given in section [3.2.4] The
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muon system surrounds the calorimeter and is responsible for triggering and providing
space-point measurements of muons that traverse the system, it makes use of four detector
technologies and is described in section [3.2.5] Additionally, there are also a three forward
detectors, positioned close to the beam-line and further away from the interaction point
than the rest of the ATLAS detector. The three forward detectors, LUCID, the ZDC
and ALFA have the primary purpose of measuring the luminosity and detecting forward
neutrons (|| > 8.3) from heavy ion collisions, brief details are given in section [3.2.6 A
schematic of the [ATLAS]| detector is shown in figure [3.3]

3.2.1. Coordinate system

The coordinate system employed by [ATLAS|is a right handed one with its origin at the
nominal interaction point in the centre of the detector. The z-axis points from the origin
to the centre of the LHC ring, and the y-axis vertically upwards. The z-axis points down
the LHC beam pipe. Circular coordinates (r, ¢) can be used in the plane transverse
to the beam direction with ¢ being the azimuthal angle around the z-axis such that ¢
increases in a anticlockwise direction looking into the positive z. The positive x-direction
defines ¢ = 0, such that x = rcos ¢ and y = rsin¢. This (r, ¢) plane, or equivalently
the (z, y) plane, will be referred to as the transverse plane throughout the rest of this

thesis.

Positions in the detector are given with cylindrical coordinates (7, ¢, z), however particle
trajectories are often given with spherical coordinates (r, ¢, 6), introducing the polar
angle . The polar angle is defined from the z-axis, with 6 = 0, 7 corresponding to the
positive and negative z-axes respectively. It is sometimes preferential to describe detector

components in spherical polar coordinates.

When describing the trajectory of a particle, it is common to replace 6 with the pseudo-
rapidity 7, defined as n = —Intan(f/2), which itself is an approximation to the rapidity,

y, where their equivalence is in the ultra-relativistic limit,

1
y=3

E+p.
E_pz

In

(3.3)
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for a particle with energy E and z-component of momentum p,. The pseudorapidity
is 0 anywhere in the z = 0 plane and tends towards +oo in the forward and backward
directions, respectively. The difference between the rapidity of two particles has the
useful property that it is invariant under Lorentz boosts in the z-direction, which is
suitable for the LHC as the centre-of-mass frame of a pair of particles from a decay is
rarely coincident with the rest frame of the detector due to the composite nature of
protons. Pseudorapidity is favoured over rapidity because it is difficult to measure the

z-component of the momentum for highly-boosted particles.

3.2.2. Magnet system

The magnets of [ATLAS| play a critical role in the measurement of particle momenta.
Charged particles are bent by a electromagnetic fields according to the Lorentz Force

Law:
F=¢qE+v xB), (3.4)

where F' is the force acting on the particle, ¢ is the charge, v is the velocity, and E and B
are the electric and magnetic fields respectively. In[ATLAS] only magnetic fields are used
to bend the trajectories of charged particles, the degree of bending being proportional to

the velocity of the particle allowing its momentum to be extracted.

Magnetic fields in [ATLAS] are provided by four superconducting magnet systems: a
solenoid and three toroidal magnet systems. The solenoid resides in-between the inner
detector and calorimeters. The toroids, of which there are 24, are arranged into three
groups of 8: one in the barrel region around the calorimeters and two in the end-cap

regions. A schematic of the magnet system is show in figure [3.4]

The solenoid magnet

The [ATLAS] solenoid is approximately 2.5m in diameter and 5.8 m in length. It resides
inside the calorimeter systems, and surrounds the Inner Detector. A 2T axial field is

generated by 7.73 kA of current, which winds through 9km of wire. To withstand the
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Figure 3.4.: A schematic of the [ATLAS| magnet system. Image taken from reference .

high current, the coil is cooled to 4.5 K such that is is superconducting. As the magnet
is before the calorimeter, it has been designed to be as thin as possible to reduce the
amount of material that particles can interact with. To this end, the magnet and the
LAr| calorimeter (see section share the same vacuum vessel, eliminating the need
for two additional walls. The total stored energy stored in the magnetic field produced

by the solenoid magnet (both inside and outside of the solenoid) is approximately 40 MJ.

The toroidal magnets

There are three sets of toroidal magnets inside [ATLAS} one for the barrel and one each for
the two end-caps. Each toroid consists of 8 coils encased in individual racetrack-shaped
stainless-steel vacuum vessels, with the coils of the barrel toroid interleaved with those
of the end-cap toroids, as shown in figure [3.4. Both the barrel and end-cap toroids are

superconducting, cooled to about 4.5 K, and carry a current of 20.5kA.

The barrel toroid is large, at 25.3m long and stretching from an inner radius of 9.4 m
and extending to 20.1m. It stores 1.1 GJ of energy during operation, and provides a

magnetic field of approximately 0.5T to the barrel muon detectors.

The end-cap toroids are both 5m long and have an inner-to-outer diameter of 1.7-10.7 m.
They provide an approximate 1T magnetic field to the end-cap muon detectors, and

store an energy of 0.25 GJ each.
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Figure 3.5.: A cut-away view of the |ATLAS|inner detector used in Run-1. The Insertable
B-Layer was added in-between Run-1 and Run-2 and is not shown here. Image
taken from reference .

3.2.3. Tracking

The tracking of charged particles through the [ATLAS| detector is necessary for the
measurement of particle momentum. Tracking is provided by the Inner Detector (ID),
the subsystems of which are shown together in figure and split into barrel and end-cap
in figure |3.6, The ID is immersed in a 2T magnetic field, which allows the momentum
of a particle to be measured from the curvature of its track. Momentum and vertex
measurements both require an excellent spatial resolution, which is achieved through the
fine granularity of the detector subsystems. The three subsystems are the pixel detector,
the semiconductor tracker and the transition radiation tracker (TRT) which are
described below. During the shut down period between Run-1 and Run-2, the pixel
detector was augmented with an additional subsystem, the Insertable B-Layer (IBL).
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reference .
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The pixel detector and IBL

The pixel detector [80] was originally the innermost subdetector of and therefore
has fine granularity to deal with large particle fluxes. It consists of 1744 silicon pixel
modules, arranged in the following geometry: three barrel layers of concentric cylinders
around the beam axis, at radii of 50.5, 80.5 and 122.4 mm, each with length 801.0 mm;
and two sets of three disks perpendicular to the beam axis — one set for each end-cap—
located at z-positions of 495, 580 and 650 mm. This arrangement is such that any particle
within |n| < 2.5 will traverse through at least three pixel layers. Each pixel sensor
module is 19 x 63mm? and contains 47268 pixels, the majority of which have an area of
50 x 400 pm? and a thickness of 250 pm. This gives a total of approximately 80 million

pixel sensors.

A silicon particle detector consists of a reverse-biased p-n junction. When a charged
particle passes through the depletion region it creates electron-hole pairs, which drift
to the respective electrodes. The charge is collected and amplified to produce a signal
current. The precision of charged particle measurement is ~ 10 pm, determined largely

by pixel size.

As the pixel detector was closest to the interaction point during Run-1, it received
the largest fluency of particles and therefore the most damage from radiation. It was
originally planned to replace the innermost layer of the pixel detector after 5 years of
operation, however this was later realised to be infeasible [81]. To maintain the overall
performance of the [ATLAS] detector, a new pixel layer was installed in May 2014 — the
“Insertable B-Layer” (IBL) [82]. This new layer is attached to the Beryllium beam pipe
of the LHC itself and consists of 14 staves of 3D silicon pixels. Each stave is 64 x 2 cm?
and contains 32 chips. Each chip contains 26880 3D pixels arranged in a matrix of 80
columns by 336 rows. The mean sensor distance from the centre of the beam pipe is an

impressively small 33 mm.
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Semiconductor tracker

The semiconductor tracker [83] is the intermediate subdetector of the ID.
It is a silicon strip particle detector that provides precision three-dimensional space-point
measurements for charged particle tracks. The [SCT]| therefore plays an essential role in
track reconstruction, charged particle identification and b-tagging. It consists of a total
of 4088 separate silicons strip modules in a similar geometry to that of the pixel detector:
four concentric cylindrical barrel layers, and 9 end-cap disks on each side. The geometry

is arranged such that a particle emerging from the IP with || < 2.5 will traverse at least

four layers of the [SCT]

Each [SCT]module is double sided and segmented into strips 80 pm wide and ~ 13 cm long
(for the barrel modules, the end-cap modules are segmented radially and have varying
pitch), resulting in around 6.2 million channels, providing position measurements in ¢
to a precision of 16 pm. The halves of each module are offset by a small stereo-angle of
40 mrad in order to provide z (in the barrel) and r (in the end-cap) measurements to a

precision of 580 pm.

Transition radiation tracker

The transition radiation tracker (TRT) [84,85] is a straw drift tube detector filling the
majority of the volume of the ID. It provides two functions: to provide a large number of
space-point measurements of charged particles for use with tracking, and to discriminate
between different types of particles. The detector makes use of transition radiation: as
a charged particle traverses the boundary between two media with different dielectric
constants, soft X-rays are emitted in the direction of the motion of the particle, the

intensity of the radiation being proportional to the energy of the particle.

The detector consists of hundreds of thousands of straws [86], each of which is a 4 mm
diameter thin-walled cylindrical tube with an aluminium coating on the inner surface
to act as a high voltage cathode. In the middle of the tube there is a 31 pm diameter
gold-plated tungsten anode wire, which collects the charge and reads the signal out. The

straws are filled with a Xe/CF,;/CO, gas mixture, chosen for high absorption probability
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of transition radiation. As a charged particle traverses the material surrounding the
straws, transition radiation photons are produced that enter the tube and ionise the
gas, liberating electrons that are collected on the anode wire forming the signal. The
probability of emitting a transition radiation photon at any boundary is small, and so
volume around each straw is filled with polypropylene fibres or strips to provide many
such boundaries. Electrons will produce more photons than a pion for the same particle

energy, giving a larger signal and allowing the two to be distinguished.

The TRT provides coverage of |n| < 2.0 and is segmented into three major sections: a
barrel region and two end caps. The barrel region covers the range |n| < 1.0 and consists
of 52,544 straws, each 144 cm long arranged parallel to the beam axis. The straws are
stacked radially from 563-1066 mm and split into 32 groupings in ¢ such that there are no
gaps which a particle could traverse undetected — see figure 3.6 Each of the anode wires
is split in the middle with insulating material, such that each end is read out separately,
resulting in 105,088 channels. Some of the innermost wires are split twice to create three
regions, the centre of which is not read out, in order to deal with the high occupancy at
the LHC. The straws in the end-caps are 37 cm long and are arranged radially in wheels
covering 1.0 < |n| < 2.0. Each end-cap contains 122,880 straws. The geometry of the

TRT ensures that a particle with |n| < 2.0 will cross about 35 straws.

Due to ozone production and resulting localised corrosion, some of the straws developed
leaks in Run-1 that could not be fixed during LLS1. The gas mixture in the straws with
the highest leak rate was changed from xenon to argon in Run-2 to reduce the cost of
replenishing the leaked gas. As a result, the electron identification efficiency was reduced,

however the tracking performance was not affected.

3.2.4. Calorimetry

The [ATLAY] calorimetry system is designed to measure the energies of both charged and
neutral particles. It consists of two subsystems: the liquid argon calorimeter (LAx]) [87],
which is primarily used for the measurement of electrons and photons and also hadrons

in the end-cap regions; and the tile calorimeter [88] used for measurements of hadrons in
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Figure 3.7.: A cut-away diagram of the [ATLAS| calorimeter system. Image taken from

reference .

the barrel region. A layout of the system is shown in figure with the calorimeter
built around the solenoid surrounding the ID, and the tile calorimeter surrounding the
LAr| calorimeter. The calorimeters cover up to |n| = 4.9 and combine different techniques
to cover the characteristics of the different physics processes of interest. As particles
are incident upon the calorimeters they create ionising showers of other particles. The
energy of the showers is collected and used to measure the energy of the incident particles,
and the shape of the shower can be used to aid particle identification. The [ATLAS]
calorimeters are sampling detectors, which means that the active material providing the

signal is different from the medium responsible for absorbing the particle energy.

The liquid argon calorimeter

The primary purpose of the calorimeter is to measure the energies of electrons

and photons, and also hadrons in the higher n regions. In the barrel, the is made
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from lead sheets, coated with stainless steel that act as absorber material. These sheets
are immersed in a bath of liquid argon, chosen for its intrinsic radiation hardness and
linear and stable responses, at a temperature of around 83 K. As particles strike the lead
sheets they shower producing a cascade of other electrons, positrons and photons. These
particles then ionise the liquid argon, and the resulting electrons are drawn to a copper
anode in-between the lead sheets which is read out as a signal. In the end-caps, the lead

is exchanged for copper and tungsten.

A fine granularity is required to make precise electron and photon energy measurements,
and to distinguish single photons from 7° — vv. Thus, the is typically segmented
into three layers with a minimum An x A¢ granularity of 0.003 x 0.025.

The is arranged into several sub-systems. The barrel region, covering |n| < 1.475
employs an accordion geometry of the sampling material, in order to ensure uniform
¢-coverage. This is split into two half-barrels, as shown in figure [3.7], and is referred to
as the electromagnetic barrel calorimeter (EMB). Each end-cap is segmented into three:
first the electromagnetic end-cap (EMEC) from 1.375 < || < 3.2, then further out
is the hadronic end-cap (HEC) from 1.5 < |n| < 3.2, and finally the forward end-cap
calorimeters (FCAL) [89] from 3.1 < |n| < 4.9. Both the EMEC and HEC are made
from two co-axial wheels each, with outer radius approximately 2m. As with the barrel
the EMEC employs an accordion geometry, whereas the HEC has a flat-plate design.
The FCAL resides inside the wheels of the HEC and at 4.7m from the IP and at high
7 is designed to withstand high particle fluxes. Each FCAL end-cap is split into three
modules of parallel plates, the first designed for electromagnetic calorimetry and mostly
made from copper, and the other two designed for hadronic calorimetry made from a

mixture of tungsten and copper.

The transition between the barrel and the end-cap LAr, 1.37 < |n| < 1.52, is used for
detector services. Since this material is difficult to model, this “crack” region is usually
excluded when reconstructing electrons. For |n| < 1.8, a pre-sampler is installed
before the first lead layer. This enables estimation of the energy lost by electrons and

photons before encountering the calorimeter.
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The tile calorimeter

The tile calorimeter [88] is used for the measurement of the energies of hadrons. It is
an array of interleaved steel and scintillator sheets, spanning the pseudorapidity region
In| < 1.7. The tile calorimeter comprises three cylinders around the calorimeter: the
central cylinder, known as the “long barrel” extends to || = 1.0 and is flanked on both
sides by an “extended barrel”, as shown in figure [3.7 There is no “end-cap”, as this is
provided by the calorimeter. Both the barrel and extended barrel are segmented
into 64 wedges (or modules) in ¢, corresponding to a A¢ granularity of ~ 0.1 radians.
Each wedge is made of dozens of steel plates that act as absorber material and plastic
scintillator tiles as the active material. The light produced from the interactions of
charged particles is collected and transmitted by wavelength-shifting optical fibres and

turned into signals by photomultiplier tubes.

Calorimeter energy resolution

The energy resolution of calorimeters can be parameterised as:

@=%@%@c, (3.5)

where a, b and ¢ are n-dependent parameters; a is the sampling or stochastic term, b
is the noise term and c is the constant term. The noise term parameterises external
noise contributions that are not dependant on energy, for example electronic noise or
contributions from pile-up. The constant term characterises fluctuations that are constant
as a function of energy, for example from energy lost in passive material such as the

cryostat or the solenoid.

For the electrons, positrons and photons, whose energies are measured by the
calorimeter, the sampling term is dominant at low energies with a value of around
10%/+/E[GeV] at low |n|, which worsens as the amount of material in front of the
calorimeter increases at larger |n| [90,91]. The noise term is 350 x coshn MeV for a pile-
up of p =20 [90]. At higher energies the relative energy resolution tends asymptotically

to the constant term, ¢, which has a design value of 0.7% [90].
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The energies of hadrons (and hence jets) are measured primarily by the tile calorimeter,

their energy resolution is given by [88|

oB) 0% sy, (3.6)

E \ E[GeV]

3.2.5. Muon spectrometer

The muon spectrometer is designed to measure the momentum of particles that escape
the calorimeters in the region |n| < 2.7. Such particles are typically muons, but in
rare cases highly energetic jets of hadrons may punch through the calorimeter into the
muon spectrometer. Muons traverse the entire [ATLAST| detector and can do so because
they don’t interact strongly, so they very rarely undergo hard collisions with atomic
nuclei where they could lose significant energy. Muons also lose very little energy via
electromagnetic interactions due to being much more massive than electronsﬂ The huge
air-core toroid magnet system generates a 0.5 T (1T) field in the barrel (end-caps),
enabling momentum to be inferred from track curvature measurements. Four types of
tracking chamber are installed in several layers (see figure : monitored drift tubes
and cathode strip chambers are used to provide precise hit coordinates of muons, but
have relatively slow readout times. They are complemented by resistive plate chambers
and thin gap chambers that provide less precise measurements but have faster readout

times making them useful for triggering.

Monitored drift tubes

The largest subsystem of the muon spectrometer are the monitored drift tube chambers
(MDTs), which provide precision measurements of charged particle hits. There are 1150
chambers inside the detector, covering a total area of 5520 m?. Three layers of
chambers are arranged cylindrically around the barrel, with a further three wheels in

each end-cap (though at high |n| only two layers of MDTs are used due to the higher

4In any muon—electron interaction, the muon will only lose a small fraction of its energy due to its
much larger mass. Furthermore, because of their high mass, muons don’t radiate as much energy
during passage through the electromagnetic fields of nuclei as electrons do.
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Figure 3.8.: A cut-away diagram of the |ATLAS| muon spectrometer. Image taken from

reference .
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particle flux). Each chamber consists of two multilayers of eponymous tubes, separated
by the chamber support structure, with three or four layers of tubes per multilayer. The
tubes are 3 cm diameter aluminium alloy proportional drift chambers, filled with Ar/CO,
gas in a 97%/3% mixture under almost 3 atmospheres of pressure. At the centre of each
wire is a gold-plated tungsten-rhenium wire at a potential of 3080V to collect ionisation
electrons which are read out as a signal. A muon will typically cross 20 tubes as it

traverses the detector.

The MDTs provide a typical resolution of 35 pm in the z direction, which is superior to
measurements provided by the other muon systems. This comes at the cost of a longer
response time of 700ns (the maximal drift time from wall to wire) that requires the

readout system to implement a dead-time after the first detection of charge.

Cathode strip chambers

The cathode strip chambers (CSCs) are multiwire proportional chambers used in the
end-cap region, 2.0 < |n| < 2.7, where only two layers of MDTs are present. Each
chamber consists of four planes of wires arranged perpendicular to one another, providing
four independent measurements and two coordinates of each track. The wires act as
anodes and are held at a potential of 1900V, and positional information is obtained by
having the cathodes segmented into strips perpendicular to the wires. The chambers
are filled with a Ar/CO, mixture in a 80%/20% ratio. For each end-cap there are two
segmented disks both containing 8 chambers each, arranged so the innermost chambers
cover the gaps between the outermost chambers. The CSCs provide fewer hits than the
MDT, however make up for this with a smaller electron drift time of less than 40ns
allowing for fewer readout inefficiencies. The fine segmentation of the cathodes allows for

accurate position measurements, allowing for typical resolutions of 40 pm in r and 5 mm

in ¢.
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Resistive plate chambers

Triggering on muons in the barrel region is provided by resistive plate chambers (RPCs).
These are gas-filled parallel plate detectors with a fast readout speed. Each chamber
consists of two resistive parallel plates separated by a distance of 2mm by insulating
spacers. The electric field between the plates of 4.9kV /mm allows avalanches to form
along the ionising tracks of muons, which travel towards the anode and are read out as

signal. The short timing resolution of 5ns makes these ideal for triggering.

The chambers are arranged in three concentric cylindrical layers around the barrel, as
shown in figure [3.8] The innermost two layers of RPCs sandwich the second layer of
MDTs (they are constructed together), and are separated by about 0.5m. The third
layer alternates in ¢ between being above and below the outermost MDT layer and are
about 2m further away from the other two RPC layers. Each of the cylindrical layers
consists of two sets of chambers, so that an infinite momentum muon will traverse 6

RPCs, each providing independent 7 and ¢ measurements.

The large separation between the first two layers and the third layer of RPCs acts as a
high-pr (9-35GeV) muon trigger, whereas the smaller distance in-between the first and
second layers acts as a low-pp (6-9 GeV) trigger.

Thin gap chambers

The thin gap chambers (TGCs) perform a similar function to the RPCs, except they
are mounted in the end-cap regions. Their primary purpose is to provide triggering and
an azimuthal coordinate to complement the MDTs in the end-cap. They are multiwire
proportional chambers, similar to the CSCs: a series of anode wires are arranged

perpendicular to cathode strips in a gas chamber. The wires are held at a potential of

2900 V.

There are a total of 9 wheels of TGCs, located in the end-cap as shown in figure [3.8
and interspersed between the three wheels of MDTs. The innermost layer of MDTs are
complemented by two TGCs, and the middle layer of MDTs is complemented by 7 TGCs.
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The TGCs have a typical hit resolution of 2-6 mm in r and 3-7mm in ¢, and a time

resolution better than the minimum LHC bunch spacing of 25 ns.

3.2.6. Forward detectors

In addition to the main ATLAS detector systems described in the previous section, three
smaller sets of detectors are installed to provide coverage in the very forward regions.

The three systems, LUCID, the ZDC and ALFA are described below.

The first system LUCID (LUminosity measurement using Cherenkov Integrating Detector),
consists of two sets of 20 aluminium tubes arranged in a cylinder such that each tube
points towards the interaction point when placed around the beam line. The cylinders
are located £17m in z from the interaction point and placed at a radial distance of
10 cm from the beam line (|n| ~ 5.8). The main purpose of LUCID is to detect inelastic
pp scattering in the forward direction, such that the instantaneous luminosity can be
measured on-line, and the integrated luminosity can also be measured. On-line monitoring
of beam conditions are also provided by LUCID. Each of the aluminium tubes is filled
with pressurised C4F1y gas; as particles traverse the gas, Cherenkov light is emitted which
is collected by photomultiplier at the end of the tube. Counting the number of tubes
with a signal above a pre-defined noise threshold provides a measurement for online

monitoring.

The zero degree calorimeter (ZDC) is a forward detector located +140m from the
interaction point. The primary purpose of the ZDC is to detect very forward neutrons
(In] > 8.3) from heavy-ion collisions, however it can also be used to reduce backgrounds
from beam gas and beam halo effects. These can be greatly reduced by requiring a tight
coincidence from the two arms of the ZDCs, located symmetrically with respect to the
interaction point. This coincidence is found to be 9% of the total pp inelastic scattering
rate. Therefore, the ZDC is also important for initial beam tuning. The timing resolution
of the ZDC is approximately 100 ps, which is sufficient to locate the interaction point
to about 3cm in z, and can therefore provide some knowledge of the primary vertex

location without inner detector information.
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ALFA (Absolute Luminosity measurement For ATLAS) is another device for measuring
the luminosity in ATLAS, however it can only be used during special LHC beam conditions
giving low luminosity (at high 5*, where $* parameterises the size of the beam at the
interaction point). The ALFA detector is designed to measure the elastic scattering rate
in the forward region. Via the optical theorem, the elastic-scattering amplitude in the
forward direction is connected to the total cross-section, which can be used to extract
the luminosity. The detector consists of a scintillating fibre tracker, located physically
inside the LHC beam tube 4240 m away from the interaction point. It can be moved a
few millimetres from the beam line, which is required to measure the small scattering

angles (3urad) from the elastic collisions.

3.3. Trigger

The collision rate at the LHC is so large that it is infeasible for ATLAS to record all of
the data. With an event size of approximately 1.3 Mbytes, the 40 MHz collision rate
of the LHC in Run-2 would correspond to a data rate of 60 Tbytes/s, which is far in
excess of the read-out and storage capabilities of ATLAS. E| However, the vast majority
of collisions at the LHC produce well known physics studied at earlier colliders and
therefore are “uninteresting” to the LHC programme. The majority of proton-proton
collisions produce mainly hadrons with low transverse momentum, with only around 2%
of charged particle tracks carrying pr > 2GeV [92]. The contribution of a variety of
different processes to the total proton—proton cross-section is shown in figure 3.9 and we
see that any “interesting” physics has a cross-section several orders of magnitude smaller
than the total. For example, a Higgs boson will be produced in only about 1 in every
1019 collisions, and the production of supersymmetric particles is predicted to be several

orders of magnitude rarer than that (depending on the mass).

The ATLAS trigger system [94.95] is designed to identify interesting physics events and
give the signal to read out the detector so that the event can be stored for more detailed

analysis. Between Run-1 and Run-2 the trigger system was redesigned to deal with the

5Compare this to a contemporary transatlantic network, the largest bandwidth variants carrying up to
10 Thits/s.
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Figure 3.9.:
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higher rate due to the decreased bunch spacing. Originally, the trigger system was a
three-level system, however the latter two levels were merged to allow better resource
sharing and overall improved performance. As a result, in Run-2, the trigger operated
with an input rate of 40 MHz and an output rate of 1 kHz whereas in Run-1 the input
rate was 20 MHz for an output rate of 0.7 kHz. The two levels of the Run-2 trigger system
are Level-1 (L1) and the high-level trigger (HLT). Level-1 is purely hardware-based,
with the electronics located in the ATLAS cavern to reduce the latency in the trigger
decision. In 2015 and 2016, the L1 trigger operated with an input rate of 40 MHz and
an output rate of 100 kHz, with an allowed decision time of up-to 2.5 ps. The HLT has
enough processing time available per event (300 ms) to use software based algorithms,

and reduces the event rate from 100 kHz to 1 kHz.

For every kind of physics object — electrons, photons, muons, taus, jets and EXs — there
are dedicated triggers, some specialised for specific analysis needs. There are also random
triggers which record events randomly to provide an unbiased dataset. The HLT decision

is said to be “seeded” by a L1 decision.

For certain physics objects that ATLAS triggers on, the production rate might be too
high to record every single event passing the trigger. In such cases, prescaled triggers
exist, which record only a certain fraction of the events that would normally pass the
trigger, effectively reducing the luminosity recorded. Usually searches for new physics
need to employ the full dataset to boost their sensitivity, for which an unprescaled
trigger with the lowest possible thresholds should be employed. In the search described
in chapter p| of this thesis for example, the HLT_63j45_0eta240 trigger was used, which
requires at least 6 jets each with pr > 45 GeVand |n| < 2.4 at HLT, and is seeded by a
trigger at L1 requiring 4 jets with pp > 20 GeV.

The Run-1 trigger system is described fully in reference [94] and the Run-2 system in

reference [95].
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3.3.1. The Level-1 trigger

Level-1 Calo

The Level-1 calorimeter trigger “L1-calo” is designed for triggering on electrons, pho-
tons, jets and taus, and also global event quantities such as missing transverse energy.
Calorimeter cells are summed into “trigger towers” each 0.1 x 0.1 in An x A¢, and a
sliding window algorithm is used to identify regions of interest (Rols) [96]. The trigger

towers for the electromagnetic (EM) and hadronic calorimeters are grouped separately.

To identify e/~ showers or 7/hadron showers a similar algorithm is used. For both cases a
2 x 2 window of EM trigger towers are considered. Within this 2 x 2 window, the energies
within the four possible 2 x 1 and 1 x 2 rectangles are summed and compared to some
threshold, and at least one of the four sums is required to pass. In the 7/hadron case, the
sum of the energies in the hadronic trigger towers behind the 2 x 2 window are included
in the threshold comparison, whereas in the e/ case, the shower is required to have not
penetrated into the hadronic calorimeter. In both cases, an isolation requirement is also
imposed: the Et values in the 12 EM trigger towers surrounding the 2 x 2 window are

summed and required to be less than an isolation threshold.

The L1 jet algorithm is similar to the e/ and 7/hadron, except that a lower granularity
is needed, and there is no need to separate the EM and hadronic calorimeters. As a
result, the most basic unit considered is the “jet element”, which is the sum of the 2 x 2
trigger towers added to the 2 x 2 hadronic towers. To identify an Rol, the total transverse
energy Er of 2 x 2, 3 x 3 and 4 x 4 windows of jet elements is summed and compared
to a threshold. The different sized windows perform different purposes, with the larger
windows capturing the most energy and thus having the greatest efficiency, and the

smaller windows better for resolving more jets.

L1-calo also provides triggering for Ep and ERS. The trigger towers are summed to
calculate Er and E%lissﬁ using the calorimeter information only. These sums are compared

to thresholds.

5The scalar sum is performed for Et, and the vector sum for EIss,
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Level-1 muon

Muon triggering at L1 is provided via identification of the spatial and temporal coincidence
of hits in either the RPCs or TGCs pointing to the beam interaction region [97]. Triggering
in the barrel (|n| < 1.05) is provided by the RPCs. A trigger is generated by a coincidence
of three hits in the RPC layers for the high pr muons, and a coincidence of two hits for
low pr muons. In the end-cap region (1.05 < |n| < 2.4), triggering is provided by the
TGCs, and a coincidence of three hits is required. The differences in L1 muon triggering
between Run-1 and Run-2 are described in reference [95] and largely correspond to extra
layers of muon detectors being installed or brought online in some areas. One of the
main differences is that in Run-2, a hit coincidence with the innermost layer of the TGCs
was required, to prevent triggering on low momentum tracks originating far (z &~ 10 m)
from the interaction point. The muon’s momentum is not measured at Level-1, and only

the coincidence thresholds are passed.

3.3.2. The high-level trigger

After an event is accepted at L1, it is processed by the HLT with additional information
not available at L1. Finer granularity calorimeter information, tracking information from
the ID and precision information from the muon spectrometer are included. Any Rol that
has been identified at L1 is passed to the HLT, and as needed the HLT reconstruction
can either be executed within the Rol or for the full detector. In both cases the data are

retrieved on demand from the readout system.

Jet triggers

The primary trigger used in the analysis presented in chapter |5|is a multi-jet trigger.

Jets are reconstructed at the HLT using the anti-k; clustering algorithm with radius
parameter R = 0.4 or R = 1.0. The inputs to the algorithm are so-called calorimeter topo-
logical clusters “topo-clusters”, which are topologically connected groups of calorimeter

cells with a signal above some threshold [98]. The entire calorimeter is scanned, allowing
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pileup subtraction to be performed and low energy jets to be reliably extracted in a

selection that is close to that used offline, although no tracking information is available.

3.4. Object reconstruction

A physics object is any identifiable phenomenon that is useful for study in high energy
physics; including particles, groups of particles, or information on all of the particles
produced in a collision. As particles traverse the ATLAS detector, they leave behind
energy deposits which are read out as electronic signals. This information from the various
detector components must be collated to attempt to reconstruct the original particle,
or other physics object, that produced the signal. In this section, the reconstruction

algorithms used to identify the different physics objects are described.

When performing physics analysis, only a subset of the objects described here may be
used, and additional selection criteria are typically imposed based on the specific needs

of the analysis.

3.4.1. Tracks and primary vertices

The tracks of charged particles with pr > 0.5GeV and || < 2.5 are reconstructed with
information from the ID [69]. Though not used directly as standalone objects in most
physics analysis, they are necessary inputs to many of the objects that follow. They
are formed via a three-stage procedure. Firstly, a pre-processing step in which the raw
information from the pixel and SCT detectors are translated into clusters and then
space-point measurements. Secondly, a track-finding stage in which a seed track is formed
with hits in the pixel layer, which is then extended to the SCT. During this stage many
ambiguities are resolved and fakes are rejected. Quality criteria such as requiring only
a limited number of tracks to share the same cluster, and tracks do not pass through
too many holesﬂ, are imposed. The tracks are then extended to include information

from the TRT, and afterwards the track is re-fitted using information from all of the ID

7A hole is defined as a silicon sensor crossed by a track without generating any associated cluster.
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subsystems. A complementary track finding algorithm is then used “backwards” from the
TRT inwards, which improves the efficiency for secondary tracks from (for example) long
lived particles or conversions (v — eTe™). Finally, a dedicated vertex-finding algorithm
is used to locate the Primary Vertex (PV), which is the vertex with the largest > p4 of
the tracks associated to it. Only one PV is identified per bunch crossing, and an “event”

is defined as all of the reconstructed objects that are associated with that vertex.

3.4.2. Muons

Muons are identified using information from the ID and muon spectrometer, and to a
lesser extend also the calorimeters. The identification is performed according to several

reconstruction criteria, resulting in four different “types” [99).

Combined Muon Reconstruction is performed independently in the ID and muon
spectrometer. If the tracks from each system can be successfully combined, then
the track is identified as a combined track. The track is then re-fitted to take into
account the information from both systems. This is the most common type of
muon used in analyses and has the best performance in terms of sample purity and

momentum resolution.

Stand Alone The trajectory of the muon is reconstructed only in the muon spectrometer,
and extrapolated back to the point of closest approach with the beam line. The
estimated energy loss from the muon traversing the calorimeter is taken into account.

This type of muon is used for 2.5 < |n| < 2.7, which is not covered by the ID.

Segment-Tagged ID tracks can be classed as a muon if once extrapolated to the muon
spectrometer, it can be associated with at least one local track segment in the MDT
or CSC chambers. Segment-tagged muons can be used to increase acceptance in
cases in which the muon crossed only one layer of muon spectrometer chamber,

potentially due to the low pr of the muon or it falling into a low acceptance region.

Calorimeter-Tagged ID tracks can be classed as a muon if once extrapolated to the

calorimeter they can be associated to an energy deposit consistent with a minimum
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ionising particle. The muons have the lowest purity, but this method improves

acceptance in regions of the muon spectrometer that are not instrumented.

3.4.3. Electrons and photons

The reconstruction of electrons and photons is performed in parallel. Brief details are
given here, but more information can be found in reference [100| and reference [101]. In
the forward region (2.5 < |n| < 4.9) no tracking information is available and so electrons
and photons are indistinguishable from one another. Nonetheless, a topo-clustering
algorithm [98] is used to identify electromagnetic clusters of energy deposits in the
EMEC, the energies of which are corrected for expected energy losses in the material
in-between the IP and the calorimeter. These forward objects are typically not used

directly in physics analyses.

In the central region, |n| < 2.5, tracking information can be used to distinguish electron
and photons. Firstly, electromagnetic energy clusters are identified, starting from seeds
with Er > 2.5GeV, then a sliding window algorithm is used with window size 3 x 5 in
units of 0.025 x 0.025 in (7, ¢) to fully locate the cluster. The cluster finding is close to
100 % efficient for clusters with Ep > 20 GeV. Next, it is attempted to match clusters
with tracks. Tracks with pt > 0.5 GeV are extrapolated from their last-measured point
in the ID to the middle of the LAr calorimeter. The extrapolated 1 and ¢ coordinates of
the track’s impact point in the calorimeter are compared to a corresponding seed cluster
position. A track and a cluster are considered to be successfully matched if the distance
between the track impact point and the EM cluster barycentre have |An| < 0.05. In
the absence of a track, the cluster is identified as an unconverted photon. Electrons are
distinguished from converted photons by looking for two close-by oppositely-charged

tracks originating from a vertex displaced from the IP.

After cluster and track matching, the cluster sizes are further optimised to take into
account the overall energy distribution [100]. The total reconstructed energy is then the
sum of four contributions: an estimate of the energy deposited in the material in-between

the calorimeter and the IP, the measured energy of the cluster corrected for the fraction of
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energy measured by the sampling calorimeter, and the estimated energy deposit outside

the cluster (both in and outside the LAr).

3.4.4. Jets

It is not possible to measure the position and energy of every particle produced in ATLAS.
As a result, we are led to group together particles into artificial composite objects known
as jets. The algorithms used to cluster particles into jets are designed to take advantage of
the fact that particles produced from the hadronisation of a quark or gluon are typically
produced in collimated streams, emerging in approximately conical shaped bundles from
the IP, and in so doing capture as much of the hadronic activity produced from that
initial quark or gluon. Indeed, jets of hadrons are the observable counterparts of the

perturbative concepts of quarks and gluons.

There is no unique way of grouping particles into a jet, however the different options are
classified according to two considerations: the set of rules which govern how the particles
are grouped into a jet, or the jet algorithm; and how the momenta of particles inside the
jet are combined, or recombination scheme. These two properties define the jet. Jets are
used ubiquitously at hadron colliders, and the clustering algorithm is among the main

tools used for analysing data at the LHC.

Jet reconstruction

There are many types of jet algorithm, such as cone algorithms and sequential-combination
algorithms. It is desirable that the definition of a jet should be such that if an event is
modified through soft and colinear radiation, the set of reconstructed jets stays the same.
Many algorithms do not satisfy these criteria, and will not be described here. ATLAS
uses a sequential-combination algorithm, which attempts to construct a jet via a bottom

up approach in which the sequence of parton splittings is reversed.

The algorithm predominantly used in ATLAS is the anti-k; [102,/103| jet clustering

algorithm. An important characteristic of the anti-k; algorithm is that it can be applied
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in exactly the same way to several different categories of “entity”. These entities can be
from simulation, such as individual hadrons or partons, or detector-level quantities such
as tracks or groups of calorimeter cells; and that they are treated in the same way aids
the comparison between experimental results and theoretical calculations. Furthermore,
the anti-k; algorithm is both infrared and colinear safe, and produces jets of roughly

conical shape in the n—¢ plane.

The algorithm is defined as follows. The distance metric d;; between two entities

(e.g particles, clusters) i and j is defined by

11\ A%

2
Pr; Pt

where Afj = (yi—y;)*+ (¢ — ¢;)* and y; and ¢; are the rapidity and azimuth respectively
of entity 7. The radius parameter, R, is a number that characterises the radius of the jet
in the (7, ¢) plane, and is usually set to 0.4, however in some cases “large-radius” jets are

defined with R = 1.0. For each entity, a beam distance is also defined,

1
dip = ——. 3.8
B pgl“,z’ ( )
A set of distances is then compiled
D — {diBa dij}, (39)

for all entities ¢ and pairs i, j. The clustering algorithm then proceeds as follows:

e If min(D) = d;; then entities ¢ and j are clustered together by adding their four-

momentum, and D is recompiled with the remaining entities.
e If min(D) = d;p then the entity i is labelled as a jet and removed from D.
e The steps are repeated until there are no more entities in D.

As d;; is weighted by the reciprocal of the momentum of the particle pairs, then the d;;
between a hard and soft particle will be small, whereas the d;; between two soft particles
will be larger. As a result, soft particles will be clustered with a hard particle before
clustering with themselves. This continues until all of the particles are separated by

A;; > R, after which the smallest of the distances in D will be a beam distance, and
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Figure 3.10.: Jets clustered with the anti-k; algorithm with radius parameter R = 1. Image
from reference [102].

all the remaining particles are labelled as jets. In the case that there are no other hard
particles within 2R then this will result in perfectly conical jets of radius R, as shown in
figure [3.10] If there are two hard particles such that R < A;; < 2R then there will be
two hard jets and one of them will be clipped, missing the overlapping part of the harder

jet, which is also shown in figure [3.10]

Jets in ATLAS

In [ATLAS] the first step is to create topoclusters, which are topologically connected
clusters of calorimeter cells above a noise threshold [98]. The energy of each topocluster
is calculated by summing the energy of its constituent cells, taking into account cases
where the energy from cells was split between two topoclusters. The direction of the
topocluster (relative to the geometric centre of the detector) is calculated as
the energy-weighted barycentre of the cell directions, using the absolute value of the
cell energies. In the jet clustering algorithm, the topoclusters are treated as massless,
such that the jet four-vector is then defined only by the energy and direction of the
topocluster. These jets must then be combined with tracks, which is described in the
next section. Jets can also be created solely from tracks, however these “track-jets” are

not used in this thesis and so are not described further.
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Jet recombination

After application of the jet algorithm, the next step is to choose a method for calculating
energies and momenta of the resulting jet objects, known as a recombination scheme [104].
In [ATLAS] the four-vector recombination scheme is used, in which the four-vectors of
the jet constituents (e.g. the topoclusters) are added together. The jet then has “mass”
even though the constituent topoclusters are massless, the jet mass being a function
of energies and the angular separation of the topoclusters within the jet. Next is to
associate tracks with the jet, which is done via the ghost association method. Tracks are
assigned infinitesimal pr and added to the list of jet inputs. The jet clustering algorithm
is then applied again, and any tracks which are clustered into a jet are then associated

to it.

Jet calibration

The goal of the calibration is to correct the jet four-momentum as measured by the
calorimeter to the jet four-momentum at the particle level [105]. In order to do this
several detector effects must be accounted for including; energy deposited in inactive
material or material before the calorimeter, leakage of the hardonic shower outside of the
calorimeter, energy losses due to noise thresholds or energy deposited outside of a jet,
and additional energy entering a jet from pile-up. The calibration is known as the Jet

Energy Scale (JES)

The calibration of jets and topoclusters varied between Run-1 and Run-2; the common
details are briefly described here, and a full description can be found in references [105]106)
respectively. The topoclusters are first calibrated assuming that all the energy was
deposited by electromagnetic showers. This is then corrected for the hadronic shower
contribution — the calorimeter response to hadrons is approximately 75% of that for
electrons due to energy losses from e.g. nuclear break-up, spallation or the emission of
soft neutrons. The procedure includes a classification of the clusters as electromagnetic
or hadronic, based mostly on the energy density and longitudinal shower depth. The

four-vectors of the topoclusters are corrected to originate from the PV, instead of the
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detector co-ordinate origin. Next, the effects of pile-up on jet energies are accounted for
by an event-by-event pr-density correction [107]. Then, a residual pile-up correction is
applied to remove any additional pr dependence on the number of interaction vertices
in the event. A correction, derived in Monte Carlo from the average of the ratio of
reconstructed jet energy to particle level jet energy, is then applied (the correction varying
as a function of the jet energy and 7). Afterwards, a residual correction derived from
measurements of benchmark processes measured in data (e.g. jets balancing against a

well-measured object) is applied.

An extra calibration stage was applied in Run-2, to improve the jet energy resolution
and reduce the sensitivity of the calibration to the flavour of the jets. The corrections
are based on several jet properties, including the number of muon segments behind a jet

or the fraction of energy deposited in different layers of the detector.

3.4.5. b-jets

Flavour-tagging is the process by which the flavour of a specific quark inside a hadron
can be identified and “tagged”. The technique is used by many experiments in high
energy physics, but in ATLAS this is mostly done for B-hadrons. If a jet is found to
contain such a particle the jet is said to be “b-tagged”. Jets containing charmed hadrons
or light-flavour quarks can also be tagged, however this is done to a lesser extent in
ATLAS. A common misconception is that a b-tagged jet is one which originated from the
decay of a B-hadron, but it is simply the identification of a jet that contains a B-hadron.
The identification of the flavour of particles within a jet is particularly useful to many

measurements in ATLAS and b-tagged jets are widely used in new physics searches.

The algorithms used to identify a B-hadron in a jet make use of its relatively long lifetime.
The lifetime of a B meson is approximately 1.5 ps, resulting in an average transverse
flight distance of Sycr =~ 3mm for a pr = 50 GeV particle. This is large enough that
the tracks of charged particles coming from the decay of the B-hadron can be identified
as not originating from the PV, and can therefore be used to reconstruct a secondary

vertex.
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ATLAS uses an artificial neutral network to classify the flavour of jets. For b-tagging,
the inputs to the classifier include longitudinal and transverse impact parameters of
tracks, and also information about the secondary vertex. The weak decays of B-hadrons
are often semileptonic, and so the fraction of electromagnetic energy in the jet, or the
presence of a muon is also taken into account. Furthermore, the b-tagging algorithm is
designed to reject the identification of similar particles, such as tau leptons and D-mesons,
which have similar lifetimes and flight distancesﬂ As tracking information is required,
only jets within the acceptance of the ID can be b-tagged. The algorithms used for Run-1

are described in detail in reference |[108], and were upgraded for use in Run-2 [109].

3.4.6. Tau leptons

Taus are unique among leptons in that they are heavy enough to decay into hadrons as
well as other leptons. They are short-lived enough to decay within the detector volume,
and so specialised chambers that are used to detect muons cannot be used to identify
taus, but also long-lived enough to travel far enough from their production point for
their flight distances to be similar to that of a B-hadron decay, allowing them to be
potentially confused with b-jets. These properties present a unique challenge to the
identification and reconstruction of taus. The leptonic decay modes of the tau (7 — pvv,
T — evv) cannot be directly distinguished from prompt electron or muons in ATLAS, as
the neutrinos cannot be detected. Therefore, only taus that have decayed hadronically,

which comprises around 65% of tau decays [34], can be identified in ATLAS[

In the hadronic case, the virtual W boson produced from the tau decay can itself decay
directly into a single charged pion but more often decays into a resonance such as a p*
or a* meson. The p* decays to a charged and neutral pion, whereas the a® decays into

three or four pions, which are a mix of either one or three charged pions accompanied

8The lifetime of the tau is approximately 0.3 ps, the lifetime of a D meson is approximately 0.4 ps.
While these lifetimes are shorter than that of the B, they are lighter and are therefore more boosted
for the same pr.

9Tt is possible to infer the presence of a tau that has decayed leptonically if it is produced as a tau pair,
with the other tau decaying hadronically, for example in Z — 77.
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with neutral pions. Thus, hadronic tau decays are categorised as either “one-prong” or

“three-prong” depending on the number of charged tracks detected.

Taus are not initially reconstructed directly but instead identified from the collection
of anti-k; jets with R = 0.4. Jets with pr > 10GeV and |n| < 2.5 are used as seed
candidates for taus. A Boosted Decision Tree is used to classify jets as originating from
taus. The input variables exploit the different characteristics of jets produced by the
hadronic decays of taus to those initiated by a quark or a gluon. For example, taus
produce jets that are typically more collimated, have a different EM fraction due to the

presence of ¥, contain specific number of tracks pointing to a displaced vertex [110].

3.4.7. Missing transverse momentum

Momentum conservation transverse to the beam axis implies that the transverse momenta
of all particles in the final state should sum to zero. However, some particles, such as
neutrinos and the LSP predicted by RPC supersymmetry, are invisible to ATLAS and
escape the detector without their momentum being measured. Their presence can be
inferred from any imbalance of the transverse momentum sum. Therefore, an important
variable in many new physics searches is the missing transverse momentum vector E5sS,
which is the negative vector sum of the pr of the reconstructed objects. As the direction
of this variable is often unimportant, the magnitude of E® is often used, denoted here
and throughout this thesis as %5, Tn addition to particles escaping ATLAS undetected,
Emiss is also generated by the mismeasurement and imperfect calibration of physics
objects. Furthermore, pile-up has to be taken into account, as particles emanating from
one interaction point can be confused with those emanating from another during the

same bunch crossing.

The EMsS is calculated using the components along the z and y axes:

Jomiss _ Emiss,e + Emiss,’y + Emiss,T + Emi587M + Emiss,jets + EmiSSvSOft. (310)

z(y) z(y) z(y) z(y) z(y) z(y) z(y)

This is calculated only for the physics objects that are associated with the PV of the

event so that, for example, jets not associated with the PV will not be included. The final
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term in eq. is the so-called soft term, which accounts for the signals in the detector
not associated with any other physics object. There are two methods of calculating the
soft term: using unassociated calorimeter deposits to create the “calorimeter soft term”;
or using tracks originating from the primary vertex that are not associated to any objects
to create the “track soft term”. In Run-1, the calorimeter soft term was used for many
analyses. However, this variable was found to be sensitive to pile-up, and so with the

increased pile-up conditions realised during Run-2, the track soft term was favoured.

3.4.8. Overlap removal

The reconstruction of different objects is performed independently. As a result, the same
calorimeter energy cluster could be identified as both an electron and a jet, and be double
counted. An overlap removal procedure is then required to resolve these ambiguities,

which can be unique to each analysis depending on the set of objects used.

3.5. Summary

The LHC is the world’s largest particle accelerator, capable of smashing protons together
at a centre of mass energy of up to 14 TeV. Surrounding one of the interaction points
is the ATLAS detector, designed to measure the properties of the Standard Model and
search for physics beyond. ATLAS has many specialised subsystems to precisely measure
the properties of the particle collisions: the inner detector measures the tracks of charged
particles, the calorimeter systems measure the energies of particles, and the muon system
provides additional tracking information for muons. A powerful magnet system provides
a field for bending the trajectories of charged particles as they traverse the detector.
Crucial for the operation of the detector is the trigger system, which uses information
from several of the ATLAS subsystems to select interesting events for later analysis.
Information from the subsystems is combined to reconstruct and potentially identify

the particles produced from the initial collision. From this, event-level information such
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as missing transverse momentum can be inferred — a key variable in searches for new

physics.



4 The Impact of 8 TeV ATLAS Searches
on the pMSSM

One of the main challenges faced by the theoretical and experimental communities is the
interpretation of the null results of searches for new physics. This is particularly acute
in the context of the searches for SUSY, given that the full MSSM has over 100 free

parameters.

A popular method of presenting the results of searches is to use simplified models [111-113].
These models consider only two free parameters, typically sparticle masses, with a fixed
branching fraction of one sparticle decaying into another. No attempt is made to satisfy
the various indirect constraints that would apply to a viable physical model, such as
dark matter relic density, and all SUSY particles other than the directly relevant ones
are assigned an arbitrarily large mass. One example is the so-called “Gtt” model, in
which it is assumed that only gluinos are pair produced, with each gluino decaying with
a 100% branching fraction to a tf pair and a neutralino, g — ttx?. In the model, all of
the other sparticles are assigned arbitrarily large masses, and the only two parameters
considered is the gluino mass and the neutralino mass. The use of these models has
several benefits: it allows analysis teams to optimise their searches, compare the relative
strength of one search to another, and publish the results on a 2-dimensional piece of
paper in a way easy for people to interpret. However, the simplified model approach can
fail to capture the complexity of more “realistic” SUSY scenarios, in which many different
sparticles have competing production and decay mechanisms. As a result, different
analyses can publish different exclusion limits on the same sparticle when considering a

slightly different simplified model. In the context of the broader MSSM it is less clear

77
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what sparticle masses have been excluded, and where the limits on SUSY really lie. Part
of the motivation for simplified models is they can show the best possible discovery reach
for searches, but conversely this means that they also show aggressive limits for exclusion,
which can result in overly-simplified views on the constraints of sparticle masses from

both the experimental and theoretical communities.

The simplified model approach and the full MSSM lie at extremes, the former being
somewhat an over-simplification and the latter being far too complex to explore directly.
How can one attempt to get a sense of what regions of the SUSY parameter space are
more tightly constrained than others? One solution is to use an intermediary between
the simplified model approach and that of the full MSSM, being the phenomenological
Minimal Supersymmetric extension to the Standard Model (pMSSM) [114,/115], a 19
parameter subset of the full MSSM described in the next section.

Our approach has been to sample a large number of points in the pMSSM space and test
their validity after considering all relevant dark matter, heavy flavour and electroweak
constraints, and then consider further constraints from a combination of 22 ATLAS
searches to assess their impact. This was the first time such a large scale study of this

kind was carried out by an LHC collaboration.

This chapter is based on the publication in reference [6], which I created with collaborators.
I have indicated which parts were carried out by my collaborators, but note that the
interpretation of the results was done by me. Many of the plots in this chapter also

feature in the publication, but they have been visually improved for this thesis.

4.1. The phenomenological MSSM

The majority of the 120 parameters of the R-parity conserving MSSM are associated
with flavour changing neutral currents or CP-violating phases, both of which are tightly
constrained by experiment. Therefore by applying a series of experimentally motivated
constraints, (and a desire for theoretical simplicity) one can reduce the parameter space

of the MSSM to the more tractable 19 parameter pMSSM. These assumptions are:
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(¢) No new sources of CP-violaton.

(42)

New sources of CP-violaton are tightly constrained by the experimental limits on
the electron and neutron electric moments [114] as well as in the K, B, B, and the
D system [116]. By assuming that the soft-SUSY breaking parameters are real (i.e.
that all soft-SUSY breaking phases are zero), all sources of CP-violaton beyond the
CKM matrix are eliminated[]

No flavour changing neutral currents.

The off-diagonal terms in the sfermion mass matrices and the trilinear coupling
matrices can induce large flavour violations, which are tightly constrained by
experimental data. Minimal Flavour Violation [117] is imposed at the electroweak
scale, by taking all sfermion mass matrices and trilinear couplings to be diagonal in

flavour.

(¢242) Unawversality of the first and second generation sfermions.

Experimental data, for example from K% K9 mixing, severely limit the splitting
between the masses of the first and second generation squarks, unless squarks are
significantly heavier than 1TeV. Therefore, we assume that the soft-SUSY breaking
scalar masses are the same for the first and second generation. This results in, for
example, the uy, and ¢, being degenerate in mass, but the left- and right-handed
superpartners are not necessarily degenerate, nor are the up- and down-type squarks.

There is no experimental constraint on the third generation masses.

In addition to the three general constraints listed above, a further two conditions are

imposed for this study:

(a) R-parity is exactly conserved.

(b) The LSP is the lightest neutralino.

This leaves 19 real weak-scale parameters defining the pMSSM, which are defined in
table .11

! As there are many phases in the MSSM, it is possible for a cancellation to occur between them such
that little CP-violaton would be observable. However, this introduces something of a fine-tuning
problem.



The Impact of 8 TeV ATLAS Searches on the pMSSM 80

Parameter

Definition

My

tan = v, /vg

LH slepton mass (first two generations)

RH slepton mass (first two generations)

LH stau doublet mass

RH stau mass

LH squark mass (first two generations)

RH u-type squark mass (first two generations)
RH d-type squark mass (first two generations)
LH squark mass (third generation)

RH top squark mass

RH bottom squark mass

Bino mass parameter

Wino mass parameter

Gluino mass parameter

Trilinear top coupling

Trilinear bottom coupling

Trilinear 7 lepton coupling

Bilinear Higgs mass parameter

Pseudoscalar Higgs boson mass

Ratio of the Higgs vacuum expectation values

Table 4.1.: The definition of the 19 pMSSM parameters, in addition to those of the Standard

Model. LH and RH refer to left- and right-handed respectively.
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It is interesting to note that many of the generic properties of the mass spectra of
sparticles in the pMSSM are also found in the wider MSSM. For example, in the
first and second generation the super-partner of the left-handed up-type quarks are
nearly mass degenerate with the corresponding super-partner of the down-type quarks.
Similarly the left-handed sleptons are near-degenerate with the sneutrinos. Furthermore,
the nature of the neutralino mass spectrum is dictated by the relative separation and
magnitude of the bino, wino and Higgsino mass parameters. If well separated, the mass
eigenstates will split into a bino-like singlet of mass approximately | M|, containing a single
neutralino, a wino-like triplet of two oppositely charged charginos and a neutralino of
mass approximately | M| and a Higgsino-like quartet of two charginos and two neutralinos
with mass approximately |u|. If not well separated then the LSP can be a mixture of the

neutral states.

4.2. Analysis Details

4.2.1. Overview

The goal of the study is to find how ATLAS searches have impacted the pMSSM parameter
space, and what constraints exist on SUSY particles. Like throwing darts, millions of
“points” were generated by randomly selecting parameters in the pMSSM space. These
points were then tested with all relevant dark matter, electroweak, Higgs mass and
heavy flavour constraints; those that failed were discarded, and the remainder kept, of
which there were around 300,000. Each surviving model point was then tested with a
combination of 22 ATLAS searches. The selection and generation of models described in

this section was performed by collaborators.

4.2.2. Model selection

The generation of the model set is detailed in reference [6], but the key details will

be described here. Firstly, the scan range of each parameter was restricted, with each
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parameter and its range listed in table [4.2] Notably, a 4 TeV upper bound on the mass
parameters was chosen to make most sparticles kinematically accessible at the LHC.
Reducing this limit would increase the relative fraction of models that the ATLAS
searches are sensitive to, so care must be taken when interpreting the results. Conversely,
increasing this threshold has little effect on LHC phenomenology, until the limit is
increased so much that either no sparticles are kinematically accessible, or those that are
collapse to the simplified model cases, which have already been studied elsewhere. An
exception to this is when decays proceed via virtual heavy sparticles, when increasing
that sparticle mass would lead to further suppression of those decays, such as in the
case of “split-SUSY” [118-120|. Lower limits on some mass parameters were chosen to
avoid existing constraints from existing LHC searches and also the LEP experiments, for
example the requirement that charged sparticles must have mass larger than 100 GeV.
Additionally, a large range for |A;| is permitted, which is a parameter that affects loop
corrections to the mass of the Higgs boson, with a larger |A;| leading to a greater chance
that the mass of the Higgs boson is close to the experimentally measured value for a

given model point.

The large dimensionality of the pMSSM renders a grid sampling technique at regular
intervals inappropriate. Therefore, a point is chosen by generating a random value for
each parameter within the scan ranges listed in table A flat probability distribution
is chosen for each parameter. Some of the parameters are relevant for a given observable,
and therefore the scan is effectively more comprehensive within the subspace of relevant

parameters.

4.2.3. Non-ATLAS constraints

Once a model point is chosen, a variety of public codes are used to calculate observables
predicted by the model as described in the appendices of reference [6]. Further experi-
mental constraints, shown in table [£.3] which indirectly affect the parameter space are
applied and described below. For each model point, the observables described here were

calculated with micrOMEGAS 3.5.5 [121], unless specified otherwise.
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Parameter Minimum value Maximum value
mi (=mg,) 90 GeV 4TeV
me, (= meg,) 90 GeV 4TeV
my, 90 GeV 4TeV
Me, 90 GeV 4TeV
ma, (= mg,) 200 GeV 4TeV
ma, (= ma,) 200 GeV 4TeV
mg (=mg,) 200 GeV 4TeV
meg, 100 GeV 4TeV
M 100 GeV 4TeV
mg, 100 GeV 4TeV
| M| 0GeV 4TeV
| M| 70 GeV 4TeV
Ms 200 GeV 4TeV
| Ay 0GeV 8 TeV
| Ap| 0GeV 4TeV
|A| 0GeV 4TeV
| 80 GeV 4TeV
My 100 GeV 4TeV
tan 3 1 60

Table 4.2.: Scan ranges used for each of the 19 pMSSM parameters (as defined in table .
Where the parameter is written with a modulus sign both the positive and negative
values are permitted.
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Parameter Minimum value Maximum value
Ap —0.0005 0.0017
BR(b — s7) 2.69 x 1074 3.87 x 1074
BR(Bs — uu™) 1.6 x 107° 4.2 x 107°
BR(BT — 77v,) 66 x 107° 161 x 107°
A(g, —2) —17.7 x 10710 43.8 x 10710
Qﬁ)hQ — 0.1208
Cinvisivie(susy)(Z) — 2MeV
Masses of charged sparticles 100 GeV —
m(Xt) 103 GeV —
m(i 9, dy o, é12, 512) 200 GeV -
m(h) 124 GeV 128 GeV

Table 4.3.: Constraints on acceptable pMSSM points from considerations of precision elec-
troweak and flavour results, dark matter relic density, and other collider measure-
ments. A long dash (—) indicates that no requirement is made. Further details
may be found in the text.

Electroweak and heavy-flavour constraints

The electroweak parameter, Ap (see section 2.4 of reference [122] for a detailed description)
is constrained by the limit on AT (the parameter describing the radiative corrections to
the total Z boson coupling strength, the effective weak mixing angle, and the W boson
mass) from the electroweak fit to the Standard Model [123|, where Ap = aAT with
a=1/128.

The allowed branching ratios (BR) of b — sy, Bs — pu"pu~ and BT — 71y, all lie within
the union of the two standard deviation (20) intervals around the respective experimental
measurements and theoretical predictions. For b — s7v, the theoretical prediction and
experimental measurement are both taken from reference [124]. For BR(Bs — ptpu™),
the value calculated by micrOMEGAS 3.5.5 was scaled by 1/(1 — 0.088) for comparison

with experiment, as proposed in reference [125]. It is the scaled value that is required
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to lie within the 20 interval described above, which is the combined result from the
CMS and LHCb Collaborations [126] ] For each model point, the branching ratio of
Bt — 77v, is calculated using SuperIso v2.3 [127] (which includes tan S-enhanced
corrections). The experimental result is from references [128-H131] and the Standard

Model prediction from reference [132].

For the SUSY contribution to the anomalous magnetic moment of the muon, A(g, — 2),
the 20 uncertainty intervals for the experimental result and theoretical prediction do
not overlap. Therefore, a larger range of 30 is used to allow a continuous interval.
The Standard Model prediction (0.0 4+ 5.9) x 107! is the combination [133] of the
results of references [134-136]. The experimental measurement [137],/138] is corrected

using an updated value of the muon to proton magnetic moment ratio [139}/140] giving

A(gy — 2)exp = (24.9 £ 6.3) x 10710,

Dark matter constraints

Since R-parity is assumed to be exactly conserved, the LSP is stable and therefore
can contribute to the total matter density observed in the universe. Additionally the
LSP is both neutral and weakly interacting and so provides an ideal dark matter
candidate. No assumption is made as to whether the LSP is the sole constituent of dark
matter, but it is assumed that any other non-SUSY particle carrying positive R-parity
cannot annihilate with the LSP (should such a particle exist). Therefore, the observed
cold dark matter (CDM) is used as an upper limit on the LSP abundance. At the
time of publication, the latest result was the combined measurement from the Planck
Collaboration, Qcpyh? = 0.1188 £ 0.0010 (table 4 of reference [47]), and the upper limit

was set to the central value plus 20 of the experimental uncertainty.

Limits are also imposed on the interaction cross section of a neutralino with a nucleus.
In the spin-independent case, the limit is taken from the LUX experiment |141]. For the
spin-dependent cases, the proton—neutralino and neutron—neutralino cross-section limits

are taken from the COUPP [142] and XENON100 [143] Collaborations, respectively. All

2The uncertainty on the theoretical prediction for the Standard Model, (3.20 to 4.12) x 1079, lies
within the experimental uncertainty.



The Impact of 8 TeV ATLAS Searches on the pMSSM 86

of these cross-sections depend on the neutralino mass, and so a single number for these
limits cannot be quoted. As it is not assumed that the neutralino accounts for 100% of
the observed dark matter relic density, these cross-sections are scaled down by the ratio
of the expected relic density from the LSP to the observed relic density to obtain the
effective dark matter cross-sections (assuming the remaining non-LSP dark matter is
invisible to the direct detection experiments). To account for nucleon form-factors, the
calculated value of the neutralino—nucleon cross section is allowed to be up to a factor of

four higher than the limits obtained by the experiments [115].

Collider constraints

Model points are rejected if they do not correctly predict the mass of any Standard
Model particle, within the uncertainties of the theoretical calculation and experimental
measurement. This is particularly important in the case of the mass of the Higgs boson.
The mass of the lightest Higgs boson h, as calculated by FeynHiggs 2.10.0 [122,|144],
was required to be in the range 124 < m(h) < 128 GeV. This range was centred on the
known mass of the Higgs boson at the time of model generation, with a 2 GeV window

reflecting the uncertainty on the theoretical calculationﬁ

Finally, constraints from LEP are also taken into account. Model points are discarded
if their additional contribution to the invisible width of the Z boson is greater than
2MeV [145]. The lightest charged sparticle is required to be heavier than 100 GeV, except
in the case of the chargino where this bound is increased provided that all sneutrinos
are heaver than 160 GeV and the mass splitting between the chargino and the LSP is
at least 2GeV [146]. First- and second-generation squarks are required to be heavier
than 200 GeV, although this only has a very small effect given the scan range and the

assumption of negligible first- and second-generation mixing.

3The most recent measurement of the mass of the Higgs boson is 125.09 + 0.24 GeV [34]. It is shown
later in section that results involving physical observables do not depend on the exact mass of
the Higgs boson.
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4.2.4. Sampling by LSP type

Low mass SUSY models typically over-produce dark matter, unless there is a particularly
effective neutralino annihilation mechanism available. The relic density constraint in
table [4.3] therefore strongly influences the distribution of the allowed model points. Model
points with a wino or Higgsino-like LSP always have a near-degenerate chargino, which
can act as a co-annihilator reducing the relic abundance for these types of models.
However, models with a bino-like LSP do not necessarily have such a mechanism and
therefore generally tend to produce too much dark matter [147]. This results in bino-LSP
models being infrequently accepted in a random scan employing flat priors. The model
points are therefore partitioned into three categories: bino-like, wino-like and Higgsino-
like; with the categorisation being made according to the dominant contribution to the
LSP within the neutralino mixing matrix N;; as shown in table[4.4] In order to sample
approximately equal numbers of modes with each LSP type, two scans of the parameter
space (within the ranges listed in table were performed. Sampling 20 million points
yielded 206,917 models with either a wino-like or Higgsino-like LSP and satisfied all
of the constraints of table 4.3l A further 480 million points were sampled to obtain a
sufficiently high number of models with bino-like LSP, resulting in 103,410 that satisfied
all of the constraints in table 4.3} Generally models have an LSP dominated by one
particular type, with over 87% of models having an LSP which is at least 90% pure. The
phenomenology of the wino, bino and Higgsino LSP models can be explored separately

due to the large number of model points in each category.

4.3. Resulting model set

The gluino and LSP mass distributions (for all of the simulated models) are shown in
figure [4.1], separately for models with a bino-, wino- or Higgsino-like LSP. For both
distributions the behaviour of models with a Higgsino or wino-like LSP is similar, with
the number of models increasing with increasing gluino mass, and conversely the number

of models decreasing with increasing LSP mass. However, we see some differences between
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Simulated
LSP type Definition Sampled
Number Fraction
‘Bino-like’ NE > max(NE, N& + NEy) 480 x 106 103,410 35%
‘Wino-like’ NZ, > max(Ny, N& + N 80,233 26%
} 20 x 10° {

‘Higgsino-like’ (N3 + NZ,) > max(N3, N) 126,684 39%

Total 500 x 109 310,327

Table 4.4.: Categorisation of the 310,327 model points by the type of the LSP (assumed to
be the ¥{) according to the neutralino mixing matrix parameters N;;, where the
first index indicates the neutralino mass eigenstate and the second indicates its
nature in the lexicographical order (B°, W° HY, HY). For example, Ny2 is the
amplitude for the LSP to be W9, The final two columns indicate the total number
of viable models in each of the LSP categories, and the fraction relative to the
total 310,327 models.

the models with a bino-LSP and the others; firstly there are a greater proportion of
bino-LSP models with lighter gluinos and secondly there is a sharp concentration of
models with m(x?) < 70 GeV. Both of these effects are due to the constraint on the
relic density: light gluinos can act as co-annihilators if close in mass to the LSP, and
the neutralino can resonantly annihilate to either a Higgs or Z boson if the mass of the
LSP is roughly half of one of the aforementioned bosons. Either form of annihilation,
which would occur in the early universe, can reduce the LSP relic density to a level that

satisfies the constraint on Qo h2.

Distributions of the #;, by, 7 and § masses are shown in figure , where ¢ here (and
throughout this chapter) refers to the lightest of any of the eight first- or second-generation
squarkﬂ Unlike the gluino and neutralino, these sparticles have similar distributions for
the bino-, wino- and Higgsino-LSP model sets, and so are shown altogether. One can see
that the lightest stop is generally heavier than the other sparticles plotted, with only
7.7% of models having m(#;) < 1 TeV and the peak of the stop mass distribution being
around 2.5 TeV. The paucity of light stops is a result of the constraint on the Higgs mass:
at tree level in the MSSM, m(h) < m(Z) and therefore to get the correct Higgs boson

4That is, the lightest of the following set: {ay, R, dr, dgr, L, r, SL, Sr}-
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Figure 4.1.: Distributions of the gluino (left) and LSP (right) masses, shown separately for
models with a bino-like (dotted red), wino-like (dashed blue) or Higgsino-like
(solid green) LSP. The constraints listed in table have been applied, but not
the constraints from the ATLAS searches. The distributions are normalised to
unit area. The inset in the plot on the right shows in more detail the region of
low neutralino mass for the models with bino-like LSP.

mass large loop-level corrections are needed. At 1-loop, the correction to m? from the

stop is approximately [66],

MEZ (X X7
2 1 t In —= =t 1- 4.1
m; (one loop, stop) o« |In 2 + Ve 202 (4.1)

where m; is the top mass, M2 = mimz, and X; = Ay — p/tan 5. The 1-loop correction
is maximised when both M3 is large and X,/Mg ~ /6. This implies reasonable mixing
(large A;) and that both mz and mj, be reasonably large (large mg, and mg,), hence

depleting light stops.

4.4. The ATLAS searches

The 22 ATLAS searches for new physics implemented for this study are listed in table
Each search is briefly summarised in reference [6] and described in full in the references
listed in the table [£.5] Instead of summarising each search, common features of the

searches in each group will be briefly described here.
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Figure 4.2.: Normalised distribution of sparticle masses for the lightest stop (solid red),
sbottom (dashed blue), first- or second-generation squark (dashed green) and
stau (dot-dashed black) for all LSP types combined. The constraints listed in
table @ have been applied, but not the constraints from the ATLAS searches.

Searches in the strong production category target, or are sensitive to, scenarios where
gluinos or first and second generation squarks are produced. These scenarios typically
yield final states with many jets, and EM from the undetected LSP. Leptons and b-jets
can also be produced from the decays of the initial SUSY particles.

Third generation searches are similar to those of strong production, however they instead
target the direct production of third generation squarks. This typically leads to a greater
proportion of final states containing heavy-flavour particles, and so these searches are

tailored specifically for those types of event.

The electroweak searches target cases where sleptons or electroweakinos are pair produced,

which typically yield final states with several leptons.

One search worth special mention is the Disappearing Track analysis, which targets
charginos with small (< 200 MeV) mass splitting with the LSP. This results in the
chargino becoming long lived and decaying away from the primary vertex. The decay
products are a neutralino and a soft charged pion, both of which are missed by the

detector, giving the signature of a disappearing charged track.
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The final category, other, contains analyses that don’t fit into any of the above categories.
The long-lived particle search targets only the direct production of pairs of long-lived
stops, sbottoms, squarks, gluinos, staus or charginos. The H/A — 777~ search is
designed to detect the heavy, neutral Higgs bosons predicted in the MSSM decaying to

T-pairs.

4.5. ATLAS constraints on the pMSSM

It can be particularly challenging to quantify the impact of experimental searches on
multidimensional parameter spaces such as the pMSSM. One of the most straightforward
methods is to project onto one- or two-dimensional subspaces of the full 19 parameter
pMSSM space; the most relevant parameters onto which to project are typically the
sparticle masses. These projections of the distribution of models for a given variable can
be shown before and after the ATLAS searches, or as the fraction of models excluded,

indicating their impact.

Production cross-sections for sparticles decrease rapidly when their masses are increased.
When those initial sparticles decay, the masses of other sparticles affect the types of visible
decay products and their kinematics. Of particular importance is the mass of the LSP,
since a decay to a high-mass LSP results in less energy being available for the observable
decay products. Furthermore, by the nature of the other sparticles having to be heavier

than the LSP, they also have a correspondingly smaller production cross-section.

It is important to note that the fraction of surviving model points in the projected space
necessarily depends both on the prior distribution of model points in the parameters
that have been projected out, and on experimental constraints on sparticle masses other
than those plotted. Thus, some care is needed in their interpretation. In particular
the fractions of model points excluded can depend, in some cases sensitively, on the
non-collider constraints shown in table [4.3] the choice of scan ranges shown in table [4.2]
and on the choice of a flat prior. Nevertheless, some general features of the impact of the

ATLAS Run-1 searches are clear.
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Analysis Ref. Category
0-lepton + 2-6 jets + Emiss 148
O-lepton + 7-10 jets + Fmiss 149
l-lepton + jets + Fmiss 150
7(7/0) + jets + Emiss 151 Strong production
SS/3-leptons + jets 4 Emiss 152
0/1-lepton + 3b-jets + Emiss 153
Monojet 154
0-lepton stop 155
1-lepton stop 156
2-leptons stop 157
Monojet stop 158 Third generation
Stop with Z boson 159
2b-jets + Emiss 160
th+ EXss | stop 161
lh 162
2-leptons 163
=T 104 Electroweak
3-leptons 165
4-leptons 166
Disappearing Track 167
Long-lived particle 168, 169'] Other
H/A — 177~ 170”

Table 4.5.: The 22 different ATLAS searches considered. The term ‘lepton’ (¢) refers specifically
to e* and pu™ states, except in the cases of the electroweak 3-leptons and 4-leptons
analyses where 7 leptons are also included.
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In the following section, many plots contain all three LSP model types (wino, bino
and Higgsino) and are referred to as “combined”. When making this combination, the
bino-LSP models were weighted by a factor of 1/24 to account for the fact that bino
models were sampled by a factor of 24 more than the wino- and Higgsino-LSP models.

It is stated in the caption if a plot contains only one type of LSP.

4.5.1. Sparticle masses

Squarks and gluinos

The sensitivity of the combined ATLAS searches to gluinos and squarks is shown in
figure .31 These plots show the distribution of all models generated’] both before
ATLAS searches and afterwards. Additionally, the ratio showing the fraction of models
excluded by ATLAS is shown. Gluinos are tightly constrained for masses below 1 TeV
and all models that have gluinos with mass less than 500 GeV are excluded, as shown in
figure [£.3h. The fraction of models excluded continues to decrease until around 3 TeV
showing that the searches have sensitivity to gluinos with this mass (either via direct
production of gluinos, or the influence of virtual gluinos on the production cross-section of
other sparticles). Squarks are less tightly constrained than gluinos, as show by figure ,
which is unsurprising given their smaller production cross-section. The ATLAS searches
are more sensitive to lighter squarks, with the fraction of models excluded decreasing
monotonically until about 1.5 TeV. Beyond this, the sensitivity of the ATLAS searches is
related to other sparticles and so the fraction of models excluded as a function of mass

becomes flat.

More information can be gained by projecting the pMSSM onto the §—x! and G—x? mass
planes, as shown in figure [4.4] Overlaid are the 95% CL exclusion limits on simplified
models from the O-lepton + 2-6 jets + E2 [148] search. In the case of figure [4.4)a)
the simplified model assumes pair production of gluinos, which decay to quarks and a
neutralino, § — qgx". We see that the simplified model limit has a good congruence

with the exclusion in the pMSSM. This is surprising given increased complexity of the

5The generated models passed all the constraints in table
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Figure 4.3.: Distributions of all simulated pMSSM models before and after the combination
of ATLAS searches for gluinos (left) and the lightest squark (right). The ratio
plot shows the fraction of models excluded by the searches.

pMSSM where other sparticles compete for production mechanisms and other sparticles
are permitted with masses lying in between the gluino and the LSP, which can lead to
cascade decays. In general, such cascade decays can lead to different final states from
those considered in the simplified model, with different jet pr and ET spectra, additional
leptons or photons with different acceptances. There are cases where the sensitivity does
differ in detail from the simplified model limit. For example in the “compressed” region,
where the gluino mass is only a little larger than the LSP mass the simplified model
limit underestimates the sensitivity of the ATLAS searches. Here the § — qgx" decay
produces low-energy quarks which typically fail to meet the kinematic requirements on
jets. In this region, the sensitivity is instead due to the monojet analyses [154}[159], which
target the recoil of LSPs (or other, slightly heavier, SUSY particles) against initial-state
QCD radiation. Furthermore, in the region with lighter neutralinos (m(x?) < 300 GeV)
and gluinos with mass greater than 1200 GeV, we see only around 80 % of the models

have been excluded, showing the overoptimistic nature of simplified models.

The solid line overlaid on figure (b) corresponds to a simplified model that assumes

only the LSP and all eight of the first and second generation squarks are kinematically
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accessible, with the squarks having identical mass and decaying to the LSP and a quark.
This limit overestimates the sensitivity of the ATLAS searches, with around 30% of
models within the limit remaining viable. This is primarily because in the pMSSM the
squarks are not necessarily eight-fold degenerate, reducing the production cross-section.
The exclusion has a closer correspondence with the dashed line, in which the simplified
model production cross-section was reduced by a factor of 4, emulating the case where
a single pair of squarks are kinematically accessible. Another feature that is visible in
this figure is the horizontal band that are excluded for models with m(x?) < 200 GeV,
even for very high squark masses. This is the effect of the Disappearing Track analysis
which is sensitive to models with wino-dominated LSPs, with masses up to approximately

200 GeV, regardless of the other sparticle content of the model.

The sensitivity of the ATLAS searches is projected onto the g—¢ mass plane in figure (a),
where the LSP mass may take on any value within the range defined in table[4.2] Gluinos
are almost completely excluded up to 700 GeV and tightly constrained up to 1200 GeV.
Squarks are also tightly constrained up to around 200 GeV, however, the sensitivity to
squarks weakens as the gluino mass increases. This is due to the suppression of direct
squark production via t-channel gluino exchange and also the suppression of associated
production of g+ exchange. The simplified model limit, which assumes strong production
of gluinos and eight-fold degenerate first- and second-generation squarks that directly
decays to quarks and massless neutralinos, lies at the upper-limit of the ATLAS sensitivity.
This is as expected because the pMSSM allows non-degenerate squarks and massive
LSPs, however this does highlight one case where the simplified model limit shows the
best-possible scenario. Figure (b) shows the same plane except that only the models
with a bino-dominated LSP are shown. For these models, there is a sharp cut-off in
the sensitivity at around m(g) ~ 600 GeV and m(q) ~ 600 GeV, whereas the decrease
in sensitivity is more gradual for the wino- and Higgsino-LSP models (as shown in
figure [4.5((a)). This is a result of the relic-density constraint, as described in section
Many of these models have an LSP with a mass splitting less that 100 GeV with a squark
or a gluino (or both), in which case either sparticle can act as a coannihilator, reducing
the relic density. As a result, models with both a heavy squark and a heavy gluino are

more likely to have a heavy LSP, and hence the sensitivity is reduced in these regions.
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Figure 4.4.: Fraction of pMSSM points excluded by the combination of 8 TeV ATLAS searches

in the (a) g—x{ and (b) the ¢—x) mass planes. These plots are binned projections
of the pMSSM onto a 2D plane. Many models may populate each bin, and
the colour scale indicates the fraction of models excluded, with black squares
indicating 100% of model points being excluded. The white regions indicate
places where no model points were sampled, due to the constraints of table
and table [£:3] In both cases, the solid white lines overlaid are observed simplified-
model limits from the O-lepton + 2-6 jets + EXSS search [148] at 95% CL. In the
G-X} case, the simplified-model limit is set assuming direct production of gluino
pairs and that the squarks are decoupled, with gluino decaying to quarks and a
neutralino, g — chf((l). In the cjffg(l) plane, both lines are drawn assuming directly
produced first/second-generation squark pairs, with each squark decaying to a
quark and a neutralino, § — q)Z(l). The solid line corresponds to the case where all
eight squarks from the first two generations are assumed to be mass degenerate.
The dashed line has the squark production cross-section scaled down by a factor
of four to emulate the effect of only two of those eight squarks being kinematically
accessible.
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Figure 4.5.: Fraction of pMSSM points excluded in the §—¢ mass plane, where ¢ represents
the lightest squark from the first two generations. The overlaid line shows a
limit for a simplified model from the O-lepton + 2-6 jets + Ell?iss search [148|
which assumes strong production of gluinos and eight-fold degenerate first- and
second-generation squarks, with direct decays to quarks and massless neutralinos.

Third generation squarks

One of the major motivations for SUSY is that it provides a natural solution to the
hierarchy problem, provided the super-partners of third generation quarks have masses
close to the TeV-scale [67]. The decays of stops and sbottoms also typically involve top
and/or bottom quarks, which have distinctive decay patterns. As a result, the ATLAS

collaboration has produced a suite of dedicated searches for third generation sparticles.

The distribution of the mass of the lightest stop and lightest sbottom (#; and by respec-
tively) before and after the ATLAS searches is shown in figure . We see that the
ATLAS searches are directly sensitive to stops and sbottoms up a mass of about 1 and

0.8 TeV respectively as the fraction of models excluded ceases to decrease after this point.

The sensitivity of the ATLAS searches in the #,x} mass plane is shown in figure
now with three simplified model limits overlaid for comparison. Figure [£.7)(a) shows the
combined exclusion of all the ATLAS searches. Again the impact of the Disappearing
Track analysis is clear as the horizontal band of excluded models, independent of stop

mass. Promisingly for natural solutions to the hierarchy problem, many models with sub-
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Figure 4.6.: Distribution of the mass of the lightest stop (left) and sbottom (right) before and
after the combined ATLAS searches.

TeV stops are still viable, however, stops are tightly constrained up to around 500 GeV for
%Y masses below 500 GeV, and are completely excluded below m(#;) = 250 GeV. Models
with m(#;) ~ 300 GeV can evade the ATLAS searches in the compressed region. The
sensitivity to stops is mainly driven by the third-generation searches (defined in table ,
as shown by figure 4.7(b) which shows the impact of just those searches.

Another feature shown by figure [4.7] is the lack of light stops. Although stops are
permitted by the constraints in table to be as light at 100 GeV, there are no models
with m(f;) < 200 GeV and for models with m(x}) < 50GeV this bound increases to
400 GeV. As discussed in section [4.3] this is a result of requiring a Higgs boson with mass
in the range 124 < m(h) < 128 GeV.

The simplified model limit indicated by the solid line on figure [£.7] assumes direct
production of stop pairs, with the decay ; — {9, and over-predicts the exclusion
of models in the kinematically allowed region. This is partly because in the pMSSM
multi-step decays of the stop are permitted, for example £, — bYT with i — W®x?,
and the sensitivity of the #; search analyses depends on the branching ratio of the top

squark to the LSP. In fact, the 95% CL limit for this multi-step process does not extend
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Figure 4.7.: Fraction of pMSSM points excluded in the #;-¥{ plane in various cases. The top
two plots show the full model set, with impact of all searches on the left and only
the third-generation searches on the right. The bottom row of plots separates the
models according to whether the #; is either mostly (c) #, or (d) tg. There are
relatively few pMSSM points at low #; mass for the reasons described in the text.
Three simplified-model limits are overlaid . The solid line represents
the limit set assuming directly produced top squark pairs, with each decaying to
a top quark and neutralino, t; — ti?. The dashed and dotted lines correspond
to limits assuming decays of t; — )Zlib with the chargino decaying via an off- or
on-shell W to the neutralino, respectively.
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beyond m(t;) = 540 GeV [161], which is closer to the exclusion in the pMSSM. The other
two simplified model limits, indicated by the dashed and dotted lines, assume decays
of t, — Xib with the chargino decaying via an off- or on-shell W to the neutralino,
respectively. Both of these limits fail to describe the exclusion of models in the pMSSM,
this time underestimating the sensitivity in the pMSSM.

The stop mass eigenstates, ¢; and £ are mixtures of left and right chiral superpartners of
the top, t, and #z. The mass eigenstates are defined through the mixing angle 6;

t cosf; —sinb; t

= : (4.2)
t sinf;  cosb; tr

The degree to which the lightest stop is mostly #, or {g can affect the sensitivity of
searches in a non-trivial way that is not captured by the simplified model approach.
Figure [4.7(c) and figure 4.7|(d) show the exclusion of the combined ATLAS searches
for models where the lightest stop was mostly #, and g respectively. Immediately we
see that the ATLAS searches are more sensitive to models where the #; is mostly tL,
compared to models where the #; is mostly ¢g. Furthermore, models where the ¢ is
mostly #;, are more common, and such stops are typically lighter than when mostly ¢g.
The improved sensitivity to #;, is due to both the #;, and bi, masses being set by the mg,
parameter and so their masses are typically split by no more than 50 GeV. Therefore if
the lightest sbottom is mostly by, then analyses targeting sbottom production become
relevant in constraining the models. On the other hand, if the lightest stop is tg, there is
no correlation between the right-handed stop and the lightest sbottom masses. The #,
tend to be lighter than the tg due to the two-loop correction to the mass of the Higgs
boson from the stop, which needs to be significant in order to get the correct mass. Here

X, appears as a odd power, favouring one direction in mixing over the other [171].

The sensitivity to sbottoms of the combined ATLAS searches and just the third generation
searches are show in figure [£.8|(a) and (b) respectively. There is a good correspondence
between the exclusion in the pMSSM and the simplified model limit, and again we see that
the third generation searches are dominating the sensitivity. Sbottoms are completely

excluded up to 250 GeV, and are tightly constrained up to about 450 GeV for models with
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neutralinos lighter than 205 GeV. The dependence on the handedness of the shottom is
weaker than in the stop case, as shown by figure (c) and (d). Interestingly, opposite
to the stop case, the lightest sbottom mass eigenstate is more likely to be right-handed
than left-handed. Again this is due to the Higgs boson mass, which requires a large m,
and hence drives up the left-handed sbottom mass. As there is is no similar requirement

on mg,, then the b is more likely to be the lightest state.lﬂ

Electroweak bosons and sleptons

If the masses of the gluinos and squarks are large, then the direct production of neutralinos,
charginos, sleptons and sneutrinos through the electroweak interaction may dominate
SUSY particle production. ATLAS had produced a dedicated array of searches targeting
these scenarios. The sensitivity to selectrons, smuons and sneutrinos counterparts, the
lightest of which is denoted by 1 (here and throughout this chapter), is displayed in
figure for both the combination of all searches and just the electroweak searches,
as defined in table [£.5] Comparing the two figures we see that at higher masses, the
sensitivity to sleptons comes from non-electroweak searches except for and also the
familiar band of exclusion due to the Disappearing Track search. However, there is a
good core of sensitivity from the electroweak searches that tallies well with the simplified
model limit, which in this case assumes direct production of slepton pairs assuming that
the left- and right-handed selectrons and smuons are all mass-degenerate, and that each
decays via ¢ — (X9, The limit is still an overestimate however, as in the pMSSM the
left- and right-handed sleptons are not necessarily degenerate, reducing their production

cross-section.

Figure shows the sensitivity of the electroweak searches to the fy, and fg (which
represent the lightest of the left- or right-handed slectrons or smuons). Here, the
assumptions of the simplified model limits have been relaxed, and now assume directly
pair-produced left (right) handed selectrons/smuons, decaying to an electron/muon and

neutralino. Here, there is particularly good agreement with the simplified model case

5The same argument does not apply to the stop case, as mg, is required to be large by the Higgs boson
mass constraint.
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Figure 4.8.: Fraction of pMSSM points excluded in the 517)2(1) plane after the combination of
all ATLAS searches (a) and just the third generation searches (b). In both cases,
the white line corresponds to the simplified model limit from [160] which assumes
direct production of sbottom pairs, with the decay b— bx). The bottom row of
plots separates the models according to whether the by is either mostly (c) by, or

(d) br.
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and the region that is 100% excluded by ATLAS. We also see that the ATLAS searches
are more sensitive to left-handed sleptons than their right-handed counterparts, which
can be understood from the lack of SU(2) couplings of the (r reducing their production
cross-section. In addition to this, there is also a pocket of extra sensitivity beyond the
simplified model limit in the 0 case, approximately in the region 300 < m(gL) < 400 GeV
and 100 < m(x?) < 200GeV. Here, the majority of models have either a wino- or
Higgsino-dominated LSP. We find that ATLAS is more sensitive to left-handed sleptons
in models where the Higgsino is the LSP than when the wino is the LSP, whereas this
is not the case for right handed sleptons. As this difference is seen in LSP type, it
cannot be driven by production mechanisms, and therefore is related to the decays of the
sleptons. In both wino and Higgsino cases, the right-handed slepton decays to a lepton
and a neutralino (hence the similar sensitivity). Left-handed decays differ for the LSP
types: for Higgsino models, approximately 100% of the left handed slepton decay is to
leptons and a neutralino, however for wino models only around 2/3 of decays are of this
form. The remaining 1/3 are to a chargino and a neutrino. The result is there are fewer
leptons produced from the decays of left handed sleptons when the wino is the LSP than
when the Higgsino is the LSP, and so fewer events pass the selections of the electroweak

searches, explaining the difference in sensitivity.

4.5.2. Production cross-section

One of the most generic ways to interpret the result of the ATLAS searches is by
examining their effect on the overall production cross-section, oiuia, Which is shown in
figure [4.11] It should be noted that this distribution is sculpted by the lower and upper
limits on sparticle masses applied during model selection. The most likely value of the
production cross-section is around 100 fb, which drops by around an order of magnitude
after the ATLAS searches are considered. Furthermore, the fraction of models excluded
in the lower pad of the figure show that the direct searches are sensitive to models
with cross-sections as low as 1fb and that no models with cross-section above 30,000 fb
evade the searches. Interestingly, there are around 90 models with large cross-section,

Ttotal > 10,0001b, that do evade the searches. Around 2/3 of these models have a
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particles before and after the combined ATLAS searches.

wino-dominated LSP with some Higgsino mixture, and the remaining 1/3 having a mixed
bino-wino LSP, with the only kinetically accessible sparticles are the electroweakinos
in both cases. This combination allows the charginos in these models to decay quickly
enough to evade the Disappearing Track analysis, have light winos with a high production
cross-section, but heavy enough winos to evade the direct electroweak searches. Many of

these models will be discoverable by 13 TeV searches.

4.5.3. Dark matter

The nature of the LSP has a strong influence on the predicted relic density. SUSY models
typically produce too much dark matter, unless there is some mechanism to reduce it.
Therefore, imposing the constraint that the predicted relic density be smaller than the
observed sculpts the initial mass spectrum of the LSP and also imposes the requirement

that a mechanism exists for controlling the predicted relic density.

The effect of the relic density constraint can be seen in figure [£.13] which shows each of
the pMSSM points projected onto the plane of the neutralino relic density, €240 h? versus
the neutralino mass, colour coded by the dominant LSP contribution. This plot has

several striking features. Firstly, the models with a wino- or Higgsino-dominated LSP
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lie within two bands that are approximately straight on the logarithmic plot, which is
cut off at m(x9) ~ 100 GeV. Wino- and Higgsino-like neutralinos are accompanied by an
almost degenerate chargino, the mass of which was constrained by the LEP experiments
to be m(x7) > 103 GeV [146]. The degenerate chargino acts to co-annihilate with the
neutralino to reduce the relic density from the early universe, with the mechanism shown
in figure [4.12|(a). For both wino and Higgsino LSP models, the thermally averaged
annihilation cross-section is expected to be proportional to the inverse square of the LSP
mass, resulting in proportionality between relic density and the square of the LSP mass,
Qgoh?® oc m(x})? [147]. This also effectively limits the maximum mass of the neutralino
to approximately 1 (2.5) TeV for models with pure Higgsino (wino) neutralinos; which
corresponds to the case where the neutralino is the sole constituent of dark matter. The
combined ATLAS searches were not sensitive to models with m(x?) > 800 GeV, and so if
the neutralino is the sole constituent of dark matter, and is not bino-dominated, then

SUSY would not have been discoverable at the 8 TeV LHC.

Equally striking in figure are the stalactite-like structures in the region m(x9) < 65 GeV
and the triangular structures for m(x?) > 100 GeV, corresponding to the bino-like LSP
models. The reason for all of these structures is revealed by figure [£.14] which shows
only the bino-LSP models projected onto the same plane as in figure this time
colour-coded according to annihilation mechanism. The two stalactite-like structures
correspond to models where the neutralino is approximately half the mass of either the Z
or Higgs boson, allowing resonant s-channel annihilation x9x9 — Z/h, in what is known
as the Z and Higgs funnels. A diagram of this reaction is shown in figure [.12|b). For
this reaction to occur, the neutralino cannot be pure bino as some Higgsino component
is required for the Z and h couplings; the reaction amplitude being proportional to the
Higgsino component in the neutralino. Furthermore, the annihilation becomes more
efficient as the neutralino mass approaches half the Z or h mass. These two effects yield
the stalactite-like structure. As these models have the lightest neutralinos, they are
also the most tightly constrained by the ATLAS searches. This is shown in figure [1.13]
and figure [£.14] but is displayed more clearly in figure [£.15, which shows the mass
distribution of the lightest neutralino before and after the ATLAS searches. Figure [4.T5|
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Figure 4.12.: Examples of annihilation and co-annihilation mechanisms that can reduce the
dark matter relic density. Diagram (a) typically occurs for models with a
wino- or Higgsino-dominated LSP as these naturally have a chargino that is
degenerate with the neutralino, whereas diagram (b) is only possible for models
with a bino-dominated LSP (with some Higgsino component) in the Z/h funnel.
Diagram (c) is an example of stau co-annihilation, which may occur if the stau
is sufficiently close in mass to the neutralino. Similar diagrams exist where the
stau is replaced with another sfermion.

also highlights the limit of the sensitivity of Run-1 searches to the neutralino, as no

models with m(x?) > 800 GeV are excluded.

Beyond m(x?) > 100 GeV the overlapping, triangular structures correspond to different
types of co-annihilation, for example Y97 — y7. The efficiency of the co-annihilation is
related to the mass splitting, the coupling strength (the type of co-annihilator sparticle)
and the mass of the neutralino [172], so the lower diagonal of the triangular structures
are bounded by the maximally efficient annihilation mechanism. The vertical edges
are bounded by constraints from previous experimental searches that were imposed

during model generation. An example of such a co-annihilation mechanism is given in

figure [£.12)(c).
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Figure 4.14.: The density of pMSSM points with a bino-dominated LSP projected onto the
plane of dark matter relic density versus LSP mass, before and after the con-
straints from the ATLAS searches. The colours code the annihilation mechanism
as described in the text. ‘Gaugino’ refers to electroweak gaugino coannihilation,
while ‘Light Flavour’ refers to coannihilation either against squarks of the first
two generations or against gluinos.
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Figure 4.15.: The mass distribution of the lightest neutralino (the dark matter candidate)
before and after the ATLAS searches.

4.5.4. Higgs boson and precision observables.

The direct searches for new physics can be aided by precision measurements of other
Standard Model particles. With the mass of the observed Higgs known, the Standard
Model predicts all other properties with no free parameters, so any deviation from the
prediction is evidence for new physics. For example, loop-contributions from virtual
SUSY particles can alter low-energy observables, such as the coupling of the Higgs boson

to other Standard Model particles and Higgs boson decay rates.

One specific example is the invisible decay of the Higgs boson. As the Higgs boson couples
to mass, then the decay of the Higgs boson to a pair of new massive particles could
occur with a rate discoverable at the LHC. If these particles were both stable and weakly
interacting, this would give the signature of an invisible decaym In the case of SUSY, if
the LSP is sufficiently light (i.e. m(x3}) < m(h)/2) then the decay h — XX} can occur.
As the LEP limits of ~ 100 GeV on the mass of charged sparticles was applied during
model generation, this decay is possible only if the LSP is bino-dominated, as the neutral

winos, Higgsinos and sneutrinos are accompanied with a charged partner of similar mass.

"Note that the expected branching ratio of the Standard Model decay h — ZZ* — 4v is O(1073),
which is much smaller than present uncertainties and therefore negligible in this context.
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However, some Higgsino component is required in the LSP for the Higgs coupling. The
invisible decay of the Higgs was not observed in the 8 TeV run of the LHC, and so limits
were set on the branching ratio by ATLAS [173]. This in turn can be used to constrain
the models in the pMSSM and the limits from the ATLAS search are overlaid on the
distribution of BR(h — ¥?%?) in figure [£.16](a). The observed and expected limits, which
are BR(h — x9x?) < 0.23 and < 0.24 respectively, disfavour around 1250 models, which
corresponds to 14% of the models with a bino-dominated LSP and m(x?) < 65 GeV (this
selection captures models where the invisible decay is possible). Figure[£.16(a) also shows
that the models are more prevalent with smaller values of BR(h — Y?%?), meaning the

discovery (or exclusion) of models where the invisible decay is possible will be difficult.

Combined fits by ATLAS to the measured Higgs boson production and decay rates are

also used to constrain coupling scale factors

T BR(h — ii)
i = — , 4.3
: \/Fh,SM % BR(h — “)SM ( )

where I', and BR represent the model prediction in the pMSSM of the total width of the
observed Higgs boson and its branching ratio respectively, and a SM subscript indicates
the Standard Model prediction. The parameter k; corresponds to the coupling of the
Higgs field to b-quarks, with a value of unity for the Standard Model and any significant
deviation from that being an indication of new physics. From the ATLAS fit at the time,
the expected 95% CL range was |kp| < 1.8 [174], which contains almost all the pMSSM
points not already excluded by the direct searches and therefore the constraint from the
expected limit is negligible. However, the corresponding observed 95% CL constrains
the range |ky| < 1.2 disfavouring models with x;, > 1.2. These models typically have
larger values of tan  and smaller values of m(b;). As shown in figure M(b), only a
relatively small proportion of models are disfavoured by the observed limit (around 4%

of all models generated), and the majority of models predict a value of k; close to unity.

There is no overlap between the models disfavoured by the k; measurement and those
disfavoured by the Higgs boson invisible branching ratio. Furthermore, the indirect

measurements were able to exclude models that the direct searches were not sensitive to.
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Figure 4.16.: Impact of the combined ATLAS searches on observables relating to the decays of
the Higgs boson. The branching ratio of the Higgs boson to a pair of neutralinos
is shown in (a), and (b) shows the Higgs b-quark coupling ratio ;. Only models
with a bino-dominated LSP and m(x?) < 65 GeVare included in (a), whereas all
models are included in (b). The dashed lines show the observed and expected
upper bounds of the 95% confidence limits on those parameters.

This demonstrates that these indirect searches for new physics complement the direct

searches in different ways by constraining different parts of the pMSSM space.

4.5.5. Electroweak precision observables

Loop contributions from SUSY particles can also affect lower-energy observables. The
measured values of several precision observables were taken as prior constraints on the
pMSSM space sampled, as explained in section [4.2.2] Figure shows the impact of the
ATLAS searches on m(h), and the branching ratios of By — uu, b — sy and B — Tv.
The ATLAS searches have little direct sensitivity to m(h) and BR(Bs — pu), the former
can be understood as the kinematic selections of SUSY searches will not be sensitive to
changes in the mass of the Higgs boson of order 1 GeV. There is some dependence of the
ATLAS sensitivity on b — sy and B — 7v, which can be seen as a slight increase in

the sensitivity in the tails of the distribution of the former, and the lower-values of the
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distribution of the latter. These models typically have lighter neutralinos and charginos,

which are important to the loop-corrections to these quantities.

Figure |4.18| shows the number of models generated in the plane showing the difference
between the Standard Model value of g, — 2 and the prediction from the pMSSM point,
here referred to as A(g, — 2), versus the lighter of the fif, or fig mass. The hatched band
overlaid shows the experimentally measured value +10 of the experimental uncertainty,
taken from equations (19) and (1) of reference [133]. If confirmed, this experimentally
measured value would be a powerful constraint on the pMSSM (as well as ruling out the
Standard Model), as the majority of models have a value of g, — 2 close to the Standard
Model expectation. Notably this band only overlaps a region where m(i) < 1TeV,

indicating that such a measurement could be interpreted as evidence of a light smuon.

4.5.6. Fine-tuning in the model set

The Barbieri and Giudice [67] measure of fine-tuning is chosen for this study, and is briefly
described here. The electroweak symmetry breaking scale chosen was the Z mass, which
is a function of the 19 parameters p; (i € {1,...,19}) in the pMSSM, M% = M2(p;). We
consider the relation

2

m2, — tan? fme
M2 —_9 2 9 Hy u
d pot tan? 5 — 1

(4.4)

where m?%  are the doublet mass terms in the Higgs potential. Electroweak symmetry
u,d

breaking is induced by radiative corrections, and this relationship is assumed to hold

beyond tree level and include well-known radiative corrections [175]. These mass terms

are functions of the parameters themselves, m%{w = m%[u’d (p;) and therefore we can

calculate

D 8M%

(4.5)

directly. The fine-tuning parameter is then defined as A = max(|Z;]), such that any

percentage change of a parameter p; does not correspond to a percentage change of M2
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Figure 4.18.: Distribution of model points in the plane of the mass of the lightest left- or
right-handed smuon versus A(g, —2). The experimental measurement is overlaid
as the hatched band [133].

more than A times larger. This definition does not take into account any correlations

between the soft terms which can reduce fine-tuning.

Figure illustrates the measure of fine-tuning before and after ATLAS exclusion.
Overall, ATLAS searches are not sensitive to the measure of fine-tuning however, there
is a tendency for models with smaller values to be rejected, leaving a set of less natural
models after exclusion, in particular for bino models. It is the input parameters to the
theory which control the shape of the distribution of fine-tuning. Interestingly, the largest
contributor to A in our models is the Higgsino mass parameter, u (which can have a
value within the range 80 < |u| < 4000 GeV). The fine-tuning from this parameter arises
at tree level, and is given by

41 M? + M2
Z MA

tan?(20) (4.6)
and therefore we can expect A o u?. The correlation between A and p? is shown in
figure That models with Higgsino LSPs (and hence small values of i parameter)
still have large fine-tuning implies that u is not the only parameter contributing to
fine-tuning. As discussed in section in order to get a value of the Higgs boson mass

within the range required by this study, large loop corrections are required. The dominant

correction is from the stop and to maximise this correction (without extremely large stop
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masses) significant mixing between the left and right handed stop quarks is required.
This translates to large A;, and is an additional source of fine-tuning in our models which
first enters at leading-log as [175]

A? —tan?f3
MZtan? 5 — 1’

Z 4, = const y? (4.7)

where y; is the top Yukawa coupling, and therefore we can expect A? to be correlated with
A. The density of pMSSM models in the A—A? plane is shown in figure displaying
correlation between these two variables, particularly for Higgsino-LLSP models, although

the correlation is not as strong as in the u? case.

Models evading searches

A number of model points with particularly low fine-tuning evaded the ATLAS searches,
a selection of which are shown in figure and figure [£.23] The model with the smallest
fine-tuning (figure [£.22f(a)) has wino-LSP, light Higgsinos and sub-TeV stops, the latter
two features would be expected for a generic model with low fine-tuning. This model
evades the Disappearing Track search as the mass splitting between the neutralino and
chargino of the wino multiplet is large enough (1.6 GeV) such that the chargino lifetime
is short enough (< 1ps) to be missed by the search. The other strongly interacting

sparticles are also too heavy to have been discovered by the Run-1 searches.

The other models with low fine-tuning have similar properties. They all have light Higgsi-
nos (typically a Higgsino LSP) and a stop around or below 1 TeV in mass. Furthermore,
the strongly interacting particles are heavy enough to evade the Run-1 searches, in

particular the gluino is heavier than 3 TeV in the models shown.

Aside from model points with a wino-dominated or a Higgsino-dominated LSP there also
remain model points with low fine-tuning and a mixed LSP. For example, figure 4.23a)
shows a model point with a mixed bino-Higgsino LSP a so-called ‘well-tempered’ neu-
tralino case [147]. This model has a bottom squark with mass of about 650 GeV, not far

above the Run 1 direct search sensitivity.
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Figure 4.19.: Fine-tuning, before and after ATLAS exclusion. The second pad shows the ratio
between the two histograms.

4.6. Conclusions

This chapter has presented a summary of the impact of the 8 TeV searches for SUSY
carried out by the ATLAS collaboration during Run-1 of the LHC operation. The results
were interpreted in the context of the 19-parameter pMSSM. The relevant dark-matter,
heavy flavour and precision electroweak measurements were taken into account, and

results were also presented in terms of those quantities. From an initial sampling of 500
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million model points around 300,000 were selected and simulated, and a combination of
22 ATLAS searches for beyond the Standard Model (BSM) Higgs bosons, exotic particles
and SUSY were utilised to assess the impact of ATLAS Run-1 on the pMSSM.

Several messages can be extracted from the results. There is a general congruence

between simplified model limits and the exclusion in the pMSSM for strongly produced
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Figure 4.22.: Particle spectra for models with low fine-tuning that evaded the ATLAS searches.
Figures produced using PySHLA [176].



The Impact of 8 TeV ATLAS Searches on the pMSSM 119

&
@) .
~ g
% 3200 |- - z
< T2 dR ——
2400 | o
B
—_— 1
Uy
1600 |- e = dr i,
up, —— 2
e
800 | ; . .
[Fy— el C A—
V1, ‘~\\\ 0
. )gg\=— NG
0 h X1
(a) Model point 112647893 (fine-tuning 64)
% 4000 |- )
0y
— HO ey —— N
H lJL \
4 === 5 g
- “\\ d — ~
= 3200 e it =,
711 \s\~ ’,’dR’ ///
9400 L R0 —e
1600 [- \ 2 -
\ ,’ —_
\ )
\\ /// T — 2?1
800 | \ /! UR
X3 —e— Xzi

(b) Model point 6755879 (fine-tuning 63)

Figure 4.23.: Particle spectra for models with low fine-tuning that evaded the ATLAS searches.
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sparticles. However, the exclusion limits derived from simplified models are typically an
over-estimate of the exclusion in the pMSSM, owing to the more complex production and
decay mechanisms available with the increased sparticle content. In the case of sparticles
with only electroweak interactions, such as sleptons, the agreement between the simplified
model limit and the exclusion in the pMSSM is less good than in the strong production

case.

Generally, the limits shown in the pMSSM, although not fully model-independent, can
provide a more accurate picture of where the limits really lie. One example is for stops,
where the simplified model limit excludes stops with masses less than 700 GeV, whereas in
the pMSSM the limit is closer to 500 GeV. The nature of the LSP and also the handedness
of kinematically accessible sparticles can have influence on the sensitivity of searches,
which is often not captured by the simplified model approach. Furthermore, the interplay
of indirect searches for SUSY (or BSM physics more generally), such as the search for
the Higgs boson decaying invisibly and measurements of ky, can also constrain different

types of models that are not accessible via direct searches.

Although the results of this study have now been superseded by 13TeV searches the
pMSSM study presented in this thesis will provide a legacy of the 8 TeV searches for
several years to come. A summary of the sensitivity of ATLAS Run-1 searches to different

sparticle masses is presented in figure [4.24]
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weighted as described in the text. One interesting feature that can be seen in the
case of the )Zli, where the fraction of model points decreases to almost 0 at 1 TeV
and then increases again at around 1.5TeV. This is because the chargino mass
and neutralino mass are near degenerate in wino and Higgsino-LSP models, and
so a heavy )Zli means a heavy LSP. The decrease in sensitivity to the chargino
mass around 1TeV is an artefact of weighting the bino model points by a factor
of 1/24, because in bins around this region there are relatively few bino-LSP
model points and so their contribution to the fraction of model points excluded
is negligible. As the chargino mass increases, there are fewer model points with
wino or Higgsino LSPs and so the fraction of model points excluded is then only
representative of the bino-LSP models.



5 Search for new phenomena in events

with many jets

The main design goal of the LHC and the ATLAS detector is to search for new physical
phenomena; either to solve some of the mysteries left open by the Standard Model, or
to broaden the field by finding something new. One such search has already come to
fruition, namely the discovery of the Higgs boson in 2012 by the ATLAS and CMS
collaborations [32,33]. However, many questions remain unanswered and currently, no

evidence favouring new physics beyond the Standard Model has been found.

The study in this chapter focuses on the search for new physics in events with high jet
multiplicity (or simply multi-jet events). Such final states can become relevant when one
or more new particles are produced and decay via a cascade of other particles, which can
be predicted by SUSY and other BSM theories [177-179]. One realisation of this is when
the supersymmetric partner of the gluon, the gluino, is pair produced and each gluino
cascade decays into a multitude of particles. A feature of these scenarios with longer
decay chains it that they often do not produce large EM5 which is at odds with the
majority of experimental searches for SUSY — large ER being a smoking gun signature
of many simpler SUSY scenarios. Therefore, the search discussed in this chapter also
has a moderate ER selection and a different trigger strategy when compared to a more

typical SUSY search.

Searching for new physics in events with high jet multiplicity has the benefit that the
background from Standard Model processes is small, as high jet multiplicity processes

are rare. However, such final states are difficult to predict theoretically and simulate
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Figure 5.1.: Ratio of the gluino production cross-section from 8 to 13TeV. Cross-sections
calculated from reference |68].

with Monte Carlo, which adds extra challenges to the search. The solution is to use a

data-driven technique to estimate the majority of the background.

Searching for the gluino was a high priority early in Run-2. It has the highest production
cross-section of any SUSY particle for a given mass, as summarised by figure 2.8 on
page [35], and so it the most likely to be produced — given that nothing is known about
the SUSY particle spectrum. This also means that limits on this particle from Run-1
were also the most stringent, as discussed in chapter [ however, the heavier particles
gain the largest boost in production cross-section when moving from a centre-of-mass
energy of 8 to 13 TeV, as shown by figure [5.1I] meaning the gluino is one of the best
candidates for early discovery. As such a large increase in the centre of mass energy
will not occur again for many decades, and total integrated luminosity doubled on a
relatively short timescale, it was important to rapidly analyse the data and search for
gluinos. This resulted in three publications with early Run-2 data, with 3.2, 18.2 and
36.1fb~! of integrated luminosity, documented in references [4], [3] and [1] respectively.
The second of these will be discussed in this chapter. The analysis strategy also builds

upon previous searches carried out during Run-1 [149}180,,/181].
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5.1. Analysis overview

The basic strategy of the analysis is to create signal regions with events containing at
least 8, 9 or 10 jets (each with pr > 50 GeV) and no leptons. Further cuts are also made
on the ratio of the missing transverse momentum to the square-root of Hy, E¥/\/Hr,
where Hp is the sum of the transverse momenta of the jets in the event, and finally M7,
which is the sum of masses of large-radius jets. Further details of the kinematic variables
are given in section [5.3.3] The main challenge to the analysis is the estimation of the
background, which is split into two categories: leptonic and non-leptonic. Once the total
Standard Model background prediction is made, the data are compared to check for any

statistically significant deviations, which would be evidence for new physics.

Even though events with leptons are vetoed, processes producing many jets and leptons
can pollute the signal regions if the lepton is misidentified or falls out of acceptance of
the detector. These backgrounds are estimated with Monte Carlo simulations, which
are improved through the use of dedicated control regions. The control regions are
kinematically close to, but distinct from, the signal regions by requiring similar kinematic
selections but also exactly one lepton. The Monte Carlo estimate of the background
is scaled to the data in the control regions using a fit, which fully takes into account
correlations between systematic uncertainties; the results of which are used to scale the

leptonic background estimation in the signal regions.

The majority of the background comes from fully hadronic processes, such as QCD multijet
production. This cannot be estimated accurately via Monte Carlo techniques and so a
bespoke data-driven background estimation technique is employed, first developed in
reference [180]. Details of the QCD multijet extrapolation method, called the “template
method” is described in section [5.5

The final selection variable is the sum of the masses of reclustered large radius jets, M7,
which provides good separation between signal and background. In particular, it has
the power to remove some of the ¢t background, which is the largest of the leptonic
backgrounds. Two cuts on this variable were made, optimised for different scenarios,

which along with the different jet multiplicity requirement creates six signal regions.
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(a) Two-step (b) pMSSM-slice

Figure 5.2.: Pseudo-Feynman diagrams showing benchmark signal processes used for interpre-
tation and optimisation. No attempt is made to distinguish particles and their
corresponding anti-particles. Diagram (a) was produced by collaborators.

5.2. Signal models

Many BSM scenarios predict final states with large numbers of jets and missing transverse
momentum. The signal models discussed here were chosen to aid in the optimisation
of the kinematic selection and also for interpretation of the results. Two models were
chosen, both of which are SUSY models, although the analysis can be interpreted in
terms of other BSM theories. The two models, named “two-step” and “pMSSM-slice” are

shown schematically in figure [5.2] and are described below.

5.2.1. The two-step model

This is a classic simplified model, assuming the pair production of gluinos. Each gluino
decays in a cascade involving two intermediate steps, hence the name. Both steps in
the decay are fixed to occur with a 100% probability, and no other sparticles other than
those considered are assumed to be kinematically accessible. The first step is the decay
of the gluino via a virtual squark into a pair of first or second generation quarks and
the lightest chargino. This is followed by the decay of the chargino to a W boson and
the next-to-lightest neutralino x9, which then subsequently decays to a Z boson and the
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Figure 5.3.: Distributions of the number of jets versus (a) the number of baseline leptons, and
(b) the number of b-jets from a benchmark two-step model with (m(g), m(x?)) =
(1400, 200) GeV. Basic event cleaning has been applied.

lightest neutralino.

g—q+q
@ =g+
Xr = W+xX)

X9 = Z+ XY

In this model, the only parameters that are varied are the gluino mass and the lightest
neutralino mass. The intermediate masses m+ and myg, are set to (mg + myo)/2 and
1 2 1

(mxli + mg0)/2, respectively. The Feynman diagram for this decay chain is shown in
figure 5.2(a).

As shown in figure[5.3] the model is characterised by high jet multiplicity and low numbers
of leptons. There are few b-jets in the model, due to the lack of heavy-flavour particles

produced in the cascade decay.
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5.2.2. The pMSSM slice

This model was inspired by the results of the large scan of the pMSSM, discussed in
chapter [4] and in reference [6]. It was found that the Run-1 version of this analysis (see
reference [149]) had unique sensitivity to a class of models with the following properties:
a gluino with mass approximately 1.2 TeV, an intermediate Higgsino multiplet and a
bino-like neutralino LSP with mass approximately 60 GeV, putting it close to either
the Higgs boson or Z pole. The decay spectra of a representative pair of models from
reference 6] are shown in figure . As the previous multijet analysis was uniquely
sensitive, this means that it would be difficult to discover SUSY scenarios of this type by
any other means, and therefore a model was created to aid in the study of, and search
for, decays of this form. A “slice” of the pMSSM parameter space was formed by varying
the gluino and Higgsino mass parameters (M3 and p respectively) and requiring the
LSP to be a bino-dominated neutralino of mass 60 GeV (M; = 60 GeV). The rest of the

spectrum was set as follows:

My = My =3 TeV,
A, =0,
tan § = 10,

Ap= A =ML, Ly i) = TU01G2Gs) = TUEre2.85) = Ui iziiis) = T(dy dyd) = O 1OV

with the symbols defined in table .1}  As the full set of pMSSM parameters is available
in this model, it has predictive properties unavailable to simplified models typically used
in ATLAS searches, including the two-step model. For example, the mass of the Higgs
boson is correctly predicted at around 125 GeV and the bino-LSP can fully saturate
the dark matter relic density (without over-saturation as the model has an LSP in the
Z /Higgs funnel). Furthermore, the decays between the intermediate sparticles do not
have fixed branching fractions, resulting in a more varied set of decays than would be
found in a standard simplified model. Nevertheless, common features amongst the decays

are seen and a typical set of branching ratios for models with chargino masses below
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Figure 5.4.: The particle spectra for a pair of models taken from the pMSSM study described
in chapter [4 and reference [6]. Particles with mass greater than 1.8 TeV are not
shown, and decays with branching fraction < 0.1 are not shown. Figures produced
using PySLHA [176].
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Figure 5.5.: Distributions of the number of jets versus (a) the number of baseline leptons, and
(b) the number of b-jets from a benchmark pMSSM model with (m(j), m(xT)) =
(1400, 200) GeV. Basic event cleaning has been applied.

500 GeV and gluino masses above 1200 GeV are show below:

G—t+b+xT (44%) i - WE+ 0 (100%)
g—tt+X3s (36%)

g—=aqq+x) (10%) Xo = Z+Xi (58%)
g—tt+ 0 (3%) X — h+ 0 (42%)
g = g+ Xos (3%)

g — bb+ X! (1%) N=Z4+%0 (90%)
G—bb+ X9 (1%) X3 = h+ Xy (10%)

These branching fractions result in a large number of jets being produced from the
gluino cascade decay, with many of these being b-jets from the direct decays of gluinos
to b-quarks or from the subsequent decays of t-quarks. As shown in figure 5.5 the model
is characterised by very high jet multiplicity and low numbers of leptons, although more
leptons are present in this model than for the two-step due to the preponderance of Z and
h bosons produced. There are additionally large numbers of b-tagged jets as expected,

usually 2 or 3 for events with high jet multiplicity.

I created this model with a collaborator, Christopher Young.

Events in 18.2 fb™'
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5.3. Analysis strategy

Data were recorded between June-November 2015 and April-August 2016 by the ATLAS
detector. After passing the selection of a good runs list (GRL), which is list of runs
and luminosity blocks with high data-quality criteria as defined by the ATLAS Data

Preparation team, 18.2fb~! of data were available for the search.

5.3.1. Trigger

A collision event is only stored if it passes the selection of a trigger. The trigger decision is
also simulated in MC, and therefore to maintain a consistent background estimation, the
first cut that is applied is the trigger cut. This analysis relies on a single multijet trigger,
denoted HLT_63j45_0eta240, which firstly requires 4 jets each with pr > 15 GeV at Level-1
and at HLT requires events to have 6 jets within |n| < 2.4 each with pr > 45 GeV.

There are several advantages to using multijet triggers. Firstly, no EX requirement is
made by the trigger, which allows this analysis to achieve lower EX'* thresholds than
other SUSY searches, which in turn allows greater sensitivity to R-parity violating and
non-SUSY BSM scenarios which produce little or no E¥5. The second advantage is
multijet triggers have relatively low rate, which allows for lower pr thresholds on the jets.
This is important in compressed scenarios, where the directly produced SUSY particle
(for example the gluino) is close in mass to the LSP, allowing limited phase space for
any decay and thus lower pr of any produced particles or jets. Such cases are typically

difficult to find without dedicated searches.

The trigger is not fully efficient as jets at the HLT are not fully calibrated. Therefore
an offline threshold of pr > 50 GeV is required to ensure the trigger selection is > 99%
efficient. Figure [5.6] shows the cumulative efficiency curves versus the sixth, seventh and
eighth leading jet pp. Table shows the jet pr threshold at which HLT_6j45_0eta240
becomes 90, 95, 99 and 99.5% efficient for the sixth, seventh and eighth leading jet. The
selection is over 95% efficient for 6 jets, and over 99.5% efficient for 8 jets. The efficiency

curves are calculated relative to a data set selected from events passing an orthogonal
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Figure 5.6.: Cumulative efficiency curves for HLT_6j45_0eta240, shown as a function jet pr
for various jet multiplicities. The top-left panel shows the sixth leading jet, the
top-right panel shows the seventh, and the lower panel shows the eighth. The
offline jet pr threshold used in the analysis is shown by the vertical dashed line.
The efficiencies were derived by

trigger, in this case the logical OR of the lowest unprescaled electron and muon triggers,

which both require one electron (or muon) at HLT with pr > 26 GeV.

The same trigger was used for both the signal and control regions, even though the

control regions require a lepton. Lepton triggers could have been used, however the

inefficiency of the lowest unprescaled lepton triggers would have enforced tighter offline

pr cuts on the leptons, reducing the number of events useful for analysis.
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Jet pr threshold for efficiency [GeV]
Offline jet multi.

90% 95% 99% 99.5%

6 46.8 494 55.5 62.3
7 41.9 44.5 49.3 50.9
8 37.5 40.6 45.8 47.2

Table 5.1.: The jet pr threshold at which the trigger HLT_6j45_0eta240 becomes 90, 95, 99
and 99.5% efficient for the sixth, seventh and eighth leading jet.

5.3.2. Physics object definition

The physics objects used by analysis are designed to match as closely as possible to the
physical particles or observables that they represent. The selections described here follow
the recommendations of the corresponding ATLAS performance groups, and are designed

to ensure they are well calibrated, efficiently triggered and allow high purity selection.

Electromagnetic calorimeter energy depositions will be reconstructed by the ATLAS
reconstruction software as both jets and electrons simultaneously. This means the same
group of signals can be classified as both a jet an electron at the same time. First,
a set of baseline objects are defined, which are used as inputs to an overlap removal
procedure described below. After the object overlap removal, further requirements might
be imposed to create the signal objects used in defining the analysis signal and control

regions, as well as kinematic variables.
The Primary Vertex, tracks and the EX* are as described in chapter .

Jets are reconstructed using the anti-k; reclustering algorithm with radius parameter
R = 0.4 and calibrated as described in section B.4.4l Jets are classified as baseline if
they have pr > 20 GeV and |n| < 2.8. The jet is further classed as signal if it passes
overlap removal, and has JVT > 0.59 (JVT is defined on page . Although this
selection allows jets which are outside of the trigger n acceptance, signal region

selection is sufficiently tight to ensure events are selected efficiently.
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b-jets are defined as signal jets with the stricter kinematic criteria pr > 50 GeV and
In| < 2.0, and have also been identified by the MV2c10 algorithm [182}/183] as
containing a b-hadron. The algorithm produces a multivariate discriminant used
for the classification of b-jets, and the selection used was designed to give a b-jet
selection efficiency of 70% in simulated ¢t events. This operating point rejects jets
containing a c-quark, jets containing a 7 or jets originating from light-quark or

gluons with rejection rates of 12, 55 and 381 respectively [183].

Electrons are classified as baseline if they have pr > 10 GeV and || < 2.47. They must
satisfy a series of requirements on the shower shape, track hits and alignment of
the tracks and calorimeter clusters, as outlined in reference [184] but optimised for
2015 data |185]; they are collectively referred to as loose criteria. To be classified as
signal, electrons must pass overlap removal as well as more stringent criteria than
above. Signal electrons must have pr > 20 GeV, satisfy the tight quality criteria and
the GradientLoose isolation criteria, also described in reference [185]. Furthermore,
signal electrons are required to have a longitudinal (transverse) impact parameter

within 0.5mm (50) of the primary vertex.

Muons pass baseline selection if they have pr > 10GeV and lie within || < 2.5.
Baseline muons are required to pass the medium quality criteria requirements
outlined in reference |186]. Only combined muons are considered that have tracks
that were reconstructed independently from hits in the Inner Detector and Muon
Spectrometer, as described in section [3.4, Muons are classified as signal if they
pass the GradientLoose isolation working point [186], have pr > 20 GeV and have
a longitudinal (transverse) impact parameter within 0.3 mm (30) of the primary

vertex.

Large-radius jets A collection of larger radius R = 1.0 jets is created by feeding the
smaller R = 0.4 jets into a second iteration of the anti-k; algorithm. The jet
four-vectors are used as inputs to the algorithm, and only jets passing the “signal”
requirement described above are used, with a further restriction on |n| < 2.0 being

applied. When defining control regions, signal leptons are treated as jets in this
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reclustering and their four-momenta are also included, provided they pass the same

kinematic criteria as the jets (pr > 20 GeV, |n| < 2.8).

Overlap removal is performed using the baseline objects described above. The proce-
dure is described sequentially as follows, and once an object is removed it is not

considered further. Photons and taus are treated as jets.

1. If an electron and a muon share an inner-detector track, the electron is removed.

2. If a jet and an electron are within AR = /A¢? + An? of 0.2 the jet is removed,
unless the jet is b-tagged (with an operating point of 85%), in which case the

electron is removed.
3. If an electron and jet are within AR = 0.4, the electron is removed.

4. If a muon track is ghost associatedﬂ to a jet, or a jet and a muon are within

AR = 0.2, then the jet is removed.

5. If a muon and a jet are within AR = 0.4, the muon is removed.

5.3.3. Kinematic variable definition

Variables defined in this section are constructed only from the signal objects described

in section H.3.2

Hy The scalar sum of the pr of all of the jets in the event that have pr > 40 GeV and
| < 2.8,

Hy =) pf. (5.1)

In the leptonic control regions, leptons are treated as jets in the calculation of Hrp if
they meet the same kinematic criteria as the jets. The pr and 7 thresholds were
optimised in a Run-1 version of the analysis as part of the studies to improve the

data-driven background estimation technique for the multijet background [187].

LGhost association is described in section m
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EXss //Hr Referred to as the “ B significance”, this variable is used ubiquitously in
this analysis. It is key to both the background estimation and the discrimination of
signal from background, and is used in signal, validation and control regions. It has
the observed property that the shape of the EXs//Hy distribution is invariant
under changes in jet multiplicity in events where the E¥* is dominated by jet
mis-measurement, which is an accurate assumption for events with many jets, and

is the key feature of the background estimation technique, described in section [5.5

The invariance of the shape under changes in jet multiplicity can be understood as
the ratio E¥5/\/Hr is closely related to the significance of the E. For Gaussian

resolutions, the true EM* significance is a monotonic function of
(B3 /20 (™), (52)

where o(x) is the resolution on x |188|. Given that EXss = ‘— S P, in events

where EXs is dominated by jet mis-measurement, then

o*(EF™) o< Y o*(pr). (5.3)

The resolution of jet momenta, o(pr) is derived from the calorimeter energy resolu-

tion (given in section|3.2.4)) can be approximated by o(pr) o< \/pr over a large range.
Combining this with eq. ‘) then yields o?( EIis) oc |pjTet|, or equivalently:

o (EP™) o< Hyp, (5.4)

which has also been observed empirically [189]. Finally, combining eq. ((5.2) and
eq. (5.4) we find that the true E¥ significance will be a function of

(Ep=)/Hy, (5.5)

which can be written as the more familiar £ /\/Hr.

M7 The sum of the masses all large-radius jets with pr > 100 GeV and || < 1.5

M7 =) mf=to. (5.6)
J
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Again, the pr and |n| thresholds were optimised for a previous version of the
analysis |149] however, optimisation studies performed by collaborators showed that
this variable was optimal in extending the sensitivity of the analysis to models with
larger gluino masses. The variable can be useful as a discriminating variable to

reject tt background.

mt The transverse mass, mr, is only used in the 1-lepton control regions and is calculated

from the pr of the lepton, the EX* and the angle between the EX5 and the lepton,
Agbg’E&‘niss

mr = \/pr}E%‘iss[l — €08 Ay pmiss|. (5.7)

For a semi-invisible decay of a particle, the distribution of mt values has an end
point at the mass of the parent particle. As a result, signal contamination in control

regions can be effectively reduced by requiring a upper bound on mr.

5.3.4. Event cleaning

The cleaning cuts described below were applied to this analysis, and follow the recom-
mendations of the relevant ATLAS performance groups unless stated otherwise. They
are designed to ensure that the events analysed are free from detector problems, and
that the particles originated from proton-proton collisions in the centre of the ATLAS
inner detector. This is particularly important in searches for new phenomena, as some of

the exotic features of their decays can easily be faked by detector effects.

Firstly, only runs and luminosity blocks in the GRL are selected. The remaining events
are expected to be mostly free from hardware problems however, further cleaning is
required on an event-by-event basis to remove any remaining problems. Events are
removed where, for example, physics objects stray into regions of the detector that
are no longer functioning or became inoperative at different moments of data-taking.
These dead regions are small compared to the overall size of the ATLAS detector and so
such cases are rare but can have a non-negligible impact on analyses. Other examples

include environmental effects, which broadly consists of three subcategories: cosmic rays,
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beam induced backgrounds and noise bursts. Cosmic rays are high energy particles,
usually muons, that are created in the upper atmosphere by other immensely high energy
particles, up-to O(10') eV, that can be created from supernovae of massive stars and
active galactic nuclei [190,|191]. The particles that reach ATLAS can be coincident
(within detector timing) with a beam crossing. Beam induced backgrounds refer to stray
particles from the LHC beam traversing regions of the detector. The cuts to reject these
backgrounds are discussed below and summarised in table[5.2] They remove around 0.1%
of events that pass the GRL selection.

Primary Vertex Events with < 2 tracks associated with the Primary Vertex are
rejected, to reduce the effect of pileup through incorrect identification of the Primary

Vertex.

Cosmic muon These muons arrive in ATLAS from above, mainly via the two large
access shafts used for detector installation and pass through the ID with a rate of
several Hz [192]. Events are rejected if they contain a muon passing overlap removal
that has |2p| > 1 mm or |dy| > 0.2mm. z is the distance in the r — z plane between
the intersection of the track direction with the beam line and the primary vertex.

dy is the transverse impact parameter.

Bad muon A muon is flagged as bad if the relative errors on the combined muon
charge-to-momentum ratio measurement, ¢/p, is larger (with some tolerance) than
the corresponding measurement from the separate ID and the ME track fits. Such
muons have significantly worse momentum resolution than those that pass the veto
and in most cases show “pathological” behaviour. Often these are fake muons, which
can be reconstructed from high hit multiplicities in the muon spectrometer due to a
“punch-through” jet, or from badly measured ID tracks wrongly matched to muon
spectrometer segments. This occurs rarely, however, a single mis-reconstructed
muon can produce large fake E¥5. Events are vetoed if any baseline muon, before

overlap removal, has a relative error on the charge-to-momentum ratio % > 0.2.

Bad jet Mis-identified jets from non-collision sources, commonly referred to as “fake
jets”, need to be distinguished from “good” jets from pp collisions. Fake jets originate

from three main sources [193]:
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e Beam-induced backgrounds, where proton losses upstream of the detector induce
cascades, leading to muons that reach the ATLAS detector. These muons can

be reconstructed as jets with energies as high as the beam energy.

e Cosmic-ray showers, which mostly produce muons, but the muon is reconstructed

as a jet.

e Fake signals in the calorimeter from large-scale coherent noise, or pathological

cells.

Fake jets are identified through several methods. Quality criteria on pulse shapes in
calorimeter cells and the fraction of jet energy in specific calorimeter regions can
distinguish good jet activity from calorimeter noise. Energy ratio variables, such
as the fraction of total jet energy deposited in the electromagnetic calorimeter can
identify fake jets, which tend to be more longitudinally isolated in the calorimeters
than good jets and have smaller electromagnetic fractions. Good jets contain charged
hadrons that can be reconstructed by ID tracking system, and track based variables
such as the fraction of the jet’s pr from tracks associated to the primary vertex can

be used to identify fake jets.

Events are removed if any jet with pr > 20 GeV that passes overlap removal| meets

any of the LooseBad criteria listed in reference [193].

Jet Vertex Tagger and pileup suppression The JVT is a multivariate discriminant
based on the fraction of the total momentum of tracks in the jet which are associated
with the primary vertex, and is designed to suppress additional jets from pileup
interactions [194]. Events are removed when there is a jet with 50 < pp < 70 GeV,
In] < 2.4, JVT < 0.64 and with A¢(jet, EXis5) > 2.2. This selection was designed
specifically for this analysis by collaborators, and is designed to remove events where

pileup jets would significantly bias the ERiss.

LAr, Tile and SCT errors Events affected by LAr noise bursts and data corruption

are vetoed. Similarly, events with corrupted information from the Tile calorimeter

2Qverlap removal is required as electrons and photons can be reconstructed as jets, and have similar
qualities to bad jets.
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Name

Description

Data quality GRL

Good primary vertex

Cosmic muon

Bad muons

Bad jets

Jet Vertex Tagger

Bad Tile Cells

LAr, Tile and SCT errors

Events must be in time periods (luminosity
blocks) included in the final 2015 or 2016 good

runs lists
At least 2 tracks associated to the primary vertex

Reject events with muons passing overlap removal
with |zg| > 1 mm and |dp| > 0.2 mm

Events must not contain muons, before overlap
removal, with o(q/p)/|q/p| > 0.2

Reject events with jets fulfilling any of the Loose-
Bad criteria of reference [193]

Reject events when there is a jet with 50 <
pr < 70GeV, |n| < 2.4, JVT < 0.64 and with
Ao(jet, Bmiss) > 2.2

Reject events most affected by not-operational
Tile calorimeter cells

Events with known errors in the LAr or Tile
calorimeter or the SCT are vetoed

Table 5.2.: Summary of the event cleaning and data quality cuts.

are rejected. Events affected by the recovery procedure of the SCT from single-event

upsets are also removed.

Dead Tile cells Some events have objects falling within non-operational tile calorimeter

cells, which gives rise to fake £, In particular of all jets with pr > 50 GeV and

In| < 2.0, if the jet with the smallest A¢ between the jet and ER™ is in the dead

tile region (0.1 < |n| < 1.0, 0.8 < ¢ < 1.1) then the event is vetoed. The kinematic

requirements on the jets reflect those in the signal regions. The dead tile region was

not simulated in MC, and so events satisfying the above selection were rejected in

both data and MC.
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5.3.5. Event selection

The final selection on events forms the signal regions. These are regions of kinematic
space optimised to be enriched in the signal processes of interest, whilst simultaneously
being as free from Standard Model background as possible. Once defined, the background
composition is carefully estimated before making a comparison with the data yield. Any
significant deviation of the data from the background prediction will be evidence for new

physics.

The baseline selection was inspired by the 2012 version of this analysis, which used
20.3fb~! of 8 TeV data [4]. The 2012 analysis was split into two streams: the “flavour
stream” and the “M7 stream”. Both streams required events with high jet multiplicity
and a cut on E¥/\/Hy, but with differing cuts on other variables — the flavour stream
selected events with various b-jet multiplicities and the “M¥” stream sub-divided the
analysis signal regions according to M¥ > 340 GeV and M} > 420 GeV. A re-optimised
version of the flavour stream was performed with the 3.2fb~! of 13 TeV data collected in
2015, and published in reference [4], which left the M stream to be re-investigated with

a larger dataset.

The increase of centre-of-mass energy from 8 to 13 TeV brought with it an increase in
the production cross-section of not only the signal processes, but also the background
processes too. This meant that even with less data (18.2fb™! of 13 TeV data versus
20.3fb~! of 8 TeV data) re-optimisation of the signal regions was necessary. Firstly,
several other transverse-mass variables (such as those described in reference [195]) were
investigated as potential replacements to M3, however studies performed by collaborators
found M3 to be the most effective. Thus, the basic outline of the selection cuts remained

broadly the same as in 2012 with some specific optimisations.

The optimisation procedure itself was performed with restricted access to the data. Data
was not added to potential signal regions (i.e. high jet multiplicity regions with large
Emiss /\/Hr) until the development stage was over and the background estimate was
satisfactory. The procedure is usually referred to as blinding and is employed to remove

any potential human bias in the design of the selection.
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The signal regions used in this analysis are defined by a series of cuts on the objects and
variables described in section and section £.3.3] Selections are made on the number
of jets, M3 and finally Em /\/Hr to define a total of six signal regions. The signal
regions are also required to have no baseline leptons. The optimisation and definition of

the specific cuts are described below, and summarised in table [5.3

Preliminary selection

The preliminary selection used for this analysis is the logical AND of the following:
1. Pass the Good Runs List selection.

2. Pass the triggers selection, which requires at least six jets each with pp > 45 GeV
and |n| < 2.4.

3. Pass the event cleaning, described in section [5.3.4]

This preliminary selection applies to all events, not just those entering the signal region.

Jets selection

The selection on the number of jets is one of the defining features of this search. The
selection is designed to enhance the signal significance in the signal regions and ensure
that the event selection is fully efficient with respect to the trigger. One can see
immediately from figure [p.7|(a) and (b) that the signal models have higher jet multiplicity
than background processes. The jet multiplicity, nso is defined as the number of signal
jets with pr > 50 GeV and |n| < 2.0. The pr threshold is motivated by the trigger
selection and is as loose as possible without incurring trigger inefficiencies. Lower jet
pr thresholds are useful in searching for SUSY scenarios where the gluino and LSP are
compressed and there is little phase space for the decay, resulting in lower jet pr. The
|n| restriction is designed to exploit two features of SUSY decays that are present in the
pMSSM-slice and two-step models. Firstly, the fact that the massive gluino (or some
other massive new particle) is likely to be produced close to threshold means it will have

little momentum in the lab frame and hence will produce more central jets, whereas
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the main backgrounds originate from much lighter progenitors that are more likely to
be boosted longitudinally, giving rise to less-central jets. Secondly, SUSY production is
dominated by s-channel processes, while for example ¢t+ISR is predominantly produced
through t-channel processes. Typically, s-channel processes have lower An between the
jets. This also results in the pr of jets produced from SUSY decays to be harder than
their Standard Model counterparts. The fact that jets from SUSY decays are typically
more central than from background processes and that they have a harder pr spectrum
can be seen in figures |5.7|(c)—(f). The harder pr spectrum at first implies that gains in
sensitivity could be made from a higher threshold on the jet pr. However the peak of
the pr distribution of the signal jets decreases with increasing jet multiplicity, and so for
regions with a very high jet count, a tight pr cut would be too aggressive and reduce the

significance of the signal, as can be seen in figure [5.8|

Three separate thresholds are required on nso: > 8, > 9 and > 10, which are further
divided by cuts on M3, described next.

M7 selection

The size of the background from ¢f decays is second only to the multijet background. The
selection on EM /\/Hy, described next, is able to tackle most of the multijet background
and so optimisation is possible by attempting to remove some of the remaining ¢t
background. The discriminating power of this variable is displayed in figure [5.9] showing
the M¥ distribution for signal processes and ¢ background. Optimisation studies
performed with collaborators found that harsher cuts on M3 improved the sensitivity
of the analysis to models with larger gluino masses, but simultaneously reduced the
sensitivity to models with larger neutralino masses. As a result, two cuts were chosen,
M3 > 340 GeV and M} > 500 GeV, the former to maintain sensitivity to models with
large neutralino mass, and the latter to improve sensitivity to models with larger gluino

mass.
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Figure 5.7.: Normalised distributions of 1, pr and multiplicity of jets for a set of pMSSM-
slice (left) and two-step (right) benchmark points. The jets have pp > 20 GeV,
In| < 2.8 and pass the signal criteria described in section and events pass
the preliminary selection described in the text. The signal distributions and ¢t
background are from Monte Carlo simulation, whereas the Multijet component has
come from data (with an additional selection requiring E25/\/Hr < 3 GeV'/?).
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requiring EMs /\/Hr < 3 GeV1'/2),
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Eiss //Hy selection

Even after requiring large jet multiplicity the QCD multijet background is still dominant.
QCD multijet events typically have low EX whereas the signal models both have a
certain amount of EX'* from the non-interacting x{ and Z — vv decays. Simply cutting
on BT would therefore seem a good candidate to remove the multijet background
however, multijet production is modelled too poorly in high jet multiplicity events to
reliably calculate background rejection rates for given signal efficiency’l Furthermore,
directly cutting on EM would reduce the sensitivity of the search to any R-parity
violating scenarios. That multijet production cannot be well modelled by Monte Carlo
methods also rules out cutting on any other variable to reduce the QCD backgrounds.
The exception is E /\/Hry, as the shape of this variable can be used in a data-driven
way to estimated the multijet background (as described in section . For signal regions,
a value of EMs/\/Hy > 4 GeV'? is required — providing a good balance between

background rejection and signal efficiency.

Summary of event selection

Cuts are made on jet multiplicity, MT¥ and ER/\/Hry to define a total of six signal
regions, as described above. The signal regions are summarised in table [5.3] Throughout
this chapter, signal regions will be denoted by a short-hand nomenclature, such as
SR-93j50-MJ340, which represents the signal region with at least 9 jets each with pp >
50 GeV and M$ > 340 GeV. Signal regions only differ in the jet multiplicity and M$ cuts

and so only these two values change in the short-hand string.

5.4. Leptonic background estimation

Standard Model multijet processes that also produce one or more leptons can contaminate

the signal regions under certain circumstances. These backgrounds are collectively referred

3For an excellent discussion on this, see section 5.4 of reference [196).
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Identifier 8350 9350 10350
Jet |n) <20 <20 <20
Jet pr > 50 GeV > 50 GeV > 50 GeV
Jet Count >8 >9 >10
M7 [GeV] > 340 and > 500 for each case

Ewiss [ /Hr >4 GeV'/? >4 GeV'/? >4 GeV'/?

Table 5.3.: Summary of the selection cuts defining the 6 signal regions.

to as leptonic, and events containing these processes can enter the signal regions if they
somehow pass the lepton veto, as well as producing high jet multiplicity and E¥s. There

are several cases where events including leptons can pass the lepton veto:

1. As only electrons and muons are rejected by the lepton veto, hadronically decaying
T leptons, from top or W boson decays, can contribute to the signal regions. The 7

is treated as a jet, increasing the jet multiplicity and the v, contributes to the EMss,

2. Cases where electrons and muons are produced out of the detector acceptance. The

missed lepton can contribute to the ERss,

3. Events with electrons or muons that are mis-reconstructed. The missed lepton can

contribute to the FE3ss,

4. Decays of Z — vv, where the Z boson is produced in association with jets. The

neutrinos contribute to the Emiss,

Two processes dominate the leptonic background contribution to this analysis: partially
leptonic decays of tf and leptonically decaying W bosons produced in association with
jets (henceforth “TW+jets”). The contribution of these two processes to the signal regions
is initially estimated with Monte Carlo simulation which is then improved by a global fit
to data in dedicated control regions. The control regions are defined in section and
the fitting procedure in section [5.6.1 Other, subdominant processes that contribute to
the leptonic background considered in this analysis are leptonically decaying Z bosons

produced in association with jets (“Z-jets”), single top production, diboson production
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(WW,WZ or ZZ), and the production of ¢t pairs in association with additional heavy
particles — comprising three-top, four-top, tt + W, tt + Z, tt + H and tt + WW —
collectively referred as “tf + X”. The contribution of these backgrounds to the signal
region is determined solely from Monte Carlo simulation. The Monte Carlo simulation
for all of the leptonic backgrounds is described in section [5.4.2] Systematic uncertainties
on the backgrounds are also described in this section. These uncertainties can arise from
two sources. On the one hand, there are uncertainties that may arise from the different
theoretical approaches and approximations used to estimate the backgrounds. On the
other hand, there are uncertainties related to the experimental measurement of objects

and how well these are described by the simulations. These uncertainties are described

in section and section respectively.

5.4.1. Description of the leptonic tt and W + jets backgrounds

Top pair production

Leptonically decaying tf pairs are the largest of the leptonic backgrounds. This is due
to the large production cross-section of around 816 pb at /s = 13 TeV [197] and the
large number of jets produced from top decays. At the LHC around 90% of ¢t pairs are
produced from gg — tt processes and the remaining 10% from ¢q — tt, for which the

Feynman diagrams are shown in figure [5.10]

g 000000 ———— ¢
(a) (b) (c)

syl
~
<
~

Figure 5.10.: Leading order Feynman diagrams for the production of tf pairs.

The top quark decays almost exclusively to a W boson and a down-type quark (96%
of the time this is a b quark [34] as the magnitudes of the Vi, and V}; elements of the

CKM matrix are small). As the W boson can decay either hadronically to quark pairs or
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leptonically, the decays of tf pairs are categorised by the W boson decay and are divided

into three classes:

Fully hadronic ¢t — W+tbW-b—q@bq"§"b 45.7%
Semileptonic £t = WTbW-b— qq bl v,bor (T v, bq" §"b 43.8%
Dileptonic tt > WHbW=b— (t v, b0 0y b 10.5%

where the percentages indicate the branching fractions assuming lepton universality. The
fully hadronic case is subsumed into the multijet background, described in section [5.5
and will not be commented upon further here. To a good approximation, the quarks
produced in the semileptonic and dileptonic cases will each produce one jet, meaning
these decays will produce 4 jets 4+ 1 lepton and 2 jets + 2 leptons respectively. The
loosest signal region requires at least 8 jets, and so several extra jets are required. These
extra jets can come from ISR, FSR or fully hadronic decays of 7 leptons. Given that
each extra jet from ISR or FSR occurs with a probability of order ay (about 0.1), it
becomes clear why hadronic 7 decays from ¢ production is one of the major sources of

background. Even though the probability of the W boson producing a 7 that decays

T(W—rv)
(W —fv)

hadronically ( X BR(T — qq'v) = 1/3 x 0.65 =~ 0.2) is only roughly twice that of
ay, if an electron or muon are produced, or the 7 decays leptonically then those leptons
must pass the lepton veto to remain in the signal region. A rough estimate of the number
of tt events with 8 jets N, tsfjets can be made. Considering the semileptonic mode will be
dominant over the dileptonic mode and both (a) a 7 lepton is produced which decays
hadronically or (b) all four extra jets being produced via ISR/FSR we find,

3 [D(W — 7v)

Ngjets ~ o047+ Lint - BR(tt — semileptonic) - o m

-BR(T = vq7') + a,
~ O(10%)

for an integrated luminosity £;,; = 18.2fb™1. This estimate ignores detector acceptance

effects and the analysis selection.
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W boson production in association with jets

The second most-significant of the leptonic background is the production of W bosons in
association with jets. The Feynman diagrams for the production of W + jets at leading
order are shown in figure and we see that only one jet is produced in association
with the W. This means at least 7 extra jets must be produced in order for this process
to contaminate the 8-jet signal region. Again these extra jets can be produced from
ISR or FSR, or possibly from the hard splitting of the gluon in diagram M(b) Given
that each extra jet occurs with a probability of order ay, requiring at least 7 extra jets
is an extreme region of phase space. However, the large production cross-section at

Vs = 13TeV, ow tiets = 20000 pb means we can still expect
OW +jets * ['int ' OCZ ~ 0(10)

events with 8 jets, for £;,, = 18.2fb~1. Again this approximation ignores detector and
selection effects, but shows that this background can pollute the signal region in principle.
Again, the extra jet produced from a hadronic 7 decay increases the above estimate as

one fewer jet from ISR or FSR is required.

q w q

g ¢ ¢ ————00000~ Y9 9 “TOOOO0 q

(a) (b) ()

Figure 5.11.: Leading order Feynman diagrams for the production of a W boson in association
with jets.

5.4.2. Monte Carlo simulation

Monte Carlo simulations are employed to aid in the estimation of the Standard Model
background and predict signals, both for optimisation and limit-setting purposes. A
different sample was used for each of the distinct backgrounds, and not always the same

Monte Carlo generator was used for each. The simulations are discussed briefly here, and
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specific details of the PDF sets, generators used and settings are described in reference [3].
In all cases, the response of the detector to particles is modelled with an simulation of
the ATLAS detector [198|, either based fully on Geant4 [199] or in the case of signal
models a fast simulation based on a parametrisation of the performance of the ATLAS

electromagnetic and hadronic calorimeter [200].

As the average number of interactions per bunch crossing in the 2016 data taking was 24
(with a maximum around 50), it is important to take this into account, as the additional
hadronic activity can degrade the measurement of jet energies and E¥5, reducing the
effectiveness of vertex finding and directly generate extra jets [107]. The effect of multiple
pp interactions (pile-up) is not included in Monte Carlo generation and so pile-up was
taken into account by overlaying each event with multiple pp collisions simulated with
soft QCD processes. Furthermore, out-of-time pile-up is modelled in the simulation by

overlaying soft QCD processes in previous bunch crossings.

During data-taking, computing resources are insufficient to generate all of the Monte
Carlo needs of the collaboration, therefore simulation is completed before the start of
data-taking. This means the pile-up distribution is not known at the time of generation,
and a best-guess is made based on predictions of the LHC performance. The simulations

are then weighted post facto such that the pile-up conditions match those of the data.

Seven distinct groups of leptonic background relevant to this analysis were simulated: tt,
W + jets, Z + jets, diboson processes, single top production, ¢t + X and tf + h, and are

described below.

e The production of ¢t pairs (both semileptonic and dileptonic), was simulated using

Powheg [201,202| interfaced with Pythia6 [203].
e The production of W+ jets and Z + jets were both simulated with Sherpa 2.2 [204].

e Diboson processes, including the production of WW, ZZ and WZ pairs were
simulated with Sherpa 2.1.

e Single top-quark production was simulated using Powheg [201,[202] interfaced with
Pythia6 [203].
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e Events containing t¢ and additional heavy particles — collectively referred to as
tt + X — comprising three-top, four-top, tt + W, tt + Z and tt + WW production
are simulated at leading order using MadGraph5 [205] with up to two additional

partons in the matrix element, and interfaced to Pythia8.

e In addition to tf + X, tf + h events are simulated at next-to leading order using
MadGraph5_aMC@NLO [205| interfaced with Pythia8. This background could have
been subsumed into the t£ + X category above, but was treated separately in the

analysis.

5.4.3. Control regions

The Monte Carlo prediction of the major backgrounds can be improved through the use
of a simultaneous fit to data. This fit is performed in a series of control regions which
are designed to be kinematically close to the signal regions yet free from signal processes,
and the normalisation factors derived from the fit are carried over to the signal regions.
Control regions must therefore be designed to be enriched in one of the background
processes of interest, and have data and Monte Carlo yields large enough to provide good

statistical precision.

For each signal region two control regions are designed, one each to control the ¢t and
W + jets backgrounds separately, denoted CRT and CRW respectively. Each control region
is designed to be as close to signal region that it controls, and so the kinematic selection
is similar. The control regions require the same event cleaning and pre-selection as events
entering the signal regions (including the same trigger selection) but require exactly one
lepton (electron or muon), where the “signal” definitions of the leptons from section [5.3.2]
is used. To mimic the signal regions, the leptons are treated as jets — that is, they are
included in the calculation of Hy (and therefore also B2 /\/Hr) and the jet count if
the leptons pass the same kinematic criteria as the jets. The jet pr and |n| requirements
are the same as the signal regions. In order to remove signal contamination an additional
mrp < 120GeV cut is applied, as shown in figure m The M3 cut is the same as

the signal regions. The jet multiplicity requirement (potentially including a lepton)
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is one fewer than the signal region, and the requirement on ER/\/Hr is relaxed to
Emiss [ /Hy > 3GeV — both of these are designed to increase the data yield in the control
regions. Finally, the control regions are then split by requiring exactly 0 b-jets for the
W + jets region, and at least one b-jet for the ¢t region. This resulted in a total of 12
control regions, which are summarised in table[5.4] Distributions of the number of jets in
some of the control regions are shown in figure [5.13| The purity of W + jets in the CRW
regions is low due to the t¢ contamination. The simultaneous fit to the control regions

takes this into account, and also normalises the ¢t component in the CRW regions.

Vs=13TeV, 18.1 fb™' I Other
CRW-9j50-MJ340 I W > Iv+jets
[ Jt—aql,ll
pMSSM benchmark
2-step benchmark
%4 Total Background

Vs=13TeV, 18.1 fo”' I Other
CRT-9j50-MJ340 B W > v +jets
[ Jt—alll
pMSSM benchmark
2-step benchmark
%444 Total Background
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N
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(a) CRW-93j50-MJ340 (b) CRT-9j50-MJ340

Figure 5.12.: Transverse mass distribution in the 9-jet W + jets (left) and t¢ (right) control
regions, before applying the mt < 120 GeV requirement.

5.4.4. Theoretical systematic uncertainties

Uncertainties in Monte Carlo modelling, otherwise known as theoretical systematic
uncertainties, can be determined through comparing samples produced with alterna-
tive generators and or generator settings. A symmetrical systematic uncertainty was
extracted by comparing the yields from different generators. Note these were derived by

a collaborator. This was done for ¢, which is by far the most important of the leptonic
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Control Region Selection

Trigger HLT_6j45_0eta240
Lepton pr > 20 GeV

Lepton |7 e: <247, i < 2.5
Lepton multiplicity Exactly one, £ € e
mr < 120 GeV

Jet pr > 50 GeV

Jet |n| <20

Number of jets including lepton Ngg — 1

b-jet multiplicity =0 (W)or>1(tt)
M7 Same as SR
Emiss | /Hy >3 GeV'/?2

Table 5.4.: Definition of the leptonic control regions, used to normalise the ¢t and W + jets
backgrounds. In the control regions, the lepton is recast as a jet if it passes the
same kinematic criteria as the jets. Such leptons contribute to the Emiss/\/Hy
(through the Hr) and also M3,

backgrounds. Several alternatives were considered and compared to the nominal Powheg
+ Pythia6 sample, specifically Powheg interfaced with Herwig++ [206] and Madgraphb
interfaced with Pythia8 were used to cover differences in the shower modelling, while
MadGraph5_amc@NLO interfaced with Herwig++ was used as an alternative matrix ele-
ment generator. Additionally, samples produced with more/less radiation tunes of the
parton shower [207| were also compared. Table shows these uncertainties for the
SR-8j50-MJ340 signal region and its corresponding leptonic control regions. A full list
of the tf theory systematics are tabulated in appendix [B.1} The dominant uncertainty

comes from the different radiation tunes.

For the W + jets background, it was found that (prior to the fit) there was an over-
prediction from the Monte Carlo that particularly affected the W + jets control regions

(those selecting exactly 0 b-jets). This was traced to an asymmetry between electrons
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Figure 5.13.: Distribution of the number of jets in the control regions for the 7-jet W + jets
(left) and ¢t (right) control regions. Leptons are treated as jets, hence entries in
the 6-jet bin. All other control regions are subsets of these, with tighter jet or
M JE thresholds.

) Powheg amc@NLO Madgraph Rad. Rad.
Region

Herwig++ Herwig++ Pythia8 Up Down

SR-8j50-MJ340 -1.4% 12.0% -20.0 % 72.0% 43.0%

CRW-7350-MJ340 4.3% 12.0% -21.0% 45.0 % -52.0%

CRT-7350-MJ340 -2.9% 1.0% -8.0% 46.0 % -32.0%

Table 5.5.: Theoretical systematic uncertainties, in percent, for the 8j50-MJ340 signal region
and the corresponding leptonic control regions. “Rad. Up” and “Rad. Down” refer
to the radiation tunes of the parton shower.
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and muons, in that the Monte Carlo predicted more muon events than were seen in data.
As a result, an additional 10% uncertainty was included for the W + jets background for

every region.

For other backgrounds, for which variations were either not available or severely statisti-
cally limited, a global, symmetrical uncertainty is taken — drawn from the recommenda-

tions of the ATLAS physics modelling group — as follows:
e diboson: 50%.
o 7 +jets: 40%.
e Single top: 30%.

o tt+ X: 30%.

5.4.5. Experimental systematic uncertainties

Experimental uncertainties include those related to the measurement of physics objects
or the simulation of the ATLAS detector itself. In most cases, these uncertainties were
calculated by re-computing the Monte Carlo predictions after altering parameters such
as object calibration by an amount reflecting the uncertainty on that parameter. The

yields were then compared to the nominal to derive the uncertainty.

The uncertainties were evaluated only for the ¢, W + jets and single top backgrounds,
due to constraints on available computation power, with the values for other Monte
Carlo-determined backgrounds assumed to be smaller than the global uncertainties listed
in section Since these other backgrounds are a very small fraction of the total, and
since their uncertainties are mostly dominated by Monte Carlo statistics, any falsities

inherent in this approximation will have a negligible impact on the final result.

In the signal regions, the dominant uncertainties are those on the jet energy scale (JES)
and resolution (JER), and the measurement of the luminosity which are described below.
Several other sources of uncertainty were calculated, including those related to b-tagging,
lepton and photon measurement, EX calculation and pile-up reweighting of Monte Carlo.

Due to the lepton veto in the signal regions, systematics on the lepton efficiencies and
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lepton energy scales and resolution enter either through the control-region measurement
of the backgrounds or via small changes in yields in the signal regions due to changing
numbers of baseline leptons, and were found to be sub-dominant. This is also the case
for b-tagging efficiencies as no selection on b-jets is made in the signal regions. Other

uncertainties were also found to be sub-dominant.

Jet energy scale As part of jet energy calibration, the jet energy scale (JES) correction
attempts to correct the jet energy to the scale of the parton that initiated it. The
calibration procedure, which is described in reference [106|, relies partly on Monte
Carlo simulation, and partly on data. The calibration in data is performed by
studying the momentum balance between a well-measured reference object and
the recoiling jet(s). Consequently, the associated systematic uncertainties originate
both from the Monte Carlo (differences between Monte Carlo generators, physics
modelling, etc) and from experimental aspects and assumptions made in the data
analysis (jet flavour, trigger inefficiencies, pile-up, etc). In addition, uncertainties
from the calibration of the reference objects used in the data-based jet calibration are
also propagated. The result is a set of 60 nuisance parameters which could each be
varied individually, but were combined (by collaborators) into 3 asymmetric terms
by grouping together terms and simplifying assumptions about the correlations
between these parameters. Jet energies are then varied up and down in a correlated
manner by these 3 nuisance parameters, and the change in yield is used to derive a
systematic uncertainty for each parameter. The first of these parameters was the
dominant detector systematic, with an uncertainty ranging between 4-9% depending

on the signal region.

Jet energy resolution The JES calibration takes the average measured jet energy back
to the Monte Carlo value at hadron level. Since it is a correction on the average,
there is still a spread of reconstructed jet energies around the true one; this spread
is characterised by the jet energy resolution (JER). A single nuisance parameter is
assigned, and evaluated by smearing the jet energies by a Gaussian, whose width is
determined from the difference between the jet resolutions measured in Monte Carlo

and data in order to account for the difference. The difference in yields was treated
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as a symmetric systematic uncertainty, which varied from 0.1 — 9% depending on

the signal region.

Luminosity The uncertainty on the 2016 integrated luminosity is 3.7%. It is derived,
following a methodology similar to that detailed in reference [208], from a preliminary

calibration of the luminosity scale using z-y beam-separation scans performed in

May 2016.
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5.5. Multijet background estimation

The dominant background contaminating the signal regions in this analysis cannot be
estimated with Monte Carlo techniques and so a data-driven method, the template
method, is employed. The technique relies on the observed properties of the Ems /\/Hy

variable:

(2) The distribution of EMss/\/Hy is invariant under changes in jet multiplicity in events

where the £ is dominated by jet mis-measurement.

(22) Multijet background events dominate the low values of E¥ /\/Hry, whereas signal
g T g
events typically occupy the higher values.

The latter point motivates cutting on this variable to remove background.

The template method is an “ABCD” method, so called because four non-overlapping
regions are defined and the shape of a distribution is estimated in a particular region of
phase space, D, using information from regions A, B and C. The four regions are defined
in terms of two uncorrelated variables, in the case of this analysis EX'/y/Hr and jet
multiplicity. The method is used to estimate the contribution of fully-hadronic processes
in which there should be negligible genuine EX'5| yet still have large EX5//Hr due to

one or more jets being significantly mismeasured.

5.5.1. Description of the background

The “multijet” background collectively categorises all fully-hadronic Standard Model
processes that enter the signal regions. The dominant process is QCD multijet production
where either the hard scatter or quark or gluon splitting can produce a large number of
jets. The probability of each extra jet decreases by about ay per jet, and so events with
8 or more jets constitute a tiny fraction of QCD multijet events. However, the enormous
cross-section for QCD dijet production ensures this process dominates the background

contribution to this analysis.



Search for new phenomena in events with many jets 159

Several other processes that augment the total multijet background include the fully-
hadronic decays of ¢t and W + jets, and to a lesser extent single top, Z + jets, diboson
and ¢t + X processes — these being the lepton-free analogues of the leptonic backgrounds

discussed in section [5.41

5.5.2. The template method

This method exploits the invariance of the EM/\/Hr distribution for events where
the EMss is dominated by jet mismeasurement. Firstly, a series of template regions
(TR) are built using the same kinematic requirements as in the signal regions, except
with exactly 6 jets. A template is then formed by performing a bin-by-bin subtraction
of the contribution from the leptonic backgrounds, the contribution being estimated
with Monte Carlo and in the cases of tt and W + jets further modified by fits to the
control region as described in section [5.6.1. This subtraction removes the contribution
from events with real EX' which are not expected to be invariant under changes in jet
multiplicity. The remaining shape — the template — is then extrapolated to the signal
region jet multiplicity and normalised in the region EXs/\/Hy < 1.5 GeV'2, which is
expected to have negligible signal contamination. A separate template is built for each
of the M3 thresholds defining the signal regions, meaning a total of two templates are

created. Plots of the template regions are shown in figure [5.14f(a) and (b).

The procedure can be summarised as follows. For each bin i in S35 = Emiss /(\/Hy- GeV'/?),

the multijet prediction Y; for a region with n jets is given by:

VkeSmIss<1.5

jet, data n jet, lept.
Z <Nn Jet, _ N ) >
k k
Y;n jet _ <N26 jet, data NZG jet, lept.> > k

VkeSmiss<1.5 4 .
6 jet, data 6 jet, lept.
(e oate)

(5.8)

where N1 %P¢ is the number of events with n jets in E2 /\/Hy bin i from data or the

leptonic background prediction. The term in the square brackets is the normalisation used
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to extrapolate from 6-jets to the jet multiplicity of the signal region. It is possible that the

multijet background prediction can be negative for a given bin if NI 42 < O it lept.
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Figure 5.14.: The Effniss /v/Hr distribution in the 6 jet template regions (upper panels) and
the 7 jet validation regions (lower panels) for the M} > 340 GeV (left) and
M7 > 500GeV (right) regions. The blue hatched band shows the statistical
uncertainty on the background prediction. Note that in these plots the Monte
Carlo backgrounds have not been modified by the fit.
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5.5.3. Closure tests of the template method

The dominant systematic uncertainty on the template method as described above is
quantified from the degree to which the method is observed to work in regions where
little signal is expected. The template prediction is said to “close” if there is agreement
between the prediction and data in a series of validation regions (VR). The template
is checked in bins of EXss/\/Hry in-between the template normalisation region and the
signal region in the ranges 1.5-2.0, 2.0-2.5 and 2.5-3.0 GeV'/2 for each of the signal
region jet multiplicities and separately for each of the M7 thresholds. Additionally, a
further validation region is defined with exactly 7 jets in which the above EXs/\/Hyp
bins are tested as well as the signal region-like bin B /\/Hy > 4.0 GeV'/2. The jet
selection is exclusive such that the signal regions remain blind. For each M3 threshold,

this corresponds to a total of 13 validation regions.

The (symmetrical) systematic uncertainty for a particular signal region is then defined
as the maximal deviation in any of the closure validation regions with jet multiplicity
less than or equal to that specific signal region, and the same M¥ cut. For example, the
systematic uncertainty in for the region SR-9j50-MJ500 is given by considering all of
the 7ej50-MJ500, 8j50-MJ500 and 9j50-MJ500 validation regions, but not any of the
10j50-MJ500 regions or any of the MJ340 regions.

Table summarises the values extracted from this procedure, and this is also shown
graphically in figure[5.15] The end-result of the template method applied to the validation
regions is shown in figure [5.14|(c) and (d).

5.5.4. Heavy-flavour systematic

The heavy-flavour systematic is included to account for the possibility that the assump-
tions made to build the templates break down at higher jet multiplicities due to the
differing proportion of b-jets.
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n50(MJI340) B/ range [GeV ] Total
[1.5,2.0]  [2.0,25  [2.5,3.0] 4.0, o0l
= -0.8% 1.2% 1.8% 7.7% —
> 8 -1.2% 4.7% 7.3% (blinded) 7.3%
9 2.8% 4.7% 13.0% (blinded) 13.0%
> 10 2.4% 4.9% 12.1% (blinded) 13.0%
n50(MJI500) B/ range [Gev ] Total
[1.5,2.0]  [2.0,25  [2.5,3.0] 4.0, o0l
= -0.2% -2.3% 3.7% 4.6% —
> 8 -2.0% 0.4% 7.0% (blinded) 7.0%
>9 2.3% 2.3% 16.2% (blinded) 16.2%
> 10 6.8% -0.8% 4.3% (blinded) 16.2%

Table 5.6.: The degree of closure observed in the multijet validation regions. The bracketed
ranges indicate the E%liss /v/Hr interval considered, in GeV'/2. Cells highlighted
in blue indicate validation regions, signal regions are in red and green indicates
the closure systematic used for the respective signal region. The upper table is
for the MT > 340 GeV regions and the lower table for the M} > 500 GeV regions.
The closure is calculated as (observation — prediction)/(prediction), where the
prediction is given as the sum of the fitted leptonic backgrounds and the multijet
estimation from the template.
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The b-quark decays via the emission of a W boson and either a ¢ or u quark. The W
boson subsequently decays either leptonically or hadronically and in the leptonic case a
neutrino is produced. This effectively turns b-jets into a genuine source of EX5 albeit a
small one. The effect on the template is demonstrated in figure |5.16| where the nominal
template is compared with a template built from events with exactly no b-jets (Oeb)
and another built from events with at least 1 b-jet (1ib). We see that with increasing

numbers of b-jets the template shape broadens, due to the additional ERss.

Figure [5.17] shows the number of b-jets is roughly constant as the number of jets increases,
the average number of b-jets being around 0.85 per event. Therefore, b-jets make up a
smaller proportion of the total number of jets in the signal regions than in the template
region, which in turn implies a different shape of the multijet background. It is expected
that the shape of the EXss/\/Hy for the multijet background for 10-jet events would be

narrower than for 6-jet events.

To take this effect into account, the following uncertainty was derived. This method
was implemented with a collaborator and so only brief details are included here. A
new template definition was created by taking a linear combination of the nominal
“flavour-blind” (0ib) template and the “favour-split” (Oeb + 1ib) templates, denoted
Fy and F§ respectively. Here, these F-values are a total background estimate, being the
number of events predicted by the respective template, added to the total contribution

from the leptonic backgrounds. The final background estimate, 7T, is then:
T=fF+1-NF, (5.9)

where f € [0,1]. The same set of validation regions used for the closure systematic,
described above, are used. For each, a y? minimisation is performed to find an optimal

f value. The standard x? is used, for E observed data in the validation region

X’ = w (5.10)

g

where o2 represents the quadratic sum of the statistical uncertainties on the data and

background prediction.
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M7 threshold [GeV|

N0

340 500
> 8 0.2% 2.1%
>9 0.8% 2.7%
> 10 3.3% 8.3%

Table 5.7.: Uncertainties on the multijet prediction derived from heavy-flavour effects.

The systematic uncertainty for a given signal region is then defined in a similar way to the
closure systematic, being the maximal deviation from the nominal (f = 1) background
prediction and the 7 prediction in any of the validation regions with the same M} cut,
and with jet multiplicity less than or equal to the jet multiplicity of the signal region.

The final uncertainties are summarised in table 5.7

5.5.5. Additional systematic uncertainties

In the previous iteration of this analysis it was found that the E&s//Hy distribution
was not invariant under changes in jet multiplicity for events with Hy < 1TeV. This was
a result of using a E definition built from inner-detector tracks to evaluate the soft
term, the so called “track soft term” E%“issﬁ Since the soft term is generated from tracks,
there is intrinsic E¥* in all events from soft forward particles outside the inner-detector
acceptance, and from central neutral particles that leave no tracks. This intrinsic Emis
breaks the invariance of the EXss/\/Hry distribution for events with low Hp. This issue
was previously resolved by binning the template in slices of Hy. However, the My
variable is correlated with Hrp, and a minimum threshold on M7 imposes a threshold on
Hr: M¥ > 340 (500) GeV corresponding to roughly Hr > 400 (500) GeV. The M7 cut
therefore removes events with low Hr and restores the closure of the template without

the need for binning, partly demonstrated by the successful background prediction in

4The alternative definition is the “calorimeter soft term”, used in Run-1. However, this was sensitive to
pileup and so was discarded due to the increased pileup conditions in Run-2.
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figure [5.14 However, is possible for some residual Hr dependence of the template to
remain, and therefore an additional 5% systematic uncertainty was applied to the MJ340

regions. Additional studies into Hr binning the template are show in appendix [B.2]
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Figure 5.17.: The average number of b-jets versus the number of jets in data. All cleaning
cuts have been applied, as well a lepton veto and a 6 jet selection.
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5.6. Results and interpretation

The final test for new physics is to compare the data and the Standard Model background
prediction in the signal regions. However, before doing this, the individual components
of the background and their uncertainties are fitted in order to improve the background
prediction. This is done in a process known as the “background-only” fit, which combines
information in the control regions to improve the background prediction in the signal
region. In this analysis, a scale factor for t¢ and W + jets background is extracted via a
simultaneous fit to the control regions. These scale factors, denoted ju;z and fipy yiets are
multiplicative factors that modify the size of the respective background in the signal region.
The total uncertainty, after taking into account any correlations between systematic
uncertainties is also calculated by this fit, and the end result is a total background
prediction with its uncertainty for a given signal region. Only from this result can the
statistical significance of any excess be calculated, and the question “is there any new

physics in the data” be answered. The full fitting procedure is described in section

Distributions of the EM /\/Hrt in the signal regions, complete with the template pre-
diction of the multijet background and the leptonic background modified by the fitting
procedure outlined above, are shown in figure [5.18| and figure [5.19] Unfortunately, there is
no obvious excess of the data over the Standard Model prediction. As a result, exclusion
limits can be set on new phenomena. This can be done in two ways, which will first be

briefly described here and then in detail in the following sections.

Model-independent limits The data in a given signal region and the corresponding
background prediction from the background-only fit are used to give an estimate of
the minimum number of signal events that any new physics scenario should predict
in order to be excluded by that signal region. This number can also be translated
into a cross-section upper limit, given the luminosity of the data. The fit includes
one signal region at a time, along with all the corresponding control regions; the
possible signal contamination in the control regions is neglected; and it is assumed
that the signal events have no systematic uncertainties. A scan is performed over all

possible values of the signal strength, until the p-value of the signal plus background
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hypothesis is smaller than 0.05, or conventionally excluded at the 95% confidence
level. As no particular model is assumed when deriving this upper limit, this result
is often used for reinterpretation, and can be used to exclude any new physics model.
Model-independent limits of Run-1 new physics searches were used for the study
described in chapter [d A more detailed description of this kind of fit is given in
section £.6.2]

Model-dependent limits As the name suggests, a particular signal model is considered
in the fit. The contribution of the signal model to all of the control regions and
signal regions are accounted for, including statistical uncertainties and systematic
uncertainties that may be correlated with those of the background. The background
estimate in the signal region is then recalculated in a similar way to what is done
for the background-only fit, except that the signal contamination in the control
region is accounted for. The p-value of the background plus signal hypothesis is
then calculated and translated into a confidence level. A more detailed description

is given in section [5.6.3]

The author calculated all of the inputs to the fit, save the systematics explicitly mentioned
in the previous section, ran the fitting algorithms, and produced the tables of results and

plots. All of the fits are implemented with the HistFitter package [209].

5.6.1. The background only fit

The purpose of this fit strategy is to estimate the Standard Model background in a given
region of phase space without making assumptions on any signal model. For this analysis,
this is done by the extraction of the two scale factors iz and fuyyyjets Via the frequentist
parameter extraction method know as maximum likelihood estimation. The likelihood
function is constructed containing the estimated rates of all background processes in
all regions, all sources of systematic uncertainty, and the data (except in the signal
region). In this section, the construction of the likelihood function will be described
by first building a simple likelihood and sequentially increasing the complexity. The

notation is defined such that Roman characters correspond to observable quantities,
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Figure 5.18.: Elfniss /+/Hr distributions for the signal regions with MJE > 340 GeV for at least
8,9 and 10 jets (a, b and ¢ respectively). Note the tf and W + jets backgrounds
have been modified from the raw MC prediction by the scale factors from the
background-only fit.

while Greek characters correspond to parameters of the statistical model. The likelihood

is constructed with the HistFactory [210| package, through HistFitter.
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Figure 5.19.: Elfniss /+/Hr distributions for the signal regions with MJE > 500 GeV for at least
8,9 and 10 jets (a, b and ¢ respectively). Note the tf and W + jets backgrounds
have been modified from the raw Monte Carlo prediction by the scale factors
from the background-only fit.

Event counts

For this analysis three channels are used for the background-only fit, channel being

an umbrella term for distinct regions of phase space defined by event selection criteria,
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corresponding to the signal region and two control regions. Each channel consists of a
simple event count — the data and predictions of the rate of a Standard Model process
with the associated uncertainties.ﬂ In an abstract sense, each channel contains many
samples, corresponding to different background processes (and principally also the signal).
To build the likelihood function, we will start a simple example: a single channel with
s € {bkgy, bkg,, ...} samples each with a nominal expected event count v, all of which
are known to perfect accuracy except 14 from bkg,. The expected event yield for all
other background processes is fixed in the statistical model (we assume that all these
backgrounds present in the data are accounted for and known exactly). However, the
number of events from bkg, observed data is not known a priori and so must be allowed
to float in the statistical model. This freedom is included by introducing the parameter
() which gives the yield of the sample in question relative to the theoretically predicted

number of events. The total background prediction, v is then given by

v = v + ZVS' (5.11)

Vs#1
where the sum runs over all of the background samples s except ;. With a statistical

model defined, the relation of the data to the model can now be incorporated — the

probability density function (pdf) must be defined.

Given we are searching for new physics, the signal channels typically have small event
counts as they are on the edges of accessible phase space. An appropriate choice of pdf
for such a counting experiment is the Poisson distribution, abbreviated to Pois(n | v)
where

VeV

Pois(n | v) = (5.12)

n!

for n data events. The probability distribution can be reinterpreted as a likelihood, which

in our specific example becomes:

L(p | n) = Pois(n | v) = Pois (n

pn+ Y 1/5). (5.13)

Vs#1

5 Alternatively, a channel could instead be a binned histogram of an observable, however this technique
was not used in this analysis.
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The best estimate for p (denoted fi) given the data n and the vy is extracted by

maximising the likelihood. For this example, i can be extracted analytically yielding

~ n—= ZVS#I Vs
v

i as expected from the definition of x. The likelihood function can then

be extended consider an arbitrary number of channels ¢ as follows:
L(p | n) =[] Pois(ne | ve) (5.14)

where g = {11, pa, . . . } is the set of scale factors to be extracted, n = {ny,na, ...} is the

measured data in each channel and v, is the generalised form of eq. (5.12)) for a channel c.

Adding uncertainties

In reality, the nominal statistical model is not known perfectly. There will be uncertainties
originating from various sources. Additional parameters must be included in the likelihood

to account for these uncertainties.

Certain parameters are constrained by previous measurements, which means that they
are free to float but are bounded by some pdf so that the statistical model is penalised if a
constrained parameter moves too far from its expectation. Measurements of calibrations
and efficiencies, as well as theoretical predictions, are known as sources and have such
constraints. A particular experiment will measure the values of sources as auxiliary
measurements, a € {aq,...,ay}, with some uncertainty. However, the experiment is
only run once, and future experiments may observe different values of those auxiliary
measurements. Therefore, the true mean values of the sources, a € {ay,...ay}, are
not known a priori and they must be extracted from the statistical model. If enough
information is included in the statistical model, then the data can be used to constrain

the true value of each o and its uncertainty A,.

Other parameters are unconstrained, and are allowed to float freely (within some prede-

fined range).

Four types of parameter are used in this analysis. In the language of HistFactory, these

are: NormFactor, ShapeSys, Luminosity and OverallSys, which will be described below —
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others are possible (see reference [210]) but are not used in this analysis and therefore

are not discussed here.

NormFactor: These are unconstrained normalisations of the (background) samples,
denoted g, relative to the nominal number of events in the input model. The
signal strength p, is a special case of such a parameter and will be discussed in
later sections (it is not used in the background-only fit). These normalisations are

parameters of interest, and in this analysis two are extracted: p;; and iy 4jets-

ShapeSys: Statistical uncertainties from limited Monte Carlo event counts are taken
into account by scale factors 7., which is a shared parameter for all samples in the

channel. These are generally constrained by Poisson distributions.

Luminosity: The luminosity Ay, enters the fit as a Gaussian constraint for any sample
that is normalised directly according to the theoretical prediction within a given
channel. This corresponds to the channels that do not have a NormFactor [f| This is
a common luminosity parameter G(\s | Lo, Ar) centred at the measured luminosity
value Ly and with width A representative of the uncertainty of the measurement.

For samples with an associated NormFactor, the nominal luminosity L is used.

OverallSys: These parameters, denoted 7,(c), correspond to an overall shift up or
down in the normalisation of a sample, and are used to account for systematic
uncertainties in the analysis. For each systematic p, o, = 0 corresponds to the
nominal case and o, = %1 corresponds to the 1o variations of the systematic (as
measured by the relevant ATLAS performance group, or extracted from theory
variations). The values 7;,(—1) and 7,(+1) are the relative values of the sample event
yields (v,) with respect to the oy, = 0 case (for which 7,(0) = 1), and are obtained
empirically by running the analysis with the nominal calibration and then repeating
this with the +10 calibrations. For intermediate values of «,, 7, is interpolated

following a procedure defined in reference [210], which guarantees that ns(c,) > 0.

Auxiliary measurements constrain the extent by which a systematic can vary and any

deviation of the «,, parameter too far from the auxiliary measurement is constrained.

6Except if this is applied to a signal sample, in which case both a Gaussian constraint for the luminosity
and a NormFactor are used.
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This is achieved by introducing Gaussian constraints P,(a, | o,) with a, being
the value of the calibration measured in the auxiliary measurement of the source.
A mapping is used such that a, = 0 and the constraint term on the true value
of the calibration, a,, is a Gaussian centred at 0 and with width 1. In the case
in which a background process has a floating normalisation (NormFactor), and
a source of systematic uncertainty is fully correlated between the channels, the
uncertainty can be factorised in an overall normalisation factor and a residual term.
The overall normalisation factor is absorbed in the floating u, parameter, thus

effectively reducing the impact of the uncertainty source.

The background prediction in eq. (5.12]) is then extended to include all uncertainty

parameters,

Ve, @) = ) AsYe fha s (). (5.15)

The likelihood (eq. (5.14)) is also modified for the effect of the uncertainty parameters as

follows:

L(p, o | n,a) = [[Pois(ne | ve) - G(Lo | X, AL) - [] Polay | o). (5.16)

P
By maximising the likelihood function, p;; and iy 4jets can be extracted. This is the

background-only fit.

Results of the background only fit

The resulting background predictions and the associated scale factors are summarised in
table [5.8] for all signal regions. The data are also included and no significant excess above
the Standard Model prediction is observed. Figure displays the same information
graphically. The dominant sources of systematic uncertainty in each of the signal regions
is shown in table [5.9] and table [5.10] These uncertainties are dominated by theoretical
uncertainties on ¢t modelling, the closure of the multijet template, and the jet energy
scale. A complete breakdown of the yields for each background, both pre- and post-fit
are given in the appendix [B.3|
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Figure 5.20.: A summary of the data and Standard Model prediction for the 6 signal regions.
The blue band shows the combined statistical and systematic uncertainty on
the Standard Model predictions after the background fit.

Region SR-8j50-MJ340 SR-9j50-MJ340 SR-10j50-MJ340
Total background expectation 467.14 110.33 23.44
Total statistical 4.6% 9.5% 21%
Total systematic 8.5% 15% 26%
tt theory — radiation 13% 23% 40%
tt normalisation uncertainty 9.9% 15% 23%
Template closure 5.1% 8.6% 7.8%
JES 4.4% 5.7% 6.1%
tt theory — parton shower choice 0.32% 3.1% 15%
JER 0.34% 4.6% 9.2%
tt theory — generator choice 4.6% 4.6% 7.6%

Table 5.9.: Dominant (> 5% in any region) systematic uncertainties for the MJ340 regions.
Uncertainties are correlated so may add to more than the totals quoted. The ¢t
normalisation uncertainty corresponds to the uncertainty on the tt scale factor,
and is related to both the statistical and systematic uncertainties in the control
regions.
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Region SR-8j50-MJ500 SR-9j50-MJ500 SR-10j50-MI500
Total background expectation 153.28 47.89 12.52
Total statistical 8.1% 14% 28%
Total systematic 11% 23% 33%
tt theory — radiation 17% 30% 45%
tt normalisation uncertainty 11% 15% 20%
Template closure 4.9% 11% 11%
JES 4.1% 6.1% 5.8%
tt theory — generator choice 4.6% 6% 13%
tt theory — parton shower choice 0.91% 0.86% 7.2%
Template flavour 2.6% 2.6% 5.7%

Table 5.10.: Dominant (> 5% in any region) systematic uncertainties for the MJ500 regions.
Uncertainties are correlated so may add to more than the totals quoted. The tt
normalisation uncertainty corresponds to the uncertainty on the tf scale factor,
and is related to both the statistical and systematic uncertainties in the control
regions.

5.6.2. Model-independent fit

As no significant excess of events is observed in any signal region, upper limits on the
number of BSM events can be derived for each signal region. The expected number of
events in eq. is modified by adding a signal with one event in the signal regions with
a normalisation factor p,, which will be referred to as the signal strength parameter. To
remain as model-independent as possible, no assumptions are made about the source of
the signal: no signal contamination is permitted in the control regions and no systematic
uncertainties are assigned. From now onwards, the sole parameter of interest is fi5,, which
will be relabelled as u. All other parameters (including the background normalisation
factors) are considered as nuisance parameters 8. We then re-write the likelihood as
L(p, | n,a) — L(u,0). A test statistic known as the profile log-likelihood ratio is used,
which is derived from the profile likelihood ratio:

~
~

L (uﬁ(u))

A(p) = L6 (5.17)
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where [t and 6 are the maximum likelihood estimators (values of p and @ that maximise
L) and é(u) is a curve with the maximum value of £ for a given p. The value of [ is
forced to be positive so that only physical regions can be tested. By definition, we see
that 0 < A(u) < 1, with A\(u) near 1 implying good agreement between the data and the
hypothesis value of .

The profile log-likelihood is then:

—2InA(n) p =
qu = (518)

0 < i,
where the requirement p > ji is made because when setting an upper limit one would
not regard data with p < [i as representing less compatibility with p than the data
obtained, and therefore this is not taken as part of the rejection region of the test. In
order to calculate a p-value the pdf of the test statistic, f(g, | 1) must be calculated. An
approximation to this can be made analytically for large numbers of observed events [211],
or alternatively if the number of observed events is small an MC technique is used in
which many pseudo-datasets are sampled from the model pdf in eq. and the value
of the test statistic is calculated for each one. The p-value for the model-independent

signal+background hypothesis is

Doy = / " fan | 1) g (5.19)

G obs
The value of p is scanned over until p,,;, < 0.05, which corresponds to 95% confidence
level exclusion on the signal-+background hypothesis with signal strength p. As only 1
signal event was injected into the signal region, the value of p for which ps,, = 0.05 gives
the 95% CL upper limit on the number of signal events in the signal region, denoted

S% . An example of the scan is shown in figure m This upper limit can also be

obs*

95 _ g95

interpreted as the upper limit on the visible cross-section, (eo)op b

/Lint, where € is
the fraction of the total cross-section to which the signal region is sensitive. Observed
upper limits on the number of signal events and on the visible cross section are given

in table for each signal region. The expected upper-limit, S2° is also tabulated,

exp
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Figure 5.21.: The distribution of p-values for the CL;, CL41}, and CLy, hypotheses as a function
of the signal strength parameter in the SR-8j50-MJ340 region (left) and the
SR-103j50-MJ500 region (right).

which is calculated assuming the background-only hypothesis and can be compared to
the observed upper-limits.

The background-only hypothesis, specifically u = 0 is calculated in a similar manner to

the above. Here, the test statistic used is:

—2InA\(0) 4> 0;

qo (5.20)

0 i< 0.
Note here that only non-negative values of i are allowed. Although i < 0 may provide
evidence against the background-only hypothesis, we specifically assume the signal will
contribute to the event count. An under-fluctuation in data would cause i < 0, but this
does not show that the data contains any signal. The p-value is computed in a similar
manner to the above:

o0

Po = f(qo | 0)dqo, (5.21)

40,0bs

and by convention we define p, = 1 — pg. The corresponding C'Lg values are given in

table 0111

It is the convention in ATLAS to assume that a signal can only lead to a positive

enhancement of event counts in the signal region, and that a negative contribution
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Signal channel (ea)? |fb] S5 Soeo CLp
SR-83j50-MJ340 3.3 60 82139 0.17
SR-9j50-MJ340 1.6 29 35797 0.28
SR-103j50-MJ340 0.78 14 1579 0.43
SR-83j50-MJ500 1.8 33 39119 0.28
SR-93j50-MJ500 1.4 25 2513 0.50
SR-10350-MJ500 0.74 14 1213 0.66
Table 5.11.: Left to right: 95% CL upper limits on the visible cross section ({ec)% ) and

on the number of signal events (S5, ). The third column (S2;,) shows the

95% CL upper limit on the number of signal events, given the expected number
(and +1o excursions on the expectation) of background events. The last column
indicates the C'L g value, i.e. the confidence level observed for the background-only
hypothesis.

is unphysical. The presence of new physics is then consistent only with an excess of
events. Conversely, one would not wish to exclude a new physics scenario on the grounds
that fewer events were seen than predicted. In the case there is an under-fluctuation
in the data, it is possible to exclude the background-only hypothesis at 95% CL, and
therefore also exclude any signal model, even if the search has no sensitivity to itﬂ In
order to protect against this, the convention in ATLAS is to adopt the conservative
CL, prescription [212], in which the p-value for the signal plus background hypothesis is
normalised by the p-value for the background-only hypothesis:
Ps+b

CL, = [ (5.22)
Notice that while the CLg is not a true p-value, it is always larger than CL,,,. Both the
model-independent limits presented in table [5.11] and the model-dependent limits in the

following section are calculated using CLg values.

"Consider a scenario in which p;, < 0.05, then it is also true that p,y, < 0.05 for all s, including s = 0.
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5.6.3. Model-dependent limits

The results are also interpreted in the context of the SUSY models described in section
For each of these models, a grid of points is generated by varying two of the parameters
of the model. For the pMSSM case, the gluino mass and Higgsino mass parameters are
varied, for the two-step case it is the gluino mass and lightest neutralino mass that are
varied. The expected number of events from each of these points is calculated in the
signal and control regions. The model-dependent limits are then calculated with the same
likelihood function and test statistic as for the model independent limits, except that
the particular signal yield is used and signal contamination in the control regions is also
accounted for. Furthermore, systematic uncertainties on the signal are also incorporated
into the likelihood. For each model point, the observed and expected upper limits at

95% CL, are calculated in each signal region.

For each signal grid, an interpolated curve is drawn between the CLg values (both observed
and expected, separated) for each point from the signal region with the highest expected
CL; value. The result is shown in figure for the pMSSM grid, and figure for
the two-step grid. The location of each signal point, and which signal region had the
largest expected CL; is shown in figure for both pMSSM and two-step grids.

5.6.4. Comparison with the CMS experiment

The CMS collaboration also produce a suite of searches for SUSY, and some of these
may also be sensitive to the models used in this search. Some care must be taken when
making a comparison with the CMS searches, as different analysis strategies are typically
employed. Furthermore, none of the CMS searches use the models described in this thesis
to optimise or interpret their searches. Nonetheless some comparison is possible. The
most similar CMS search that targets high jet multiplicity final states is documented in
reference [213], which has signal regions with some similarity to those in this analysis, for
example regions requiring no leptons and at least 9 jets. However, all signal regions in
the CMS search require H# > 300 GeV, where H¥ is the magnitude of the negative

vector sum of the jet momenta in the event. This will be roughly equivalent to EXss in
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pMSSM: M1=60 GeV, tanp=10, u<o0, M2=3 TeV, m(Q)=5 TeV, m(~l)=5 TeV
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Figure 5.22.:
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95% exclusion curve for the pMSSM-slice model. The solid red and dashed blue
curves show the 95% CL observed and expected limits, respectively, including
all uncertainties except the theoretical signal cross-section uncertainty (PDF
and scale). The dotted red lines bracketing the observed limit represent the
result produced when moving the signal cross-section by +10 (as defined by the
PDF and scale uncertainties). The shaded yellow band around the expected
limit shows the +1¢ variation of the expected limit.
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Figure 5.23.: 95% exclusion curve for the two-step simplified model. The shaded grey area
shows the observed exclusion from a previous iteration of the analysis [4]. Other
details are as described in figure [5.22]
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Figure 5.24.: Location of model points for the pMSSM (left) and two-step (right) grids, with
the signal region yielding the largest expected CLg value indicated on the point.
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ATLAS, as the jet mismeasurement dominates the E2 in high jet multiplicity events.
Only 18% of events in the SR-93j50-MJ340 region had E¥** > 300 GeV, and removing
the M} or EMss /\/Hr requirements only reduces this percentage. This illustrates that
there is a small overlap with this search and those performed by CMS but their approach

may have sensitivity to the models considered in this chapter.

5.7. Conclusions

This chapter has presented a search for new phenomena in events with high jet multiplic-
ities using 18.2fb~1 of data collected by the ATLAS detector at the LHC. Key to this
search was the ER /\/Hr variable, whose properties were utilised in the estimation of
the dominant multijet background. The other backgrounds were estimated with Monte
Carlo simulation, and the predictions from the largest two of these backgrounds were
improved via a fit to dedicated control regions. Furthermore, the variable M} was utilised,
for the first time by a Run-2 SUSY search, making use of jet-substructure techniques to
optimise the signal significance in the signal regions. The two aforementioned variables,
as well as a selection on the number of jets, was used to define six signal regions in which
the Standard Model background was estimated. This followed an optimisation procedure
in which two SUSY models were used: the pMSSM and two-step models described in
section

After performing a background-only fit, the data were found to agree with the Standard
Model prediction within one standard deviation of the uncertainty on the background
prediction in all signal regions, meaning no statistically significant excess was found. As
a result, both model-independent and model-dependent limits were set on new physics
models. In the latter case, the two signal grids used for optimisation studies were also
used for the interpretation of results. This search extended the exclusion of gluinos by

around 100 GeV in mass for both signal models, compared to previous results.



6 Summary and outlook

So far, the LHC programme has been very successful. During the 8 TeV Run-1 of the
LHC programme the Higgs boson was discovered, completing the Standard Model. As I
write this thesis, we are in the midst of Run-2 and data are currently being collected by
the LHC experiments at a centre of mass energy of 13 TeV. My time as a DPhil student
began at the intersection of these two periods, during the long shutdown of the LHC

between Run-1 and Run-2, which is reflected in this thesis.

The first analysis, described in chapter [ presents a summary of the impact of Run-1
ATLAS SUSY searches on the pMSSM. The approach used attempts to address the
problems with interpreting the null results of searches for SUSY, which is challenging
given there are over 100 free parameters in the ordinary MSSM. The interplay between
ATLAS searches and other constraints on SUSY (from Dark Matter experiments, heavy
flavour results and precision electroweak measurements) were also explored, showing a
complementarity between the approaches. The results also showed there were no “gaping
holes” left by the Run-1 ATLAS searches, but certain corners of phase space were found
to be untouched. This lead to new search strategies being developed during Run-2 to

specifically target these areas.

One search that benefited was also the second analysis described in this thesis, which is
a direct search for new physics with 13 TeV data. Final states with large jet multiplicity
were targeted, which are difficult to calculate theoretically, making it a challenge to
estimate the Standard Model background. The challenge was addressed by employing
a powerful data-driven technique to estimate the background — the template method —

based on the properties of the B /\/Hy variable. The search excludes gluinos with

187
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masses below 1.6 TeV in a simplified model where they decay via § — ggW Zx?. The
results provided world-leading sensitivity to the simplified SUSY scenarios employed, but
have now been superseded by an updated analysis that I also led [2].

Although no physics beyond the Standard Model has been found, the LHC is collecting
yet more data that will allow further tests of the Standard Model and searches for new
physics. The ever increasing integrated luminosity will allow more precise measurements
to be made, and new areas of phase space to be explored. Ultimately, this will bring us

closer to answering that fundamental question: what is the universe made of?
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A Additional theoretical background

A.1. Quantum Electrodynamics

Quantum electrodynamics, or QED, can be used as a starting point to describe some
of the relevant symmetry principles in the Standard Model. We start with the Dirac

Lagrangian, describing a fermion field ¢ with mass m:

ACDirac = ¢(Zau7u - m)¢7 (Al)

where * are the Dirac matrices. As is, eq. (A.1)) is not invariant under the U(1) local
gauge transformation, 1) — €**®)q). To restore the invariance, the covariant derivative Oy

is replaced with the gauge covariant derivative:

D, =8, —icA (A.2)

o

where A, is a new field in the theory (that we have added), which couples to the Dirac
field ¢ with strength equal to —e and transforms under U(1) as A, — A, + %8“04. The
replacement of J, with D, is equivalent to adding a new field with an interaction term of
the form ezﬁy“Aul/z to the Dirac Lagrangian. We can say that the Lagrangian gained an
interaction term by demanding local gauge invariance, an important result exemplifying

how symmetry is related to dynamacs.

Adding the Lagrangian for the A, field then completes the description of a charged

fermion field interacting with a Maxwell field, and we have

) 1
Lorp = YYD, — m)y — ZF’“’FW' (A.3)
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QED is currently the most precisely verified theory, currently to within 1 part in 102,

As an aside, applying the Euler-Lagrange equation for A, to Lqrp, one obtains:

0LqED 0LqED
p— A-4
o (sca) = o A
0, F" = ehyt) (A.5)
0,0" A* = —epy*y) in the Lorentz gauge, 9,A" =0, (A.6)

which is a wave equation for the electromagnetic field, equivalent to the one obtainable

from the classical Maxwell equations. In fact, all of Maxwell’s equations can be extracted

from eq. (A.6).

This same idea can be generalised by noting that imposing gauge invariance on a free
Lagrangian leads to the appearance of interacting gauge bosons. The fundamental
difference between this example and the other more complicated gauge theories is that
the symmetry transformations may involve more than one state or field at a time, instead
of just one as is the case here. Consequently, the phase factors a(x) become n x n

matrices, where n is the dimension of the group representation.

A.2. Quark mixing and CP-violation

Experimentally we observe decays such as A — pe™ 1, which involves cross-generation
transitions of quarks (in this case s — u). We also observe the mixing between neutral
mesons, which also includes cross-generation transitions of quarks. All of these transitions
are mediated by the weak force, which leads us to the conclusion that the weak eigenstates
must be a superposition of the mass (or physical) eigenstates. The weak eigenstates can
therefore be written as

U
! where f, f'=1,2,3 (A7)

Vip Dy

with Uy = u, Dy = d et cetera and Vyy denoting the Cabibbo-Kobayashi-Maskawa (CKM)

matrix, a 3 X 3 unitary matrix. Each element 75 of this matrix describes the coupling
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of a 7 — ¢ quark transition via a W boson. The CKM matrix has a single, irreducible
complex phase, which accounts for CP-violaton in the Standard Model. Furthermore, the

unitary nature of the matrix forbids flavour changing neutral currents at the tree-level.

CP-violaton can manifest itself in three ways: the asymmetrical mixing of neutral mesons,
where one direction is favoured over another; directly, if a given decay occurs more
frequently than its CP-mirror decay; and also by the interference of the above two effects
for example when a meson and antimeson decay to the same final state. Via these
mechanisms, matter can be preferentially produced over antimatter that, in principle,
can give rise to the matter-dominated universe we observe today. However, there is not
enough CP-violaton in the Standard Model to account for the matter density currently

observed.

A.3. Higgs vacuum and cosmology

The minimum value of the Higgs potential (eq. (2.14), is given by

)\ 4
Viin = —%. (A.8)

With v & 246 GeV [34], one finds Vs, ~ —10°X GeV*. From cosmological observations,
the total energy density of the universe is known to be rather small, of the order
1074 GeV/cm™3. After making the substitution 1 GeV® = 1.3 x 10*' em™ (when h = ¢ =
1), one finds a huge value V,,;, &~ —10°°X GeV /em 3. Choosing a reasonable value for A,
A = 0.1 (0.001), one obtains a contribution to the total energy density of the universe

10°* (10°?) times larger than the observed energy density of the universe.

This problem has a simple solution: to add a constant term to the Higgs potential, for

example

V(®) = %(cbqﬂ — )2, (A.9)

which has a minimum value of V,,,;, = 0 by construction.
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However, this can be seen as something of a fine-tuning problem. For the Higgs vacuum
energy to be in accordance with the total energy density of the universe it requires
an adjustment of the constant term in the potential to an accuracy of around 107°%,
Furthermore, this has consequences for the space-time geometry of the universe, but hints
that the spontaneous symmetry breaking mechanism of the universe may be connected

with gravity.

A.4. The WIMP Miracle

In the early universe, dark matter particles could pair-annihilate to Standard Model
particles and vice versa. If the annihilation rate, I' of the dark matter particles yy is
lower than the instantaneous expansion rate of the universe (the Hubble “constant” at
that time) H, then the annihilation of x’s freezes out. The dark matter relic density is
then expected to be

10720 cm? /s

2
Quh oa0)

(A.10)

Taking the velocity-weighted mean annihilation cross-section as (o4v) ~ o /m?, where
a is the weak coupling constant and m, the dark matter mass, eq. (A.10)) can be written

suggestively as

0.01\° m 2
2 X
Qh 0.1< - > <100 Go ) . (A.11)

Assuming a weakly-interacting dark matter particle with coupling a ~ 0.01 and mass
m, ~ 100 GeV gives the correct order of magnitude abundance today as measured by

Planck, €, = 0.1188 £ 0.0010 [47]. This coincidence is known as the “WIMP miracle”.

A.5. Particle masses in unbroken supersymmetry

If the fermion and boson states |f) and |b) are members of the same supermultiplet
then by definition |f) is proportional to some combination of @ and Q', where Q are

the generators of the SUSY transformation defined in section m (note spinor indices
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have been suppressed). Let us choose Q|b) = |f), then since P*P,|b) = m;|b) and
PrP,|f) = m3|f)

P"P,QIb) = P"P,|f) = mj|f) (A.12)
= QP"P,[b) = myQ|b) = mj]b), (A.13)
where we have used the commutation relation [P,,(] = 0 from which one infers

[P,P* Q] = 0. Hence, my, = my for particles in the same supermultiplet. This symmetry

is not observed in nature, meaning supersymmetry must be broken.



B Additional multijet systematic un-

certainties

B.1. Leptonic theory systematics

A full list of the ¢ theory systematics is given in table [B.1} See section for further
details.

B.2. Hp binning of the template

In the previous (2015) multijet analysis |4], the template method was binned in Hrp
to account for events with low Hp where the EM® is not necessarily dominated by
jet mis-measurement. As described in section , M3 and Hrp are correlated, so by
applying a cut of M3 > 340 GeV we are applying a cut of approximately Hy > 500 GeV
(and M7 > 500 GeV corresponds to approximately Hr > 800 GeV), and so such low Hrp
event should be removed. However, it is not necessarily true that there is no longer any

Hr dependence on the template.

In order to test this, the template was split into two bins in Hy: Hpr < 1200 GeV and
Hp > 1200 GeV. The two templates were calculated separately and then combined. This
was then compared to the nominal template, and the comparison is shown in table [B.2]
The simplest conclusion is that for the M¥ > 500 GeV regions (which are shown in

the lower part of the table), there is no significant difference between using the Hrp

195
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Region Powheg amc@NLO Madgraph Rad. Rad.
Herwig++ Herwig++ Pythia8 Up Down
SR-83j50-MJ340 -1.4% -12.0% -20.0 % 72.0 % -43.0%
CRW-7350-MJ340 4.3% 12.0% -21.0% 45.0% -52.0%
CRT-7j50-MJ340 -2.9% 1.0% -8.0% 46.0 % -32.0%
SR-9j50-MI340  120%  110%  -180%  1300%  -50.0%
CRW-8j50-MJ340 48.0 % 14.0% -25.0% 110.0% -42.0%
CRT-83j50-MJ340 0.1% -7.0% -14.0% 67.0 % -37.0%
SR-10j50-MJ340  49.0%  120%  25.0%  19000%  -7L.0%
CRW-93j50-MJ340 57.0% 17.0% -46.0 % 85.0 % -60.0 %
CRT-9350-MJ340 16.0 % 2.7% -18.0% 87.0 % -43.0%
Region Powheg amc@NLO Madgraph Rad. Rad.
Herwig++ Herwig++ Pythia8 Up Down
SR-83j50-MJ500 -4.8% -15.0% -24.0% 130.0% -46.0 %
CRW-7350-MJ500 -28.0% -23.0% -45.0% 52.0 % -62.0%
CRT-73j50-MJ500 8.3% -30.0% -21.0% 55.0 % -28.0%
SR-9j50-MIS00  BT% 1A% 260%  2000%  59.0%
CRW-8j50-MJ500 -28.0 % -32.0% -55.0 % 120.0 % -66.0 %
CRT-8j50-MJ500 -0.6 % -29.0 % -25.0% 65.0 % -35.0%
SR-10j50-MJ500  28.0% 16%  520%  2000%  -56.0%
CRW-9350-MJ500 -83.0% -6.5% -63.0% 140.0 % -48.0%
CRT-93j50-MJ500 26.0 % -11.0% -29.0 % 99.0 % -14.0%

Table B.1.: Theoretical systematic uncertainties, in percent, for the 8j50-MJ340 signal region
and the corresponding leptonic control regions. “Rad. Up” and “Rad. Down” refer
to the radiation radiation tunes of the parton shower.
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binned templates and the nominal template. Less clear is the case for the M3 > 340 GeV
regions. For SR-8j50-MJ340, the Hp binned template typically has better closure than
the nominal template method, particularly in the 2.5 < EXs/\/Hp < 3.5 GeV'/2

regions.

In order to keep the analysis simple, a flat 5% systematic will be applied to the M} >

340 GeV regions in order to account for possible Hr dependence.

B.3. Complete breakdown of SR and CR yields

Tables [B.3] to show a breakdown of pre- and post-fit yields for each of the background
processes. The total background estimate is also shown, as well as the observed number

of events in data.
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Region SR-8150-MJ340 CRW-7350-MJ340 CRT-73§50-MJ340
Observed data events 424 173 604
Fitted bkg events 467.14 4+ 39.74 172.76 + 13.15 604.07 £ 24.62
Fitted tt + h events 1.68 +0.50 0.71+£0.21 6.72 + 2.01
Fitted tt + X events 8.88 £+ 2.65 3.104+0.93 22.71 +6.78
Fitted diboson events 4.95+2.46 17.04 +8.48 4.98 +2.48
Fitted single top events 9.65 £ 4.27 6.73 £2.38 32.80 £ 11.18
Fitted Z + jets events 9.49 £+ 3.77 3.30 £ 1.31 1.16 + 0.46
Fitted W + jets events 12.41 £5.15 61.10 + 25.03 23.49 + 9.92
Fitted tt events 107.99 + 28.79 80.78 + 18.63 512.21 £ 31.05
Fitted multijet events 312.10 £ 28.71 0.00 +0.00 0.00 £ 0.00
Exp. Standard Model events 488.62 232.67 676.12
MC exp. tt + h events 1.68 0.71 6.72
MC exp. tt + X events 8.88 3.10 22.71
MC exp. diboson events 4.95 17.04 4.98
MC exp. single top events 9.65 6.73 32.79
MC exp. Z + jets events 9.49 3.30 1.16
MC exp. W + jets events 22.91 112.78 43.36
MC exp. tt events 118.98 89.01 564.40
Exp. multijet events 312.10 0.00 0.00

Table B.3.: Breakdown of pre- and post-fit yields for the SR-8j50-MJ340 region and its
corresponding control regions.



Additional multijet systematic uncertainties

200

Region SR-9150-MJ340 CRW-8350-MJ340 CRT-83j50-MJ340
Observed data events 99 57 210
Fitted bkg events 110.33 +£ 16.11 57.05 + 7.55 209.94 £+ 14.51
Fitted tt + h events 0.46 £0.14 0.21 +£0.06 2.61 £0.78
Fitted tt + X events 2.95+0.88 1.21+0.36 10.25 + 3.06
Fitted diboson events 0.50 + 0.25 7.23 + 3.60 2.22+1.10
Fitted single top events 1.35+1.15 1.87£0.72 11.40 £4.06
Fitted Z + jets events 1.75 £ 0.69 1.15+0.46 0.21 £0.08
Fitted W + jets events 1917350 19.45 £ 18.29 4.73 & 4.60
Fitted tt events 28.67 +13.21 25.93 + 15.99 178.53 £ 16.41
Fitted multijet events 72.75 £10.20 0.00 £ 0.00 0.00 = 0.00
Exp. Standard Model events 116.18 77.65 240.47
MC exp. tt + h events 0.46 0.21 2.61
MC exp. tt + X events 2.95 1.21 10.25
MC exp. diboson events 0.50 7.23 2.22
MC exp. single top events 1.34 1.86 11.39
MC exp. Z + jets events 1.75 1.15 0.21
MC exp. W + jets events 3.56 36.22 8.80
MC exp. tt events 32.89 29.78 204.99
Exp. multijet events 72.75 0.00 0.00

Table B.4.: Breakdown of pre- and post-fit yields for the SR-9j50-MJ340 region and its
corresponding control regions.
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Region SR-10j50-MJ340 CRW-9350-MJ340 CRT-9j50-MJ340
Observed data events 22 15 64
Fitted bkg events 23.44 £ 6.06 14.99 + 3.76 63.99 4+ 8.01
Fitted tt + h events 0.08 £0.02 0.04 +0.01 0.69 +0.21
Fitted tt + X events 0.74 +0.22 0.32+0.10 3.60 + 1.08
Fitted diboson events 0.00 £ 0.00 1.854+0.93 0.86 + 0.43
Fitted single top events 0.41+£0.30 0.27 £0.20 3.17+1.07
Fitted Z + jets events 0.26 +£0.10 0.20 + 0.08 0.03 +0.01
Fitted W + jets events 0.6570:08 5.60 + 5.49 1571138
Fitted tt events 7.21+5.84 6.72 + 3.81 54.07 + 8.57
Fitted multijet events 14.09 £+ 2.06 0.00 +0.00 0.00 £ 0.00
Exp. Standard Model events 24.38 18.48 69.39
MC exp. tt + h events 0.08 0.04 0.69
MC exp. tt + X events 0.74 0.32 3.60
MC exp. diboson events 0.00 1.85 0.86
MC exp. single top events 0.41 0.27 3.17
MC exp. Z + jets events 0.26 0.20 0.03
MC exp. W + jets events 0.99 8.52 2.39
MC exp. tt events 7.81 7.28 58.65
Exp. multijet events 14.09 0.00 0.00

Table B.5.: Breakdown of pre- and post-fit yields for the SR-10j50-MJ340 region and its
corresponding control regions.
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Region SR-8350-MJ500 CRW-73j50-MJ500 CRT-7350-MJ500
Observed data events 141 40 107
Fitted bkg events 153.28 +16.99 39.99 4+ 6.32 107.07 £ 10.35
Fitted tt + h events 0.42 +0.12 0.08 +£0.02 0.94 +£0.28
Fitted tt + X events 3.14+0.94 0.734+0.22 5.27 £ 1.57
Fitted diboson events 1.274+0.63 4.74 £ 2.37 2.09 +1.04
Fitted single top events 3.48 +1.48 1.26 £0.70 7.98 + 3.16
Fitted Z + jets events 3.44 +1.37 0.74 +0.30 0.24 +0.09
Fitted W + jets events 4.95+ 3.12 17.41 +£10.48 4.60 +2.83
Fitted tt events 29.21 £ 15.74 15.04 £7.73 85.94 +11.79
Fitted multijet events 107.38 £ 8.69 0.00 £ 0.00 0.00 = 0.00
Exp. Standard Model events 166.49 63.02 135.02
MC exp. tt + h events 0.42 0.08 0.94
MC exp. tt + X events 3.14 0.73 5.27
MC exp. diboson events 1.27 4.74 2.09
MC exp. single top events 3.48 1.26 7.98
MC exp. Z + jets events 3.44 0.74 0.24
MC exp. W + jets events 10.36 36.42 9.62
MC exp. tt events 37.01 19.06 108.87
Exp. multijet events 107.38 0.00 0.00

Table B.6.: Breakdown of pre- and post-fit yields for the SR-8j50-MJ500 region and its
corresponding control regions.
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Region SR-93j50-MJ500 CRW-83j50-MJ500 CRT-8j50-MJ500
Observed data events 48 16 56
Fitted bkg events 47.89 +11.17 15.98 + 3.42 55.92 4 7.52
Fitted ¢t + h events 0.14 +£0.04 0.04 £0.01 0.49 + 0.15
Fitted tt + X events 1.33 £ 0.40 0.39 £0.12 3.10+0.93
Fitted diboson events 0.07 £ 0.04 2.73+1.38 1.65 £ 0.82
Fitted single top events 0.4910-%% 0.66 £ 0.24 2.57 £ 1.43
Fitted Z + jets events 0.69 +0.27 0.354+0.14 0.04 £0.01
Fitted W + jets events 0.657 522 457547 1071139
Fitted tt events 11.11 +10.04 7.24 £4.83 47.00 £ 8.18
Fitted multijet events 33.41 £5.57 0.00 £ 0.00 0.00 = 0.00
Exp. Standard Model events 51.48 27.87 66.94
MC exp. tt + h events 0.14 0.04 0.49
MC exp. tt + X events 1.33 0.39 3.10
MC exp. diboson events 0.07 2.73 1.65
MC exp. single top events 0.49 0.66 2.57
MC exp. Z + jets events 0.69 0.35 0.04
MC exp. W + jets events 2.15 15.14 3.55
MC exp. tt events 13.20 8.56 55.55
Exp. multijet events 33.41 0.00 0.00

Table B.7.: Breakdown of pre- and post-fit yields for the SR-9j50-MJ500 region and its
corresponding control regions.
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Region SR-10j50-MJ500 CRW-9350-MJ500 CRT-9j50-MJ500
Observed data events 15 5 22
Fitted bkg events 12.52 +4.19 5.00 £+ 2.08 22.01 £4.70
Fitted tt + h events 0.01 +0.00 0.01 +£0.00 0.16 £ 0.05
Fitted tt + X events 0.47+0.14 0.16 + 0.05 1.40 +0.42
Fitted diboson events 0.00 £ 0.00 1.33 +£0.68 0.81 +0.40
Fitted single top events 0.00 £ 0.00 0.14 £0.12 1.54 £0.52
Fitted Z + jets events 0.14 £0.05 0.11 £ 0.05 0.02 £0.01
Fitted W + jets events 0.09%0:09 0.61758) 0.17759
Fitted tf events 3.24135% 2.6315 5 17.91 £ 5.07
Fitted multijet events 8.57 £ 1.59 0.00 +0.00 0.00 £ 0.00
Exp. Standard Model events 13.65 8.83 26.59
MC exp. tt + h events 0.01 0.01 0.16
MC exp. tt + X events 0.47 0.16 1.40
MC exp. diboson events 0.00 1.33 0.81
MC exp. single top events 0.00 0.14 1.54
MC exp. Z + jets events 0.14 0.11 0.02
MC exp. W + jets events 0.55 3.90 1.08
MC exp. tt events 3.90 3.17 21.58
Exp. multijet events 8.57 0.00 0.00

Table B.8.: Breakdown of pre- and post-fit yields for the SR-10j50-MJ500 region and its
corresponding control regions.
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