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To my family.



“You must unlearn what you have learned.”

— Yoda, The Empire Strikes Back

“If my calculations are correct, when this baby hits 88 miles per

hour. . . you’re gonna see some serious shit.”

— Dr. Emmett Brown, Back to the Future

“Time is an illusion. Lunchtime doubly so.”

— Douglas Adams, The Hitchhiker’s Guide to the Galaxy
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ABSTRACT

The Large Hadron Collider (LHC) and its experiments were built to explore fundamental

questions of particle physics via proton-proton collisions at unprecedented center-of-mass

energies, thus providing a unique environment for testing the Standard Model (SM) at

the electroweak scale and searching for signs of new physics beyond the SM (BSM). The

discovery of a SM-like 125 GeV Higgs boson by ATLAS and CMS hints of new physics at

the electroweak scale—possibly within reach of the LHC—in order to mitigate divergent

radiative corrections to the Higgs squared mass. This can systematically be accomplished

by the introduction of supersymmetry (SUSY). For the experimentalist, SUSY provides a

set of simplified benchmark models, with explicit and testable predictions, which are useful

when searching for BSM physics. A large number of BSM searches has been carried out

at the LHC. However, no evidence for SUSY has been found. It is therefore important

to expand the scope. This thesis presents two ATLAS analyses for SUSY, both utilizing

fully hadronic final states. The first analysis searches for the pair production of top squarks

(stops), each with R-parity-violating decays into a b- and an s-quark. This analysis was

performed using proton-proton collision data with an integrated luminosity of 17.4 fb−1 at

a center-of-mass energy of 8 TeV. The second analysis searches for electroweak production

of a chargino-neutralino pair, decaying into SM-quarks via a W boson and a SM-like 125

GeV Higgs boson, performed using an integrated luminosity of 36.1 fb−1 at a center-of-mass

energy of 13 TeV. No evidence of an excess beyond the SM background prediction is observed

in either search, thus exclusion limits are set at 95% CL. Stops decaying directly to hadronic

final states are excluded for masses in the range 100 to 315 GeV. Charginos and neutralinos

decaying via Wh to hadronic final states are excluded up to 680 GeV, by far the strongest

limits on electroweak SUSY with Wh decays to date. The tools and strategies developed in

the searches for SUSY with hadronic final states in this thesis should prove useful in future

searches for BSM physics at the LHC.
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CHAPTER 1

INTRODUCTION

The field of particle physics seek answers to an age-old question that has fascinated humans

for thousands of years: “What is the world made of?” The goal is to uncover the most

fundamental constituents of nature and how they interact. An early answer to this question

was proposed by Anaximenes of Miletus [2] (fl. 535 B.C.E)—all forms of matter are obtained

by condensing or rarefying the principal element air. His theory was conceptually simple,

but it was also totally wrong! The introduction of the periodic table of elements by Dimitri

Mendeleev in 1869 [3] is a more recent attempt at answering the same question. Mendeelev’s

periodic table was truly quantitative and in agreement with experimental evidence, however

it lacked the conceptual simplicity of Anaximenes theory. The regularities in Mendeleev’s

table hinted of more fundamental constituents, which were found to be electrons and atomic

nuclei. We now know that nuclei are made up of protons and neutrons, which are in turn

made up of even more fundamental constituents called quarks. Our current best answer to

the question regarding what the world is made of is the Standard Model (SM) of particle

physics, a theory which is both conceptually simple1 and in total agreement with accepted

experimental facts, describing all of the visible matter as made up of quarks and leptons, and

three of the known four forces in nature—the electromagnetic, weak, and strong interactions

(excluding gravity).

Progress in fundamental physics has benefited enormously from an interplay between theory

and experiment. Important theoretical developments have often been instigated by empirical

data. When developing the classical theory of electromagnetism, James Clerk Maxwell

carefully studied the measurements painstakingly performed by Michael Faraday and distilled

1. Although not quite as simple as the best answer physics had to offer the question in 1932, when it was
all just protons, neutrons, and electrons.
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their implications into an elegant and concise set of mathematical equations, Maxwell’s

equations [4, 5]. Sometimes experimental insights have led to the rejection of established

paradigms, even from experiments at the time considered as “failed”. The most famous

“failed experiment” ought to be the one performed by Albert A. Michelson and Edward W.

Morley in 1887 [6]. The Michelson–Morley experiment attempted to measure the relative

motion of matter through the stationary luminiferous aether2, by measuring the speed of

light in the direction of motion through the aether and in perpendicular directions. However

their experiment failed to detect any significant differences. Their null result provided the

first strong evidence against the established aether theory [9], and instigated a new line

of research which ultimately culminated with Einstein’s theory of special relativity [10].

New insights may also occur when established theories yield nonsensical predictions in some

regime, such was the case with the ultraviolet catastrophe at the turn of the 20th century,

when classical statistical mechanics predicted that the total power radiated by a hot object

(blackbody spectrum for the emitted electromagnetic radiation) diverges towards infinity3.

Max Planck managed to avoid the ultraviolet catastrophe and fit the experimental data by

assuming that electromagnetic radiation is quantized4, which he himself later described as

an “act of desperation” [11]. However, this act is widely recognized as the birth of the theory

of quantum mechanics.

The Standard Model is a product of fruitful interplay between experimental discoveries and

theoretical insights over the past century, culminating with the discovery of its final missing

piece, the Higgs boson, at the Large Hadron Collider (LHC) in 2012 [12, 13]—almost 50

2. The luminiferous aether was assumed to exist for most of the 19th century as the medium for trans-
mitting light (as electromagnetic waves). Aether theories had been around since long before the 19th century
however, Isaac Newton suggested an aether as a medium for transmitting both gravity and light [7]. The
concept of an aether permeating space even dates back to Aristotle [8].

3. According to Rayleigh-Jeans Law: Bν = 2ν2kBT
c2 , which accurately predicts experimental results at low

frequencies, but it radically diverges towards infinity at higher frequencies.

4. E = hν, where ν is the frequency of the radiation, and h is what’s now called Planck’s constant, which
Planck adjusted to fit the data.
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years after it was first predicted by Peter Higgs and others in 1964 [14, 15, 16]. However,

there are still many open questions in fundamental physics not addressed by it. There are

good reasons to believe that the SM is an effective field theory only valid up to a certain

energy scale. Specifically, because of electroweak symmetry breaking the square of the Higgs

boson mass parameter (m2
H) is sensitive to higher order quantum corrections, which would

destabilize the SM, unless there is either new physics or significant fine-tuning involved.

Furthermore, the indirect experimental evidence of Dark Matter (DM) from cosmological

observations is among the most striking evidence for beyond-the-SM-physics (BSM). The

LHC experiments were designed to test the SM at center-of-mass energies of up to 14 TeV,

the highest energy scales every achieved in a controlled laboratory experiment. There is a

large volume of publications in theoretical physics proposing various extensions to the SM.

One of the most prominent ideas is Supersymmetry (SUSY), which proposes a solution to

the hierarchy problem by introducing a new symmetry such that for each boson (fermion)

in the SM, there exists a fermionic (bosonic) superpartners. It is a very intriguing idea for

which there is not yet any experimental evidence. However, the LHC has only collected

a tiny percentage of the data it is scheduled to collect during its lifetime. Like Faraday,

Michaelson–Morley, and many other physicists who have come before us, we must painstak-

ingly gather data from our experiments. New discoveries could very well end up confirming

SUSY and/or some other proposed extension(s) of the SM. We may also discover something

totally unexpected, which could lead us down a whole new path. Even a non-discovery

(i.e. ”just the Standard Model 125 GeV Higgs and nothing new” scenario) could ultimately

prove to be just as important for setting a new course (as was the case with the outcome of

Michelson and Morely’s experiment). So far most searches for SUSY focus on scenarios such

as the minimal supersymmetric Standard Model (MSSM), in which R-parity (baryon and

lepton number) is conserved. SUSY particles are required to be produced in pairs and decay

to a neutral and stable lightest supersymmetric particle (LSP), which escapes detection and
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is often considered a promising DM candidate. Thus, common search signatures include sig-

nificant missing transverse momentum (Emiss
T ), as a proxy for the LSP, together with zero or

more leptons and/or jets. A large number of searches for SUSY with R-parity conservation

have been carried out by the ATLAS and CMS experiments, however thus far no evidence

for SUSY has been found. With the strong exclusion limits placed on RPC SUSY scenarios,

it is important to expand the scope. The strong constraints placed on MSSM scenarios can

be relaxed to allow for either lepton- or baryon-number-violating-couplings. In such R-parity

violating (RPV) scenarios the LSP is allowed to decay directly into SM particles, and thus

the primary challenge in searches for RPV SUSY final states is to find suitable substitutes

for the large Emiss
T signature of canonical RPC SUSY searches.

This thesis presents a search [1] for RPV SUSY with pair-produced stop squarks, each

decaying into a b- and an s-quark, leading to four quarks in the final state (t̃t̃∗ → b̄s̄bs). The

search used the 8 TeV dataset collected by ATLAS in 2012. The final state was particularly

challenging to distinguish from SM background, as there is no Emiss
T , and thus multijet final

states tend to overwhelm the signal in a four-jet topology. The best constraints on this

process at the time left a gap between ∼ 100− 200 GeV (the Tevatron excluded light-stops

up to 90 GeV and CMS excluded stops in the range 200 − 385 GeV). A key objective

of our analysis was to close this gap, which we ultimately accomplished by excluding light

stops in the range 100 − 315 GeV. The two main challenges were overcoming the huge

contributions from the QCD multijet background and maintaining high trigger efficiency

for jets corresponding to final states with low-mass-stops down to 100 GeV. This was

accomplished by utilizing a trigger with a relatively low jet-pT/jet-HT trigger, and noting

that for mt̃ ≈ 100 − 300 GeV, the initial stop transverse momentum spectrum pT extends

significantly into the range for which pT � mt̃, thus a boosted approach becomes feasible

(the stops receive a boost from ISR). This thesis also presents a novel search for SUSY with

direct electroweak pair production of a chargino and a neutralino, based on 36.1 fb−1 of
√
s =
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13 TeV proton-proton collision data. It is possible that direct pair production of charginos

and neutralinos dominate if the superpartners of the gluon and quark are heavier than a few

GeV. Specifically, I am focusing on a scenario with direct production of a chargino and a

neutralino, decaying via Wh, into SM particles and the lightest neutralino (LSP) which is

stable (i.e. R-parity is conserved). I have been leading the search for the hadronic final state

with four jets and Emiss
T . This is the first fully hadronic electroweak Wh search at the LHC,

and it is proven to be extremely promising for targeting the high mass chargino/neutralino

phase-space, significantly increasing the exclusion limits compared to previous searches.

The thesis is organized as follows: Chapter 2 provides an introduction to the Standard

Model, including a brief historical overview, description of its mathematical formulation,

and QCD physics relevant in collider physics and hadronic final states. The chapter is

concluded with a discussion of some of the main limitations of the SM, and motivation for

beyond-the-SM (BSM) physics. Chapter 3 introduces supersymmetry (SUSY), how to search

for it at colliders, and the status of ATLAS SUSY searches thus far. Chapter 4 gives an

overview of the design and operations of Large Hadron Collider (LHC), the machine which

accelerates and collides protons at unprecedented energies, and chapter 5 then describes the

ATLAS detector, the instrument we use to study the products of proton–proton collisions.

Chapter 6 provides a brief introduction to the methods and tools used for simulating particle

physics events at the LHC, as well as the ATLAS event reconstruction. Chapter 7 Provides

an introduction to hypothesis testing when searching for new physics at the LHC. Chapter 8

presents the analysis strategy and results of the search forR-parity violating stops with a fully

hadronic final state with the ATLAS detector at 8 TeV, where innovative jet reconstruction

techniques were used to gain sensitivity for measuring signals in a huge QCD background.

Finally, the analysis strategy and results of the search for SUSY with electroweak production

of a chargino and a neutralino, decaying via Wh into fully hadronic final states, is presented

in Chapter 9. The results are summarized in Chapter 10, which also includes a discussion of
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possible extensions of these searches with the full LHC Run II dataset, and presents some

thoughts on the future of the LHC program and its planned upgrades. Appendix A provides

additional material for the electroweak Wh search (which is presented in chapter 9).
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CHAPTER 2

THE STANDARD MODEL OF PARTICLE PHYSICS

This chapter provides an introduction to the Standard Model, a quantum field theory that

describes all the known fundamental matter and force carrying particles in nature, with the

exception of gravity.

This chapter is organized as follows: Section 2.1 gives a brief introduction to the SM in

a historical context. Section 2.2 describes the mathematical structure of Quantum Chro-

modynamics (QCD), the electroweak theory, and spontaneous symmetry breaking via the

Higgs mechanism. Section 2.3 describes concepts in QCD relevant to collider physics and

the hadronic final states studied in this thesis. Finally, some of the main limitations of the

SM are discussed in section 2.4.

2.1 Overview and Historical Background

The unification of all fundamental forces in nature is a longstanding goal in particle physics.

The Standard Model (SM) is currently the most successful theory we have on the path to-

wards achieving this goal, it unifies quantum mechanics and special relativity into a quantum

field theory describing known fundamental particles, the quarks and the leptons1, and their

interactions mediated via the electromagnetic, weak, and strong force. The theory consists of

the Glashow-Weinberg-Salam theory of electroweak interactions, describing the electromag-

netic and weak nucelar forces, and Quantum Chromodynamics, which describes the strong

nuclear force. An overview of the SM particles and their interactions is shown in fig. 2.1.

1. Hadrons (from the Greek adros meaning bulky) are particles composed of quarks. The protons and
neutrons that atomic nuclei are made of belong to this family. On the other hand, leptons are particles that
are not made of quarks. Electrons and muons are examples of leptons (from the Greek leptos meaning thin).
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The quarks and leptons (matter particles) are known as fermions, which have spin-1
2 and

thus obey Fermi-Dirac statistics. The force carriers have integer spin and thus obey Bose-

Einstein statistics. Both the fermions and bosons have anti-particles, which have the same

mass but carry opposite charge. The electromagnetic, weak, and strong force are mediated

by the photon (γ), intermediate vector bosons (W±/Z), and gluons (g), respectively. Finally,

interactions with the Higgs field (H) is what gives all massive particles their mass.
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Figure 2.1: Summary of the SM particle content. The box for each particle includes its
name, symbol, mass, charge, and spin (and color charge in the case of the quarks). The
interactions with the strong, electromagnetic, and weak force is indicated by a set of larger
boxes encapsulating the particles affected, as well as the conserved quantities associated
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SM model. Diagram created with TikZ [17], courtesy of [18]. Masses and constraints were
taken from the Particle Data Group (PDG) [19].

The Standard Model was conceived in the 1960s, with major contributions by Sheldon
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Glashow [20], Steven Weinberg [21], and Abdus Salam [22], who shared the 1979 Nobel

Prize in Physics ”for their contributions to the theory of the unified weak and electromag-

netic interaction between elementary particles, including, inter alia, the prediction of the

weak neutral current” [23]. Crucial to the Standard Model is the Higgs mechanism, which

describes how the elementary particles acquire their masses by interaction with the Higgs

boson. The consequences of a non-relativistic Higgs mechanism in particle physics were first

discussed in 1962 by Philip Warren Anderson [24]. A relativistic Higgs model was presented

independently in 1964 by Peter Higgs [14], Robert Brout and Francois Englert [15], and Ger-

ald Guralnik, C. R. Hagen and Tom Kibble [16]. With discovery of the Higgs boson by the

ATLAS [12] and CMS [13] collaborations at the LHC, all the particles predicted by the SM

had finally been discovered. However, there are still many open questions in fundamental

physics not addressed by it (such as the nature of dark matter, or the hierarchy problem),

this is the topic of section 2.4 and chapter 3.

The predictions of the SM has held up to rigorous experimental testing at the highest en-

ergies available in the laboratory over the past several decades. It manages to explain all

known physics (except gravity) listed in the 1808 pages of the 2016 edition of the PDG

Review of Particle Physics [25] using only ∼ 19 free parameters2. Some observables have

been determined with a remarkable accuracy. Experimental results and Quantum Electrody-

namics (QED) theory have determined the fine structure constant (α), which characterizes

the strength of the electromagnetic interaction, to α = 137.035999084(51) [0.37 ppb] [26].

At the LHC, many SM precision measurements for a large variety of final states have been

performed, all in excellent agreement with the SM prediction, as summarized in fig. 2.2.

2. Nine quark and lepton masses (excluding the neutrinos), four Cabibbo-Kobayashi-Maskawa (CKM)
matrix parameters (three mixing angles and one CP violation phase), three gauge couplings (g′, g, gs), the
QCD vacuum angle, the Higgs vacuum expectation value, the Higgs mass.

10



∫
L dt

[fb−1]
Reference

WZjj EWK 20.3 PRD 93, 092004 (2016)
36.1 ATLAS-CONF-2018-033

W±W±jj EWK 20.3 PRD 96, 012007 (2017)
36.1 ATLAS-CONF-2018-030

Zγjj EWK 20.3 JHEP 07 (2017) 107
WWγ 20.2 EPJC 77, 646 (2017)
Wγγ 20.3 PRL 115, 031802 (2015)
Zγγ 20.3 PRD 93, 112002 (2016)

Zjj EWK 20.3 JHEP 04, 031 (2014)
3.2 PLB 775 (2017) 206

Wjj EWK 4.7 EPJC 77 (2017) 474
20.2 EPJC 77 (2017) 474

t̄tγ 4.6 PRD 91, 072007 (2015)
20.2 JHEP 11 (2017) 086

t̄tZ 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

t̄tW 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

tZj 36.1 PLB 780 (2018) 557

WV 4.6 JHEP 01, 049 (2015)
20.2 EPJC 77 (2017) 563 [hep-ex]
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20.3 PRD 93, 112002 (2016)
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Figure 2.2: Summary of several Standard Model total and fiducial production cross section
measurements by the ATLAS Collaboration at 7, 8, and 13 TeV. The agreement between
the observed value and theoretical prediction (in gray) is excellent across all the various
channels, spanning almost 15 orders of magnitude. [27]

2.2 Mathematical Formulation

In the Standard Model, QED and the theory of weak interactions are unified into the elec-

troweak theory, which is then grouped together with QCD into an internally consistent

quantum field theory, with the following gauge group:

SU(3)C ⊗ SU(2)L ⊗ U(1)Y , (2.1)

where SU(3)C is the gauge group of strong interaction (QCD), mediated by the eight gluons

between color charged (C) particles, and SU(2)L⊗U(1)Y is the gauge group of electroweak
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theory that is spontaneously broken to the U(1)Q subgroup of electromagnetism:

SU(2)L ⊗ U(1)Y → U(1)Q. (2.2)

Here, the subscript L indicates a coupling only to left-handed fermions. Y is the hypercharge3,

which is related to the electric charge via Q = I3 + Y
2 , where I3 is the weak isospin [29].

Below we will cover the mathematical structure of the SM, the gauge group and the covari-

ant derivative, the Lagrangian of QCD and the electroweak theory, electroweak symmetry

breaking, Higgs and Yukawa interactions, transformation from gauge to mass eigenstates,

and the gauge currents. [19, 30, 29, 31].

The Standard Model is a chiral gauge theory, meaning that the left-handed and right-handed

chiralities transform differently under the gauge group.4 The theory contains:

• left-handed fermion doublets for quarks, Q
f
L =




u
f
L

d
f
L




and leptons, L
f
L =




ν
f
L

e
f
L




;

• right-handed fermion singlets for quarks, u
f
R and d

f
R and leptons, e

f
R (ν

f
R);

• a complex scalar doublet (Higgs), φ =




φ+

φ0




;

3. Y ≡ B+S, where B denotes the baryon number and S is a property called strangeness. In the so-called
Eightfold Way, Murray Gell-Mann arranged the baryons (which consists of three quarks, e.g. protons or
neutrons) and mesons (consisting of two quarks, e.g. pions) into geometrical patterns, according to their
charge and strangeness [28].

4. In this thesis we use the Weyl basis for describing spinors, which is more convenient than the Dirac
basis, since there is no natural correspondence between left-handed and right-handed fermion fields in the
Standard Model. Weyl spinors are related to the Dirac spinors as follows: [30] ψR = PR/Lψ = 1

2 (1 ± γ5)ψ.
The Weyl basis is also convenient to use for the fields in supersymmetry, as we shall see chapter 3. [32]
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• gluon and electroweak gauge fields, GAµ , W a
µ , Bµ;

where f = 1, 2, 3 is a generation index. In the Standard Model the right-handed neutrinos ν
f
R

does not exist, but they are needed in some extensions. The transformation properties and

hypercharges (Yψ) for the fermions, and the Higgs scalar (Yφ), under the gauge group are

given in table 2.1. Only the quarks (QL, uR, and dR) interact with the strong force, mediated

by the gluon gauge field GAµ , and thus transform under the fundamental representation5 of

the SU(3)C gauge group. The left-handed fermion fields and the Higgs field transform under

the fundamental representation of SU(2)L
6, and all the fields (except νR) are charged under

U(1)Y (hypercharge) [29].

From table 2.1 we can construct a covariant derivative for the matter fields. A general

covariant derivative for the Standard Model can be written as:

Dµ = (∂µ − igsGAµTA − igW a
µτ

a − ig′Y Bµ), (2.3)

where TA = 1
2λ

A and τa = 1
2σ

a are the generators of SU(3) and SU(2), respectively. The

λA’s are the Gell-Mann matrices, and σa’s are the Pauli matrices. For example, the covariant

derivative for left handed-quarks becomes:

DµQL = (∂µ − igsGAµTA − igW a
µτ

a − i1
6
g′Bµ)QL, (2.4)

5. The fundamental representation of SU(3) is a set of eight linearly independent traceless hermitian
3× 3 matrices (hence eight gluons), which generate the SU(3) gauge group. These matrices are commonly
referred to as the Gell-Mann matrices, after Murray Gell-Mann (Table I. in Ref. [33]). In this section the
SU(3) generators are written as TA = 1

2λ
A (where A = 1, . . . , 8). When a quark interacts with a gluon, they

encode how the color of the quark is rotated in the SU(3) space. [29, 19]

6. The generators of SU(2) are written as τa = 1
2σ

a (with a = 1, 2, 3) where σa are the Pauli matrices.
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Symmetry group SU(3)C SU(2)L U(1)Y

Gauge field GAµ W a
µ Bµ

Coupling gs g g′

Quarks QfL =


 ufL

dfL


 3 2 1/6

ufR 3 1 2/3

dfR 3 1 −1/3

Leptons LfL =


 νfL

efL


 1 2 −1/2

efR 1 1 −1

(νfR) 1 1 0

Higgs φ =


 φ+

φ0


 1 2 1/2

Table 2.1: The field content (using a Weyl spinor basis) and field transformations under the
gauge group in the Standard Model. The notation 3 and 2 indicates that the field transforms
under the fundamental representation of the SU(3)C and SU(2) gauge group, respectively,
and 1 means that the field does not transform under the gauge group. The three generations
of particles in the Standard Model are denoted by f = 1, 2, 3.

and similarly for the Higgs:

Dµφ = (∂µ − igW a
µτ

a − i1
2
g′Bµ)φ, (2.5)

where gs is the coupling constant for the strong interaction, g and g′ are coupling constants

for the electroweak interactions. Furthermore, the fields in table 2.1 come in three generations

(as shown in fig. 2.1), thus we can add a generation index to all of them. To illustrate how

many objects we have, take QL as an example:

QL = Q
f=1,2,3
L α=1,2,c=1,2,3,i=1,2(x) (2.6)
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For any given f, α, c, i this is a Grassmann number at one point in space-time, where f

is a generation index (three generations of fermions), α is a Weyl index (two-component

spinor), c is a color index of SU(3) (R, G, B), and i is an index of SU(2) (two independent

eigenstates, e.g. spin up/down). The covariant derivative for QL in eq. (2.4) with all the

indices explicitly written becomes:

(DµQL)
f
α,c,i = ∂µQ

f
Lα,c,i − igsG

A
µ (TA)c

′
c Q

f
Lα,c′,i

− igW a
µ (τa)

j
iQ

f
Lα,c,j − ig

′Bµ
1

6
Q
f
Lα,c,i. (2.7)

2.2.1 The Standard Model Lagrangian

The Standard Model Lagrangian density can be compactly written as:

LSM = −1
4FµνF

µν (the gauge field kinetic energies and self-interaction terms)

+iΨ̄ /DΨ (fermion kinetic energies and interactions with W±, Z, γ)

+ΨiyijΨjφ+ h.c. (Yukawa interactions, i.e. fermionic masses and couplings to Higgs)

+|Dµφ|2 − V (φ) (W±, Z, γ and Higgs masses and couplings),

(2.8)

where the different terms are explained in detail below.

15



The Gauge Fields

The gauge field kinetic energy and self-interactions are given by:

Lgauge = −1

4
FµνF

µν = −1

4
GAµνG

µνA

︸ ︷︷ ︸
QCD

−1

4
W a
µνW

µνa − 1

4
BµνB

µν

︸ ︷︷ ︸
electroweak theory

, (2.9)

where

GAµν = ∂µG
A
ν − ∂νGAµ − gsfABCGBµGCν (2.10)

is the gauge field strength tensor for the gluon fields G
A=1,...,8
µ , and the structure constants

fABC (A,B,C = 1, . . . , 8) are defined by the commutation relation:

[λA, λB ] = 2ifABCλ
C , (2.11)

where λA are the SU(3) Gell-Mann matrices. QCD has a property called asymptotic freedom,

which means that the running coupling constants become weak at high energies or short

distances (more about that in section 2.3.1). The QCD gauge terms in the Lagrangian

eq. (2.10) lead to the three and four-point gluon self-interactions in fig. 2.3. The QCD theory

is essential for understanding the physics of hadron colliders and hadronic final states, this

is explained in more detail in section 2.3.

W

W

Z

g

W

W Z

γ

g

Figure 2.3: Example of some interactions between gauge bosons in Lgauge.
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For the electroweak theory we have:

W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν

Bµν = ∂µBν − ∂νBµ, (2.12)

where W
i=1,2,3
µ and Bµ are the SU(2) and U(1) gauge fields respectively. The structure

constants are given by the totally antisymmetric symbol εabc (a, b, c = 1, 2, 3), satisfying the

commutation relation:

[σa, σb] = 2iεabcσ
c, (2.13)

where σa are the Pauli matrices, which generate SU(2). The SU(2) fields also have three

and four-point self-interactions, two such examples are shown in fig. 2.3.

The Fermions

The fermionic gauge interactions and kinetic terms are governed by:

Lf = iΨ̄ /DΨ = i(Q̄
f
L)c,i γµ(DµQ

f
L)c,i + i(ū

f
R)c γµDµ(u

f
R)c + i(d̄

f
R)c γµDµ(d

f
R)c

+ i(L̄
f
L)i γµDµ(L

f
L)i + iē

f
R γµDµe

f
R +

(
iν̄
f
R γµDµν

f
R

)
, (2.14)

where we have summed over generation index f , color index c, and weak index i, with the

Weyl index α suppressed, using a covariant derivative as defined in eq. (2.3) and indices from

eq. (2.7). Keep in mind that the terms in the covariant derivative change for each field, e.g.

only quarks are colored, as represented here by the index c, and transform under SU(3).

The correct form of any covariant derivative can be read from table 2.1. This part of the

Lagrangian gives rise to interactions between gauge bosons and fermions, a few examples are

given in fig. 2.4.
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Figure 2.4: Example of interactions induced by Lf.

The Yukawa Interactions

The Yukawa terms are responsible for giving mass to all the fermions, by coupling them to

the Higgs boson as in the first diagram of fig. 2.5.

LYukawa = ΨiyijΨjφ+ h.c. =− y(d)
ij (Q̄iL)aφad

j
R

− y(u)
ij εab(Q̄

i
L)aφ†bujR

− y(e)
ij (L̄iL)aφae

j
R (2.15)

−
(
y

(ν)
ij εab(L̄

i
L)aφ†bνjR

)

+ h.c.

The couplings in eq. (2.15) are the only possible gauge invariant terms. The Hermitian

conjugate (h.c.) is needed since the Lagrangian must be real-valued.

18



The Higgs Field and Scalar Potential

The scalar part of the Lagrangian in eq. (2.8) is given by:

Lφ = |Dµφ|2 − V (φ) = (Dµφ)†(Dµφ)− V (φ), (2.16)

where φ =




φ+

φ0




is a complex Higgs scalar, which transforms under the fundamental

representation of SU(2) with a U(1) hypercharge Yφ = +1
2 . The scalar Higgs potential is

given by:

V (φ) = +µ2φ†φ+ λ(φ†φ)2. (2.17)

The Higgs couples to all the fermions, the W± and Z0 vector bosons, and also to itself by

the cubic and quadratic self-interactions in fig. 2.5.

H

f

f

H

W
+

W
-

H

H

H

H

H

H

H

Figure 2.5: Example of interactions with the Higgs boson in LYukawa and Lφ.

The physical implications of the scalar part of the SM Lagrangian in eq. (2.16) will be

described in more detail in the following sections.
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2.2.2 Spontaneous Symmetry Breaking

We start by investigating how the gauge group of the electroweak theory gets broken, and

explain how the particles in the Standard Model acquire mass. We know from experiment

that the fermions (most likely including even the neutrinos) and gauge bosons of weak

interaction have mass. However, gauge invariance and renormalizability does not allow for

bare mass terms in the Lagrangian for gauge bosons or chiral fermions. The solution in

the Standard Model is to introduce the concept of spontaneous symmetry breaking of the

gauge invariance, which preserves renormalizability. Basically, what it means is that the

lowest energy state (vacuum) is not gauge invariant and induces masses for the particles

propagating through it. To find the lowest energy solution of the classical potential, we

minimize the scalar Higgs potential V (φ). As introduced in eq. (2.17), the scalar potential

is given by:

V (φ) = +µ2φ†φ+ λ(φ†φ)2. (2.18)

The form of the potential is restricted to due to SU(2)× U(1) gauge invariance and renor-

malizability. The complex Higgs doublet φ can be written as: [31]

φ =




φ+

φ0




=




1√
2
(φ1 − iφ2)

1√
2
(φ3 − iφ4)



, (2.19)

where φi=1,2,3,4 ∈ R. Writing the Higgs potential in this basis we get:

V (φ) =
1

2
µ2

(∑

i

φ2
i

)
+

1

4
λ

(∑

i

φ2
i

)2

. (2.20)
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Since this is O(4) invariant, we can choose an axis in four-dimensional space where 〈0|φi|0〉 =

0 for i = 1, 2, 4 and 〈0|φ3|0〉 = v. eq. (2.20) reduces to:

V (φ)→ V (φ0) =
1

2
µ2v2 +

1

4
λv4, (2.21)

where

φ0 =




0

v



. (2.22)

We now minimize eq. (2.21) with respect to v. Spontaneous symmetry breaking occurs when

µ2 < 0, and vacuum stability forces λ > 0. We consider two cases:

• For µ2 > 0 the minimum occurs at v = 0 and the symmetry remains unbroken.

• For µ2 < 0 the symmetric point v = 0 is unstable and the minimum occurs at

v =
√
−µ2/λ, (2.23)

which breaks the SU(2)× U(1) gauge symmetry.

The two solutions are illustrated in fig. 2.6. This is the classical result, the quantum theory

can be obtained by considering fluctuations around the classical minimum, i.e.7

φ = φ0 + φ′ =
1√
2




0

v +H




(2.24)

7. In the so-called unitary gauge, where the scalar fields responsible for the Higgs mechanism transform
into a basis in which their Goldstone boson disappears (i.e. minimal degrees of freedom). [31]
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where φ′ are quantum fields with zero vacuum expectation value (VEV), and H is an Her-

mitian field that will turn out to be the physical Higgs scalar boson. With φ as in eq. (2.24)

φ

V (φ)

−ν ν

Figure 2.6: The Higgs potential for µ > 0 (dashed line) and µ < 0 (solid line). Image created
with TikZ [17].

and the covariant derivative in eq. (2.5), the scalar kinetic energy becomes:

(Dµφ)†Dµφ =
1

2
(0, v)

(
gW a

µτ
a +

1

2
g′Bµ

)(
gWµbτ b +

1

2
g′Bµ

)



0

v




+ H terms

=
v2

8

(
g2
(
W 1
µ + iW 2

µ

)(
W 1µ − iW 2µ

)
+
(
−gW 3

µ + g′Bµ
)2
)

+ H terms

→M2
WWµ+W−µ +

M2
Z

2
Z0µZ0

µ + H terms, (2.25)

where we have omitted the kinetic energy and gauge interactions terms of the physical Higgs

boson. Thus, three of the generators of SU(2)×U(1) are broken giving rise to massive gauge
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bosons:

W±µ =
1√
2

(
W 1
µ ∓W 2

µ

)

Z0
µ = − sin θWBµ + cos θWW 3

µ . (2.26)

The vacuum carries no electric charge since Qφ0 = (τ3 + Y )φ0 = 0, and thus the U(1)Q of

electromagnetism is not broken (Q = τ3 + Y is the electric charge operator, where τ3 is the

third generator of SU(2) and Y = 1
212×2). In terms of the gauge group this can be written

as SU(2)⊗ U(1)Y → U(1)Q. Thus, the photon,

Aµ = cos θWBµ + sin θWW 3
µ , (2.27)

remains massless. The masses of the gauge bosons are (numerical values from PDG, using

the MS-definition [19]):

MW =
gv

2
= 80.379± 0.012 GeV

MZ =

√
g2 + g′2

v

2
=

MW

cos θW
= 91.1876± 0.0021 GeV, (2.28)

where

tan θW ≡
g′

g
⇒ sin 2θW = 1− M2

W

M2
Z

= 0.23122(4) (2.29)

is the weak (Weinberg) mixing angle.

23



The Higgs and Yukawa Interactions

By keeping the H terms in eq. (2.25) the full Higgs Lagrangian becomes (in the unitary

gauge):

Lφ = (Dµφ)†Dµφ− V (φ)

= M2
WWµ+W−µ

(
1 +

H

v

)2

+
M2
Z

2
Z0µZ0

µ

(
1 +

H

v

)2

+
1

2
(∂µH)2 − V (φ). (2.30)

This equation incorporates the W and Z mass terms as well as the ZZH2, W+W−H2,

ZZH, and W+W−H interactions. The last line is the canonical Higgs kinetic energy and

the potential, which becomes (in unitary gauge):

V (φ) = −µ
4

4λ
− µ2H2 + λvH3 +

λ

4
H4, (2.31)

after the symmetry breaking. The first term in eq. (2.31) is a constant, the second term

represents a tree-level mass:

MH =

√
−2µ2 =

√
2λv (2.32)

for the Higgs boson. Since the quadratic coupling λ is unknown, MH cannot be predicted

from the theory8. The third and forth terms in V (φ) are the induced cubic and quadratic

interactions of the Higgs scalar.

After the spontaneous symmetry breaking, where φ gets its VEV eq. (2.24), in unitary gauge

8. Which is why the 2012 discovery [12, 13] at the LHC was such a big deal.
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the Yukawa terms (2.15) become

LYukawa →− y
(d)
ij d̄

i
L

(
v +H√

2

)
d
j
R − y

(u)
ij ū

i
L

(
v +H√

2

)
u
j
R

− y(e)
ij ē

i
L

(
v +H√

2

)
e
j
R −

(
y

(ν)
ij ν̄

i
L

(
v +H√

2

)
ν
j
R

)
+ h.c.

= ūL(M (u) + h(u)H)uR + (d, e, ν) terms + h.c. (2.33)

where ūL = (ū1L, ū2L, ū3L), with a similar definition for uR and for the d, e, and ν’s. M (x) =

y
(x)
ij v/

√
2 is the fermion mass matrix induced by the spontaneous symmetry breaking, and

h(x) = M (x)/v is the Yukawa coupling matrix. However, in general M (x) is not diagonal

or Hermitian, so in order to identify the physical fields, M needs to be diagonalized. Thus,

for every flavour (uiL, diL, eiL, νiL, uiR, diR, eiR, and, νiR) find a unitary matrix and rotate,

i.e uiL → U
(u)†
ij u

j
L, uiR → W

(u)†
ij u

j
R, and analogously for dL,R, eL,R, and νL,R. This is just

a field redefinition, a change of variables inside the Lagrangian, and does not change the

physics. The matrices U(x) and W(x) must be unitary, in order for the kinetic terms to be

invariant, e.g. ūL /DuR → ūL U(u)U(u)†
︸ ︷︷ ︸

=1

/DuR.

For the u-type quark masses we get,

U(u)M (u)W(u)† = M
(u)
D =




mu 0 0

0 mc 0

0 0 mt




, (2.34)

a diagonal matrix with eigenvalues equal to the physical masses. The down quarks, charged

leptons, and the neutrinos are diagonalized in analogous fashion. Thus, if the matrices U

and W are unitary, we have diagonal mass terms and the kinetic terms remain invariant.
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When rotating to the mass eigenstates we can write (ψ′iL = U
(ψ)
ij ψ

j
L, ψ′iR = W

(ψ)
ij ψ

j
R, etc.,

where ψ′ = u′, d′, e′, ν′ represents the mass eigenstates of the fermion fields)

LYukawa = −
3∑

i=1

mi
(ψ′)ψ̄

′i
Lψ
′i
R

(
1 +

H

v

)
+ h.c.

= −
3∑

i=1

mi
(ψ′)ψ̄

′i
Lψ
′i
R

(
1 +

g

2MW
H

)
+ h.c., (2.35)

where the sum is over all the left- and right-handed fermion pairs9. Note that the physical

Higgs boson couples to the ith fermion with the strength gmi/2MW , which is very small

except for the top quark.

The Gauge Currents

The fermion kinetic and interaction terms of the SM Lagrangian eq. (2.14) can be rewritten as

couplings of fermionic currents to the physical gauge bosons. First, the covariant derivative

eq. (2.3) of the electroweak interaction becomes

Dµ = ∂µ − igW a
µτ

a − ig′Y Bµ (2.36)

= ∂µ −
g√
2

(
W+
µ τ

+ +W−µ τ
−)− i g

cos θW
Z0
µ

(
τ3 − sin 2θWQ

)
− ieAµQ

with the definitions, e ≡ gg′√
g2+g′2

, Q ≡ τ3 + Y and τ± = 1
2(σ1 ± iσ2).

9. At the weak scale v = 2MW /g ' (
√

2GF )−1/2 ' 246 GeV [31].
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Second, eq. (2.14) is rewritten as:

Lf = iQ̄
f
L
/DQ

f
L + iū

f
R
/Du

f
R + id̄

f
R
/Dd

f
R + L̄

f
L
/DL

f
L + ē

f
L
/De
f
L

= kinetic terms + g
(
W+
µ J µW+ +W−µ J µW− + Z0

µJ µZ0

)

+ eAµJ µem + gsG
A
µJAµQCD, (2.37)

where the charged currents for the W±µ are given by:

J µ
W+ =

1√
2

(
ν̄
f
Lγ

µe
f
L + ū

f
Lγ

µd
f
L

)

J µ
W− =

1√
2

(
ē
f
Lγ

µν
f
L + d̄

f
Lγ

µu
f
L

)
, (2.38)

and the weak neutral current becomes:

J µ
Z0 =

1

cos θW

∑

ψ

ψ̄γµ
(
τ3 − sin 2θW

)
ψ, (2.39)

where ψ = νL, νR, eL, eR, . . . (the sum is over all the fermions). The two last terms of

eq. (2.37) are the electromagnetic current:

J µe.m. = −ēfγµef +
2

3
ūfγµuf − 1

3
d̄fγµdf , (2.40)

and the strong current:

J µAQCD = ūfγµTAuf + d̄fγµTAdf , (2.41)

where for the last currents, which are vector like, we revert to the Dirac notation ψ̄γµψ =

ψ̄Lγ
µψL + ψ̄Rγ

µψR.

However, we are still in the gauge eigenstates, and to get the mass eigenstates we have to

perform the U,W rotation. The kinetic terms and the currents, J µe.m., J µZ0 , and J µAQCD, are
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unchanged (since they only include terms of the same flavor with the same coefficients and

the U,W matrices are unitary). The charged currents become

J µ
W+ →

1√
2

(
ν̄iLγ

µU
(ν)
ik U

(e)†
kj e

j
L + ūiLγ

µU
(u)
ik U

(d)†
kj d

j
L

)

J µ
W− →

1√
2

(
ēiLγ

µU
(e)
ik U

(ν)†
kj ν

j
L + d̄iLγ

µU
(d)
ik U

(u)†
kj u

j
L

)
. (2.42)

Note that there is no W dependence, since the charged currents depend only on left-handed

fields. In eq. (2.42) we have the rotation matrix U(ν) for the neutrinos, which follows from

the Yukawa term for the neutrinos in eq. (2.33). However, in the Standard Model neutrinos

are normally assumed to be massless, i.e. there is no need for the U(ν), so we can take it

out. Because it is always possible to redefine a field by an overall rotation, we can take

νj → U
(e)†
ji νi. Thus, U(e) also disappears. It is common to define VCKM = U(u)U(d)†, which

is the famous CKM matrix. If the neutrinos are not taken as massless we can make a similar

definition10 for the leptonic part, VPMNS = U(ν)U(e)†, the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix.

10. The definition is exactly the same except in the case of a Majorana mass for νR.
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The Lagrangian in Mass Eigenstates

After the spontaneous symmetry breaking and the rotation from gauge to mass eigenstates,

the SM Lagrangian (2.8) can be summarized as

L = Lgauge +
∑

i

ψ̄i

(
i/∂ −mi −

miH

v

)
ψi

+ g
(
J µ
W+W

+ + J µ
W−W

− + J µ
Z0Z

0
µ

)
+ eAµJ µe.m. + gsG

A
µJAµQCD

+M2
WW+

µ W
−µ +

1

2
M2
ZZ

0
µZ

0µ (2.43)

+−µ
4

4λ
− µ2H2 + λvH3 +

λ

4
H4

2.3 QCD and Collider Physics

Quantum Chromodynamics (QCD) is the theory of the strong force. In the previous section

we have seen how the interactions between quarks and gluons can be derived from the SM

Lagrangian, eq. (2.8). In this section, we shall look into the relevance the QCD theory for

collider physics and the hadronic final states probed in this thesis. Section 2.3.1 briefly

discusses renormalization, asymptotic freedom, confinement, and running gauge couplings.

Section 2.3.2 describes parton distribution functions. Section 2.3.3 describes parton shower

and hadronization.

2.3.1 Renormalization, Asymptotic Freedom, and Confinement

In quantum field theories, such as QCD, the initial and final state of any interaction are

connected via the so-called S-matrix (scattering matrix)11, which gives the probability for an

11. The S-matrix is a unitary matrix connecting the input and output states in a Hilbert space. [30]
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interaction to happen. The simplest leading order (LO) processes, such as 2→ 2 scattering,

include only tree-level diagrams. More complicated processes, such as next-to-leading order

(NLO), also involve virtual particles. Examples of LO and NLO processes are shown in

fig. 2.7. While diagrams up to arbitrary high order are allowed in principle, calculations

beyond NLO or NNLO (next-to-next-to-leading order) are extremely challenging.

Figure 2.7: Example of leading order (left) and next-to-leading order (right) processes.

For many processes, higher order perturbative expansions of the S-matrix gives rise to loop

diagrams which lead to divergent integrals, as the momentum in the loop is integrated over

all possible values12, such as the examples shown in fig. 2.8. The solution to get rid of these

divergences is a set of schemes, renormalization, to reformulate the theory in such a way as

to keep the integrals finite. In a nutshell this means setting the energy scale in so that the

infinite integrals in the loops are cut off from any calculation of physical observables [30].

Figure 2.8: Example of loop diagrams which give rise to divergent integrals in QFT.

An interesting consequence of renormalization is that coupling ”constants” associated with

gauge fields—such as αs ≡ g2
2

4π in QCD, or α ≡ g in QED (i.e. the fine structure constant)—

are not really that constant. Rather, they are only constant after first fixing the renormaliza-

tion scale. The value of αs constant at some arbitrary energy scale Q, relative to a reference

12. Analogous to the story of diverging radiated power in the blackbody spectrum from a hot object in the
introduction, although the specific problem and solution are of course different here.
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energy scale µ is given by: [29]

αs(Q
2) =

αs(µ
2)

1 +
αs(µ2)

12π (33− 2nf )log
(
Q2

µ2

) , (2.44)

where nf is the number of flavours in the theory, thus nf = 6 in the SM (six quarks flavours).

From eq. (2.44) it is clear that αs decreases logarithmically as the energy scale Q2 increases

(or as the distance scale decreases), relative to the reference scale µ2. As Q2 goes to infinity,

αs goes to zero, this is referred to as asymptotic freedom. On the other hand, for sufficiently

small Q2 the coupling becomes large (αs � 1), and the perturbation theory does not work

anymore, since higher order terms diverge (contributing more and more to the perturbation

expansion) [34, 35]. The Q2 scale at which this happens is often denoted by Λ, and eq. (2.44)

is re-written as:

αs(Q
2) =

12π

(33− 2nf )log
(
Q2

Λ2

) , (2.45)

where the cut off scale Λ (at which perturbation theory breaks down) is of the order 0.1

to 0.5 GeV [29]. With Q2 at the Z-pole13, αs = 0.1181(11) [19], thus we may safely apply

perturbation theory in this regime. The breakdown of the perturbation theory for αs at

low Q2 implies that transition to a new regime has occurred14 Indeed, this leads to the

confinement of quarks and gluons, i.e. neither quarks nor gluons are ever observed free, only

in bound states [36]. In contrast, the QED coupling α,

α(Q2) =
α(µ2)

1− α(µ2)
3π log

(
Q2

µ2

) , (2.46)

becomes smaller at higher energies, thus higher order corrections in the perturbation theory

13. Scale of the Z boson mass

14. Although there is no known theoretical mechanism to explain the transition to this state, the existence
of jets and the fact that colored particles have never been observed suggest that confinement is a reality.
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contributes less and less.

2.3.2 Parton Distribution Functions

What’s inside the proton? The answer to this question is that it depends on at what energy

scale the proton is being probed. The quarks inside the proton (and all other hadrons)

are bound together by gluons, which can split into virtual quark/anti-quark pairs. These

virtual quarks are referred to as a sea of partons (udd are known as valence partons). While

QCD scattering at higher energies can be calculated with perturbation theory via matrix

element calculations for the relevant process, the partons within the proton are in the non-

perturbative regime. Fortunately, the cross section of the 2→ n body parton hard-scattering

process (i.e. the actual collision) can be factorized from the non-perturbative components

using the QCD factorization theorem [37].

The probability of finding a parton of a given flavor, from the proton interacting at a

momentum-scale Q2, with momentum fraction x is parametrized by a probability density

known as a parton distribution function (PDF) [38]. Example PDF sets at two different mo-

mentum scales (Q2 = 10 GeV2 (left) and Q2 = 104 GeV2) are shown in fig. 2.9. At lower Q2,

the PDF set is dominated by the up/down-quarks and gluons. However, at higher Q2 a sea of

c, s, and b quarks participate in interactions. Many different PDF sets are available and used

in the Monte Carlo event simulations crucial for LHC precision measurements and searches

(such as the analyses presented in chapter 8 and chapter 9). Two PDF sets in common use

at the LHC are NNPDF [39] and MMHT14 [40], both are at Next-to-Next-to-Leading Order

(NLO).
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Figure 1: MMHT2014 NNLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2, with associated 68%
confidence-level uncertainty bands. The corresponding plot of NLO PDFs is shown in Fig. 20.

2 Changes in the theoretical procedures

In this Section, we list the changes in our theoretical description of the data, from that used

in the MSTW analysis [1]. We also glance ahead to mention some of the main e↵ects on the

resulting PDFs.

2.1 Input distributions

As is clear from the discussion in the Introduction, one improvement is to use parameterisations

for the input distributions based on Chebyshev polynomials. Following the detailed study in

[11], we take for most PDFs a parameterisation of the form

xf(x, Q2
0) = A(1 � x)⌘x�

 
1 +

nX

i=1

aiT
Ch
i (y(x))

!
, (1)

where Q2
0 = 1 GeV2 is the input scale, and TCh

i (y) are Chebyshev polynomials in y, with

y = 1 � 2xk where we take k = 0.5 and n = 4. The global fit determines the values of the

set of parameters A, �, ⌘, ai for each PDF, namely for f = uV , dV , S, s+, where S is the

light-quark sea distribution

S ⌘ 2(ū + d̄) + s + s̄. (2)

For s+ ⌘ s + s̄ we set �+ = �S. As argued in [1] the sea quarks at very low x are governed

almost entirely by perturbative evolution, which is flavour independent, and any di↵erence in

6

Figure 2.9: The MMHT14 NNLO parton distribution functions, evaluated at energy scales of
Q2 = 10 GeV2 (left) and Q2 = 104 GeV2 (right), are shown for several flavours. Uncertainty
bands are plotted at 68% CL. [40]

2.3.3 Parton Shower and Hadronization

As discussed in the previous section, the hard-scatter collisions at the LHC are taking place at

the parton level. Confinement implies that free quarks and gluons produced in the collisions,

or in the decays of other particles, will use some of their kinetic energy to create partners

in order to form bound states. This process is referred to as hadronization. However, before

hadronization happens, the high energy partons coming from the hard-scatter collisions will

radiate gluons (via QCD) and photons (via QED). Since gluons also carry color charge they

can in turn radiate partons, leading to showers of particles known as jets. At high energies

the probability of a single parton to split into two daughter particles depends on the energy of

the daughter particles and a splitting scale µ, according to the DGLAP (Dokshitzer-Gribov-

Lipatov-Altarelli-Parisi) formalism [41, 42, 43]. The splitting will continue on each of the

daughter particles until energies are low enough for hadronization, around µmin ∼ 1 GeV2.

This the processes of parton showering and hadronization are summarized in fig. 2.10.
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The process of hadronization is non-preturbative and highly complicated. Two commonly

used approaches for approximating it are known as the cluster model [44], and the Lund

string model [45]. The cluster model starts with the non-perturbative splitting of gluons

into colorless qq̄ pairs, which are clustered and analyzed to predict daughter hadrons. The

Lund string model forms narrow tubes (or strings) of strong color fields from gluons which

are attracted to each other via the gluon self-interactions. Both models are applied in the

event simulations in this thesis, via the Pythia simulator [46] which uses the string model,

and the Herwig++ simulator [47] which uses the cluster model. An illustration comparing

the phenomenology of the cluster and string hadronization models are shown in fig. 2.11.
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Figure 3: Sketch of a hadron-hadron collision as simulated by a Monte-Carlo event generator. The red
blob in the center represents the hard collision, surrounded by a tree-like structure representing
Bremsstrahlung as simulated by parton showers. The purple blob indicates a secondary hard
scattering event. Parton-to-hadron transitions are represented by light green blobs, dark
green blobs indicate hadron decays, while yellow lines signal soft photon radiation.

At hadron colliders, multiple scattering and rescattering e↵ects arise, which must be simulated by Monte-
Carlo event generators in order to reflect the full complexity of the event structure. This will be discussed
in Sec. 5. Eventually we need to convert the full partonic final state into a set of color-neutral hadrons,
which is the topic of Sec. 6. The interplay of all these e↵ects makes for the full simulation of hadron-hadron
collisions. This is sketched in Fig. 3.

2 The hard scattering

Event simulation in parton-shower Monte-Carlo event generators starts with the computation of the hard-
scattering cross section at some given order in perturbation theory. Traditionally, this calculation was
performed at leading order (LO), but nowadays, with next-to-leading-order (NLO) calculations completely
automated, it is often done at NLO. Computing the hard cross section at NLO requires a dedicated
matching to the parton shower, which will be discussed in Sec. 4. For now we focus on the evaluation of
the di↵erential cross sections and the related phase-space integrals.

The basis for our calculations is the factorization formula, Eq. (1.1). We rewrite it here, in order to
simplify the discussions in the following sections. The full initial and final state in a 2 ! (n � 2)
reaction can be identified by a set of n particles, which is denoted by {~a} = {a1, . . . , an}. Their flavors

and momenta are similarly specified as {~f } = {f1, . . . , fn} and {~p} = {p1, . . . , pn}. The di↵erential
cross section at leading order is a sum over all flavor configurations, and it depends only on the parton
momenta:

d�(LO)({~p}) =
X

{~f }

d�(B)
n ({~a}) , where d�(B)

n ({~a}) = d�̄n({~p}) Bn({~a}) . (2.1)

Each individual term in the sum consists of the di↵erential phase-space element, d�n, the squared matrix

6

Figure 2.10: Illustration of a typical Monte Carlo event simulation of a proton-proton collision
at the LHC. The most energetic (and thus often the most interesting) final state particles
originate from interactions with large momentum transfers from the primary hard scatter
interaction (red blob in the middle). Secondary interactions involves smaller momentum
transfers which lead to lower energy (less interesting) decay products (purple). Higher energy
partons shower according to perturbative QCD via processes such as gluon splitting (red).
Lower energy partons form hadrons, via a process called hadronization, into various quasi-
stable baryons and mesons (green). [48]
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Figure 2: Cluster and string hadronization models.

3.2 Specific models

The above general ideas do not try to describe the mechanism of hadron formation.
For this we must so far resort to models. The main current models are cluster and
string hadronization. We describe briefly the versions used in the HERWIG and
JETSET event generators, respectively.

• Cluster model [22]-[26]. The model starts by splitting gluons non-perturbatively,
g → qq, after the parton shower. Colour-singlet qq combinations have lower
masses and a universal spectrum due to the preconfinement [27, 28] property of
the shower (fig. 3 [29]). These colour-singlet combinations are assumed to form
clusters, which mostly undergo simple isotropic decay into pairs of hadrons, cho-
sen according to the density of states with appropriate quantum numbers [23].
This model has few parameters and a natural mechanism for generating trans-
verse momenta and suppressing heavy particle production in hadronization.
However, it has problems in dealing with the decay of very massive clusters,
and in adequately suppressing baryon and heavy quark production.

• String model [30]-[34]. This model is based on the dynamics of a relativistic
string, representing the colour flux stretched between the initial qq. The string
produces a linear confinement potential and an area law for matrix elements:

|M(qq → h1 · · ·hn)|2 ∝ e−bA

where A is the space-time area swept out (fig. 4). The string breaks up into
hadrons via qq pair production in its intense colour field. Gluons produced in the

4

Figure 2.11: An illustration of the cluster (left) and string (right) hadronization models. [44]

2.4 Problems with the Standard Model

After describing the extraordinary success of the Standard Model in the previous chapters,

we shall now discuss some of its main shortcomings. First, there are several cases where

the Standard Model fails to provide a sufficient explanation for experimentally observed

phenomena (section 2.4.1). Second, there are structural issues with the theory itself, i.e. the

so-called hierarchy problem, which follow from higher order interactions of the Higgs boson

with heavy fermions and gauge bosons (section 2.4.2).

2.4.1 Observational Hints of Physics Beyond the Standard Model

Among the most striking examples of existence of physics beyond the SM (BSM) is the pres-

ence of a significant amount of a mysterious substance known as DM15, since its presence

has only been inferred via gravitational effects in cosmological observations, such as analysis

15. Since it does not interact electromagnetically, it does not emit light, hence the name dark matter.
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of galactic rotation curves (illustrated in fig. 2.12) [49, 50], gravitational lensing [51, 52],

and measurements of the cosmic microwave background radiation [53]. Measurements like

these strongly suggest that there must be a source of mass which makes up approximately

85% of the mass in the universe. The SM does not provide a viable candidate to account

for the abundance of DM in the universe. A dark matter candidate could not carry elec-

tromagnetic charge, nor is it believed to interact via the strong force, which only leaves the

weak interactions as an option (besides its known gravitational interaction). The only SM

particles that would be potential DM candidates are the neutrinos, however the small mass

of the known neutrinos makes them too hot (fast) to lump together and form the dense dark

matter structures needed to hold galaxies and galaxy clusters together [54, 55].

In addition to open question about the nature of dark matter, the SM does not provide

an sufficient explanation for the asymmetry between matter and antimatter in the universe.

Although part of this asymmetry can be accounted for via processes that violate charge-parity

(CP) conservation in the SM, it is an open question whether these parameters are sufficient to

account for the observed matter-antimatter asymmetry [56]. The SM also does not account

for the known phenomena of neutrino oscillations, although that could be included with

only minor modifications to the current theory (such as incorporating the PMNS matrix,

analogously to the CKM mixing matrix for the quark sector) [57].

2.4.2 Structural Problems with the Theory

As described in section 2.2.2, the Higgs field is responsible for generating masses for the W,Z,

and fermions. However, these interactions go both ways. Since the Higgs boson couples to

all massive bosons (via the gauge interactions) and fermions (via the Yukawa interactions),

the bare Higgs mass receives perturbative corrections from higher order loop diagrams terms,

as shown in fig. 2.13.
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Figure 2.12: Illustration of galactic rotational velocity (in km/s) as a function of the distance
from the center of the galaxy. The red (blue) curve illustrate what the observed (predicted)
curve typically looks like. Image of the Sombrero Galaxy by the Hubble Space Telescope. [58]
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Figure 2.13: Examples of higher order loop correction diagrams to the Higgs mass. The
largest correction comes from the top quark. [31]
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The largest corrections involve higher order interactions with the top quark, as follows:

m2
H =

(
m2
H

)
bare

+ ∆m2
H , (2.47)

where the correction is given by:

∆m2
H = −|yT |

2

8π2
Λ2

UV + . . . , (2.48)

where yT is the Yukawa coupling for the top quark, and ΛUV is the high-energy cutoff of the

theory [31, 32]. It is clear from eq. (2.48) that this correction diverges quadratically with

the cutoff scale (Λ2
UV). The implication of this is that if the SM is really the only theory

up to the Planck scale (where the effects the SM forces and general relativity can no longer

be considered separately, and effects of quantum gravity are expected to dominate), then

Λ2
UV ∼ MPlanck = 1.22 × 1019 GeV [19, 32] (as illustrated in fig. 2.14). Given that the

observed Higgs boson mass of 125 GeV [12], the only way to reconcile this is to set the bare

Higgs mass to a value such as the discrepancy between
(
m2
H

)
bare and the correction ∆m2

H

precisely cancel to 125 GeV. This means that, unless there is some way for the terms in

∆m2
H to cancel each other out, the bare mass would have to be defined to a precision of about

1 part in 1019, which seems absurd16. As we shall see in the next chapter, supersymmetry

proposes an elegant solution to this problem.

16. Such ”lucky” cancellation of terms is what physicists consider both ”ugly” and improbable, hence the
motivation for naturalness. [31]
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Figure 2.14: There are almost 1016 orders of magnitude between the low-TeV scale, within
reach of the LHC, and the Planck-scale (then there is the so-called GUT-scale around
1016 GeV, which will be discussed in chapter 3 about supersymmetry). Does new physics
hide somewhere in this range? Diagram created with TikZ [17], courtesy of [59].

2.5 Conclusion

The Standard Model is a theory of the quarks, leptons, and gauge fields which describe

nature, with remakable accuracy, at the most fundamental scale known to modern science.

It combines the theory of strong interactions (QCD) with the electroweak theory into a

coherent quantum field theory. Central to the theory is the concept of local gauge invariance,

the SU(3)C ⊗ SU(2)L ⊗ U(1)Y symmetry group, and the Higgs field. It is the product of

a decades long interplay between theoretical and experimental advancements. So far the

Standard Model is in agreement with experiment at the highest energy scales, a remarkable

achievement. Despite its success, it is clear that the Standard Model cannot be the final

theory of nature. There are some theoretical problems with the model at high energy scales

(i.e. the hierarchy problem) and there are observed phenomena which it does not provide

an explanation for, such as dark matter.
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CHAPTER 3

SUPERSYMMETRY

This chapter introduces supersymmetry (SUSY), a very popular theoretical framework for

both the theorist and experimentalist. For the theorist, SUSY is helpful when trying to

understand how some of the biggest open questions in physics might fit together in a cohe-

sive mathematical formalism. For the experimentalist, SUSY provides a set of very useful

benchmark scenarios when searching for physics beyond the Standard Model.

This chapter is organized as follows: Section 3.1 gives a brief introduction to SUSY, with an

emphasis on the big open questions in physics that it is attempting to address. Section 3.2

provides a brief overview of SUSY phenomenology, focusing on its minimal extension of the

SM physics, the so-called Minimal Supersymmetric Standard Model (MSSM), the particle

spectrum, the electroweak sector, and an important symmetry known asR-parity. Section 3.3

discusses the topics most relevant when searching for SUSY at the LHC, such as simplified

models, how to produce SUSY at hadron colliders. Section 3.3 concludes with a summary of

recent ATLAS results.

3.1 SUSY in a Nutshell

As was discussed in section 2.4, despite its extraordinary success, there are open questions

in physics that the Standard Model does not address. Two important such examples are the

dark matter problem and the hierarchy problem, the first is strongly backed by experimental

data from cosmological experiments [49, 50, 51, 52, 53], and the latter by strong theoretical

arguments [32, 31].

Supersymmetry (SUSY) is an especially alluring theoretical extension of the SM [60, 61,
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62, 63, 64, 65, 32], given its potential to resolve all three of these important open questions

by introducing new partners, called superpartners or (sparticles)1, of the known bosons

and fermions that share the same mass and internal quantum numbers in the case that

the supersymmetry is unbroken. Before the spontaneous symmetry breaking in SUSY ,

a supersymmetric transformation operator (denoted by Q) turns a bosonic state into a

fermionic state, and vice versa: [32]

QSUSY |Boson > → |Fermion >, QSUSY |Fermion > → |Boson > (3.1)

However, given the lack of observation of superpartners of this kind, SUSY must be a broken

symmetry and the mass scale of the supersymmetric particles is as yet undetermined. The-

oretical and experimental arguments suggest that the SM is an effective theory valid up to a

certain energy scale. The observation by the ATLAS and CMS collaborations of a particle

consistent with the SM Higgs boson [66, 67, 68, 69] has brought renewed attention to the

mechanism of electroweak symmetry breaking and the hierarchy problem [70, 71, 72, 73],

since the Higgs boson mass is strongly sensitive to quantum corrections from physics at very

high energy scales and demands a high level of fine-tuning. In particular, as was discussed

in section 2.4.2, the largest quantum corrections to the Higgs comes from its higher order

interactions with the top quark, such as the loop diagram shown in fig. 3.1. SUSY offers an

H

t

t

H

Figure 3.1: Loop correction to the Higgs squared mass from the top quark. [32]

1. The SUSY nomenclature is quite amusing. Fermion names are prefixed by the letter s, i.e. sfermions,
squarks, sleptons, stops, selectrons, etc. Boson names receive an ino-suffix, e.g. Wino, Bino, Higgsino, etc.
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elegant solution to the hierarchy problem [70, 71, 72, 73], as both the familiar SM particles

and the new superpartners couple to the same Higgs sector2. It turns out that superpartners,

because of the symmetry with their SM counterparts, couple to the Higgs with the exact

same Yukawa couplings, but with an opposite sign. This leads to a cancellation of all higher

order corrections to the Higgs mass in eq. (2.48)3. The possibility of a supersymmetric dark

matter candidate [74, 75] is related closely to the preservation of R-parity [76]. Under the

R-parity conservation hypothesis, the lightest supersymmetric particle (LSP) is stable. If

the LSP is weakly interacting, it may provide a viable DM candidate. The nature of the LSP

is defined by the mechanism that spontaneously breaks supersymmetry and the parameters

of the chosen theoretical framework. Finally, in the context of the Minimal Supersymmetric

Standard Model the running gauge couplings intersect at an energy of about 1016 GeV, as

shown in fig. 3.2, offering the alluring possibility of unifying all the fundamental forces in

the SM in to a Grand Unified Theory [32, 77].

3.2 SUSY Phenomenology

Writing down the MSSM Lagrangian can be a bit cumbersome, as it usually is done by

first introducing a few new mathematical concepts, such as supercoordinates, superfields,

and superspace integration and differentiation, which provide a powerful framework for un-

derstanding the structure of supersymmetric theories. However, for the sake of brevity and

to focus on what is of most relevance for the SUSY searches presented in chapters 8 and 9,

these techniques will be skipped over4.

2. In SUSY there are four Higgses, organized into two supermultiplets, as shown in table 3.1

3. There are some important caveats to this after supersymmetry is broken, more about that in section 3.2

4. The interested reader may find an introduction in Refs. [32, 55]
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Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings α−1

a (Q)
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 be-
tween 750 GeV and 2.5 TeV,
and α3(mZ) is varied between
0.117 and 0.120.
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6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that

describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential

parameters, and soft terms using their renormalization group (RG) equations. This ensures that the

loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures

in supersymmetry. The most popular regularization method for computations of radiative corrections

within the Standard Model is dimensional regularization (DREG), in which the number of spacetime

dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-

persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and

the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors

up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-

pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.

Instead, one may use the slightly different scheme known as regularization by dimensional reduction,

or DRED, which does respect supersymmetry [113]. In the DRED method, all momentum integrals

are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa
µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running

couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at

the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One

loop β-functions are always the same in these two schemes, but it is important to realize that the MS

scheme does violate supersymmetry, so that DR is preferred† from that point of view. (The NSVZ

scheme [118] also respects supersymmetry and has some very useful properties, but with a less obvious

connection to calculations of physical observables. It is also possible, but not always very practical, to

†Even the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [114]. Fortunately, this does not seem to
cause practical difficulties [115, 116]. See also ref. [117] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.
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Figure 3.2: Running of the inverse gauge couplings α−1(Q) in the SM (dashed lines) and
MSSM (solid lines). In the MSSM, the gauge coupling constants met at an energy scale of
about Q ' 1016 GeV. [32]

3.2.1 The Minimal Supersymmetric Standard Model

This section introduces the phenomenology of SUSY in the context of the Minimal Supersym-

metric Standard Model (MSSM). Before the supersymmetry breaking, the SUSY particles

are naturally written in terms of supermultiplets, which are combinations of fermions and

bosons. The supermultiplets of the MSSM are listed in table 3.1, organized according to their

transformation properties under the usual SM gauge group, SU(3)C⊗SU(2)L⊗U(1)Y , and

their spin (similar to the SM fields in table 2.1). The list includes all the familiar fermions

and bosons in the SM and their superpartners, which differ by spin-1/2. In addition, two

Higgs superfields are required (denoted by Hu and Hd) in order to construct a minimal

extension of the SM which gives mass to all particles5. The Standard Model Higgs boson

(often denoted by h0) would be a linear combination of H0
u and H0

d .

5. One reason for this is that if there were only one Higgs chiral supermultiplet, the electroweak gauge
symmetry would suffer a so-called gauge anomaly, which would make it inconsistent as a quantum theory. [32]
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If SUSY was an unbroken symmetry in nature, then the superpartners of the quarks and

leptons would have exactly the same masses as their SM counterparts, e.g. there would be

left/right-handed selectrons with the same mass as the electron, and there would also be a

massless gluino and a photino. If such particles existed they would have been very easy to

detect, thus the lack of experimental evidence clearly suggests that if SUSY exists it must

be a broken symmetry (in the vacuum state where our universe presently resides). Thus, any

realistic phenomenological model must contain a mechanism for spontaneous supersymmetry

breaking [32]. Before the breaking supersymmetry is an exact symmetry, which means that

the Lagrangian of the MSSM supermultipets must be invariant under SUSY transformations

(but the broken vacuum state is not). The Lagrangian which contains all gauge and Yukawa

interactions invariant under supersymmetry takes the general form:

LSUSY = Lkinetic + LW , (3.2)

where the first term is the standard kinetic term and the second term is the Lagrangian of

the SUSY superpotential, which includes the supermultiplets in table table 3.1. The MSSM

superpotential only contains terms that are renormalizable, invariant under supersymmetry,

and respects another symmetry known as R-parity, which prevents terms that violate baryon

or lepton number conservation [32]. R-parity is an important concept in the searches pre-

sented in this thesis (in particular the R-parity violating search in chapter 8), and it will be

introduced in section 3.2.3. The superpotential is given by:

WMSSM = ūyuQHu − d̄ydQHd − ēyeLHd + µHuHd, (3.3)

where yu, yd and ye are the Yukawa couplings (represented by 3× 3 matrices). After the
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supersymmetry breaking, the effective Lagrangian can be written as:

L = LSUSY + Lsoft, (3.4)

where all the terms that violate supersymmetry are included in Lsoft. So what form does

Lsoft take? Unbroken supersymmetry guarantees the cancellation of divergent terms in

the quadratic Higgs mass term in eq. (2.48) to all orders in perturbation theory, since the

superpartners give rise to contributions of equal magnitude but opposite sign. In order for

SUSY to still resolve the hierarchy problem after the supersymmetry-breaking, it is important

that Lsoft only contains terms of positive mass dimension (commonly referred to as soft).

This means in particular that dimensionless supersymmetry-breaking couplings should be

absent. [32]. Figure fig. 3.3 shows the one-loop corrections to Higgs squared mass from the

top quark and stop squark, two particles that contribute heavily to the renormalization of

the Higgs squared mass. Due to supersymmetry the top and stop contributions have opposite

sign, and thus cancel to a value proportional to the mass of the top quark and stop squarks

involved: [32]

∆m2
h0 =

3

4π
cos2 αy2

tm
2
t ln(mt̃1

mt̃2
), (3.5)

where α is a mixing angle in the SUSY Higgs sector, and yt is the top Yukawa coupling.

Thus, it seems like the contribution of ∆m2
h0 to the bare SM Higgs mass in eq. (3.5) is finite,

and depends on the mass of the stops. However, the situation is complicated by the fact

that the stop also is a scalar particle and thus its mass also receives corrections, similarly

to the Higgs [78]. The gluino coupling to the stop is especially strong due to its large color

charge.
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∆(m2
h0) = h0

t

+ h0

t̃

+ h0

t̃

Figure 3.3: Diagrams representing the top and stop one-loop corrections to Higgs squared
mass. Terms in Lsoft can lead to an incomplete cancellation and thus a large positive
correction to m2

h0 in the limit of heavy stops. [32]

Names Spin-0 Spin-1/2 Spin-1 SU(3)C SU(2)L U(1)Y

Chiral supermultiplets

Squarks, Quarks Q =


 ũL

d̃L





 uL

dL


 − 3 2 1/6

(×3 families) ū = ũ∗R u†R − 3̄ 1 −2/3

d̄ = d̃∗R d†R 3̄ 1 1/3

Sleptons, Leptons L =


 ν̃

ẽL





 ν

eL


 − 1 2 −1/2

(×3 families) ē = ẽ∗R e†R − 1 1 1

Higgs, Higgsinos Hu =


 H+

u

H0
u





 H̃+

u

H̃0
u


 − 1 2 +1/2

Hd =


 H0

d

H−d





 H̃0

d

H̃−d


 − 1 2 −1/2

Gauge supermultiplets

Gluino, Gluon − − g̃ g 8 1 0

Winos, W bosons − − W̃±, W̃ 0 W±,W 0 1 3 0

Bino, B boson − − B̃0 B0 1 1 0

Table 3.1: The chiral- and gauge- supermultiplets in the MSSM, using a Weyl spinor basis,
just as we did in table 2.1 for the SM fields (suppressing the generation index f). In SUSY
it is convenient to write all field terms as left-handed Weyl spinors, hence the bar over the
otherwise right-handed fields (i.e. ū, d̄, ē). The gauge group in the MSSM is the same as
in the SM, SU(3)C ⊗ SU(2)L ⊗ U(1)Y , hence the strong, and electroweak gauge couplings
are also the same.
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3.2.2 SUSY and Electroweak Symmetry Breaking

The electroweak symmetry breaking in SUSY occurs analogously to what was described in

section 2.2.2, for the SM. However, the calculations are slightly more complicated due to the

two complex Higgs doublets, Hu and Hd, rather than just one in the SM6. Due to the nature

of the Yukawa couplings in the Higgs sector, it is not possible to simultaneously diagonalize

the gauge and the mass eigenstates. The mass eigenstates and mixing of the superpartners

is of course of great interest to experimentalists. For the searches presented in this thesis,

the electroweak and stop mass eigenstates introduced below are of particular importance.

Table 3.2 list the particles of the MSSM, both in their gauge and mass eigenstates.

The Neutralino and Chargino Mass Eigenstates

The neutral higgisnos (H̃0
u, H̃

0
d) and gauginos (B̃, W̃ 0) combine to form four neutral mass

eigenstates called neutralinos, which are labelled in ascending order according to their mass:

mχ̃0
1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
. The lightest neutralino is usually assumed to be the LSP,

unless R-parity is violated (or unless a lighter gravitino is included). Similarly, the charged

higgsinos (H̃+
u , H̃

+
d ) and winos (W̃±) mix to form two mass eigenstates of charge ±1 called

charginos, which are ordered as: mχ̃±1
< mχ̃±2

. For example, in the case of the neutralino

masses, the Lagrangian in the gauge-eigenstate basis can be written as:

Lneutralino =
1

2
(ψ0)TMχ̃0ψ0 + h.c., (3.6)

6. For detailed calculations of the electroweak symmetry breaking in the MSSM see Ref. [32].
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where ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u), and

Mχ̃0 =




M1 0 −cβsWmZ sβsWmZ

0 M2 cβcWmZ −sβcWmZ

−cβsWmZ cβcWmZ 0 −µ

sβsWmZ −sβcWmZ −µ 0




. (3.7)

Here the two7 mixing angles have been abbreviated as: sk ≡ sin θk and ck ≡ cos θk. The

entries M1 and M2 comes from Lsoft [32]. This matrix can be diagonalized to obtain the

neuralino mass eigenstates listed above. The procedure is similar for the charginos.

The Stop Mass Eigenstates

There is also a mixing taking place for squarks and sleptons, specifically the mass eigenstates

for the stops is obtained as follows:




t̃1

t̃2




=




ct̃ −st̃∗

st̃ ct̃







st̃

ct̃



, (3.8)

where ct̃ and st̃ are mixing angles incorporating terms in Yukawa couplings and soft breaking

terms which mix left/right-handed stops. [32]

7. Since there are two Higgs doublets in the MSSM, we now have two mixing angles
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Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u, H

0
d , H

+
u , H

−
d h0, H0, A0, H±

squarks 0 -1

ũL, ũR, d̃L, d̃R (same)

s̃L, s̃R, c̃L, c̃R (same)

t̃L, t̃R, b̃L, b̃R t̃1, t̃2, b̃1, b̃2

sleptons 0 -1

ẽL, ẽR, ν̃e (same)

µ̃L, µ̃R, ν̃µ (same)

τ̃L, τ̃R, ν̃τ τ̃1, τ̃2, ν̃τ

neutralinos 1/2 -1 B̃0, W̃ 0, H̃0
u, H̃

0
d

χ̃0
1 χ̃

0
2 χ̃

0
3 χ̃

0
4

charginos 1/2 -1 W̃±, H̃+
u , H̃

−
d

χ̃±1 , χ̃
±
2

gluino 1/2 -1 g̃ (same)

goldstino
(gravitino)

1
2 -1 G̃ (same)
3
2

Table 3.2: The SUSY particles in the MSSM, both in their gauge and mass eigenstates. [32]
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The Gluino

Since the gluino is a color octet (superpartner of the gluon) it cannot mix with the other

particles in the MSSM. [32]

3.2.3 R-Parity (Violation)

R-parity (Rp) is a discrete symmetry that explicitly forbids all the terms in eq. (3.10). It is

defined as: [79]

Rp = (1)3B+L+2S , (3.9)

where B denotes the baryon number, L the lepton number, and S the spin of the particle.

All SM particles have Rp = 1, while supersymmetric particles have Rp = −1. If R-parity

is conserved, then superpartners can only be produced in pairs and the LSP is stable, thus

providing a possible DM candidate. R-parity in the context of ATLAS searches is discussed

in section 8.1.

In the Standard Model there are no interactions that violate baryon- and lepton number.

However, in the MSSM it is possible to write down the following renormalizable terms which

violate either baryon number, lepton number, or both simultaneously: [32]

W/Rp
=

1

2
λijkLiLj ēk + λ′ ijkLiQj d̄k +

1

2
λ′′ ijkūid̄j d̄k + κiLiHu, (3.10)

where i, j, k are generation indices, and the λ’s are Yukawa couplings (different from the

Yukawa couplings in eq. (3.4)). The last term can be removed by a change of gauge by

rotating the L and H superfields so it is often ignored [79]. There is no obvious theoretical

constrain to remove any of the other terms. The most concerning fact about R-parity viola-

tion (RPV) is that the combination of both lepton- and baryon-number terms in eq. (3.10)
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can lead to the possibility of rapid proton decay, an example is shown in fig. 3.4. Using

dimensional arguments the decay rate of this process can be estimated as: [79]

Γ(p→ e+π0) ≈ λ′ 2
11kλ

′′ 2
11k

16π4m̃4
dk

M5
proton. (3.11)

By inserting experimental constraints on the proton decay of τ(p → eπ) > 1032 years [19]

into eq. (3.11), an upper limit on the product of the λ′11k and λ′′11k Yukawa couplings as:

λ′11k × λ′′11k . 2× 10−23
( mq̃

100 GeV

)
, (3.12)

where mq̃ is a typical squark mass [80].

t̃L t̃∗R

H0∗
d

(a)

b̃L b̃∗
R

H0∗
u

(b)

τ̃L τ̃∗
R

H0∗
u

(c)

Figure 6.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ .
When H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c)

τ̃L, τ̃R mixing.

Figure 6.5: Squarks would mediate
disastrously rapid proton decay if R-
parity were violated by both ∆B = 1
and ∆L = 1 interactions. This exam-
ple shows p → e+π0 mediated by a
strange (or bottom) squark. u

u

d s̃∗
R

p+

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

}
π0

u

u∗

e+

λ′′∗
112 λ′

112

an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we

will see in section 8.4.

6.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (6.1.1) is minimal in the sense that it is sufficient to produce a phenomenolog-

ically viable model. However, there are other terms that one can write that are gauge-invariant and

holomorphic in the chiral superfields, but are not included in the MSSM because they violate either

baryon number (B) or total lepton number (L). The most general gauge-invariant and renormalizable

superpotential would include not only eq. (6.1.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (6.2.1)

W∆B=1 =
1

2
λ′′ijkuidjdk (6.2.2)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number

assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in

eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in

eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and

L-violating processes have not been seen experimentally. The most obvious experimental constraint

comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both

λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely

short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown)

or µ+π0 or ν̄π+ or ν̄K+ etc. depending on which components of λ′ and λ′′ are largest.‡ Also, diagrams

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
labels refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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Figure 3.4: Example of a diagram which contributes to rapid proton decay if R-parity is
violated for both λ′ and λ′′ terms. In the diagram shown a squark acts as a mediator for the
p→ eπ0 process. [32]

3.3 Searching for SUSY at Hadron Colliders

This section provides a brief overview of how SUSY is being searches for at hadron colliders,

such as the LHC. Due to the large space of free parameters in models8 like the MSSM,

searches are performed using simplified models. Common assumptions that go into these

simplified models are discussed below in section 3.3.1. Then there is the question of how

8. There are 105 new free parameters in the MSSM, interpreting the results of a SUSY search with that
many free parameters is not feasible.

52



to actually produce SUSY particles in the collisions at the LHC (assuming they exist at an

energy scale that is within reach), and how they might decay, this is discussed in section 3.3.2.

Finally, a brief status update is given on the latest SUSY results from ATLAS and CMS (as

of 2018) in section 3.3.3.

3.3.1 Simplified Models

A simplified model in the context of SUSY searches at the LHC is defined by an effective

Lagrangian, which only includes the interactions of a small number of parameters directly

related to a particular set of collider observables at the TeV-scale. In such simplified models,

the other SUSY particles are assumed to be heavy and thus can be decoupled using an Effec-

tive Field theory approach [81]. For the experimentalist, this usually means a small number

of masses and cross sections to look for (and compare with SM predictions). The specific

choices made when defining a simplified model vary depending on the search. However, in

order to mitigate the hierarchy problem (and rescue naturalness), light stops are required

to keep ∆m2
h0 in eq. (3.5) low. Light gluinos are also desired in order to keep the radiative

corrections to the stop mass low.

3.3.2 SUSY Production at the LHC

Assuming supersymmetry in the context of the MSSM (or closely related SUSY extension of

the SM), SUSY particles can be produced in several ways. For a hadron collider, such as the

LHC, strong production via interactions with SM quarks or gluons is expected to yield the

largest production cross sections. Direct production of charginos and neutralinos is of course

also a possibility9, however such production could only occur via the electroweak interaction

9. In fact, searching for SUSY with electroweak production has constituted the bulk of my thesis, which
is presented in chapter 9.
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(since charginos and neutralinos does not interact via the strong force), and would thus

have significantly less production cross section compared to superpartners produced via the

strong interaction. However, given that we have no idea what the SUSY mass-hierarchy

looks like, there is certainly a possibility that the strongly-coupled SUSY particles are too

massive to be directly produced at the LHC. In that case SUSY may still be accessible via

direct electroweak production. If R-parity is conserved, SUSY particles are required to be

produced in pairs. In R-parity-violating scenarios, the RPV interactions could contribute

to production (e.g. resonant single stop production), however these interactions are often

vanishingly small and thus neglected in LHC analyses (such as in the case of the RPV stop

search presented in chapter 8). Figure 3.5 shows the simulated pair-production cross section

for various scenarios with both strong and electroweak production.

Example diagrams for SUSY pair-production channels considered in LHC searches are shown

in fig. 3.6. Figure 3.7a shows the leading order diagram which contribute to the RPV stop

search presented in chapter 8, and fig. 3.7b shows the leading order diagrams which contribute

to the electroweak Wh search presented in chapter 9. Diagrams showing the decays into fully

hadronic final states are shown in fig. 3.8.

3.3.3 Status of SUSY Searches at the LHC as of 2018

The most recent results from SUSY searches at the LHC are available via the ATLAS [83]

and CMS [84] websites. Figure 3.9 summarizes the mass reach of ATLAS SUSY searches.
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Figure 1
Cross sections for supersymmetric particle production at

√
s = 8 TeV and 13–14 TeV. The colored particle

cross sections are from NLL-FAST (14) and were evaluated at
√

s = 8 TeV and 13 TeV; the electroweak pure
Higgsino cross sections are from PROSPINO (15) and were evaluated at

√
s = 8 TeV and 14 TeV. The

electroweak pair production cross section is sensitive to mixing, and the Higgsino cross sections are
approximately a factor of two lower than the pure wino case.

Reference 13). For every SM fermion, there is a spin-0 counterpart; for instance, for a quark q
there is a squark q̃ , and for a lepton ℓ there is a slepton ℓ̃. For every SM gauge boson, there is a
spin-1/2 counterpart; for example, for a gluon g there is a gluino g̃, and for each W, Z, and γ there
is a wino, a zino, and a photino, respectively. Finally, for the SM Higgs, the MSSM enlarges it to
two Higgs doublets Hu and Hd , which have spin-1/2 superpartners called Higgsinos, H̃. Under
EWSB, the Higgsinos mix with the winos, zinos, and photinos; these become charginos χ̃± and
neutralinos χ̃0. Figure 1 shows some cross sections for SUSY particle production as a function of
mass for

√
s = 8 TeV and 13–14 TeV.

A general problem for the MSSM and SUSY is the proliferation of parameters. The MSSM
certainly includes the usual Yukawa couplings Yu,d,ℓ of the SM:

WYukawa = H u QYuU + H d QYd D + H d LYℓ E. 2.

Here Q, U, D, L, and E denote superfields containing the SM fermions and their superpart-
ners. However, even in the supersymmetric limit, there are many more possible renormalizable
interaction terms:

WRPV = λi j k Li L j Ek + λ′
i j k Li Q j Dk + λ′′

i j kUi Dj Dk + µ′
i Li H u. 3.

Here i, j, and k are flavor indices that run over the three generations of the SM. All these new
interactions involve at least one superpartner, so they are not present in the SM. They generically
violate baryon and lepton number, as well as the approximate flavor and CP symmetries of the SM.
Thus, there are stringent constraints on these couplings (see, e.g., Reference 16 for an overview).
All these dangerous interactions can be forbidden by imposing an additional discrete Z2 symmetry
on the MSSM called R-parity, which assigns charge 1 to all superpartners and charge 0 to all
ordinary SM particles.

A crucial by-product of R-parity is that the lightest superpartner (LSP) is absolutely stable.
Cosmological bounds strongly suggest that the LSP must be neutral, in which case it could be
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Figure 3.5: Simulated production cross section as a function of mass for sparticles at 8 TeV
and 13 − 14 TeV. Gluinos have the highest production cross section due to the strong
coupling constant. Direct chargino and neutralino production has significantly lower cross
section, since it depends on the weak coupling constant. There is a significant increase in
the production cross section with the increase in energy for all processes. The electroweak
pair production is sensitive to mixing, and the Higgsino cross section is about an order of
magnitude lower than the pure wino case. [82]
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p χ̃±
1

χ̃0
2
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Figure 3.6: Example Feynman diagrams for SUSY pair-production channels at the LHC;
(a) g̃g̃, (b) q̃g̃, and (c) t̃t̃, at the strong scale; and (d) χ̃±1 χ̃

0
2 at the electroweak scale. The

dashed red lines represent the SUSY processes.
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from
quark-antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple
because of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines
superimposed on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-
gluon and gluon-quark fusion.
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Figure 10.3: Feynman diagrams for gluino and squark production at hadron colliders from strong
quark-antiquark annihilation and quark-quark scattering.

contributions that are of lesser importance in most models. The processes in (10.1.3)-(10.1.6) get con-

tributions from the t-channel exchange of an appropriate squark or gluino, and (10.1.3) and (10.1.5)

also have gluon s-channel contributions. In a crude first approximation, for the hard parton colli-

sions needed to make heavy particles, one may think of the Tevatron as a quark-antiquark collider,

and the LHC as a gluon-gluon and gluon-quark collider. However, the signals are always an inclusive

combination of the results of parton collisions of all types, and generally cannot be neatly separated.

At the Tevatron collider, the chargino and neutralino production processes (mediated primarily by

valence quark annihilation into virtual weak bosons) tended to have the larger cross-sections, unless

the squarks or gluino were rather light (less than 300 GeV or so, which is now clearly ruled out by the

LHC). In a typical model where C̃1 and Ñ2 are mostly SU(2)L gauginos and Ñ1 is mostly bino, the

largest production cross-sections in (10.1.1) belong to the C̃+
1 C̃−

1 and C̃1Ñ2 channels, because they have

significant couplings to γ, Z and W bosons, respectively, and because of kinematics. At the LHC, the

situation is typically reversed, with production of gluinos and squarks by gluon-gluon and gluon-quark

fusion usually dominating. At both colliders, one can also have associated production of a chargino or

neutralino together with a squark or gluino, but most models predict that the cross-sections (of mixed

electroweak and QCD strength) are much lower than for the ones in (10.1.1)-(10.1.6). Slepton pair

production as in (10.1.2) was quite small at the Tevatron, but might be observable eventually at the

LHC [248]. Cross-sections for sparticle production at hadron colliders can be found in refs. [249], and

have been incorporated in computer programs including [230],[250]-[256].

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape

the detector. The LSPs carry away at least 2m
Ñ1

of missing energy, but at hadron colliders only the

component of the missing energy that is manifest as momenta transverse to the colliding beams, usually

denoted /ET or Emiss
T (although /⃗pT or p⃗miss

T might be more logical names) is observable. So, in general

the observable signals for supersymmetry at hadron colliders are n leptons + m jets + /ET , where either

n or m might be 0. There are important Standard Model backgrounds to these signals, especially from

processes involving production of W and Z bosons that decay to neutrinos, which provide the /ET .

Therefore it is important to identify specific signal region cuts for which the backgrounds can be

reduced. Of course, the optimal choice of cuts depends on which sparticles are being produced and

how they decay, facts that are not known in advance. Depending on the specific object of the search,
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(b)

Figure 3.7: Detailed Feynman diagrams for the pair-production processes relevant for (a)
the t̃t̃∗ channel in chapter 8, and (b) the chargino-neutralino channel in chapter 9. [32]

(a) (b)

Figure 3.8: Example Feynman diagrams for SUSY pair-production with decays into fully
hadronic final states: (a) the R-parity violating stop process chapter 8. (b) the chargino-
neutralino production with R-parity conserving decays presented in chapter 9. The solid
black lines represent Standard Model particles, the dashed red lines represent the SUSY
processes, and the blue points represent RPV vertices labelled by the relevant coupling.
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Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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P

V

q̃q̃, q̃→qχ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]
mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃0

1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV 1712.023322.0g̃
m(χ̃0

1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃0
1 3 e, µ 4 jets - 36.1 m(χ̃0

1)<800 GeV 1706.037311.85g̃
ee, µµ 2 jets Yes 36.1 m(g̃)-m(χ̃0

1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃0
1 0 7-11 jets Yes 36.1 m(χ̃0

1) <400 GeV 1708.027941.8g̃
3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃0

1)=200 GeV 1706.037310.98g̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Yes 36.1 m(χ̃0

1)<200 GeV 1711.019012.0g̃
3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃0

1)=300 GeV 1706.037311.25g̃

b̃1b̃1, b̃1→bχ̃0
1/tχ̃

±
1 Multiple 36.1 m(χ̃0

1)=300 GeV, BR(bχ̃0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃0
1)=300 GeV, BR(bχ̃0

1)=BR(tχ̃±1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden
Multiple 36.1 m(χ̃0

1)=200 GeV, m(χ̃±1 )=300 GeV, BR(tχ̃±1 )=1 1706.037310.7b̃1b̃1 Forbidden

b̃1b̃1, t̃1 t̃1, M2 = 2 × M1 Multiple 36.1 m(χ̃0
1)=60 GeV 1709.04183, 1711.11520, 1708.032470.7t̃1

Multiple 36.1 m(χ̃0
1)=200 GeV 1709.04183, 1711.11520, 1708.032470.9t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→Wbχ̃0
1 or tχ̃0

1 0-2 e, µ 0-2 jets/1-2 b Yes 36.1 m(χ̃0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, H̃ LSP Multiple 36.1 m(χ̃0
1)=150 GeV, m(χ̃±1 )-m(χ̃0

1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.4-0.9t̃1t̃1
Multiple 36.1 m(χ̃0

1)=300 GeV, m(χ̃±1 )-m(χ̃0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.6-0.8t̃1t̃1 Forbidden

t̃1 t̃1, Well-Tempered LSP Multiple 36.1 m(χ̃0
1)=150 GeV, m(χ̃±1 )-m(χ̃0

1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.48-0.84t̃1t̃1

t̃1 t̃1, t̃1→cχ̃0
1 / c̃c̃, c̃→cχ̃0

1 0 2c Yes 36.1 m(χ̃0
1)=0 GeV 1805.016490.85t̃1

m(t̃1,c̃)-m(χ̃0
1 )=50 GeV 1805.016490.46t̃1

0 mono-jet Yes 36.1 m(t̃1,c̃)-m(χ̃0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃0
1)=0 GeV, m(t̃1)-m(χ̃0

1)= 180 GeV 1706.039860.32-0.88t̃2

χ̃±1 χ̃
0
2 via WZ 2-3 e, µ - Yes 36.1 m(χ̃0

1)=0 1403.5294, 1806.022930.6χ̃±
1 /χ̃

0
2

ee, µµ ≥ 1 Yes 36.1 m(χ̃±1 )-m(χ̃0
1)=10 GeV 1712.081190.17χ̃±

1 /χ̃
0
2

χ̃±1 χ̃
0
2 via Wh ℓℓ/ℓγγ/ℓbb - Yes 20.3 m(χ̃0

1)=0 1501.07110χ̃±
1 /χ̃

0
2 0.26

χ̃±1 χ̃
∓
1 /χ̃

0
2, χ̃+1→τ̃ν(τν̃), χ̃0

2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1708.078750.76χ̃±
1 /χ̃

0
2

m(χ̃±1 )-m(χ̃0
1 )=100 GeV, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1708.078750.22χ̃±
1 /χ̃

0
2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0 1803.027620.5ℓ̃
2 e, µ ≥ 1 Yes 36.1 m(ℓ̃)-m(χ̃0

1 )=5 GeV 1712.081190.18ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 ≥ 3b Yes 36.1 BR(χ̃0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 Yes 36.1 BR(χ̃0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 36.1 Pure Wino 1712.021180.46χ̃±

1
Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±

1

Stable g̃ R-hadron SMP - - 3.2 1606.051291.6g̃

Metastable g̃ R-hadron, g̃→qqχ̃0
1 Multiple 32.8 m(χ̃0

1)=100 GeV 1710.04901, 1604.045202.4g̃ [τ( g̃) =100 ns, 0.2 ns] 1.6g̃ [τ( g̃) =100 ns, 0.2 ns]

GMSB, χ̃0
1→γG̃, long-lived χ̃0

1 2 γ - Yes 20.3 1<τ(χ̃0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 0.44

g̃g̃, χ̃0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 6 <cτ(χ̃0

1)< 1000 mm, m(χ̃0
1)=1 TeV 1504.05162g̃ 1.3

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±1 χ̃
∓
1 /χ̃

0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 Yes 36.1 m(χ̃0

1)=100 GeV 1804.036021.33χ̃±
1 /χ̃

0
2 [λi33 , 0, λ12k , 0] 0.82χ̃±

1 /χ̃
0
2 [λi33 , 0, λ12k , 0]

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 0 4-5 large-R jets - 36.1 Large λ′′112 1804.035681.9g̃ [m(χ̃0
1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃0
1)=200 GeV, 1100 GeV]

Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

g̃g̃, g̃→ tbs / g̃→tt̄χ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.1g̃ [λ′′

323
=1, 1e-2] 1.8g̃ [λ′′

323
=1, 1e-2]

t̃t̃, t̃→tχ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2018

ATLAS Preliminary√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Figure 3.9: Summary of mass reach of the ATLAS searches for Supersymmetry. A represen-
tative selection of the available search results is shown. Results are quoted for the nominal
cross section in both a region of near-maximal mass reach and a demonstrative alternative
scenario, in order to display the range in model space of search sensitivity. Some limits
depend on additional assumptions on the mass of the intermediate states, as described in
the references provided in the plot. [83]

57



3.4 Conclusion

Supersymmetry is an extension of the Standard Model that fundamentally relates fermions

and bosons. It is an especially alluring theoretical possibility given its potential to solve the

hierarchy problem and to provide a dark matter candidate. The observation of a 125 GeV

SM like Higgs boson at the electroweak scale hints that supersymmetric particles may show

up at the TeV-scale in order to resolve the hierarchy problem, and prevent excessive fine-

tuning. There is also the possibility of the lightest supersymmetric particle as a candidate

for the hitherto mysterious dark matter. There is also the (more speculative) possibility

for SUSY to provide unification of the gauge groups into a Grand Unified Theory at some

very high energy scale. When searching for new physics at the LHC, simplified effective

field theories provide powerful benchmarks to compare against the predictions of the SM.

At hadron colliders, sparticles could be produces in pairs from parton collisions of either

electroweak or QCD strength. No evidence for SUSY has been found to date, however there

are still good reasons to be hopeful it may show up at the LHC, as there is more phase space

to explore.
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CHAPTER 4

THE LARGE HADRON COLLIDER

This chapter begins with a brief introduction to the Large Hadron Collider (LHC) and the

accelerator complex at CERN in Section 4.1, followed by a review of the design and perfor-

mance goals of this remarkable machine in Section 4.2, including a discussion of luminosity

and pile-up; and a summary of LHC operations and the datasets used in this thesis, recorded

at
√
s = 8 TeV (2012) and

√
s = 14 TeV (2015–2016), in Section 4.3. For detailed technical

information about the LHC, see Refs. [85, 86, 87]. For the layman, the official ”LHC Guide”

by CERN should be a pleasant read [88].

4.1 Overview

The LHC is a 26.7 km long superconducting proton–proton (pp) synchrotron, the largest

and most powerful in history, thus far1. The accelerator was built and is operated by the the

European Organization for Nuclear Research (CERN) and an international collaboration

of universities and national labs, involving thousands of scientists and engineers from all

over the globe. It is located in a tunnel, previously occupied by Large Electron Positron

Collider (LEP) [90], about 100 m beneath the idyllic landscape near the border of France and

Switzerland, just outside the city of Geneva. The decision to locate the LHC underground

was made mainly because it is cheaper to excavate a tunnel rather than acquire the land to

build at the surface, it also reduces the impact on the landscape to a minimum [88]. The LHC

1. While, at present, the international particle physics community is focused on the LHC and its High-
Luminosity LHC (HL-LHC) upgrade, several options for post-LHC colliders are currently undergoing feasi-
bility studies, including facilities such as ILC in Japan; CEPC–SPPC in China; CLIC, FCC, and HE-LHC
in Europe. [89]
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accelerates two beams of protons2 in opposite directions and is designed to deliver collisions

at unprecedented center-of-mass energies up to
√
s = 14 TeV (7 TeV per beam) at a rate

of 1034 cm−2s−1. The protons are then moving at 99.9999991%3 the speed of light, going

around the ring more than 11 000 times per second. The proton beams are steered to collide

at four fixed interaction points, corresponding to the location of four cathedral-sized main

experiments; A Large Ion Collider Experiment (ALICE) [92], A Toroidal LHC ApparatuS

(ATLAS) [93], Compact Muon Solenoid (CMS) [94], and The Large Hadron Collider beauty

(LHCb) [95]. There are also a few smaller experiments, such as LHC forward (LHCf) [96],

TOTal Elastic and diffractive cross section Measurement (TOTEM) [97], and Monopole and

Exotics Detector at the LHC (MoEDAL) [98], located close to the ATLAS, CMS, and LHCb

interaction points, respectively. An illustration of the LHC ring is shown in fig. 4.1.

Geneva

CERN

ALICEATLAS

LHC

SPS

PS

BOOSTER

LHCbCMS

ALICE

ATLASLHCb

CMS

~100 m

Figure 4.1: Overall schematic view of the LHC, including the four main experiments; ALICE,
ATLAS, CMS, and LHCb. The experiments are located about 100 m below the French-Swiss
border. Copyright CERN [99].

2. The LHC also collides ultra-relativistic heavy (Pb) ions, with an energy of 2.8 TeV per nucleon and
peak luminosity of 1027 cm−2s−1[85], in order to study strongly interacting matter under extreme conditions
of high temperature and energy density. For an overview, see Ref. [91].

3. β =
√

1− 1/γ2 =
√

1− (mp/(7 TeV))2
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The high energy protons that ultimately collide in the LHC are first accelerated by a succes-

sion of particle accelerators to increasingly higher energies [100]. An illustration is shown in

fig. 4.1. The protons begin their journey in a simple bottle of hydrogen gas. Hydrogen atoms

are stripped of their electrons by an electric field to yield protons, which are then acceler-

ated by Linac 2 to 50 MeV, the first step in a chain of particle accelerators with successive

higher energies. The beam of protons is then injected into the Proton Synchrotron Booster

(PSB), which accelerates them to 1.4 GeV for injection into the Proton Synchrotron (PS),

which further accelerates the beam to 25 GeV. Next, the beam is sent to the Super Proton

Synchrotron (SPS) where it is accelerated to 450 GeV. Finally, the protons are transferred

into the LHC, which is designed to accelerate protons up to 7 TeV4.

Figure 4.2: Illustration of the chain of particle accelerators at CERN, where successive
machines boosts the particles to higher and higher energies before injection into the LHC
(dark gray line). Particles are also delivered to a whole set of smaller experiments, e.g.
ISOLDE [101], AD [102], CNGS [103], and the test beam facilities at CERN’s North Area.
Copyright CERN [104].

4. Since 2015 the LHC as operated at an energy of 6.5 GeV per proton (13 TeV collision energy).
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The LHC consists of two beam pipes (see fig. 4.3), in one the particles circulate clockwise,

while in the other they circulate counterclockwise. Filling each ring of the LHC takes 4

minutes and 20 seconds, it then takes about 20 minutes for the protons to reach their

maximum energy [100].

Figure 4.3: Photo of LHC dipole magnets in the tunnel, overlaid with a 3-dimensional
illustration of the two proton beams inside the magnet. Copyright CERN [105].

4.2 Machine Design and Performance Goals

In this section we shall take a closer look at the machine design and performance goals

of the LHC, and why it was designed that way. Let us begin with a brief discussion of

particle synchrotrons. A particle accelerator uses electromagnetic fields to accelerate charged

particles. Among the most important design decisions when designing a particle accelerator

are:

• colliding beam or fixed target experiment,

• linear or circular accelerator,
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• e+e− vs. pp (if colliding beams).

The advantage of a collider, over a fixed target experiment, is that the energy available (e.g.

to make new particles) is the sum of the colliding beams, Eavailable = Ebeam,1 + Ebeam,2

(e.g. 7 TeV + 7 TeV for the LHC). For a fixed target experiment, the available energy is

only proportional to Eavailable =
√
Ebeam.

In a linear accelerator the particles can be accelerated only once, and particles that do not

interact are lost forever. Thus, a linear accelerator generally will have a significantly lower

luminosity, compared to a circular accelerator (more about luminosity in the next section).

In a circular accelerator particles often can remain in the accelerator for many hours, and

thus can be accelerated at each turn. A particle of charge e, moving with velocity ~v in

the presence of an electric field ~E and a magnetic field ~B, experiences a Lorentz force (in

Gaussian units),

~F = e( ~E +
~v

c
× ~B) (4.1)

If the particle is moving in a circular orbit of radius ρ, then this force is also given by,

F = ma =
mv2

ρ
. (4.2)

Assuming v ⊥ B, E = 0, and re-arranging eq. (4.1) and eq. (4.2), we can write [106]

1

ρ
[m−1] =

|B [T]|
βE [GeV]

. (4.3)

In a particle synchrotron (such as the LHC) the bending radius ρ is fixed. Thus, as the

energy of the beam increases, the magnetic field must increase linearly in order to keep the

beam inside the ring (c.f. cyclotron, which accelerates particles along an outward spiral

path). From eq. (4.3) (i.e. E ∝ Bρ), it is also clear that in order to increase the energy

of the particle beam in a synchrotron, one either has to build an accelerator with a larger
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radius or install more powerful magnets.

Another critical decision to make when designing a particle accelerator, is what type of

particles to accelerate. Common choices are e+e− (LEP) [90], pp̄ (Tevatron) [107], and

pp (LHC) [85]. The advantage of an e+e− collider is that the physical processes resulting

from the collisions are generally significantly cleaner than in a pp̄ or pp collider, which

allows for higher precision measurements. However, the energy reach of e+e− colliders is

severely limited by synchrotron radiation, as the electrons/positrons lose energy at a rate

(mp/me)
4 ≈ 1013 times higher than protons do5.

The LHC ring is made up of 1232 dipole magnets, which generate a magnetic field of 8.3 T.

As indicated by eq. (4.3), the energy of the beam is limited by the magnetic field of the

dipole magnets. These magnets are constructed from superconducting NbTi wires operated

at 1.9K (cooled by superfluid helium), with a current of 11850 A flowing through the wires. In

addition to the dipole magnets, the LHC also contains 852 quadrupole magnets for focusing

the beam, and an additional 7000 smaller correction magnets (sextupole, octupole, etc.)

are used for shaping of the beam. Particles are accelerated by a gradient of 5 MV/m at

400 MHz, by 8 superconducting RF cavities per beam. The LHC is segmented into eight

sections (octants), where Octant 1 contains the collision point for ATLAS (near the CERN

main campus), and Octant 5 contains the collision point for CMS (in the French countryside).

Each octant consists of a straight insertion segment where particles collide, and one half of

an arc segment on either side of the insertion. For an illustration, see fig. 4.4 [85].

Particles in the LHC are accelerated in bunches. When operating at full design luminosity

(1034 cm−2s−1), each beam of the LHC contains 2808 bunches, with about 1011 protons per

bunch. This corresponds to a spacing between bunches of 25 ns.

5. The power radiated by a particle accelerated in a circular collider goes as m−4 (since P = e2a2γ4

6πε0c3
,

where a ⊥ v of a charged particle e, and E = γmc2).
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Figure 4.4: Underground layout of the LHC. Copyright CERN [108].

The total number of events Nevent of a particular type is given by the product of the inte-

grated luminosity Lint and the cross section σevent for that type of event,

Nevent = Lintσevent, (4.4)

where the Lint is given by the integral of the instantaneous luminosity L,

Lint =

∫
Ldt (4.5)

For a circular collider, the instantaneous luminosity L can be defined as

L =
N2
b nbfrevγ

4πεnβ∗
F, (4.6)
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where Nb is the number of particles per bunch, nb is the number of bunches per beam, frev

is the frequency at which particles orbit the ring, γ is the Lorentz factor, β∗ is the beta

function at the collision point, and εn is the normalized transverse beam emittance. Finally,

F is a factor due to the crossing angle at the interaction point,

(
1 +

(
θcσz
2σ∗

)2
)−1/2

, (4.7)

where θc is the full crossing angle at the interaction point, σz is the RMS bunch length, and

σ∗ is the transverse RMS beam size at the interaction point6.

Searching for rare physics events at the LHC therefore require both high energies and high

luminosities.

4.3 Operations 2012-2018

The operation of the LHC has been a tremendous success, with a delivered integrated lumi-

nosity (from pp collisions) to ATLAS and CMS of about 20 fb−1 at
√
s = 8 TeV in Run I

(2012), and about 36 fb−1 at
√
s = 14 TeV during the first two years of operation in Run II

(2015–2016). See fig. 4.5 for 2015–2016 Run II results. The analysis presented in chapter 8

is based on the 2012 ATLAS
√
s = 8 TeV dataset, and the analysis presented in chapter 9

is based on the 2015–2016 ATLAS
√
s = 13 TeV dataset. However, since then the LHC

has delivered significant additional luminosity. As of May 2018, the LHC has delivered over

80 fb−1 at
√
s = 13 TeV, and it is expected to deliver well over 100 fb−1 before Run II ends

in late-2018. The rate of interesting physics events is significantly lower than the total event

rate, thus interesting events are going to be embedded in other collisions, so-called pile-up.

The average pile-up profiles for the 2015 and 2016 LHC runs are shown in fig. 4.6. In 2016,

6. Equation (4.7) assumes round beams, with σz � β, with equal parameters for both beams
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the LHC reached a peak luminosity of approximately 1.4 × 1034 cm−2s−1 (1.4 times the

LHC design luminosity), as shown in fig. 4.7.
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Figure 4.5: Cumulative luminosity versus time delivered to (green) and recorded by ATLAS
(yellow) during stable beams for pp collisions at 13 TeV centre-of-mass energy in (a) 2015,
and (b) 2016. The delivered luminosity accounts for luminosity delivered from the start of
stable beams until the LHC requests ATLAS to put the detector in a safe standby mode
to allow for a beam dump or beam studies. The recorded luminosity reflects the DAQ
inefficiency, as well as the inefficiency of the so-called warm start: when the stable beam
flag is raised, the tracking detectors undergo a ramp of the high-voltage and, for the pixel
system, turning on the preamplifiers. Shown is the luminosity as determined from counting
rates measured by the luminosity detectors. These detectors have been calibrated with
the use of the van-der-Meer beam-separation method, where the two beams are scanned
against each other in the horizontal and vertical planes to measure their overlap function.
The luminosity shown represents the preliminary 13 TeV luminosity calibration based on
van-der-Meer beam-separation scans in 2016. Copyright CERN [109].
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Figure 4.6: Average pile-up profiles for the 2015 and 2016 LHC runs. Copyright CERN [109].
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Figure 4.7: The peak instantaneous luminosity delivered to ATLAS during stable beams for
pp collisions at 13 TeV centre-of-mass energy is shown for each LHC fill as a function of
time in 2016. The luminosity is determined using counting rates measured by the luminosity
detectors, and is based on a preliminary analysis of van-der-Meer beam-separation scans
during 2016. Copyright CERN [109].
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4.4 Conclusion

The LHC is the largest and most complex scientific project ever attempted. It is a particle

synchrotron designed to collide protons at center-of-mass energies up to 14 TeV at an in-

stantaneous luminosity of 1034 cm−2s−1. The collisions happens at four interaction points

that are surrounded by four primary experiments; ALICE, ATLAS, CMS, and LHCb. The

operation of the LHC has been excellent thus far, with a delivered integrated luminosity to

ATLAS and CMS of about 20 fb−1 at
√
s = 8 TeV in Run I (2012), and about 36 fb−1 at

√
s = 13 TeV during the first two years of operation in Run II (2015–2016). As of May 2018,

the LHC has delivered over 80 fb−1 at
√
s = 13 TeV, and it is expected to deliver well over

100 fb−1 before Run II ends in late-2018.
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CHAPTER 5

THE ATLAS EXPERIMENT

An introduction to the ATLAS detector and the basic design principles of general purpose

detectors is given in section 5.1. More information about the design, commissioning, and

performance of the ATLAS detector can be found in Refs. [93, 110, 111, 112, 113]. The rest

of the chapter is organized as follows: The ATLAS magnets are described in section 5.2.

Section 5.3 describes the Inner Detector (ID). Section 5.4 describes the electromagnetic and

hadronic calorimeters. Section 5.5 describes the muon spectrometer. Section 5.6 very briefly

describes the forward detectors. Finally, the trigger system is described in section 5.7.

5.1 Overview

The LHC was designed with two high-luminosity interaction points at opposite sides of the

ring [114]; two general purpose detectors, ATLAS [93] and CMS [94], were built around the

LHC beam pipe at these points. ATLAS is located approximately 100 m beneath the ground

at LHC Point 1 (i.e. in the first octant of the LHC, see fig. 4.4) just next to the main CERN

campus in Meyrin, Switzerland. CMS is located at LHC Point 5 at the opposite side of the

LHC ring, beneath the French countryside.

The purpose of particle detectors is to reconstruct the physics of the secondary particles

produced in collision events, and to measure their spatial positions, charges, momenta, and

energies. Both ATLAS and CMS are able to accurately reconstruct events from pp collisions

at unprecedented energies up to
√
s = 14 TeV with a bunch spacing of 25 ns (40 million

collision events second), a highly challenging task which requires sophisticated sub-detectors,

rapid trigger electronics, high-bandwidth readout architecture, and clever reconstruction al-
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gorithms in order to record and reconstruct interesting events. Reconstruction of collision

events is the main topic of chapter 6. Particles are measured indirectly through their interac-

tions with matter in the detector, as shown schematically in fig. 5.1. Modern general purpose

detectors (such as ATLAS and CMS) are built to be hermetic (with nearly 4π radians of

solid angle coverage around the central collision point) and have the following characteristics

in common:

1. Tracking system for measuring the momentum of charged particles (such as electrons

and charged hadrons).

2. Strong magnets for bending trajectories (tracks) of charged particles in order to mea-

sure their electric charge.

3. Calorimeter system to accurately measure the energy and position of electrons, pho-

tons, and hadrons.

4. Muon spectrometer to precisely reconstruct muons.

5. Rapid trigger and high-bandwidth readout system for identifying and recording inter-

esting physics events.

Among the particles in the SM, only neutrinos escape detection, as they interact with matter

only via the weak force. The presence of neutrinos can be inferred indirectly from the lack

of momentum conservation in the transverse plane (more about that in chapter 6).

The ATLAS detector is a dense object of steel and sophisticated electronics, about the size

of a cathedral. Shown in fig. 5.2, it is 44 m long, stands 25 m tall, and weights approximately

7000 tonnes. The detector is symmetric with respect to the interaction point, and consists of

separate sub-detectors in an onion-layer configuration. Particles produced in the collisions

interact in different ways (depending on the type of particle and its kinematic properties)
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Figure 5.1: Illustration of particles propagating through different layers of the ATLAS detec-
tor. Charged particles leaves traces in the inner detector, which are reconstructed as tracks.
The calorimeters measure the energy of particles; the electromagnetic (EM) calorimeter pri-
marily detects electrons and photons; the hadronic calorimeter primarily detects hadrons.
Muons do leave tracks, but escape detection in the calorimeters, thus special set of muon
detectors surround the calorimeter. Neutrinos escape undetected. The image was created
with Adobe Illustrator.

and may pass through several layers of sub-detectors. Each sub-detector system is designed

to be sensitive to different types of particles. Closest to the interaction point (covering up

to |η| < 2.5) is the inner detector; composed of sub-detectors made of the concentric silicon

Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker

(TRT). Tracks, reconstructed from hits in the inner detector, can be used to identify the

point of collision, and measure semi-long-lived particles whose decays are displaced from

the origin (e.g. b-quarks). The inner detector is immersed in a magnetic field from a 2 T

solenoid. Outside the solenoid, immersed in a liquid nitrogen cryostat, sits a lead-Liquid

Argon Calorimeter (LAr) EM calorimeter, with excellent resolution for measuring energy
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deposits from electrons and photons (and hadrons, to a lesser extent) up to |η| < 3.2.

Next is a hadronic calorimeter, built to stop and measure remaining hadrons. The central

(barrel) region, |η| < 1.7, is covered by the Tile Calorimeter (TileCal), composed of steel and

scintillating-tile absorbers. The forward region is covered by the copper-LAr Hadronic End-

Cap (HEC) (up to |η| < 3.2) and the tungsten-LAr Forward Calorimeter (FCal) (up to |η| <

4.9). The calorimeter is surrounded by the superconducting air-core toroid magnets, and

the muon spectrometer; which is composed of the Monitored Drift Tubes (MDTs), Resistive

Plate Chambers (RPCs), Thin Gap Chambers (TGCs) and Cathode Strip Chambers (CSCs)

subsystems.

Figure 5.2: Overall view of the main components of the ATLAS detector, showing its main
subsystems. Copyright CERN [115].
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5.1.1 Coordinate system

The ATLAS collaboration uses a common right-handed coordinate system, with the nominal

interaction point at its origin [93], the z-axis along the beam line, and the x-y plane is

transverse to the beam. The positive x-axis is defined as pointing from the interaction point

towards the center of the LHC and the positive y-axis is defined as pointing upwards. The

positive z-axis is pointing eastward, towards Geneva. The A-side (C-side) of the detector is

defined as that with positive (negative) z. The azimuthal angle φ is measured around the

beam axis, and the polar angle θ is the angle from the beam axis towards the x-y plane. The

ATLAS coordinate system in relation to the LHC ring is illustrated in fig. 5.3.
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Figure 5.3: The ATLAS coordinate system. Image created with TikZ [17].

Pseudorapidity1 is defined as

η ≡ − ln

[
tan

θ

2

]
, (5.1)

where θ is the polar angle (see fig. 5.4). The transverse momentum pT, the transverse

energy ET, and the missing transverse energy Emiss
T are defined in the x-y plane unless

1. Pseudorapidity is conventionally used in coordinate systems for hadron collider physics, it is equivalent
to rapidity in the limit where the mass of the particle is negligible. Unlike the polar angle θ, rapidity is Lorenz
invariant under boosts along the longitudinal axis. Rapidity is defined as y = 1/2 ln [(E + pz)(E − pz)].
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stated otherwise. The distance in the pseudorapidity-azimuthal angle space is defined as

∆R =
√

∆η2 + ∆φ2.

y (θ = 90◦)

z (θ = 0)

x

η = 0.5

η = 1.0

η = 1.5

η = 2.0
η = 2.5
η = 3.0

Figure 5.4: Pseudorapidity in the y-z plane overlaid on the ATLAS coordinate system. Red
lines are drawn for η = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0. Image created with TikZ [17].

5.2 Magnets

The momenta of charged particles can be measured from their bending in a magnetic field,

according to the Lorenz force law,

d~p

dt
= q( ~E + ~v × ~B), (5.2)

where ~p is the particle 4-momentum, q is the charge, ~v is the velocity, ~E is the electric field,

and ~B is the magnetic field. The ATLAS magnet system consists of a central solenoid, a

barrel toroid, and two end-cap toroids [93]. The ATLAS magnets are shown in fig. 5.5. The

central solenoid provides a magnetic field of 2 T (at a current of 7.730 kA) along the z-axis,

so that the momentum of charged particles in the inner detector can be measured in the

transverse direction. Since the magnetic field is only in the z-direction, the force does not do

any work, it just changes the azimuthal direction (the bending is proportional to ~v×~p). One

of the design goals of the ATLAS detector was to minimize the amount of material (radiation
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lengths) that particles can interact with before reaching the calorimeter, to this end the

solenoid windings and the LAr ECal share a common vacuum vessel. The solenoid magnet

windings consist of an Al-stabilized NbTi conductor. The solenoid is 5.8 m long and occupies

the space between 2.46 to 2.56 m. Its mass is 5.4 tonnes and the stored energy is 40 MJ. The

barrel and end-cap toroids are tasked with bending particles in a direction perpendicular

to that of the solenoid, which allows for independent measurement of the charge particle

tracks. The field is not constant, thus the bending direction is more complicated than for

the solenoid [116]. The magnetic field generated by the toroids is approximately 0.5 T and

1 T in the central and end-cap regions of the muon system, respectively. The barrel coils

consist of a Al-stabilized Nb/Ti/Cu conductor and are supported by eight inner and eight

outer rings of struts, as can be seen in fig. 5.5b. It is 25.3 m long and its inner (outer)

diameter is 9.4 m (20.1 m). The end-cap toroids are designed to bend muons interacting in

the end-cap of the muon spectrometer. These are mostly made of an Al alloy and weight

240 tonnes, among some of the heaviest objects in the ATLAS cavern.

2008 JINST 3 S08003

Figure 2.1: Geometry of magnet windings and
tile calorimeter steel. The eight barrel toroid
coils, with the end-cap coils interleaved are
visible. The solenoid winding lies inside the
calorimeter volume. The tile calorimeter is
modelled (section 2.2.2) by four layers with dif-
ferent magnetic properties, plus an outside re-
turn yoke. For the sake of clarity the forward
shielding disk (section 3.2) is not displayed.

Figure 2.2: Bare central solenoid in the factory
after completion of the coil winding.

phases. The cold-mass and cryostat integration work began in 2001. The first barrel toroid coil
was lowered in the cavern in fall 2004, immediately followed by the solenoid (embedded inside the
LAr barrel calorimeter). The remaining seven barrel-toroid coils were installed in 2004 and 2005,
and the end-cap toroids in the summer of 2007.

2.1.1 Central solenoid

The central solenoid [2] is displayed in figure 2.2, and its main parameters are listed in table 2.1.
It is designed to provide a 2 T axial field (1.998 T at the magnet’s centre at the nominal 7.730 kA
operational current). To achieve the desired calorimeter performance, the layout was carefully
optimised to keep the material thickness in front of the calorimeter as low as possible, resulting
in the solenoid assembly contributing a total of ⇠ 0.66 radiation lengths [9] at normal incidence.
This required, in particular, that the solenoid windings and LAr calorimeter share a common vac-
uum vessel, thereby eliminating two vacuum walls. An additional heat shield consisting of 2 mm
thick aluminium panels is installed between the solenoid and the inner wall of the cryostat. The
single-layer coil is wound with a high-strength Al-stabilised NbTi conductor, specially developed
to achieve a high field while optimising thickness, inside a 12 mm thick Al 5083 support cylin-
der. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m and its axial length
is 5.8 m. The coil mass is 5.4 tonnes and the stored energy is 40 MJ. The stored-energy-to-mass
ratio of only 7.4 kJ/kg at nominal field [2] clearly demonstrates successful compliance with the
design requirement of an extremely light-weight structure. The flux is returned by the steel of the
ATLAS hadronic calorimeter and its girder structure (see figure 2.1). The solenoid is charged and
discharged in about 30 minutes. In the case of a quench, the stored energy is absorbed by the en-
thalpy of the cold mass which raises the cold mass temperature to a safe value of 120 K maximum.
Re-cooling to 4.5 K is achieved within one day.

– 20 –

(a) (b)

Figure 5.5: (a) Illustration of the ATLAS solenoid and toroid magnets. (b) A photo of the
ATLAS barrel toroids. Copyright CERN [93].
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5.3 The Inner Detector

The ID [93, 117] is designed to measure the direction, momentum, and charge of charged

particles produced in the collisions. It is located at the center of the experiment, surrounding

the collision point, and covering the range up to |η| < 2.5. A charged particle traversing the

ID interacts primarily electromagnetically, either with silicon semiconductors in the Pixel

Detector (section 5.3.1) and the SCT (section 5.3.2), or with gas filled straw drift tubes in

the TRT (section 5.3.3), leaving hits in the cells of different layers of the sub-detectors that

can be combined by a dedicated tracking algorithm to form tacks. A magnetic field of 2 T

is provided by the solenoid magnet (as described in section 5.2). The high granularity of the

ID provides tracks with excellent spatial and momentum resolution. This is crucial, since

approximately 1000 particles emerge from the collision point each 25 ns within the volume

of the ID. It is capable of measuring tracks with momenta as low as pT = 500 MeV (below

500 MeV, charged particles do not cross the full ID). Track reconstruction is described in

greater detail in chapter 6. The Pixel, SCT, and TRT sub-detectors all have cylindrical

geometry; segmented into concentric barrel layers, centered on the interaction point; and

end-cap disks perpendicular to the beam line, at either end of the barrel. The whole ID is

contained within a cylindrical envelope of length ±3512 mm and radius ±1150 mm. The

overall layout is shown in fig. 5.6, and a cutaway view of the sensors and structural elements

in the barrel and end-cap regions are shown in fig. 5.7. A cross-sectional schematic in the

r-z plane is shown in fig. 5.8.

The close proximity to the primary interactions means that the ID in general, and the Pixel

detector in particular, is exposed to high levels of radiation, which severely degrades the

electronics over time. The initial three layers of the Pixel detector were designed to sustain

radiation damage resulting from 300 fb−1, and the design requirements of the IBL assumed

an integrated luminosity of 550 fb−1, at a peak luminosity of 3× 1034 cm−2s−1. The entire
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tracking system of the ATLAS detector going to be replaced after the end of Run II (during

the LHC Phase II shutdown) with an all-silicon tracker named the Inner Tracker (ITk),

designed to cope with the high radiation environment of the HL-LHC [118]

Figure 5.6: The ATLAS ID with sub-detectors and dimensions marked out. Copyright
CERN [93].

5.3.1 Pixel Detector

The Pixel detector [93, 120] is installed closest to the interaction point. The Pixel sensors are

doped silicon semiconductors which generate electron-hole pairs that are collected and by an

applied electric field. Given that the density of particles produced in the collisions is higher

near interaction point, the Pixel detector has the finest granularity by far. It consists of 80.4

million independent Pixel channels, with a minimum size in R−φ× z of 50×400 µm, which

provides a intrinsic accuracy of 10 µm in R-φ and 115 µm in z (R) for the barrel (end-cap)

detectors. In Run I the Pixel detector consisted of three individual layers parallel to the z

direction. During the shutdown period in 2014 a new innermost Pixel layer, the Insertable
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(a)

(b)

Figure 5.7: Cutaway view of the of the ATLAS ID in the (a) radial-, and (b) longitudinal
direction. A Copyright CERN [93].
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Figure 5.8: A cross-sectional schematic of a quarter of the major ID subsystems in the r-z
plane. The bottom panel shows a magnified view of the Pixel detector. The innermost layer
of the Pixel detector (IBL) was added for Run II, together with a new beam pipe. Copyright
CERN [119].

B-Layer (IBL), was installed in order to improve tracking robustness and precision [121,

119]. The placement of the Pixel detector so close to the beam line2 makes it possible to

very accurately measure the location of both primary vertices (i.e. locations of pp collisions)

and displaced secondary vertices (decays of particles with long lifetimes, such as B-hadrons).

The Pixel detector provides coverage for |η| < 2.5, with up 4 four independent measurements

of a particle tracks (i.e. one hit for each layer).

2. The IBL sits only 31 mm from the center of the beam pipe [120].
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5.3.2 Semiconductor Tracker

The SCT [122, 93] surrounds the Pixel detector. Similarly to the Pixel detector, it operates

with doped silicon semiconductor sensors. The SCT is segmented into four cylindrical barrel

layers and two end-caps, each with nine circular disk layers. It has 6.3 million readout

channels and contains 4088 modules, each consisting of a two pairs of rectangular 64 mm

silicon microstrip sensors glued back-to-back at an angle of 40 mrad relative to each other.

The mean pitch of the silicon strips is approximately 80 µm. This gives the SCT an intrinsic

precision of 17 µm in R-φ and 580 in z for the barrel and 17 µm in R-φ and 580 in R for

the end-cap layers [93]. The SCT covers up to |η| < 2.5.

5.3.3 Transition Radiation Tracker

The TRT [93, 123] is located outside the SCT and is the largest sub-detector in the ID.

Unlike the Pixel and SCT detectors, which use silicon sensors, the TRT is composed of 4 mm

diameter straw drift tubes that provide about 36 hits per track. Particles traversing the straw

tubes are detected by interacting with the gas in the tube which creates ion/electron pairs.

The electrons are accelerated by an electrical field though the gas in the tubes, colliding

with other atoms and creating an avalanche of electron/ion pairs, which greatly amplifies

the initial signal. The electric field is generated from a potential difference of 1530 V between

the exterior of the tube (cathode) and a center wire (anode). The position of the particle in

the straw can be determined from the time of arrival of the signal to the anode wire, given

that the drift velocity is known. The total number or readout channels is nearly 351, 000.

The intrinsic accuracy of the TRT is 130 µm in R-φ [93]. The TRT is also able to identify

electrons via emission of transition X-rays [124]. The TRT covers the range |η| < 2.0.
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5.4 Calorimetry

The ATLAS calorimeter system measures the energy of all SM particles except muons and

neutrinos [93]. It is also important for stopping particles (besides muons and neutrinos)

from entering the muon spectrometer. It is located outside the ID and the solenoid and

provides near-hermetic coverage up to |η| < 4.9. The calorimeters are the only detectors

able to measuring neutral particles, and are thus crucial for the reconstruction of hadronic

final states (e.g. jets). This section focuses on the hardware design of the calorimeter system.

The reconstruction of hadronic final states are covered in detail in chapter 6. The calorimeter

system thus consists of several sub-detectors: the LAr EM calorimeter (barrel and end-cap),

the hadronic TileCal (barrel and extended barrel), the LAr HEC, and the LAr FCal. A

cutaway view of the ATLAS calorimeter system is shown in fig. 5.9.

Figure 5.9: A cutaway view of the ATLAS calorimeter system, all the major sub-detectors
are shown. Copyright CERN [93].
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The techniques used for calorimetry varies based on which physics processes are dominant

in different regions of the detector. All calorimeter sub-detectors are sampling and non-

compensating. Sampling means that the detectors are made with alternating layers of active

readout (via ionization or scintillation) and high-density passive absorber material (e.g. steel,

lead, or copper). Particles propagating through the calorimeter will interact with atoms in

the dense absorber material, spawning a cascade of daughter particles of lower energy, which

are more easily measured in the active layers. Non-compensating means that not all energy

is measured in the passive layers, hence the energy measured in the active layers is less than

the actual energy of the particles entering the calorimeter. Although the unmeasured energy

can be corrected for in the energy calibration, there is a price to pay in terms of energy

resolution.

5.4.1 The Electromagnetic Calorimeter

The high granularity EM calorimeter [93, 125] is designed for precision measurements of

electrons and photons. It is divided into one barrel (|η| < 1.475 and two end-caps (|1.375 <

|η| < 3.2), each housed in a separate cryostat. The EM calorimeter is composed of passive

lead absorbers with LAr as the active material. The absorbers are designed to promote

electromagnetic showers – primarily from photons and electrons – and provide a large number

of radiation lengths to absorb the energy of particles traversing the detector. Particles

produced in the electromagnetic showers in the passive lead absorbers ionize the liquid argon

in the active layers, creating ions and free electrons. An electric field drifts the free electrons

to one side of the detector, where they can be measured. The absorbers are arranged in a

special accordion-shaped geometry, designed to provide fast readout and uniform coverage in

φ. The EM barrel is segmented into 3 layer with different granularity in η and φ, a schematic

is shown in fig. 5.10. The first layer provides especially fine segmentation in η which is helpful
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for separating showers initiated by electrons or photons from showers initiated by neutral

pions. In order to correct for the energy lost by particles in the EM calorimeter, a LAr

presampler detector covers the region of |η| < 1.8. Including the presampler, the LAr EM

calorimeter has over 170,000 readout channels [93].
2
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in φ . The granularity in η and φ of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < η < 1.475) and the other one the region
with z < 0 (−1.475 < η < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full η-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no
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Figure 5.10: Schematic showing a module in the LAr EM calorimeter barrel. The granularity
of the cells in η and φ is shown for all three layers. The characteristic accordion-shape of
the absorbers is indicated in the sketch. Copyright CERN [93].

5.4.2 The Hadronic Calorimeter

The hadronic calorimeter has coarser granularity, which is sufficient to measure the energy of

hadrons. It consists of three sub-detectors: the TileCal (barrel and end-cap), the LAr HEC;

and the LAr FCal [93]. TileCal [126] is placed directly outside the EM calorimeter and it

covers the most central region, the barrel covers up to |η| < 1.0, and the end-cap covers the

range 0.8 < |η| < 1.7. It uses steel plates as absorbers and scintillating plastic tiles as the
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active material. Analogously to the EM calorimeter, the steel absorbers promote particle

showers of lower energy particles. These particles then pass through the plastic scintillator

layers, where organic molecules are excited by the ionizing radiation, and emit scintillating

light. The light produced in the scintillators is transmitted by wavelength shifting fibers3 to

photomultiplier tubes (PMTs), which converts the incoming light to an amplified electrical

signal. In total, there are approximately 10,000 PMTs in TileCal, which are measured and

digitized every 25 ns. The TileCal barrel is 5.8 m long and the extended barrels are 2.6 m

long, each is composed of 64 wedge-shaped modules with size φ ≈ 0.1. A schematic of a

tile module is shown in fig. 5.11. TileCal contains three independent layers, as illustrated in

fig. 5.12. The resolution in ∆η × ∆φ of the first two layers is approximately 0.1 × 0.1 and

0.2× 0.1 for the third layer.

The HEC covers 1.5 < |η| < 3.2| and has a design similar to the EM calorimeter, but with

alternating layers of liquid-argon and copper (instead of lead) in a flat geometry. The two

forward calorimeters covers 3.1 < |η| < 4.9 and provide both electromagnetic and hadronic

energy measurements. Each FCal is composed of three modules, the innermost module uses

copper as the absorber material, tungsten is used in the other two. Liquid-argon is used

as the active material in all three modules. The HEC and FCal has about 9000 readout

channels in total [93].

3. A wavelength sifting material absorbs higher frequency (energy) photons and emits multiple lower
frequency (energy) photons.
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supplies which power the readout are mounted in an external steel box, which has the cross-section
of the support girder and which also contains the external connections for power and other services
for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration
systems: charge injection, laser and a 137Cs radioactive source. These systems test the optical
and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%
(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-
ical assembly and the optical readout of the tile
calorimeter are integrated together. The vari-
ous components of the optical readout, namely
the tiles, the fibres and the photomultipliers, are
shown.

The mechanical structure of the tile calorime-
ter is designed as a self-supporting, segmented
structure comprising 64 modules, each sub-
tending 5.625 degrees in azimuth, for each of
the three sections of the calorimeter [112]. The
module sub-assembly is shown in figure 5.10.
Each module contains a precision-machined
strong-back steel girder, the edges of which
are used to establish a module-to-module gap
of 1.5 mm at the inner radius. To maximise
the use of radial space, the girder provides both
the volume in which the tile calorimeter read-
out electronics are contained and the flux return
for the solenoid field. The readout fibres, suit-
ably bundled, penetrate the edges of the gird-
ers through machined holes, into which plas-
tic rings have been precisely mounted. These
rings are matched to the position of photomul-
tipliers. The fundamental element of the ab-
sorber structure consists of a 5 mm thick mas-
ter plate, onto which 4 mm thick spacer plates
are glued in a staggered fashion to form the
pockets in which the scintillator tiles are lo-
cated [113]. The master plate was fabricated
by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-
tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed
slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of
stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a
custom stacking fixture. These are then bolted onto the girder to form modules, with care being
taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled
by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and
outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-
to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the
nominal one [112, 114].
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Figure 5.11: Schematic showing the integration of steel absorbers and optical readout (i.e.
tiles, fibers, and photomultipliers) in TileCal. Copyright CERN [93].

Figure 5.12: Segmentation of TileCal the central and extended barrel modules in depth and
η into the so-called A-, BC-, and D-cells. TileCal is symmetric along the beam axis about
the interaction point. Copyright CERN [93].
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5.5 The Muon Spectrometer

The muon spectrometer [93, 127] forms the outermost part of the ATLAS detector. It is

designed to measure the momentum of charged particles escaping the barrel and end-cap

calorimeters in the range |η| < 2.7. It also triggers on muons in the range |η| < 2.4. The

muon system is divided into the barrel-, end-cap-, and transition region, based on which set

of toroid magnets are providing the bending; the barrel toroid in the range |η| < 1.4; the

two smaller end-cap toroids in the range 1.6 < |η| < 2.7; and a combination of barrel and

end-cap fields in the transition region of 1.4 < |η| < 1.6. Although the muon spectrometer is

capable of reconstructing tracks independently, tracks measured in the muon spectrometer

are typically combined with tracks measurements in the ID, thus improving the momentum

resolution. Since the toriods bend charged particle tracks in a direction perpendicular to

the solenoid, the track measurements from the muon spectrometer and the ID are largely

independent. The muon spectrometer consists of several subsystems, as shown in fig. 5.13.

Most of the |η| range is covered by the MDTs. At large pseudorapidities of 2.0 < |η| < 2.7,

CSCs are used. The muon trigger system consists of TGCs and RPCs. In the barrel region,

the chambers are arranged in three concentric cylindrical layers around the z-axis. In the

transition and end-cap regions the chambers are arranged in three wheels, perpendicular to

the z-axis. The arrangement of the subsystems are shown in fig. 5.14 .

5.6 Forward Detectors

Several smaller forward detectors provide additional information for luminosity measure-

ments and for the ATLAS trigger system [93, 128]. Luminosity measurements can be per-

formed by several detectors and are critical for physics searches and for understanding detec-

tor conditions. LUminosity Cherenkov Integrating Detector (LUCID) is dedicated to online
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Figure 5.13: Cutaway view of the ATLAS muon spectrometer. Copyright CERN [93].

Figure 5.14: Cross-sectional view of the ATLAS muon spectrometer in the y-z plane (bending
plane of the toroid magnets). The dashed lines illustrate trajectories of muons of high
momentum, which typically traverse three muon stations. Copyright CERN [93].
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luminosity monitoring. It consists of two detectors located in the far forward region at

±17 m. It measures the pp inelastic cross section which is used to determine the luminosity.

The Absolute Luminosity For ATLAS (ALFA) [129] measures the elastic pp cross section at

very small angles, which is used to determine the total pp cross section and luminosity in

the LHC. It consists of four so-called Roman Pot stations, located about ±240 m from the

ATLAS interaction point. The ATLAS Forward Proton Detector (AFP) detector is newest

addition in the far forward region [128, 130]. AFP is designed to measure proton scattered

at small angles from the interaction point. The Zero Degree Calorimeter (ZDC) is located

at ±140 m from the interaction point and plays an important role in heavy ion physics.

5.7 Trigger and Data Acquisition

With a collision rate of 40 MHz (i.e. bunch-crossing interactions every 25 ns) at design

luminosity, recording all collisions events is not possible.4 A sophisticated system of custom

built hardware and dedicated software, the ATLAS Trigger and Data Acquisition (TDAQ),

reduces the rate to more managable levels, keeping only the most interesting events for further

processing. The trigger system was upgraded between Run I and Run II, in order to cope with

the increased trigger rates when running at
√
s = 13 TeV and at a higher luminosity. Since

the studies in this thesis utilize data from both Run I (chapter 8) and Run II (chapter 9),

each system is briefly described below. More details about event reconstruction are described

in chapter 6.

4. A single readout of the whole ATLAS detector results in over 1 MB of data [93], thus reading out all
events would require a pipeline and storage capacity capable of handling a data rate of 40 TB/ s. Such a
system would be extremely difficult to build.

89



5.7.1 Run I

In Run I (2009 to early 2013) the ATLAS trigger system [93, 131] consisted of three levels:

the Level-1 (L1) trigger, the Level-2 (L2) trigger, and the Event Filter (EF). In order to cope

with a collision rate of 40 MHz, the L1 trigger was implemented entirely in custom built

hardware and firmware. Based on a limited set of trigger information from the calorimeter

and the muon spectrometer only, the L1 trigger makes a decision whether or not to accept

an even in less than 2.5 µs. The L1 trigger reduces the event rate from 40 MHz down to

75 kHz. Next, the L2 trigger uses all the detector information and further reduces the rate

to 3.5 kHz. Finally, the EF reduces the event rate to about 200 Hz. Both the L2 and EF

trigger are implemented in software.

5.7.2 Run II

The Run II trigger system consists of the L1 trigger and the HLT trigger [132], implemented

in hardware and software, respectively. The L1 trigger reduces the rate from 40 MHz to

about 100 kHz, and the HLT further reduces the rate to about 1 kHz. Exactly as in Run I,

the L1 trigger accept information from the calorimeter and muon spectrometers. The L1

trigger decision is made by the Central Trigger Processor (CPT), based on inputs from the

L1 calorimeter (L1Calo) and the L1 muon (L1Muon) subsystem. If a triggering decision is

made by the CPT, a L1 accept signal is sent to the readout system, and the HLT receives

regions-of-interest (ROIs) for local reconstruction. A schematic of the ATLAS Run II TDAQ

system is shown in fig. 5.15.
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Figure 1: The ATLAS TDAQ system in Run 2 with emphasis on the components relevant for triggering. L1Topo
and FTK were being commissioned during 2015 and not used for the results shown here.

has decreased from 50 to 25 ns. Due to the larger transverse beam size at the interaction point (�⇤ =
80 cm compared to 60 cm in 2012) and a lower bunch population (1.15 ⇥ 1011 instead of 1.6 ⇥ 1011

protons per bunch) the peak luminosity reached in 2015 (5.0 ⇥ 1033 cm�2 s�1) was lower than in Run 1
(7.7 ⇥ 1033 cm�2 s�1). However, due to the increase in energy, trigger rates are on average 2.0 to 2.5
times larger for the same luminosity and with the same trigger criteria (individual trigger rates, e.g. jets,
can have even larger increases). The decrease in bunch-spacing also increases certain trigger rates (e.g.
muons) due to additional interactions from neighbouring bunch-crossings (out-of-time pile-up). In order
to prepare for the expected higher rates in Run 2, several upgrades and additions were implemented during
LS1. The main changes relevant to the trigger system are briefly described below.

In the L1 Central Trigger, a new topological trigger (L1Topo) consisting of two FPGA-based (Field-
Programmable Gate Arrays) processor modules was added. The modules are identical hardware-wise and
each is programmed to perform selections based on geometric or kinematic association between trigger
objects received from the L1Calo or L1Muon systems. This includes the refined calculation of global
event quantities such as missing transverse momentum (with magnitude Emiss

T ). The system was fully
installed and commissioned during 2016, i.e. it was not used for the data described in this paper. Details
of the hardware implementation can be found in Ref. [17]. The Muon-to-CTP interface (MUCPTI) and
the CTP were upgraded to provide inputs to and receive inputs from L1Topo, respectively. In order to
better address sub-detector specific requirements, the CTP now supports up to four independent complex
dead-time settings operating simultaneously. In addition, the number of L1 trigger selections (512) and

5

Figure 5.15: The ATLAS TDAQ system in Run II [132].
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5.8 Conclusion

This chapter introduced the design principles of general purpose detectors, such as ATLAS

and CMS, which consists of; an inner tracker for measuring the momentum of charged

particles; a calorimeter system for measuring the energies of leptons, photons, and hadrons;

and a muon spectrometer for identifying muons. The ATLAS detector is an incredible

complicated piece of machinery, with over 100 million independent readout channels from

its sub-detector systems. Its an engineering marvel, built by a collaboration of thousands of

scientists and engineers for the purpose of exploring the nature of reality.
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CHAPTER 6

EVENT SIMULATION AND RECONSTRUCTION

The goal of particle physics experiments—such as ATLAS and CMS—is to measure the

outgoing particles resulting from the hard-scatter collisions, in order to reconstruct the in-

termediate states, e.g. Higgs bosons, top-quarks, etc. Such intermediate states are short

lived, thus their properties can only be calculated based on their decay products, which are

part of the measured final state particles.

This chapter provides a brief general introduction to the ATLAS Monte Carlo (MC) event

simulation and event reconstruction. Event reconstruction is performed on both real data

and MC simulation. The general workflow of an LHC search for new physics is introduced

section 6.1. Section 6.2 provides an overview of the procedure for simulating physics events

at ATLAS. Section 6.3 lists common data quality criteria, which are applied to most searches

and SM measurements. Section 6.4 introduces the concept of a jet, which is the essential

object for studying hadronic final states in the detector.

Since the two searches presented in this thesis were performed using datasets and event

simulations from different LHC runs (8 TeV for the RPV stop search in chapter 8 and

13 TeV for the electroweak search in chapter 9), several things pertaining to the object

reconstruction and the calibration procedures were slightly different. Also, the simulated

SM background processes were different between the two searches. Because of these reasons,

standalone sections describing the event reconstruction and the data and MC samples were

written for each analysis in chapter 8 and chapter 9.
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6.1 Analysis Workflow

In particle physics, we are often searching for phenomena that have been predicted but

not yet seen. Usually this means that we have a theoretical model that predicts some

new physical phenomena—such as new massive particles—that extents the SM. In order

to compare the theory to data, particle physicists simulate both the predicted signal and

dominant backgrounds, using the Monte Carlo method [133] (the physics event simulation

is described in the next chapter), and compare the observations with the data. This can be

summarized by the following steps (which are illustrated in fig. 6.1):

1. First, high-energy physics processes (for both signal and background) are simulated

using MC generators at the parton level [134].

2. After that, the soft physics is simulated, i.e. how partons shower and decay and form

bound states (pions, Kaons, protons, etc.).

3. Next, the whole ATLAS detector is simulated [135]. The propagation of particles

through matter is simulated with GEANT4 [136]). All detector systems and sensors

(such as calorimeter scintillators), defects (dead sensors, etc), electronic response, etc

are included in the detector simulation.

4. At this stage the reconstruction of physics observables begin, using the available track-

ing and calorimeter sensor data. The process is essentially the same for both recorded

and simulated data from here on. First, hits in the inner detector and energy deposits

in calorimeter cells are reconstructed into tracks and calorimeter clusters, respectively.

Tracks and clusters are then reconstructed into high level objects such as muons [137],

electrons [138], photons [139], jets [140, 141], and missing transverse momentum [142].

As discussed in section 5.7, with an event rate of 40 MHz it is not feasible to record
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all the data, thus good triggers to select events of high interest for searches and SM

measurements are critical.

5. Now, we have reconstructed events for data and MC. Depending on what type of search

or measurement is performed, different selections are made at the event level. However,

certain selections are always made on in order to ensure good data quality, and efficient

triggers (see section 6.3). A statistical analysis is then performed to separate signal

from background1.

6. Finally, an hypothesis test is performed, usually this means comparing the background

only hypothesis, Hb, (i.e. processes predicted by the SM) to an hypothesis that in-

cludes background plus predicted signal, Hs+b (i.e. predictions of new SUSY particles).

Hypothesis testing in searches for new physics is described in chapter 7.

6.2 Simulation of Physics Events at the LHC

The final-state truth partons are generated using a Monte Carlo (MC) event generator, which

first calculates all the matrix elements relevant to the hard-scatter process. After generating

the relevant diagrams, the generator samples the phase space, which spans all the degrees of

freedom in the theory. The differential cross section (event weight), is calculated for many

candidate events, and the average is taken as an approximation of
∫
dσ, which converges to

the measured cross section [134]. The simplest way to implement this is to only consider tree

level diagrams2, which is referred to as leading order (LO). More complicated procedures

involve computing all diagrams contributing up to a given order in the perturbation theory.

1. This could be a simple “cut-and-count” analysis, or make use of more sophisticated methods, such as
(boosted) decision trees, neural networks, etc.

2. I.e. emission of real particles, and not taking higher order terms into account.
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Figure 6.1: HEP analysis workflow. Example plots and event display are from the ATLAS
2012 Higgs discovery paper [12].

Modern event generators typically include next-to-leading order (NLO), and even next-to-

next-to-leading order (NNLO) diagrams. The parton distribution functions mentioned in

section 2.3.2 are critical for the event generation process. The outputs of the event gener-

ation process (i.e. the truth partons) are then passed on to undergo parton showering and

hadronization. Next, the events are processed by full simulation of the ATLAS detector [135],

which uses the GEANT4 [136] toolkit to simulate interaction between the stable final-state

particles and the material in the detector3. The simulated events are reconstructed with the

same algorithm as used for data. The specific details regarding the simulation (generator ver-

sions, tuning parameters, etc) pertaining to each analysis presented in this thesis is described

in section 8.2 and section 9.2, for the RPV stop and electroweak search, respectively.

3. The simulation includes all material in the detector, not just the active material, which includes support
structures, electronics, cabling, etc.
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6.3 Standard Event and Data Quality Selections

• Good Runs List (GRL) [applied to data only]: During an ATLAS data run, events

are organized into luminosity blocks (each spanning 1-2 minutes of data-taking). A

GRL is an XML file that lists the luminosity blocks considered good for analysis from

within the data runs. Separate GRLs are used for the 2012, 2015, and 2016 datasets.

The 2012 dataset was used for the search presented in chapter 8. The 2015, and 2016

datasets were used for the search presented in chapter 9.

• TileCal, LAr, and SCT corrupted events [applied to data only]: Following the ATLAS

recommendations, vetos are applied to reject events where Tile or LAr errors occur, as

well as single event upsets in the SCT.

• Trigger [applied to both data and MC]: Different trigger strategies were applied in the

two seaches presented in this thesis. The trigger strategy for the RPV stop and the

electroweak searches are presented in chapter 8 and chapter 9, respectively.

• Jet cleaning [applied to both data and MC]: Non-collision backgrounds originating

from calorimeter noise, beam halo interactions, or cosmic rays can lead to spurious

calorimeter signals and the reconstruction of ”bad” jets. This effect can be suppressed

by applying a standard jet cleaning procedure, which has been developed for 2015

data to reject jets based on their shape and timing information [143]. Following these

criteria, events are rejected if they contain at least one small radius jet (anti-kT , with

R = 0.4) with pT > 20 GeV classified as bad-loose.

• Muon cleaning [applied to both data and MC]: Fake muons can be reconstructed from

high hit multiplicities in the muon spectrometer due to very energetic punch through

jets, or from badly measured inner detector tracks in jets wrongly matched to muon

spectrometer segments. Such fake muons are a potential source of fake Emiss
T . Events
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containing these bad muons are rejected by vetoing any events satisfying the following

cut:
σ( qp )

| qp |
> 0.2. Events with muons arising from cosmic rays are rejected to avoid

effects on the tails of the Emiss
T . Potential cosmic muons are identified after the muon-

jet overlap removal as muons with large longitudinal and transverse impact parameters

|z0| > 1 mm and |d0| > 0.2 mm, respectively.

• Primary vertex selection [applied to both data and MC]: Events are required to have

at least one primary vertex with at least two tracks with pT > 0.4 GeV, selected as

the vertex with the highest sum of transverse momentum of tracks associated with it.

6.4 Jets

Final state particles such as electrons, muons, and photons, can be measured directly through

their interactions in the tracking, calorimeter, and muon systems. However, as was explained

in section 2.3.1 there are no free quarks at the distance scale of the detector, due to con-

finement. Quarks and gluons originating from the proton-proton collisions in the LHC will

shower (parton jet) and hadronize (particle jet) in to colorless objects which deposit their

energy in the calorimeter (calorimeter jets). This process is illustrated in fig. 6.2.

Figure 6.2: Illustration of the evolution of partons, which due to confinement results in a
spray of particles in the calorimeter. [144]
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6.4.1 Jet Reconstruction

Jets are reconstructed by a clustering algorithm, which determines the properties of the jet.

The main goal of a good jet algorithm is to reconstruct jets which accurately represents the

properties of the underlying parton(s). There have been many jet algorithms over the past

decades, with cone-algorithms emerging as the most popular option among experimental-

ists [145, 146]. The standard jet clustering algorithm used within the ATLAS Collaboration

is anti-kt with a radius parameter of R = 0.4 [147], implemented in the FastJet software

package [148]. Jets are reconstructed from three-dimensional topological energy clusters

(topo-clusters) in the calorimeter. Topo-clusters have better noise suppression and energy

resolution than cells, after being calibrated [149]. An event display, which includes several

jets reconstructed with the anti-kt R = 0.4 algorithm, is shown in fig. 6.3.

Topo-clusters are formed by the so-called “4-2-0” algorithm, where the basic observable

controlling the cluster formation is the cell signal significance, defined as:

S =
EEM

cell

σEM
noise,cell

, (6.1)

where EM indicates that both the cell energy and cell noise are measured at the electromag-

netic (EM) energy scale. Clusters are then formed according to the following algorithm:

1. Seed cells, defined as S > 4, form the initial topo-clusters.

2. Neighbouring cells that have S > 2 are added to expand the topo-clusters. If a neigh-

bouring cell already belonged to another topo-cluster, the two topo-cluster are com-

bined. This step is repeated until there are no more neighbouring cells that meet the

S > 2 requirement.

3. Finally, all adjacent cells with S > 0 are added.
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Figure 6.3: An event display using real data from the electroweak SUSY search presented
in chapter 9. The event passes the selection criteria for SRHad-High in table 9.3. Jets
reconstructed using the anti-kt R = 0.4 algorithm are shown.
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An example of this clustering algorithm is shown in fig. 6.4.

6.4.2 Tagging of b-hadrons

The lifetime of a typical b-hadron is of the order 1− 1.5 ps [19], which is significantly longer

than the lifetime of most other hadrons, and long enough for b-hadrons to travel a few mm in

the detector before decaying. This results in a secondary vertex, displaced from the primary

hard-scatter vertex, as illustrated in fig. 6.5. To identify b-jets, a multivariate algorithm is

used, which takes as its inputs the information about the impact parameters of charged-

particle tracks, the parameters of reconstructed secondary vertices, and the topology of b-

and c-hadron decays inside an anti-kt R = 0.4 jet. Different versions of this algorithm were

used in Run I (MV1 [150]) and Run II (MV2c10 [151, 152]).
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Figure 6: Stages of topo-cluster formation in the first module (FCAL0) of the FCAL calorimeter for a simulated dijet
event with at least one jet entering this calorimeter. Shown in (a) are cells with signal significance |& EM

cell | > 4 that
can seed topo-clusters, in (b) cells with |& EM

cell | > 2 controlling the topo-cluster growth, and in (c) all clustered cells
and the outline of topo-clusters and topo-cluster fragments in this module. All clusters shown in (c) which do not
contain a seed cell from this module are seeded in other modules of the FCAL, or in other calorimeters surrounding
it. Pile-up is not included in this simulation, but electronic noise is modelled. Cells not colour coded but inside a
topo-cluster have a negative signal, while cells shaded grey are completely surrounded by clustered cells but not
part of a topo-cluster themselves. The cell and cluster boundaries are displayed on a dimensionless grid using the
polar angle ✓ and the azimuthal angle �. This view maintains the cell shapes and proportions. For the definition of
the cell signal significance & EM

cell see Eq. (2).

Eq. (3), are shown in Fig. 6(a). Cells with signal significances above the threshold N specified in Eq. (4)
are displayed in Fig. 6(b). The cells from this module included in any topo-cluster are shown in Fig. 6(c).
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(c)

Figure 6.4: Topo-clustering for simulated dijet events in the first module of the ATLAS
Forward Calorimeter. [149]
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As input, the tagging algorithm is given a list of tracks associated to the calorimeter jet. The track-to-
jet association is done using a ΔR matching between the tracks and the jet axis. A track is not allowed to
be associated to multiple jets, but only to the closest one. For this analysis, a cone size of ΔR= 0.4 was
used. Only tracks in jets fulfilling the criteria listed in Table 1 are used in the secondary vertex fit. These
tracks are referred to as SV0 tracks. The track selection criteria are slightly different to the selection
criteria for the impact-parameter based taggers [3] as a result of the SV0-specific optimization.

Selection
pT > 0.5 GeV
dPV0 < 2 mm
zPV0 sinθ < 2 mm
σ(dPV0 ) < 1 mm
σ(zPV0 ) < 5 mm
χ2/ndof < 3
Number of Pixel hits ≥ 2
Number of SCT hits ≥ 4
Number of Pixel+SCT hits ≥ 7

Table 1: Track selection criteria used by the SV0 tagging algorithm, where dPV0 and zPV0 denote the
impact parameters of the track in the transverse plane and the longitudinal direction respectively. They
are derived with respect to the reconstructed primary vertex. The χ2/ndof is that of the track fit.

Using these SV0 tracks as input the SV0 algorithm starts by reconstructing two-track vertices signif-
icantly displaced (in three dimensions) from the primary vertex. Tracks are considered for the two-track
vertices if dca/σ(dca) > 2.3, where dca/σ(dca) is the 3-dimensional impact parameter significance of
the track in three dimensions with respect to the primary vertex. Furthermore, the sum of the impact

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

Figure 1: A secondary vertex with a significant decay length indicates the presence of a long-lived
particle in the jet. The secondary vertex is reconstructed from tracks with a large impact parameter
significance with respect to the primary vertex.

2

Figure 6.5: Long-lived particles are primarily identified by a secondary vertex, significantly
displaced from the primary one. The secondary vertex is reconstructed from tracks with a
large impact parameter significance relative to the primary vertex. [153]
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CHAPTER 7

HYPOTHESIS TESTING IN SEARCHES FOR NEW PHYSICS

This chapter introduces common statistical terminology and methods for hypothesis testing

when searching for new physics that are used by the particle physics community at large, and

by ATLAS Collaboration in particular. These concepts are discussed both in the context

of discovery and limit setting. Section 7.1 Introduces the concepts of signal-, control-, and

validation regions. The specifics of the likelihood-based statistical test, which accounts for

systematic uncertainties as variable nuisance parameters, used at the LHC experiments is

described in section 7.2. A lot more information can be found in Refs. [154, 155, 156, 157,

158, 159].

7.1 Signal, Control, and Validation Regions

Many analyses typically involve defining signal regions (SR), where we expect high sensitivity

for any potential signal, and control regions (CR), which are used to constrain the predicted

background to the data. By construction, the signal contribution in the CR(s) is expected

to be very small. The background estimate in the CR is then typically extrapolated to

the SR. Often (especially for data-driven background estimation), validation regions (VR),

with moderate signal contamination, are constructed to test the background estimate. The

signal is often simulated for many different hypothesis (by varying a parameter, such as the

mass of some new unknown particle). An illustration of the concept of signal, control-, and

validation regions is shown in fig. 7.1.
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Figure 7.1: Illustration of signal-, control-, and validation-regions.

7.2 CLs and Limit Setting

When searching of new physics at the ATLAS experiment, hypothesis testing is generally

performed by a frequentist statistical test [154]. Essentially we want to compare the prob-

ability, P (data|Hb), of the observed data given a background only hypothesis, Hb, with

the probability, P (data|Hs+b), of observation given the hypothesis of the background plus

some predicted signal. For purposes of discovery, the background only hypothesis is taken

as the null hypothesis, e.g. H0 = Hb, which is tested against the alternative hypothesis,

H1 = Hs+b. When setting exclusion limits the roles are reversed, i.e. H0 = Hs+b and

H1 = Hb. The level of agreement between H and the data is quantified by the p-value,

which is a probability of, under the assumption of H, finding data of equal or greater incom-

patibility with the predictions of H. It is common in particle physics to convert the p-value

into an equivalent significance, Z = Φ−1(1− p), i.e. a Gaussian distributed variable that is

found Z standard deviations above its mean has an upper-tail probability of p (Φ−1 is the
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quantile, i.e. the inverse of the cumulative distribution function of the standard Gaussian).

In the case of discovery, it is a “tradition” in the particle physics community to require a

significance of at least Z = 5 (corresponding to p = 2.87×10−7) in order to claim a discovery.

For example, this was indeed the case in the search for the Higgs boson [12]. As shown in

fig. 7.2, there is a large deviation of about Z ' 5 around mH = 125 GeV.

(a) (b)

Figure 7.2: Combined search results from the ATLAS 2012 Higgs discovery paper [12]. (a)
The observed (solid) 95% CL limits on the signal strength as a function of mH , and the
expectation (dashed) under the background-only hypothesis. (b) The observed (solid) local
p0 as a function of mH and the expectation (dashed) for a SM Higgs boson signal hypothesis
(µ = 1) at a specific mass.

In order to set exclusion limits on a signal hypothesis, particle physicists usually require a

threshold p-value of 0.05, corresponding to a 95% confidence level (Z = 1.64). The reason for

the significantly larger confidence level in rejecting the background hypothesis is motivated

by the fact that the prevailing theory (usually the SM) has stood up to a lot of scrutiny, and

in order to reject it, a very strong discrepancy is needed. Furthermore 3σ − 4σ fluctuations

have appeared and later (usually when collecting more data) gone away several times in HEP

experiments. In contrast, the signal hypothesis may be well motivated by theory, but it has

yet to be observed. Of course, the 95% CL limits indeed imply that there is a 5% probability

of having accepted the Hb hypothesis when Hb+s is true (a Type-II error).

106



It is also worth noting that “merely” a 5σ excess is only part of discovering a new phe-

nomenon. The degree of belief in the new signal hypothesis, and the degree to which it

can describe the data is also very important [154]. However, a p-value below the specified

threshold to reject Hb is still regarded as a “discovery”, even if that means that we still don’t

with certainty which signal model will replace it. In the case of the Higgs that meant that

although a “Higgs-like” boson had been discovered, work still remained to measure if it was

the Higgs boson predicted under the SM. This is why, at the CERN Higgs announcement

presentation on July 4, 2012, the then CERN Director Rolf-Dieter Heuer said: “As a layman

I would say, I think we have it!”.

7.2.1 The likelihood function

The most common approach to establish a discovery (or set exclusion limits) in particle

physics is based on a frequentist significance test using a log-likelihood ratio as a test statistic.

To illustrate this approach, the RPV SUSY search [1] (which is presented in great detail in

chapter 8) is used as an example.

As described above, an excess of signal over background is searched for in mass windows,

by performing a counting experiment in each window. A likelihood function is constructed

from a parametric model of the observed data, the nominal signal (s) and background (b)

predictions, parametrized by the systematic uncertainty. Each systematic uncertainty, i, is

described with a nuisance parameter, θi, that continuously interpolates between the system-

atic variations and the nominal values, e.g. θi = ±1 for the ±σ variations, and θi = 0 for the

nominal (center) values. This likelihood function (in a specific mass window) can be written

as

L(n,θ0|µ, b,θ) = LP (n|ν(µ, b,θ))×
∏

i∈ Syst

G(θ0
i |θi, σθi), (7.1)
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where the Poisson expectation of observing n events is given by,

LP (n|ν(µ, b,θ)) =
νn

n!
e−ν , ν(µ, b,θ) = µs+ θibi, (7.2)

and the impact of systematic uncertainties is modelled by a product of Gaussian distri-

butions, G(θ0
i |θi, σθi), usually of unity width (σθi = 1). The number of expected events

in the Poisson part of the likelihood, ν(µ, b,θ), depends on the backgrounds, b, nuisance

parameters, θ, and the signal strength, µ. A signal strength of µ = 0 corresponds to the

background only hypothesis, Hb, and a signal strength of µ = 1 corresponds to the signal

plus background hypothesis, Hs+b, with a nominal cross-section, as predicted by theory.

The likelihood function is implemented using an ATLAS developed software package, Hist-

Fitter [159]. A fitting procedure is carried out using RooStats/RooFit (with Minuit as

backend) [160], to minimize the negative log-likelihood (NLL) by varying the nuisance pa-

rameters, θj , the backgrounds b, and signal strengths, µ (but keeping the number of events,

n, and the central values, θ0
j , constant). The minimum NLL corresponds to the model that

best fits the data.

An example of the NLL is shown for the QCD background systematic uncertainty is shown

in fig. 7.3.

7.2.2 The test statistic

To test an hypothesized value of µ we use the profile likelihood as a test statistic,

λ(µ) =
L(n|µ, ˆ̂θ)

L(n|µ̂, θ̂)
, (7.3)
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Figure 7.3: Example of minimized NLL for the QCD background systematics.

where µ̂ and θ̂ maximize the (unconditional) likelihood function, and
ˆ̂
θ in the numerator

denotes the value of θ that maximizes the likelihood function (eq. (7.1)) for a specific µ.

Hence,
ˆ̂
θ is the conditional maximum-likelihood (ML) estimator of θ, as a function of µ.

From (eq. (7.3)) it is clear that 0 ≤ λ ≤ 1, where λ near 1 implies a very good agreement

between the data and the hypothesized value of µ. It is common to use the (equivalent)

profile log-likelihood ratio, as a test statistic,

qµ = −2 log λ(µ). (7.4)

Higher values of qµ correspond to increasing incompatibility between the data and signal

model, as parametrized by µ. The level of disagreement is quantified by computing the

p-value,

pµ =

∫ ∞

qµ,obs
f(qµ|µ)dqµ (7.5)

, where qµ, obs is the value of the test statistic qµ observed in the data. A set of µ values

is rejected if the p-value is found to lie below some specified threshold, α. The pdf of qµ is
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given by f(qµ|µ), under the assumption of the signal strength µ. This pdf can be obtained

by throwing multiple pseudo experiments that randomize the number of observed events, n,

and the central values of the nuisance parameters, θ0
i .

According to Wilks’ theorem [161], the distribution of f(qµ|µ) is known in the case of large

statistics in the data sample. For a single signal parameter, µ (such as in the RPV SUSY

single bin counting experiment example), it follows a χ2 distribution with one degree of

freedom. The case of large statistics in the data sample is called the asymptotic regime.

However, the approximation holds up reasonably well even for as few as O(10) events in the

data [154].

For the test statistic, qµ, one may obtain a low p-value either when the estimated signal

strength µ̂ is found to be greater or less than the hypothesized value, µ. That is, the set of

rejected µ values may lie on either side (i.e. p < α) of the µ values not rejected, hence a

two-sided confidence interval for µ is a possibility.

However, particle physicists usually are interested in a new signal that only can increase the

mean event rate, beyond what is expected from the background. For a model where the data

fluctuates such as the prediction is µ̂ < 0, the best level of agreement between the data and

any physical value of µ occurs for µ = 0 [154].

In particular, in statistical tests when rejecting the null hypothesis (H0 = Hb), i.e. µ = 0,

leads to the discovery of new physics, we have

q0 =





−2 log λ(0) µ̂ ≥ 0,

0 µ̂ < 0,

(7.6)

where λ(0) is the profile likelihood ratio for µ = 0 (7.3).

This means that if there are fewer events in the data, than predicted by the background, i.e.
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µ̂ < 0, then q0 = 0. From increasingly larger values of µ̂ > 0, follow larger values of q0. This

corresponds to an increasing level of incompatibility between data and the µ = 0 hypothesis.

The level of disagreement is, as usual, quantified by the p-value, which is now given by

p0 =

∫ ∞

q0,obs
f(q0|µ)dq0. (7.7)

For the purposes of setting an upper limit on the strength parameter µ, a test statistic is

commonly defined as

qµ =





−2 log λ(µ) µ̂ ≤ µ,

0 µ̂ < µ̂ > µ.

(7.8)

Since we here are interested in setting an upper limit on µ, data with µ̂ > µ (i.e. qµ = 0

if the best prediction, µ̂, results in more events than what was observed for the signal plus

background hypothesis, for a given signal strength µ) is not regarded as less compatible with

µ than the data obtained.
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Figure 7.4: Distribution of the profile log-likelihood ratio, f(qµ|µ), generated from pseudo-
experiments. The signal plus background and background only hypotheses are shown for
different values of the signal strength µ.

7.2.3 Inverted hypothesis test

If we are unable to reject Hb, then we proceed to set exclusion limits (upper limits on µ, which

often are converted into a cross-section). This is typically done by performing an inverted
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hypothesis test, where the signal strength, µ, is increased step-by-step for a range of values.

An hypothesis test is done at each value of µ, either by generating pseudo experiments to

determine the distributions of the test statistic for the background only and the signal plus

background models, or by using the asymptotic formula mentioned above (and described in

detail in [154]). Distributions generated by pseudo experiments at different steps (i.e. for

different µ values) are shown in fig. 7.4.

Exclusion limits on µ are set when the p-value goes below some determined threshold, typi-

cally p < 0.05 (corresponding to 95% CL). Examples of the inverse hypothesis scans, using

both pseudo experiments and the asymptotic formula, are shown in 7.5. It common in par-

ticle physics, and the default procedure in ATLAS to use the CLs as p-value when setting

exclusion limits. The CLs is given by

CLs = CLs+b/CLb = ps+b/(1− pb). (7.9)

The agreement between data and the Hs+b (Hb) hypothesis is given by CLs+b (CLb). CLb

is the probability to get a result less compatible with the Hb hypothesis than the observed

result. Similarly, CLs+b is the probability to get a result which is less compatible with the

Hs+b then the observation, under the assumption that the Hs+b hypothesis is true. The

CLs limits are more conservative than CLs+b. In addition, CLs+b has problems when the

number of observed events is far below the number of expected events.
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Figure 7.5: Results for the inverted hypothesis test for (a) the frequentist approach (pseudo-
experiments), and (b) using the asymptotic approximation.
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CHAPTER 8

TOP SQUARKS WITH UDD R-PARITY-VIOLATING

DECAYS AT 8 TEV

A search for the pair production of supersymmetric top squarks (stops), each with R-parity-

violating decays into two Standard Model quarks, is performed using 17.4 fb−1 of
√
s = 8

TeV proton-proton collision data recorded by the ATLAS experiment at the LHC. Each top

squark is assumed to decay to a b- and an s-quark, leading to four quarks in the final state.

Background discrimination is achieved with the use of b-tagging and selections on the mass

and substructure of large-radius jets, providing sensitivity to top squark masses as low as

100 GeV.

This chapter is structured as follows: An brief introduction and motivation of the search

is presented in section 8.1. The data and MC samples used to simulate the dominant

background processes, as well as the MC signal samples, are described section 8.2. Section 8.3

describes the kinematic variables used in the analysis and the event selection. Section 8.4

describes the background estimation strategy. Section 8.5 presents the dominant systematic

uncertainties. Finally, the results are summarized in section 8.6.

8.1 Overview

For a general introduction to supersymmetry (SUSY) phenomenology, possible R-parity cou-

plings, and how SUSY particles could possibly be produced in pp collisions at the LHC, see

chapter 3. In RPC scenarios, SUSY particles are required to be produced in pairs and decay

to the lightest supersymmetric particle (LSP), which is stable [76]. In R-parity-violating

(RPV) models, decays to only SM particles are allowed, and generally relax the strong con-
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straints now placed on standard RPC SUSY scenarios by the LHC experiments [162, 163].

It is therefore crucial to expand the scope of the SUSY search programme to include RPV

models. Common signatures used for RPV searches include resonant lepton-pair produc-

tion [164], exotic decays of long-lived particles with displaced vertices [165, 166, 167, 168],

high lepton multiplicities [169, 170], and high-jet-multiplicity final states [171]. Scenarios

which have stops of mass below 1 TeV are of particular interest as these address the hierarchy

problem [172, 173, 174, 175].

SUSY RPV decays to SM quarks and leptons are controlled by three Yukawa couplings in

the generic supersymmetric superpotential (see eq. (3.10)) [176, 177]. These couplings are

represented by λijk, λ
′
ijk, λ

′′
ijk, where i, j, k ∈ 1, 2, 3 are generation indices that are sometimes

omitted in the discussion that follows. The first two (λ, λ′) are lepton-number-violating

couplings, whereas the third (λ′′) violates baryon number. It is therefore generally necessary

that either of the couplings to quarks, λ′ or λ′′, be vanishingly small to prevent spontaneous

proton decay [32]. It is common to consider non-zero values of each coupling separately.

Scenarios in which λ′′ 6= 0 are often referred to UDD scenarios because of the baryon-

number-violating term that λ′′ controls in the superpotential. Current indirect experimental

constraints [178] on the sizes of each of the UDD couplings λ′′ from sources other than proton

decay are primarily valid for low squark mass and for first- and second-generation couplings.

Those limits are driven by double nucleon decay [179] (for λ′′112), neutron oscillations [180]

(for λ′′113), and Z-boson branching ratios [181].

This benchmark process considered in this chapter assumes the pair production of two stops1,

which then each decay to two SM quarks, using 17.4 fb−1 of
√
s = 8 TeV proton–proton

(pp) collision data recorded by the ATLAS experiment at the Large Hadron Collider (LHC).

1. The superpartners of the left- and right-handed top quarks, t̃L and t̃R, mix to form the two mass
eigenstates t̃1 and t̃2, where t̃1 is the lighter one. This analysis focuses on t̃1, which is referred to hereafter
as t̃.
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This decay violates the UDD coupling. The search specifically targets low-mass stops in

the range 100–400 GeV that decay via the λ′′323 coupling, thus resulting in stop decays

t̃→ b̄s̄ (assuming a 100% branching ratio) as shown in fig. 8.1. The motivation to focus on

the third-generation UDD coupling originates primarily from the minimal flavour violation

(MFV) hypothesis [182] and the potential for this decay channel to yield a possible signal

of RPV SUSY with a viable dark-matter candidate [183]. The MFV hypothesis essentially

requires that all flavour- and CP-violating interactions are linked to the known structure of

Yukawa couplings, and has been used to argue for the importance of the λ′′ couplings [184].

The process t̃t̃∗ → b̄s̄bs represents an important channel in which to search for SUSY in

scenarios not yet excluded by LHC data [184, 183, 185]. Some of the best constraints on this

process are from the ALEPH Collaboration, which set lower bounds on the mass of the stop

at mt̃ & 80 GeV [186]. The CDF Collaboration extended these limits, excluding 50 . mt̃ .

90 GeV [187]. In 2014, The CMS Collaboration released the results of a search that excludes

200 . mt̃ . 385 GeV [188] in the case where heavy-flavour jets are present in the final state.

In addition, two ATLAS searches have placed constraints on RPV stops that decay to b̄s̄

when they are produced in the decays of light gluinos (mg̃ . 900–1000 GeV) [189, 190]. The

search presented here specifically focuses on direct stop pair production and seeks to close the

gap in excluded stop mass between ∼ 100–200 GeV. Contributions from RPV interactions

at production – such as would be required for resonant single stop production – are neglected

in this analysis. This approach is valid provided that the RPV interaction strength is small

compared to the strong coupling constant, which is the case for λ′′323 . 10−2–10−1 [191] and

for the estimated size of λ′′323 ∼ 10−4 from MFV in the model described in Ref. [184].

The reduced sensitivity of standard SUSY searches to RPV scenarios is primarily due to

the limited effectiveness of the high missing transverse momentum requirements used in the

event selection common to many of those searches, motivated by the assumed presence of
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undetected LSPs. Consequently, the primary challenge in searches for RPV SUSY final states

is to identify suitable substitutes for background rejection to the canonical large missing

transverse momentum signature.

Backgrounds dominated by multijet final states typically overwhelm the signal in the four-

jet topology. In order to overcome this challenge, new observables are employed to search

for t̃t̃∗ → b̄s̄bs in the low-mt̃ regime [185]. For mt̃ ≈ 100–300 GeV, the initial stop trans-

verse momentum (pT) spectrum extends significantly into the range for which pT � mt̃.

This feature is the result of boosts received from initial-state radiation (ISR) as well as

originating from the parton distribution functions (PDFs). As the Lorentz boost of each

stop becomes large, the stop decay products begin to merge with a radius roughly given by

∆R ≈ 2mt̃/pT, and thus can be clustered together within a single large-radius (large-R) jet

with a mass mjet ≈ mt̃. By focusing on such cases, the dijet and multijet background can be

significantly reduced via selections that exploit this kinematic relationship and the structure

of the resulting stop jet, in a similar way to boosted objects used in previous measurements

and searches by ATLAS [192, 193, 194, 195, 196]. In this case, since the stop is directly

produced in pairs instead of from the decay of a massive parent particle, the strategy is most

effective at low mt̃ where the boosts are the largest.

8.2 Dataset and MC Samples

Monte Carlo (MC) simulation is used to study the signal acceptance and systematic uncer-

tainties, to test the background estimation methods used, and to estimate the tt̄ background.

In all cases, events are passed through the full GEANT4 [136] detector simulation of AT-

LAS [135] after the simulation of the parton shower and hadronisation processes. Following

the detector simulation, identical event reconstruction and selection criteria are applied to

both the MC simulation and to the data. Multiple pp collisions in the same and neighbour-
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Figure 8.1: Benchmark signal process considered in this analysis. The solid black lines
represent Standard Model particles, the dashed red lines represent the stops, and the blue
points represent RPV vertices labelled by the relevant coupling for this diagram.

ing bunch crossings (pile-up) are simulated for all samples by overlaying additional soft pp

collisions which are generated with PYTHIA 8.160 [197] using the ATLAS A2 set of tuned

parameters (tune) in the MC generator [198] and the MSTW2008LO PDF set [199]. These

additional interactions are overlaid onto the hard scatter and events are reweighted such that

the MC distribution of the average number of pp interactions per bunch crossing matches

the measured distribution in the full 8 TeV data sample.

The signal process is simulated using Herwig++ 2.6.3a [200] with the UEEE3 tune [201] for

several stop-mass hypotheses using the PDF set CTEQ6L1 [202, 203]. All non-SM particles

masses are set to 5 TeV except for the stop mass, which is scanned in 25 GeV steps from

mt̃ = 100 GeV to mt̃ = 400 GeV. The signal cross-section used (shown in fig. 8.2) is

calculated to next-to-leading order in the strong coupling constant, adding the resummation

of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [204, 205, 206].

For the range of stop masses considered, the uncertainty on the cross-section is approximately

15% [207]. MadGraph 5.1.4.8 [208] is used to study the impact of ISR on the stop pT spectrum.

The MadGraph samples have one additional parton in the matrix element, which improves

the modelling of a hard ISR jet. MadGraph is then interfaced to PYTHIA 6.426 with the
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AUET2B tune [209] and the CTEQ6L1 PDF set for parton shower and hadronisation. The

distribution of pT(t̃t̃∗) from the nominal Herwig++ signal sample is then reweighted to

match that of the MadGraph+PYTHIA sample.

Dijet and multijet events, as well as top quark pair (tt̄) production processes, are simulated

in order to study the SM contributions and background estimation techniques. For optimi-

sation studies, SM dijet and multijet events are generated using Herwig++ 2.6.3a with the

CTEQ6L1 PDF set. Top quark pair events are generated with the POWHEG-BOX-r2129 [210,

211, 212] event generator with the CT10 NLO PDF set [213]. These events are then inter-

faced to PYTHIA 6.426 with the P2011C tune [214] and the same CTEQ6L1 PDF set as

Herwig++. The tt̄ production cross-section is calculated at next-to-next-to-leading order

(NNLO) in QCD including resummation of next-to-next-to-leading logarithmic (NNLL) soft

gluon terms with top++2.0 [215, 216, 217, 218, 219, 220]. The value of the tt̄ cross-section

is σtt̄ = 253+13
−15 pb.

8.3 Event Reconstruction, Observables, and Selection

The standard ATLAS event and data quality selections listed in section 6.3 were applied.

The anti-kt algorithm [147], with a radius parameter of R = 0.4, is used for initial jet-finding

using version 3 of FastJet [221]. The inputs to the jet reconstruction are three-dimensional

topo-clusters [222]. This method first clusters together topologically connected calorimeter

cells and classifies these clusters as either electromagnetic or hadronic. The classification uses

a local cluster weighting calibration scheme based on cell-energy density and shower depth

within the calorimeter [223]. Based on this classification, energy corrections are applied

which are derived from single-pion MC simulations. Dedicated hadronic corrections are

derived to account for the effects of differences in response to hadrons compared to electrons,
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Figure 8.2: Cross-section for direct t̃t̃∗ pair production at the LHC centre-of-mass energy of√
s = 8 TeV [204, 205, 206].

signal losses due to noise-suppression threshold effects, and energy lost in non-instrumented

regions. The final jet energy calibration is derived from MC simulation as a correction

relating the calorimeter response to the jet energy at generator level. In order to determine

these corrections, the same jet definition used in the reconstruction is applied to stable (with

lifetimes greater than 10 ps) generator-level particles, excluding muons and neutrinos. A

subtraction procedure is also applied in order to mitigate the effects of pile-up [224]. Finally,

the R = 0.4 jets are further calibrated with additional correction factors derived in situ from

a combination of γ+jet, Z+jet, and dijet-balance methods [223].

All jets reconstructed with the anti-kt algorithm using a radius parameter of R = 0.4 and

a measured p
jet
T > 20 GeV are required to satisfy the quality criteria discussed in detail in

Ref. [225]. These quality criteria selections for jets are extended to prevent contamination

from detector noise through several detector-region-specific requirements. Jets contaminated
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by energy deposits due to noise in the forward hadronic endcap calorimeter are rejected and

jets in the central region (|η| < 2.0) that are at least 95% contained within the EM calorimeter

are required to not exhibit any electronic pulse shape anomalies [226]. Any event with a jet

that fails these requirements is removed from the analysis.

Identification of jets containing b-hadrons (so-called b-jets) is achieved through the use of a

multivariate b-tagging algorithm referred to as MV1 [150]. This algorithm is based on an

artificial neural-network algorithm that exploits the impact parameters of charged-particle

tracks, the parameters of reconstructed secondary vertices, and the topology of b- and c-

hadron decays inside an anti-kt R = 0.4 jet. A working point corresponding to a 70% b-jet

efficiency in simulated tt̄ events is used. The corresponding mis-tag rates, defined as the

fraction of jets originating from non-b-jets which are tagged by the b-tagging algorithm in

an inclusive jet sample, for light jets and c-jets are approximately 1% and 20%, respectively.

To account for differences with respect to data, data-derived corrections are applied to the

MC simulation for the identification efficiency of b-jets and the probability to mis-identify

jets resulting from light-flavour quarks, charm quarks, and gluons.

Initial jet-finding is extended using an approach called jet re-clustering [227]. This allows

the use of larger-radius jet algorithms while maintaining the calibrations and systematic

uncertainties associated with the input jet definition. Small-radius anti-kt R = 0.4 jets

with pT > 20 GeV and |η| < 2.4 are used as input without modification to an anti-kt

R = 1.5 large-R jet algorithm, to identify the hadronic stop decays. The small-R jets with

pT < 50 GeV are required to have a jet vertex fraction (JVF) of at least 50%. After summing

the pT of charged-particle tracks matched to a jet, the JVF is the fraction due to tracks from

the selected hard-scattering interaction and it provides a means by which to suppress jets

from pile-up.

To further improve the background rejection, a splitting procedure is performed on each of
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the two leading large-R jets. After jet-finding, the constituents of these large-R jets – the

anti-kt R = 0.4 input objects – are processed separately by the Cambridge–Aachen (C/A)

algorithm [228, 229], as implemented in FastJet 3. The C/A final clustering is then undone

by one step, such that there are two branches ”a” and ”b”. The following splitting criteria

are then applied to the branches ”a” and ”b” of each of the two leading large-R jets:2

• Both branches carry appreciable pT relative to the large-R jet:

min[pT(a), pT(b)]

pT(large−R)
> 0.1. (8.1)

• The mass of each branch is small relative to its pT:

m(a)

pT(a)
< 0.3 and

m(b)

pT(b)
< 0.3. (8.2)

If either of the leading two large-R jets fails these selections, the event is discarded.

Events must satisfy jet and HT-selections applied in the trigger which require HT =
∑
pT >

500 GeV, calculated as the sum of level-2 trigger jets within |η| < 3.2, and a leading jet within

|η| < 3.2 with pT > 145 GeV. This relatively low-threshold jet trigger came online part-way

through the data-taking period in 2012 and collected 17.4 fb−1 of data. The corresponding

offline selections require events to have at least one anti-kt R = 0.4 jet with pT > 175 GeV

and |η| < 2.4, as well as HT > 650 GeV, where the sum is over all anti-kt R = 0.4 jets with

pT > 20 GeV, |η| < 2.4, and JVF > 0.5 if pT < 50 GeV. The cumulative trigger selection

efficiency is greater than 99% for these offline requirements. The offline event preselection

further requires that at least two large-R jets with pT > 200 GeV and mass > 20 GeV be

2. This implementation is identical to Ref. [185], which is derived from the diboson-jet tagger [230]. This
approach differs somewhat from that used in Ref. [231] in that no requirement is placed on the relative
masses of the large-R and small-R jets.
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present in each event. These requirements select a range of phase space for low stop masses

in which the transverse momentum of the stops is often significantly greater than their mass.

The signal region (SR) is defined to suppress the large multijet background and to enhance

the fraction of events that contain large-R jets consistent with the production of stop pairs,

with each stop decaying to a light quark and a b-quark. Simulation studies indicate that

three kinematic observables are particularly useful for background discrimination:

1. The mass asymmetry between the two leading large-R jets in the event (with masses

m1 and m2, respectively), defined as

A =
|m1 −m2|
m1 +m2

, (8.3)

differentiates signal from background since the two stop subjet-pair resonances are

expected to be of equal mass.

2. The (absolute value of the cosine of the) stop-pair production angle, | cos θ∗|, with re-

spect to the beam line in the centre-of-mass reference frame3 distinguishes between cen-

trally produced massive particles and high-mass forward-scattering events from QCD.

It provides efficient discrimination and does not exhibit significant variation with the

stop mass.

3. In addition, a requirement on the subjets is applied to each of the leading large-R jets

in the event. The pT of each subjet a and b relative to the other is referred to as the

subjet pT2/pT1, defined by

subjet pT2/pT1 =
min[pT(a), pT(b)]

max[pT(a), pT(b)]
. (8.4)

3. This scattering angle, θ∗, is formed by boosting the two stop large-R jets to the centre-of-mass frame
and measuring the angle of either stop large-R jet with respect to the beam line.

123



The A, | cos θ∗|, and subjet pT2/pT1 variables provide good discrimination between signal

and background and are motivated by an ATLAS search for scalar gluons at
√
s = 7 TeV [232]

as well as by Refs. [185, 233].

In addition to the kinematic observables described above, b-tagging applied to anti-kt R = 0.4

jets provides a very powerful discriminant for defining both the signal and the control regions,

and one that is approximately uncorrelated with the kinematic features discussed above.

Using these kinematic observables and the presence of at least two b-tagged jets per event,

the signal region is defined by (for the leading two large-R jets)

A < 0.1,

| cos θ∗| < 0.3, (8.5)

subjet pT2/pT1 > 0.3.

Distributions of the discriminating variables are shown in fig. 8.3. Insofar as the data points

are dominated by background in these plots, even in the case of a potential signal, the data

points should be understood to represent the background.

Following these selections, the distribution of the average mass of the leading two large-R

jets, m
jet
avg = (m

jet
1 +m

jet
2 )/2, is used to search for an excess of events above the background

prediction. The search is done in regions of m
jet
avg that are optimized to give the best signifi-

cance. As shown in fig. 8.4, the stop signal is expected as a peak that would appear on top of

a smoothly falling background spectrum. A Gaussian distribution is fitted to the stop signal

m
jet
avg peak. The mean of the fit, 〈mjet

avg〉, is consistent with mt̃ in each case. The resolution of

the m
jet
avg peak is given approximately s/〈mjet

avg〉 ∼ 5−7% (where s is the standard deviation

of the fit), and has only a weak dependence on the stop mass in the range probed by this

analysis. Mass windows in m
jet
avg are determined by taking into account the effect of jet en-

ergy scale (JES) and jet energy resolution (JER) measurement uncertainties on the expected
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Figure 8.3: Distributions of the discriminating variables for events in which the other three
selections are applied for each subfigure. The signal region is indicated with a red arrow. All
distributions are normalized to unity. Overflows are included in the last bin for subfigures (a)
and (b). (a) Number of b-tags/event, n. (b) Large-R jet mass asymmetry, A. (c) Stop-pair
centre-of-mass frame production angle, | cos θ∗|. (d) Subjet pT2/pT1 for the leading jet in
each event.
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signal m
jet
avg distribution and the estimated background. The size of each mass window is

defined to be equal to or larger than the full width of the m
jet
avg mass spectrum for the mt̃

model that best corresponds to that range. The definitions of these mass windows and the

signal efficiency in each window are given in table 8.1. Figure 8.4a shows the mass windows

overlaid on top of the signal m
jet
avg distributions for a few stop masses. The efficiency of the

mass windows (relative to the SR cuts of eq. (8.5)) varies from 79% at 100 GeV to 19% at

400 GeV. The low efficiency at high mass is due to the fact that the decay products are

often not fully contained in the large-R jet, as can be seen in fig. 8.4b. Figure 8.5 shows the

product of acceptance and efficiency, after the SR cuts and mass windows, as a function of

mt̃.

mt̃ [GeV] Window [GeV] Selection efficiency in mass window

100 [95, 115] 79 %

125 [115, 135] 77 %

150 [135, 165] 83 %

175 [165, 190] 72 %

200 [185, 210] 68 %

225 [210, 235] 56 %

250 [235, 265] 55 %

275 [260, 295] 49 %

300 [280, 315] 44 %

325 [305, 350] 30 %

350 [325, 370] 29 %

375 [345, 395] 25 %

400 [375, 420] 19 %

Table 8.1: Definition of the signal mass windows and selection efficiency in each window
relative to the SR cuts of eq. (8.5).
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Figure 8.4: Distributions of the average jet mass m
jet
avg for signal samples with mt̃ = 100,

150, 200, 250, and 300 GeV, in (a) linear and (b) logarithmic scales (solid lines). A Gaus-
sian distribution is fitted to the mass peak of each sample (dashed lines). The resolution,

s/〈mjet
avg〉, is quoted for each stop mass value. The mass windows are highlighted with the

shaded rectangles in (a). The long tail peaking around mt̃/2 for high-mass stops shown in
(b) is due to events where not all stop decay products are clustered within the large-R jets.

127



 [GeV]
t~ 

m
100 150 200 250 300 350 400

 [%
]

∈×
A

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

ATLAS Simulation
SR cuts only

SR and mass window

Figure 8.5: Total acceptance times efficiency (A× ε) of the SR cuts of eq. (8.5), and SR cuts
combined with the mass window selection in table 8.1, as a function of mt̃.

128



8.4 Background Estimation Strategy

The estimation of the dominant SM multijet background in the signal region, including both

the expected number of events and the shape of the m
jet
avg background spectrum, is performed

directly from the data. MC simulations are used to study the background estimation method

itself and to assess the contribution from tt̄ production. For the background estimation,

additional kinematic regions are defined by inverting the A and | cos θ∗| selections as shown

in table 8.2. These are labelled An, Bn, Cn, where n indicates the number of b-tags (n =

0, = 1, ≥ 2). The signal region kinematic selection criteria of eq. (8.5) are comprised by the

Dn requirements and summarized in the last row of table 8.2, where SR ≡ D2 with n ≥ 2

b-tags, and D1 with n = 1 b-tag is a validation region. Signal event yields are summarized

in table 8.3 for three stop masses.

Region A | cos θ∗| Subjet pT2/pT1 n

An ≥ 0.1 ≥ 0.3 > 0.3 = 0, = 1, ≥ 2

Bn < 0.1 ≥ 0.3 > 0.3 = 0, = 1, ≥ 2

Cn ≥ 0.1 < 0.3 > 0.3 = 0, = 1, ≥ 2

Dn < 0.1 < 0.3 > 0.3 = 0, = 1, ≥ 2

Table 8.2: Definitions of the kinematic regions defined by A, | cos θ∗|, subjet pT2/pT1, and
the b-tag multiplicity (n = 0, = 1, ≥ 2). The letters A, B, C, and D label the A and | cos θ∗|
selections, whereas n indicates the number of b-tags. D2 ≡ SR is the signal region of the
analysis.

The method relies on the assumption that the shape of the m
jet
avg spectrum is independent of

the various b-tagging selections, as fig. 8.6a indicates, in each of the kinematic regions (An,

Bn, Cn, and Dn) defined in table 8.2. The advantage of the approach adopted here is that

events with fewer than two b-tagged jets can be used as control and validation regions for

in situ studies of these kinematic regions. An estimation of the normalisation and shape of
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Selection mt̃ = 100 GeV mt̃ = 250 GeV mt̃ = 400 GeV

Total events (9.72± 0.01)× 106 (9.54± 0.02)× 104 (6.202± 0.002)× 103

Jet + HT trigger (5.47± 0.08)× 104 (2.07± 0.01)× 104 (5.98± 0.02)× 103

Large-R jet tag (1.68± 0.04)× 104 (4.76± 0.06)× 103 (1.29± 0.01)× 103

n ≥ 2 (6.35± 0.23)× 103 (1.70± 0.03)× 103 515± 6

A2 416(58) 194(11) 68.7(22)

B2 639(71) 199(11) 33.3(16)

C2 419(62) 149(9) 71.2(22)

D2 711(74) 240(12) 41.5(18)

Table 8.3: The expected number of signal events in 17.4 fb−1 from MC simulation for each
of the selections applied to the n ≥ 2 region. Stop masses of mt̃ = 100 GeV, 250 GeV and
400 GeV are shown. The statistical uncertainty of the MC simulation is shown for each
selection. The jet + HT trigger selection includes the offline selection. The large-R jet tag
includes both the kinematic preselections and the splitting criteria defined by eq. (8.1) and
eq. (8.2). No selections are placed on the masses of the candidate stop jets. The region
definitions of A2–D2 are summarised in table 8.2.

the spectrum in D2 can therefore be tested and validated using events with n = 1 as well as

regions A and C. Region B is primarily used to evaluate shape differences in the predicted

m
jet
avg spectra (see section 8.5.1).

The A and | cos θ∗| variables are found to have a correlation coefficient of at most 1% in

data events for n = 0. In simulated multijet events, the correlation is also consistent with

zero in events with n ≥ 2, within the large statistical uncertainties. Consequently, the ratio

of n ≥ 2 (or n = 1) to n = 0 in regions A,B, and C should be approximately the same as

the ratio in region D. The average jet mass spectrum, m
jet
avg, is compared across the various

n selections for region A, as well as between each of the regions in events with n = 0. These

comparisons are shown in fig. 8.6 along with the ratio of the spectrum in each region to that
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which most closely matches the final signal region in each figure (region D for n = 0 and

n ≥ 2 for region A). The results demonstrate that the m
jet
avg spectra in regions C and D are

reliably reproduced by regions A and B, respectively, as shown in fig. 8.6b.

Region Ndata Ntt̄ (± stat. ± syst.)
[95, 115] GeV [135, 165] GeV [165, 190] GeV [375, 420] GeV

NS

Ndata

Ntt̄

Ndata

NS

Ndata

Ntt̄

Ndata

NS

Ndata

Ntt̄

Ndata

NS

Ndata

Ntt̄

Ndata

n = 0

NA0 296 226 390 ± 10 +100
−95 0.21 % 0.27 % 0.048 % 0.14 % 0.019 % 0.072 % 0.11 % 0.037 %

NB0 115 671 176 ± 7 +50
−42 0.64 % 0.20 % 0.90 % 0.17 % 0.50 % 0.14 % 0.68 % 0.13 %

NC0 114 186 221 ± 8 +59
−52 0.42 % 0.39 % 0.088 % 0.20 % 0.020 % 0.093 % 0.24 % 0.18 %

ND0 44 749 110 ± 6 +27
−27 4.0 % 0.27 % 2.0 % 0.29 % 2.3 % 0.24 % 2.4 % 0.%

n = 1

NA1 79 604 1110 ± 10 +190
−180 1.2 % 2.6 % 0.46 % 1.5 % 0.48 % 0.74 % 0.22 % 0.71 %

NB1 31 045 517 ± 11 +84
−83 14 % 1.9 % 9.7 % 2.3 % 8.0 % 1.9 % 10 % 0.089 %

NC1 32 163 620 ± 10 +110
−100 4.8 % 3.4 % 1.6 % 2.1 % 1.3 % 0.99 % 0.28 % 0.76 %

ND1 12 350 306 ± 8 +52
−45 29 % 2.3 % 31 % 3.6 % 21 % 3.7 % 43 % 0.000 10 %

n ≥ 2

NA2 22 259 1050 ± 10 +190
−170 2.2 % 6.8 % 1.7 % 5.7 % 1.2 % 2.8 % 1.0 % 1.9 %

NB2 8416 556 ± 10 +94
−86 50 % 7.2 % 29 % 10.0 % 24 % 8.8 % 26 % 0.24 %

NC2 9384 570 ± 10 +100
−94 8.2 % 8.8 % 4.1 % 7.5 % 2.8 % 2.9 % 2.8 % 2.7 %

ND2 3688 311 ± 7 +60
−47 120 % 8.4 % 73 % 14 % 72 % 11 % 160 % 0.51 %

Table 8.4: The observed event yields for 17.4 fb−1 in each of the regions for each b-tag
multiplicity are shown, as well as the expected fractional signal contribution for the mass
windows (as defined in table 8.1) corresponding to mt̃ = 100, 150, 175, and 400 GeV, and
the tt̄ contribution in the same mass windows. The tt̄ systematic uncertainties include both
the detector-level uncertainties and the theoretical uncertainties, as described in section 8.5.

The potential for events from tt̄ production to contribute increases with the addition of

b-tag-multiplicity selections. Table 8.4 presents the number of events in the data and the

contribution from tt̄, as determined by MC simulation, in regions A, B, C, and D for n =

0, = 1, ≥ 2. The expected signal and tt̄ contributions are also given for a few mass windows.

The tt̄ contribution is at the few per-mille level in the events with n = 0. Contributions rise

slightly in events with n = 1 to a maximum of . 4% in region D1. Lastly, regions A2 and
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Figure 8.6: Shape comparisons of the m
jet
avg spectrum for the data (a) in region A for events

with n = 0, = 1, ≥ 2 and (b) in regions A,B,C,D for events with n = 0. In each case,
the lower panel shows the ratio of the spectrum in each region to that which most closely
matches the final signal region (n ≥ 2 for region A and region D for n = 0). Only statistical
uncertainties are shown.
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C2 have a maximum tt̄ contribution of around . 10%. Consequently, when validating the

method and in the final background estimate, the contribution from tt̄ is subtracted in each

of the regions. The corrected number of events is defined as NXn = Ndata
Xn −N tt̄

Xn and the

corrected m
jet
avg spectrum is defined as ~vXn = ~vdata

Xn − ~vtt̄Xn (where X = A,B,C, or D, and n

refers to the number of b-tags), unless otherwise explicitly noted.

All regions used for the background estimation (A0, C0, D0, A2, and C2) exhibit poten-

tial signal contribution of less than 10%. Region B2 (A < 0.1) is not used to derive the

background estimate, since the expected signal contribution is much higher here than in A2

and C2 (for mt̃ = 100 GeV the signal contribution is 50% in B2, compared with 2.2% in

A2 and 8.2% in C2). The expected signal contribution in the validation regions (n = 1)

is only significant in B1 and D1. Due to this level of expected signal contribution, and

the m
jet
avg dependence of that contribution, the background estimation procedure obtains the

m
jet
avg spectrum from the n = 0 regions for the final background spectrum estimate. The

background estimation procedure itself is summarized in the following steps:

1. The m
jet
avg shape, ~vD0, and number of events, ND0, are extracted from the D0 region.

2. A projection factor is derived between events with n = 0 and events with n ≥ 2 for

the signal-depleted regions A and C. As explained above, the number of tt̄ events

is subtracted in regions A0, C0, A2, and C2 before evaluating the projection factor

〈kA,C〉2:

〈kA,C〉2 = (kA2 + kC2)/2, where kX2 =
NX2

NX0
, X = A,C. (8.6)

3. The projection factor is used to estimate the number of events,

N
′
D2 = 〈kA,C〉2 ×ND0 +N tt̄

D2, (8.7)
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and shape,

~v′D2 = 〈kA,C〉2 × ~vD0 + ~vtt̄D2, (8.8)

in the signal region, D2 (where the contribution from tt̄ in D2 has been added).

This procedure is performed in the entire mass range and the mass windows are then defined

from the estimated background spectrum. The projection factors kA2 and kC2 are compatible

at the level of about 4% (including the tt̄ subtraction as in eq. (8.6)) and this difference is

included as a systematic uncertainty on the background estimate (see section 8.5). The

validity of the background estimation method can be demonstrated in the n = 1 regions by

deriving a projection factor analogously to eq. (8.6) for n = 0 and n = 1,

〈kA,C〉1 = (kA1 + kC1)/2. (8.9)

The expected number of events in the full range of D1 is then estimated by

N ′D1 = 〈kA,C〉1 ×ND0 +N tt̄
D1

= 12400± 130. (8.10)

The same estimate for D2 gives

N ′D2 = 〈kA,C〉2 ×ND0 +N tt̄
D2

= 3640+90
−80. (8.11)

In eq. (8.9) and section 8.4 the uncertainty quoted includes the statistical uncertainty and the

uncertainties related to the tt̄ estimate (see section 8.5). These numbers should be compared

with the observed numbers of events in table 8.4, 12350 in D1 and 3688 in D2. The observed

numbers of events are consistent with the estimated values.
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8.5 Systematic Uncertainties

Several sources of systematic uncertainty are considered when determining the estimated

contributions from signal and background. The background estimate uncertainties pertain

primarily to the method itself. The control and validation regions defined in section 8.4

are used to evaluate the size of these uncertainties. A description of the primary sources of

uncertainty follows.

8.5.1 Background Estimation Shape Uncertainty

Events with n = 1 are used to test the validity of the background estimation method in data

and to derive a systematic uncertainty on the approach. fig. 8.7 shows several results of this

test by comparing three estimated spectra with the observed spectrum in each of the four

regions. The estimated spectra of fig. 8.7 are determined using projection factors,

kX1 = NX1/NX0, (8.12)

from events with n = 0 to those with n = 1, in each of the three regions X = A, B, and

C in order to determine the extent to which the prediction varies with each choice. Region

D1 was used to validate the systematic uncertainty derived from A1, B1, and C1. Because

of the three projection factors (kA, kB , and kC) there are three estimates (~vY 1′A
, ~vY 1′B

, and

~vY 1′C
) of the m

jet
avg spectrum in each of the regions Y 1 = A1, B1, and C1. Thus, in total

there are nine estimates of the actual spectra, these are written succinctly as

~vY 1′X
= kX1 × ~vY 0, where X = {A,B,C} and Y = {A,B,C}. (8.13)

Note that the estimates ~vA1′A
, ~vB1′B

, and ~vC1′C
are normalized to the data by construction,
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Figure 8.7: The m
jet
avg distribution is shown in four validation regions with n = 1. In each

case the data (A1, B1, C1, and D1) are compared to estimates based on projection factors
derived between n = 0 and n = 1 in A, B, and C (see section 8.5.1).
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so they test only the shape of the distribution in n = 1 compared to n = 0. A systematic

uncertainty for the background projection is then derived by taking, bin-by-bin, the largest

deviation of the ratio of estimated to actual yield from unity in the m
jet
avg spectra in each of

the regions A, B, and C according to

∆~vX,Y (i) = |1− ~vY 1′X
(i)/~vY 1(i)|, (8.14)

where ~vY 1 are the observed data points and ~vY 1′X
are the estimated spectra defined by

eq. (8.13). A fixed bin width of 50 GeV is used in order to reduce effects due to statistical

uncertainties. The individual bins of the histograms are labelled i. Bin-by-bin, the largest

ratio between the estimated and actual yield,

σbkg. syst.(i) = max
[
∆~vX,Y (i);X = {A,B,C}, Y = {A,B,C}

]
, (8.15)

is added in quadrature with the statistical uncertainty of that ratio in order to form the

total systematic uncertainty for that particular bin. The size of the m
jet
avg shape systematic

uncertainty varies from less than 10% at low m
jet
avg ≈ 100 GeV to 20% near m

jet
avg ≈ 400 GeV.

fig. 8.8 shows the m
jet
avg shape systematic uncertainty as well as the total systematic uncer-

tainty when combined with the constant systematic uncertainty due to the 4% difference

between projection factors kA2 and kC2 mentioned in section 8.4, and the b-jet-multiplicity

shape systematic uncertainty described below.

8.5.2 b-Jet-Multiplicity Shape Uncertainty

A systematic uncertainty based on the shape difference of the m
jet
avg spectrum in the data

between events with n = 0 and n ≥ 2 is also considered. Regions A and C are used to directly

compare the m
jet
avg spectrum in the two b-tag regions. The final systematic uncertainty, due
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to the shape difference between n = 0 and n ≥ 2, is the maximum of the bin-by-bin difference

of A2 compared to A0 (fig. 8.6a) and C2 compared to C0, is defined as

σ(i)b−jet−multi. syst. = max [|1− ~vA2(i)/~vA0(i)|, |1− ~vC2(i)/~vC0(i)|] . (8.16)

This is then added in quadrature with the statistical uncertainty to form the total systematic

uncertainty for that particular bin. A bin width of 50 GeV is used, just as above with the

background estimation shape systematic uncertainty. The size of the m
jet
avg shape systematic

uncertainty varies from approximately 7–12% at low m
jet
avg to 20% near m

jet
avg ≈ 300 GeV,

and to around 90% for m
jet
avg ≈ 400 GeV. The large systematic uncertainty in the high-mass

tail is due to the low number of events in the n ≥ 2 regions. fig. 8.8 shows the b-jet-

multiplicity shape systematic uncertainty as well as the total systematic uncertainty with

the two above-mentioned systematic uncertainties.

8.5.3 tt̄ Theory Uncertainty

Since POWHEG+PYTHIA MC simulation is used to determine the contribution from tt̄ events

in the signal region and each of the control regions, systematic uncertainties related to the

MC simulation of the process itself are included in the total systematic uncertainty for the

background estimation. The theoretical uncertainties include renormalisation and factorisa-

tion scale variations, parton distribution function uncertainties, the choice of MC generator

using comparisons with MC@NLO [234], the choice of parton shower models using comparisons

with Herwig [235], and initial- and final-state radiation (FSR) modelling uncertainties. The

size of the theoretical systematic uncertainties for tt̄ production vary from approximately

40% to 70% in the relevant kinematic regions and are dominated by the uncertainties from

the MC generator and ISR/FSR variations. The detector-level uncertainties include the JES

and JER uncertainties [223] as well as the b-tagging efficiency and mistag-rate uncertain-
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Figure 8.8: Systematic uncertainty for the data-driven multijet background estimation. The
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comparisons of the predicted m
jet
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to the level of compatibility of kA2 and kC2. Finally, the black line with a filled yellow area
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The systematic uncertainty curves were smoothed with a Gaussian filter of spread 20 GeV.
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ties [150]. Uncertainties associated with the large-R jet mass scale and resolution are taken

into account by the JES and JER uncertainties of the input small-R jets [227].

The size of the total tt̄ systematic uncertainty varies in the mass range m
jet
avg = 100–200 GeV

from approximately 50% to 80%. In the range m
jet
avg = 300–400 GeV the tt̄ systematic

uncertainties are of the order of 100%, but the tt̄ background is completely negligible in this

range. Lastly, an uncertainty of 2.8% is applied to the measured integrated luminosity of

17.4 fb−1 following the methodology described in Ref. [236].

8.5.4 Signal Uncertainties

In addition to the systematic uncertainties associated with the background estimate, the MC

simulation of the signal model is subject to systematic uncertainties. Much like the contri-

bution from tt̄, these uncertainties include experimental uncertainties as well as theoretical

uncertainties. The detector-level uncertainties include the JES and JER uncertainties, and

the b-tagging uncertainties as described for the estimate of tt̄. The theoretical uncertain-

ties include renormalisation and factorisation scale variations, parton distribution function

uncertainties, and ISR and FSR modelling uncertainties. The nominal signal cross-section

and its uncertainty are taken from an envelope of cross-section predictions using different

PDF sets and factorisation and renormalisation scales, as described in Ref. [207]. Each signal

model is varied according to these systematic uncertainties and the impact on the acceptance

in each mass window is then propagated to the final result. The largest contribution to the

total signal systematic uncertainty comes from the JES and b-tagging, both in the range

10–18%. The size of the theoretical uncertainty grows from around 5% for low-mass stops

to around 10% for higher-mass stops.

To evaluate the ISR/FSR systematic uncertainty, separate samples of t̃t̃∗ pair events are
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generated using MadGraph +PYTHIA, and the rate of ISR/FSR production is varied. These

are used to reweight the pT(t̃t̃∗) distribution of the nominal signal samples to estimate the

change in signal acceptance × efficiency. The effect ranges from 0–17%, with the largest

impact at high mt̃.

8.6 Results

Table 8.5 summarizes the observed and expected number of events that fall within each of

the optimized mass windows in the signal region, D2. fig. 8.9 shows the observed m
jet
avg

distribution in the data, along with the estimated background spectrum, including both

the systematic and statistical uncertainties. No excess over the background prediction is

observed.

Model-independent upper limits at 95% confidence level (CL) on the number of beyond-the-

SM (BSM) events for each signal region are derived using the CLs prescription [237] and

neglecting any possible contribution in the control regions. Dividing these by the integrated

luminosity of the data sample provides upper limits on the visible BSM cross-section, σvis.,

which is defined as the product of acceptance (A), reconstruction efficiency (ε), branching

ratio (BR), and production cross-section (σprod.). This search specifically targets low-mass

t̃ → b̄s̄ decays, assuming 100% BR. The resulting limits on the number of BSM events and

on the visible signal cross-section are shown in table 8.6. The significance of an excess can

be quantified by the probability (p0) that a background-only experiment has at least as

many events as observed. This p-value is also reported for each region in table 8.6, where

p0 = 1− CLb and CLb is the confidence level observed for the background-only hypothesis.

The p-value is truncated at 0.5 for any signal region where the observed number of events is

less than the expected number.
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jet
avg spectrum in the signal region is shown as black points with
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mt̃ [GeV] Window [GeV] Ndata-driven est.
B N tt̄ est.

B N tot. est.
B Nobs.

data NS

100 [95, 115] 465 ± 56 39 ± 26 504 ± 61 460 560 ± 140

125 [115, 135] 496 ± 49 68 ± 37 564 ± 61 555 570 ± 130

150 [135, 165] 680 ± 61 105 ± 49 785 ± 78 761 560 ± 110

175 [165, 190] 471 ± 46 63 ± 19 534 ± 50 583 421 ± 96

200 [185, 210] 395 ± 46 16.5 ± 9.6 412 ± 47 416 293 ± 50

225 [210, 235] 266 ± 37 2.4 ± 2.4 269 ± 37 283 178 ± 36

250 [235, 265] 176 ± 27 1.1 ± 1.1 177 ± 27 195 127 ± 29

275 [260, 295] 104 ± 19 0.59 ± 0.55 104 ± 19 96 71 ± 20

300 [280, 315] 69 ± 16 0.93 ± 0.29 70 ± 16 51 48 ± 10

325 [305, 350] 43 ± 14 0.73 ± 0.53 43 ± 14 44 29.4± 6.9

350 [325, 370] 26 ± 10 0.23 ± 0.15 26 ± 10 37 20.2± 4.3

375 [345, 395] 18.6± 9.8 0.076 ± 0.076 18.7± 9.8 22 12.6± 2.8

400 [375, 420] 9.5± 7.7 0.026 ± 0.026 9.5± 7.7 5 8.1± 1.8

Table 8.5: Summary of the observed number of events in the data and the estimated number
of signal and background events with total uncertainties (i.e. all listed uncertainties are the
combined statistical and systematic uncertainties) that fall within each of the optimised mass
windows in region D2. The total number of estimated background events in each window is
the sum of the estimated background from the data-driven method and the tt̄ simulation. The
columns, from left to right indicate: Ndata-driven est.

B , the data-driven background estimate;

N tt̄ est.
B , the background contribution from tt̄; N tot. est.

B , the total estimated background;

Nobs.
data, the number of observed events in the data; and NS , the number of expected signal

events.

Exclusion limits are set on the signal model of interest. A profile likelihood ratio combining

Poisson probabilities for signal and background is computed to determine the 95% CL for

compatibility of the data with the signal-plus-background hypothesis (CLs+b) [238]. A

similar calculation is performed for the background-only hypothesis (CLb). From the ratio of

these two quantities, the confidence level for the presence of signal (CLs) is determined [237].

Systematic uncertainties are treated as nuisance parameters assuming Gaussian distributions

and pseudo-experiments are used to evaluate the results. This procedure is implemented

using a software framework for statistical data analysis, HistFitter [239]. The observed and

expected 95% CL upper limits on the allowed cross-section are shown in fig. 8.10. For

each simulated stop mass, the optimal mass window is chosen and the expected background
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Model-independent upper limits at 95% CL

Window [GeV] σvis. [fb] Observed NBSM Expected NBSM p0

[95, 115] 5.8 101 127 +50
−36 0.50

[115, 135] 7.0 122 128 +50
−36 0.50

[135, 165] 8.4 145 160 +40
−45 0.50

[165, 190] 8.4 146 109 +43
−31 0.19

[185, 210] 5.9 103 100 +39
−28 0.47

[210, 235] 5.1 89 79 +31
−22 0.36

[235, 265] 4.2 73 60 +24
−17 0.28

[260, 295] 2.2 38 43 +17
−12 0.50

[280, 315] 1.4 25 35 +14
−10 0.50

[305, 350] 1.7 30 30 +12
−8 0.49

[325, 370] 1.8 31.8 23.5 +9.4
−6.6 0.18

[345, 395] 1.4 23.8 21.4 +8.4
−6.0 0.38

[375, 420] 0.57 10.0 10.8 +3.2
−2.1 0.50

Table 8.6: Left to right: mass window range, 95% CL upper limits on the visible cross-section
(σvis. = 〈A× ε× BR× σprod.〉) and on the number of signal events (Observed NBSM). The
fourth column (Expected NBSM) shows the 95% CL upper limit on the number of signal
events, given the expected number (and ±1σ excursions on the expectation) of background
events. The last column indicates the discovery p-value, p0 = 1 − CLb, where CLb is the
confidence level observed for the background-only hypothesis. The p-value is truncated at
0.5 for any mass window where the observed number of events is less than the expected
number.
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yield is compared to the observed number of events in the mass window. Any potential

signal contribution in the control regions from which the background estimates are derived

is included as a systematic uncertainty on the background estimate. Stops with masses

between 100 ≤ mt̃ ≤ 315 GeV are excluded at 95% confidence level4. All mass limits are

quoted using the t̃t̃∗ signal production cross-section reduced by one standard deviation of

the theory uncertainties.

4. These results were updated by ATLAS in 2017, using 36.7 fb−1 of 13 TeV data. The updated results
excluded stops with masses between 100 ≤ mt̃ ≤ 470 GeV and 480 ≤ mt̃ ≤ 610 GeV. [240]
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8.7 Conclusion

A search for direct pair production of light top squarks, decaying via an R-parity-violating

coupling to b- and s-quarks has been performed. The final state is characterized by two

large-radius hadronic jets that each contain both decay products of the top squark. The

search uses 17.4 fb−1 of
√
s = 8 TeV proton–proton collision data collected with the ATLAS

detector at the LHC. No deviation from the background prediction is observed, and top

squarks with masses between 100 and 315 GeV are excluded at 95% confidence level.
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CHAPTER 9

ELECTROWEAK PAIR PRODUCTION WITH WH DECAYS

AT 13 TEV

This chapter presents a search for electroweak pair production of the lightest chargino (χ̃±1 )

the next-to-lightest neutralino (χ̃0
2), pp → χ̃±1 χ̃

0
2. The chargino decays to the lightest neu-

tralino (χ̃0
1) and a W± boson, χ̃±1 → χ̃0

1W
±, and the next-to-lightest neutralino decays to

the lightest neutralino and a Standard Model like 125 GeV Higgs boson, χ̃0
2 → χ̃0

1h. For the

first time at the LHC a fully hadronic final state (W → qq̄ and h → bb̄) is considered for

this model. The analysis is based on 36.1 fb−1 of
√
s = 13 TeV proton-proton collision data

delivered by the Large Hadron Collider and recorded with the ATLAS detector.1

This chapter is organized as follows: Section 9.1 provides a brief overview and motivation

for the simplified SUSY scenario targeted by this search. Section 9.2 describes the dataset

and MC samples used to simulate the dominant background processes, as well as the MC

samples used to simulate the signal model. Section 9.3 describes the event reconstruction,

selection, and event level kinematic observables used for background rejection. Section 9.4

describes the strategy for estimating the dominant background processes and the procedure

for optimizing the signal-to-background sensitivity. Section 9.5 describes the experimental

and theoretical systematic uncertainties. Finally, the results are presented in section 9.6.

1. These results will be submitted for publication in Phys. Rev. D together with results from complemen-
tary ATLAS searches, with the same electroweak production and Wh decays, utilizing semi-leptonic final
states [241].
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9.1 Overview

In the simplified SUSY scenario considered as benchmark model in this chapter2, R-parity

conservation is assumed. Thus, the Lightest Supersymmetric Particle (LSP)—the lightest

of the neutralinos (χ̃
0
)—is a stable particle. Together with the charginos (χ̃

±
), the neu-

tralinos represent the mass eigenstates formed from the mixture of the γ,W,Z and Higgs

bosons’ gauge eigenstate superpartners (the higgsinos, winos and binos). The neutralinos

and charginos are collectively referred to as electroweakinos. Specifically, the electroweakino

mass eigenstates are designated in order of increasing mass as χ̃±i (i = 1, 2) (charginos) and

χ̃0
j (j = 1, 2, 3, 4) (neutralinos). In the benchmark model considered here, the compositions

of the lightest chargino (χ̃
±
1 ) and next-to-lightest neutralino (χ̃

0
2) are wino-like and the two

particles are nearly mass degenerate, whilst the lightest neutralino (χ̃
0
1) is assumed to be

bino-like.

Naturalness considerations [174, 175] suggest that the lightest of the charginos and neutrali-

nos have masses near the electroweak scale. Their direct production may be the dominant

one at the Large Hadron Collider (LHC) if the superpartners of the gluon and quarks are

heavier than a few TeV. In SUSY models where the superpartners of the leptons have masses

larger than those of the lightest chargino and next-to-lightest neutralino, the former might

decay to the χ̃
0
1 and a W boson (χ̃

±
1 → Wχ̃0

1), while the latter could decay to the χ̃
0
1 and the

lightest MSSM Higgs boson (h, SM-like) or Z boson (χ̃
0
2 → h/Zχ̃

0
1) [242, 243, 76]. The decay

via the Higgs boson is dominant when the mass splitting between the two lightest neutralinos

is larger than the Higgs mass and the higgsinos are heavier than the winos. SUSY models of

this kind, where sleptons are not too heavy although with masses above that of χ̃
±
1 and χ̃

0
2,

could provide a possible explanation for the discrepancy between muon anomalous magnetic

2. For a general introduction to SUSY phenomenology, R-parity, and how SUSY particles could possibly
be produced in pp collisions at the LHC, see chapter 3.
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moment g-2 measurements and SM predictions [244, 245, 246, 247].

This chapter presents a search for the direct pair production of mass-degenerate charginos

and next-to-lightest neutralinos assuming their prompt decays as χ̃
±
1 → Wχ̃0

1 and χ̃
0
2 → hχ̃

0
1.

The search targets a fully hadronic final state where W → qq̄ and h → bb̄, see fig. 9.1.

Additional scenarios with the Higgs decaying to a pair of b-quarks, a pair of photons, a pair

of W or Z bosons (where at least one of the W/Z/τ decays leptonically), or τ leptons are

considered in a joint ATLAS paper [241]. Events are characterized by the presence of zero

leptons (` = e, µ), a large missing transverse momentum (~p miss
T , with magnitude Emiss

T )

from the neutralinos, and four jets (two originating from the fragmentation of the b-quarks).

A simplified SUSY model [248, 249] is considered for the optimization of the search and the

interpretation of results. The χ̃
±
1 → Wχ̃0

1 and χ̃0
2 → hχ̃

0
1 decays are assumed to have 100%

branching ratio. The Higgs mass is set to 125 GeV, which is consistent with the measured

value, and its branching fractions are assumed to be the same as in the SM. The Higgs (W)

candidate can be fully reconstructed, by selecting the two leading b-tagged (non-b-tagged)

jets. Previous searches for charginos and neutralinos at the LHC targeting decays through

the Higgs in leptonic signatures have been reported by the ATLAS [250] and CMS [251]

collaborations, whilst a search in the hadronic channel is reported for the first time in this

thesis and in Ref. [241].

9.2 Dataset and MC Samples

The data used in this analysis were collected by the ATLAS detector in pp collisions at the

LHC with a centre-of-mass energy of 13 TeV and a 25 ns proton bunch crossing interval dur-

ing 2015 and 2016. The full dataset corresponds to an integrated luminosity of 36.1 fb−1 after

requiring that all detector subsystems were operational during data recording. The uncer-

tainty in the combined 2015+2016 integrated luminosity is 2.2%. It is derived following a
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Figure 9.1: Diagram illustrating the simplified signal scenario considered in this chapter; pair
production of the lighest chargino and the next-to-lightest neutralino, where the chargino
decays into a W and an LSP, and the next-to-lighest neutralino decays into a Higgs boson and
an LSP. The W and Higgs bosons then decay hadronically. The LSPs give rise to significant
missing transverse momentum.

methodology similar to that detailed in Ref. [252] from a calibration of the luminosity scale

using x–y beam-separation scans performed in August 2015 and May 2016. Each event in-

cludes on average 13.7 and 24.9 inelastic pp collisions (pile-up) in the same bunch crossing

in the 2015 and 2016 datasets, respectively. Events are required to pass Emiss
T triggers with

period-dependent thresholds [253]. These triggers are fully efficient for events with offline

reconstructed Emiss
T > 200 GeV.

Monte Carlo (MC) samples of simulated events are used to model the signal and to aid in the

estimation of SM background processes, with the exception of multijet processes which are

estimated from data only. All simulated samples were produced using the ATLAS simulation

infrastructure [135] and GEANT4 [136], or a faster simulation based on a parameterization

of the calorimeter response and GEANT4 for the other detector systems. The simulated

events are reconstructed with the same algorithm as that used for data.

SUSY signal samples were generated with MadGraph5 aMC@NLO v2.3.3 [254] at leading

order (LO) and interfaced to Pythia v8.212 [46] with the A14 [255] set of tuned parameters
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(tune) for the modeling of the parton showering (PS), hadronization and underlying event.

The matrix element (ME) calculation was performed at tree level and includes the emission

of up to two additional partons. The ME–PS matching was done using the CKKW-L [256]

prescription, with a matching scale set to one quarter of the chargino and next-to-lightest

neutralino mass. The NNPDF23LO [257] parton distribution function (PDF) set was used.

The cross-sections used to evaluate the signal yields are calculated to next-to-leading or-

der (NLO) accuracy in the strong coupling constant, adding the resummation of soft gluon

emission at next-to-leading-logarithmic accuracy (NLO+NLL) [204, 205, 206]. The nomi-

nal cross-section and uncertainty are taken as the midpoint and half-width of an envelope

of cross-section predictions using different PDF sets and factorization and renormalization

scales, as described in Ref. [258].

Background samples were simulated using different MC generator programs depending on

the process. All background processes are normalized to the best available theoretical calcu-

lation for their respective cross-sections. The event generators, the accuracy of theoretical

cross-sections, the underlying-event parameter tunes, and the PDF sets used for simulat-

ing the SM background processes are summarized in table 9.1. For all samples, except the

ones generated using Sherpa [259], the EvtGen v1.2.0 [260] program was used to simulate

the properties of the bottom- and charm-hadron decays. Several samples produced without

detector simulation are employed to estimate systematic uncertainties associated with the

specific configuration of the MC generators used for the nominal SM background samples.

They include variations of the renormalization and factorization scales, the CKKW-L match-

ing scale, as well as different PDF sets and fragmentation/hadronization models. Details of

the MC modelling uncertainties are discussed in section 9.5.
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Process Generator Tune PDF set Cross-section

+ fragmentation/hadronization order

W/Z + jets Sherpa-2.2.0 [259] Default NNPDF3.0NNLO [257] NNLO

tt̄ Powheg-Box v2 [212, 211] PERUGIA2012 [261] CT10 [213] NNLO

+ Pythia-6.428 [262] +NNLL

Single top Powheg-Box v1 or v2 PERUGIA2012 CT10 NNLO

+ Pythia-6.428 +NNLL

Diboson

WW , WZ, ZZ Sherpa-2.2.1 Default NNPDF3.0NNLO NLO

tt̄+X

tt̄W/Z MadGraph-2.2.2 [254] A14 [255] NNPDF2.3 NLO

4 tops + Pythia-8.186 [46]

tt̄h MadGraph5 aMC@NLO-2.2.1 [263] UEEE5 [264] CT10 NLO

+ Herwig++-2.7.1

Wh, Zh Pythia-8.186+EVTGEN [260] A14 NNPDF2.3 LO

Table 9.1: List of generators used for the different processes. Information is given about
the underlying-event tunes, the PDF sets and the pQCD highest-order accuracy (LO, NLO,
next-to-next-to-leading order, NNLO, and next-to-next-to-leading-log, NNLL) used for the
normalization of the different samples.
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9.3 Event Reconstruction, Observables, and Selection

The standard ATLAS event and data quality selections listed in section 6.3 were applied.

Kinematic variables, used to reject SM backgrounds, are described in section 9.3.1. Event

preselections on the kinematic variables and data quality checks are described in section 9.3.2.

Data/MC comparison plots at the preselection level are also shown in section 9.3.2.

Jets are reconstructed from three-dimensional topological energy clusters [265] in the calorime-

ter using the anti-kt jet algorithm [147] with a radius parameter of 0.4. Each topological

cluster is calibrated to the electromagnetic scale response prior to jet reconstruction. The

reconstructed jets are then calibrated to the energy scale of stable final state particles3 in

the MC simulation by the application of a jet energy scale (JES) correction derived from

√
s = 13 TeV data and simulations [266]. Further selections are applied to reject jets within

|η| < 2.4 that originate from pile-up interactions by means of a multivariate algorithm using

information about the tracks matched to each jet [267, 266]. Candidate jets are required to

have pT > 30 GeV and |η| < 2.8.

A jet is tagged as a b-jet by means of a multivariate algorithm called MV2c10 using informa-

tion about the impact parameters of inner detector tracks matched to the jet, the presence

of displaced secondary vertices, and the reconstructed flight paths of b- and c-hadrons inside

the jet [151, 152]. Jets tagged as b-jets must have |η| < 2.5. Several operating points are

available, corresponding to various efficiencies obtained in tt̄ simulated events. The 77%

efficiency point was found to be optimal for most points in the phase space and is considered

nominal for the results presented in this chapter. This configuration corresponds to a back-

ground rejection of 6 for c jets, 22 for τ leptons and 134 for light jets [151, 152], estimated

using tt̄ simulated events and assuming jets with pT = 20 GeV.

3. Stable particles in the MC simulation event record are those that have a lifetime τ such that cτ >
10 mm, and that originate from the hard-scatter interaction.
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The Emiss
T in the event is defined as the magnitude of the negative vector sum pT of all

selected and calibrated physics objects in the event, with an extra term added to account

for soft energy in the event that is not associated to any of the selected objects. This soft

term is calculated from inner detector tracks matched to the primary vertex to make it more

resilient to pile-up contamination [268, 269].

Electron candidates are reconstructed from energy clusters in the electromagnetic calorimeter

and inner detector tracks. They are required to pass the loose likelihood identification criteria

and have B-layer hits (the so-called loose requirement) [270, 271]. These identification criteria

simultaneously evaluate several properties of the electron candidates, including calorimeter-

based shower shapes, inner detector track hits and impact parameters, and comparisons of

calorimeter cluster energy to charged track pT. Corrections for ambient energy contributions

due to pile-up are included. Electrons are also required to have pT > 20 GeV and |η| < 2.47.

These electrons are used in the overlap removal procedure that is described in detail below,

and to apply lepton selections and vetoes in the various analysis channels, in some cases with

additional selections applied.

Muon candidates are reconstructed from matching tracks in the inner detector and muon

spectrometer. They are required to meet so-called medium quality and identification criteria,

as described in Ref. [272], and to have pT > 20 GeV and |η| < 2.5. These muons are used

in the overlap removal procedure and to apply lepton selections and vetoes in the various

analysis channels, in some cases with additional selections applied. Events containing muons

from calorimeter punch-through or poorly measured tracks are rejected if any muon has a

large relative q/p error, or
σ( qp )

| qp |
> 0.2, where q is the measure charge of the track. Cosmic

ray muons are rejected after the muon-jet overlap removal by requiring the longitudinal and

transverse impact parameters as |z0| ≤ 1 mm and |d0| ≤ 0.2 mm, respectively.

Overlaps between candidate objects are removed sequentially. Firstly, electron candidates
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that lie within ∆R < 0.014 from muon candidates are removed to suppress contributions

from muon bremsstrahlung. Overlaps between electron and jet candidates are resolved next,

and finally, overlaps between remaining jets and muon candidates are removed. Overlap

removal between electron and jet candidates aims to remove jets that are formed primarily

from the showering of a prompt electron and electrons that are produced in the decay chains

of hadrons. Consequently, any non-b-tagged jet whose axis lies ∆R < 0.2 from an electron is

discarded. Electrons with ET < 50 GeV are discarded if lying within ∆R < 0.4 to the axis

of any remaining jet and the corresponding jet is kept. For higher-ET electrons, the latter

removal is performed using a threshold of ∆R = min(0.4, 0.04 + 10 GeV/pT). The overlap

removal procedure between muon and jet candidates is designed to remove those muons that

are likely to have originated from the decay of hadrons and to retain the overlapping jet.

Jets and muons may also appear in close proximity when the jet results from high-pT muon

bremsstrahlung, and in such cases the jet should be removed and the muon retained. Such

jets are characterized by having very few matching inner detector tracks. Therefore, if the

angular distance ∆R between a muon and a jet is lower than 0.2, the jet is removed if it is

not b-tagged and has fewer than three matching inner detector tracks. As for the electrons,

muons with pT below (above) 50 GeV are subsequently discarded if they lie within ∆R = 0.4

(∆R = min(0.4, 0.04 + 10 GeV/pT)) of any remaining jet.

9.3.1 Event Variables

In order to target different signal mass hierarchies and reject SM backgrounds, signal regions

(SRs) are defined based on optimized selections on the event variables defined below. The

optimization procedure is described in section A.1.

4. ∆R =
√

(∆y)2 + (∆φ)2 defines the distance in rapidity y and azimuthal angle φ.
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Object Multiplicity

Objects are ordered in descending order based on their pT:

• Njet is the number of jets with |η| < 2.8 and pT > 30 GeV.

• Nb−jet is the number of b-jets with |η| < 2.5 and pT > 30 GeV.

• Nlepton is the number of leptons (electrons or muons) with |η| < 2.5 and pT > 20 GeV.

Leptons are used in some of the control regions, described in section 9.4.2.

Multijet Suppression

The minimum azimuthal angle ∆φ
4j
min between the ~pmiss

T and the ~pT of the four leading jets

in the event is useful for rejecting events with mismeasured jet energies leading to Emiss
T in

the event, and is defined as:

∆φ
4j
min = mini≤4∆φ

(
~p miss

T , ~p
jet

T,i

)
. (9.1)

This quantity typically has values close to zero for QCD processes due to jet mismeasurement

or neutrinos emitted close to the jet axis. By requiring values ∆φ
4j
min > 0.4 we suppress the

multijet background, which can produce events with large Emiss
T but small ∆φ

4j
min.
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Effective Mass

The effective mass, meff , is defined as the scalar sum of the pT of jets, leptons and Emiss
T ,

which aids in establishing the mass scale of the processes being probed, and is defined as:

meff =

Njet∑

i

p
jet
T,i +

Nlepton∑

j

p`T,i + Emiss
T . (9.2)

where the first and second sums are over the selected jets (Njet) and leptons (Nlepton),

respectively. Since a lepton-veto is applied for all signal regions, the lepton term is only

relevant for some of the control regions. It typically has a much higher value for the signal

events than in background events.

Invariant Mass

• mbb̄ is the invariant mass of the two leading b-jets in the event, and serves as a selection

criterion for dijet pairs to be considered as Higgs boson candidates.

• mqq̄ corresponds to the invariant mass of the two highest pT jets in the event not

identified as b-jets. This observable serves as a selection criterion for dijet pairs to be

considered as W boson candidates.

• m`` is the invariant mass of the two leading same-flavor leptons (electrons or muons).

Leptons are used in some of the control regions, described in section 9.4.2.
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Contransverse mass

In order to further suppress tt̄ background we utilize the contransverse mass variable,

mCT [273, 274], defined for the bb̄ system as:

mCT =

√
2pb1T p

b2
T (1 + cos ∆φbb), (9.3)

where pb1T and pb2T are transverse momenta of the two leading b-jets and ∆φbb is the azimuthal

angle between them. It is one of the main discriminating variables in selections targeting

Higgs bosons decaying into b-quarks and is effective in suppressing the top-quark pair pro-

duction background. As is shown in Refs. [273, 274], the variable has a kinematic endpoint

at (m2(δ)−m2(α))/m2(δ), where δ is the pair produced heavy particle and a is the invisible

particle produced in the decay. In the case of tt̄ events, the kinematic endpoint corresponds

to the top quark mass, while signal events tend to have higher values of mCT.

Transverse b-jet Mass

Another useful transverse mass variable is mb
T, the minimum transverse mass formed by

Emiss
T and up to two of the highest-pT b-jets in the event, defined as:

m
b,min
T = mini≤3

(√
2p
b-jeti
T Emiss

T {1− cos[∆φ(~pmiss
T , ~p

b-jeti
T )]}

)
. (9.4)

The variable has a kinematic endpoint near the top mass for tt̄ backgrounds, while the value

of mb
T can be much larger in signal processes.
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9.3.2 Event Preselection and Cleaning

The standard ATLAS event and data quality selections listed in section 6.3 were applied.

Events are first selected online by missing transverse momentum triggers with an offline re-

quirement of Emiss
T > 200 GeV. Specifically, HLT xe70 for 2015 data, and HLT xe100 mht L1XE50

(HLT xe110 mht L1XE50) for early (late) 2016 data taking. The trigger remained unprescaled

for all luminosity configurations in 2016. Additional preselections are applied based on the

kinematic variables introduced in section 9.3.1, in order to further reject background, these

are defined in section 9.3.2.

Loose and Tight Preselections

The loose and tight preselections listed in table 9.2 are applied to both data and MC samples

in order to establish a baseline background rejection. The loose selection was used as a

starting point when performing an optimization of the signal to background sensitivity,

by cutting on the event variables defined in section 9.3.1. The optimization procedure is

described in section A.1. The tight preselection is common to most of the signal-, control-,

and validation-regions described in section 9.4, except for a few control regions where the

zero lepton requirement is relaxed. Comparisons of data to SM predictions for the event

variables defined in section 9.3.1 are shown with the loose and tight preselections fig. 9.2

and figs. 9.3 and 9.4. The uncertainty bands include statistical and systematic uncertainties

described in section 9.5. As can be seen in these figures, the data is found to agree quite well

with the prediction from the background MC. The distributions of two representative signal

mass points are also shown. At the tight preselection level, the signal yields are still orders

of magnitude smaller than the total background, thus a more refined selection is required

in order to be sensitive to this benchmark SUSY signal model. The background estimation

strategy s presented in section 9.4.
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Variable Loose Tight

Nlepton = 0 = 0

Njet (pT > 30 GeV) ≥ 4 ∈ [4, 5]

Nb−jet − = 2

∆φ
4j
min > 0.4 > 0.4

Emiss
T [ GeV] > 200 > 200

meff [ GeV] > 700 > 700

Table 9.2: Definitions of the loose- and tight preselections.
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Figure 9.2: Comparisons of data to SM predictions for (a) Njet and (b) Nb−jet after applying
the loose preselection in table 9.2. The uncertainty bands include statistical and systematic
uncertainties (see section 9.5).

9.4 Background Estimation Strategy

The dominant SM background processes and the event selection criteria designed to suppress

these backgrounds (and enhance the benchmark signal models) are described in this section.

The expected signal discovery reach is optimized in dedicated Signal Regions (SRs), targeting

different mass hierarchies of the particles involved. The event selection is performed on the
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Figure 9.3: Comparisons of data to SM predictions for (a) Emiss
T , (b) meff , (a), and (c) ∆φ

4j
min

after applying the tight preselection in table 9.2. The uncertainty bands include statistical
and systematic uncertainties (see section 9.5).

basis of the event variables defined in section 9.3.1.

The expected SM backgrounds are determined separately for each SR, with a profile likeli-
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Figure 9.4: Comparisons of data to SM predictions for (a) mbb̄, (b) mqq̄, (c) mCT, and

(d) mb
T after applying the tight preselection in table 9.2. The uncertainty bands include

statistical and systematic uncertainties (see section 9.5).

hood fit [239], referred to as a background-only fit in the relevant CRs. The background-only

fit uses the observed event yield in the associated CRs as a constraint to adjust the normal-

ization of the dominant background processes assuming that no signal is present. CRs are

designed to be enriched in specific background contributions relevant to the analysis, whilst

minimising the signal contamination, and they are orthogonal to the SRs. The inputs to the

background-only fit for each SR include the number of events observed in its associated CR
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and the number of events predicted by simulation in each region for all background processes.

They are both described by Poisson statistics. The systematic uncertainties, described in

Section 9.5, are included in the fit as nuisance parameters. They are constrained by Gaus-

sian distributions with widths corresponding to the sizes of the uncertainties and are treated

as correlated, when appropriate, between the various regions. The product of the various

probability density functions forms the likelihood, which the fit maximizes by adjusting the

background normalization and the nuisance parameters. Finally, the reliability of the MC

extrapolation of the SM background estimates outside of the control regions is evaluated in

validation regions orthogonal to CRs and SRs.

The event selection, dominant backgrounds, and expected sensitivity in the SRs is presented

in section 9.4.1. Background control and validation regions are defined insection 9.4.2.

9.4.1 Signal Region Event Selection

Signal regions are defined based on a multivariate optimization procedure by scanning over

several of the kinematic variables defined in section 9.3.1. This optimization procedure is

described in section A.1. The analysis exploits the large branching ratios for both W → qq̄

and h→ bb̄ into hadronic final states. Stringent event selections based on the masses of both

the W and Higgs bosons, the presence of exactly two b-jets, and the kinematic relationships

of the final state jets and Emiss
T , are required in order to reduce the significant backgrounds

from tt̄, Z + jets, and single-top Wt production. Events are characterized by having 4 or

5 jets with pT > 30 GeV, exactly 2 of which are identified as b-jets, large meff , mCT, and

m
b,min
T . Two signal regions are defined, specifically targeting either high (HM) or low (LM)

χ̃0
2 and χ̃±1 masses (SRHad-High and SRHad-Low, respectively). The tight preselection

defined in section 9.3.2 is common for both signal regions. The exact selections used are

shown in table 9.3. The individual signal regions are not required to be orthogonal from one
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another, but rather to provide a set of options from which to select the optimal set of selection

for a given signal definition (based on whichever one has the best observed sensitivity, see

fig. 9.15).

Variable SRHad-High SRHad-Low

Nlepton = 0 = 0

Njet (pT > 30 GeV) ∈ [4, 5] ∈ [4, 5]

Nb−jet = 2 = 2

∆φ
4j
min > 0.4 > 0.4

Emiss
T [ GeV] > 250 > 200

meff [ GeV] > 900 > 700

mbb̄ [ GeV] ∈ [105, 135] ∈ [105, 135]

mqq̄ [ GeV] ∈ [75, 90] ∈ [75, 90]

mCT [ GeV] > 140 > 190

m
b,min
T [ GeV] > 160 > 180

Table 9.3: Signal region definitions.

The meff and m
b,min
T selections are particularly effective at reducing the tt̄ contributions,

which is the dominant background for both signal regions. Z + jets and single top both

contribute significantly as well, whereas the contribution from multijet production is found

to be negligible. Figure 9.5 shows the background composition in both signal regions. The

cause of the tt̄ contribution increase in the low mass splitting signal region is a combination

of the cuts differences, in particular applying a lower cut in meff increases this background.

The background composition of single-top is mainly from Wt production with tau final

states. The analysis is agnostic to jets induced by hadronic tau or quark/gluon decays. The

background composition of Z + jets is mainly from neutrino decays. The bb̄ invariant mass

is required to be between 105 < mbb̄ < 135 GeV, consistent with the Higgs mass, for all
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signal regions. All CRs and VRs select sidebands in the mbb̄ spectrum in order to remain

orthogonal to the two SRs. These are further described in section 9.4.2.
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Figure 9.5: Background composition in (a) SRHad-High and (b) SRHad-Low (based on
pre-fit yields).

9.4.2 Background Control- and Validation Regions

Control regions are used to constrain the normalizations of the tt̄, Z + jets, and Wt back-

grounds with the data, while other processes are estimated using MC simulation studies. The

background contributions to SRHad-High and SRHad-Low are estimated using fits to the

data for tt̄, Z + jets, and single-top in specially designed control regions. The three control

regions used for estimating the tt̄ (CRHad-TT), Z + jets (CRHad-Zj), and Wt (CRHad-ST)

contributions are further divided into high-mass (HM) and low-mass (LM) categories in order

to follow the design of the SRs. All CRs are required to be orthogonal from their respective

signal regions. The control regions are defined primarily by inverting the selections on mbb̄,

mCT, m
b,min
T , and by requiring the presence of a lepton in some cases.

166



tt̄ Control Regions

The tt̄ background is estimated using mCT,m
b,min
T < 140 GeV and mbb̄ > 135 GeV selec-

tions, while maintaining the other SR requirements. This approach isolates the tt̄ contribu-

tion while suppressing single-top and Z + jets events, yielding an estimated 94% pure sample

of tt̄ events with negligible signal contamination. Figure 9.6 shows the distributions of two

key observables, Emiss
T for the tt̄ high-mass control region, and mCT for the tt̄ low-mass

control region. The inverted mCT selection is critical for defining a pure tt̄ control region,

which is clear from Figure 9.6b.
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Figure 9.6: Comparisons of data to SM prediction in tt̄ control regions for representative
kinematic distributions: (a) Emiss

T for CRtt-Had(HM) and (b) mCT for CRtt-Had(LM).
Predictions from MC simulation are shown after the background-only fit. The arrow indicates
the selection on that variable used to define the corresponding CRs. The uncertainty bands
include statistical and systematic uncertainties.

Single-Top Control Regions

The dominant single-top contribution in the signal regions comes from Wt production with

semi-leptonic decays into hadronic tau final states. Background events fromWt are estimated
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by requiring exactly one lepton andmCT > 200 GeV, m
b,min
T > 180 GeV, andmbb̄ > 195 GeV,

while also relaxing the meff requirement for HM to meff > 700 GeV. Figure 9.6 shows

the mCT and mbb̄ distributions in for the high- and low-mass single-top control regions,

respectively. The mbb̄ > 195 GeV selection is particularly effective, see fig. 9.7b.
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Figure 9.7: Comparisons of data to SM prediction in single-top control regions for represen-
tative kinematic distributions: (a) mCT for CRst-Had(HM) and (b) mbb̄ for CRst-Had(LM).
Predictions from MC simulation are shown after the background-only fit. The arrow indi-
cates the selection on that variable used to define the corresponding CRs. The uncertainty
bands include statistical and systematic uncertainties.

Z + jets Control Regions

The dominant Z + jets decay in the signal regions is Z(νν) + jets. The Z + jets contribu-

tion is isolated using a same-sign, same-flavor (e±e± or µ±µ±) high-pT 2` requirement with

p`T,1 > 140 GeV and |m`` − 90| < 15 GeV, which reduces the tt̄ contribution to this control

region (see fig. 9.8). These leptons are then treated as invisible when calculating the Emiss
T .

The kinematics of the matrix element that defines the Z + jets process can be studied inde-

pendently of the decay channel of the Z boson, thus it is possible to study the modelling of

events where the Z decays to two charged leptons as leptons are typically well-reconstructed
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objects. In these events the leptons four momenta are added to the Emiss
T in order to mimic

the topology of the SRs, in which the Z boson decays to neutrinos, e.g. Emiss
T,CRZ = Emiss

T +pllT

(where Z is constructed from the 4-vectors of either 2 signal muons or 2 signal electrons).

Figure 9.8 also shows the mbb̄ distribution for the low-mass Z + jets control region.
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Figure 9.8: Comparisons of data to SM prediction in Z + jets control regions for representa-
tive kinematic distributions: (a) m`` for CRZj-Had(HM), (b) p`T,1 for CRZj-Had(LM), and

(c) p`T,1 for CRZj-Had(LM). Predictions from MC simulation are shown after the background-

only fit. The arrow indicates the selection on that variable used to define the corresponding
CRs. The uncertainty bands include statistical and systematic uncertainties.

Validation Regions

To validate the background prediction, three sets of validation regions are defined to be

similar, but orthogonal, to the SRs. The tt̄ VRs for each SR (VRHad-TT, for HM or

LM) reverse the mCT selections, requiring mCT < 140 (190) GeV for HM (LM), selects

the sideband mbb̄ > 135 GeV (orthogonal to the SRs), but retain the SR selection on

m
b,min
T . In order to validate the Wt and Z + jets estimates, VRs are defined using sideband

regions in the mbb̄ and mqq̄ spectra, either by vetoing the SR range in both of these variables,

mbb̄ /∈ [105, 135] GeV and mqq̄ /∈ [75, 90] GeV (VRHad-SB for HM and LM), or by selecting

the mbb̄ > 135 GeV sideband along with a W mass requirement on the non-b-tagged dijet

invariant mass, 75 < mqq̄ < 90 GeV (VRHad-bbhigh, for HM or LM). Figure 9.9 show the
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mb
T and mqq̄ distributions in the mbb̄- and mqq̄-sideband validation regions.

An exhaustive list of the signal-, control-, and validation-region definitions can be found in

table 9.4.
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Figure 9.9: Comparison of data to SM prediction in mb
T- and mqq̄-sideband validation re-

gions: (a) mb
T in VRSB-Had(HM) and (a) mqq̄ in VRbbhigh-Had(LM).

Background-Only Fit

The yields estimated with the background-only fit are reported in table 9.5. The normaliza-

tion factors (see bottom part of fig. 9.10) are found to be 0.88±0.10 (0.85±0.04), 1.47±0.32

(1.22 ± 0.35), and 0.54 ± 0.25 (0.57 ± 0.22) for tt̄, Z + jets, and Wt in the high-mass (low-

mass) signal region, respectively. The errors include statistical and systematic uncertainties.

No simulated diboson events are found to contribute to the CRHad-ST regions.

The number of events predicted by the background-only fit is compared to the data in the

VRs in the upper panel of fig. 9.11. The pull, defined by the difference between the observed

number of events (nobs) and the predicted background yield (npred) divided by the total

uncertainty (σtot), is shown for each region in the lower panel. No evidence of significant
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SRHad-High CRHad-TT(HM) CRHad-ST(HM) CRHad-Zj(HM) VRHad-TT(HM) VRHad-SB(HM) VRHad-bbhigh(HM)

Nlepton = 0 = 0 = 1 = 2 (same flavour) = 0 = 0 = 0

pT(l1, l2) [ GeV] − − (> 20, −) (> 140, > 20) − − −
mZ [ GeV] − − − ∈ [75, 105] − − −
Njet ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5]

Nb−jet = 2 = 2 = 2 = 2 = 2 = 2 = 2

∆φ
4j
min > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 > 0.4

Emiss
T [ GeV] > 250 > 250 > 250 > 250 > 250 > 250 > 250

meff [ GeV] > 900 > 900 > 700 > 900 > 900 > 900 > 900

mbb̄ [ GeV] ∈ [105, 135] > 135 > 195 > 200 > 135 /∈ [105, 135] > 135

mqq̄ [ GeV] ∈ [75, 90] ∈ [75, 90] ∈ [75, 90] − ∈ [75, 90] /∈ [75, 90] ∈ [75, 90]

mCT [ GeV] > 140 < 140 > 200 − < 140 > 140 > 140

m
b,min
T [ GeV] > 160 < 140 > 180 − > 160 > 160 > 160

SRHad-Low CRHad-TT(LM) CRHad-ST(LM) CRHad-Zj(LM) VRHad-TT(LM) VRHad-SB(LM) VRHad-bbhigh(LM)

Nlepton = 0 = 0 = 1 = 2 (same flavour) = 0 = 0 = 0

pT(l1, l2) [ GeV] − − (> 20, −) (> 140, > 20) − − −
mZ [ GeV] − − − ∈ [75, 105] − − −
Njet ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5] ∈ [4, 5]

Nb−jet = 2 = 2 = 2 = 2 = 2 = 2 = 2

∆φ
4j
min > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 > 0.4 > 0.4

Emiss
T [ GeV] > 200 > 200 > 200 > 200 > 200 > 200 > 200

meff [ GeV] > 700 > 700 > 700 > 700 > 700 > 700 > 700

mbb̄ [ GeV] ∈ [105, 135] > 135 > 195 > 200 > 135 /∈ [105, 135] > 135

mqq̄ [ GeV] ∈ [75, 90] ∈ [75, 90] ∈ [75, 90] − ∈ [75, 90] /∈ [75, 90] ∈ [75, 90]

mCT [ GeV] > 190 < 140 > 200 − < 190 > 190 > 190

m
b,min
T [ GeV] > 180 < 140 > 180 − > 180 > 180 > 180

Table 9.4: Selection requirements for the signal, control, and validation regions.

background mismodelling is observed in the VRs.

9.5 Systematic Uncertainties

Several sources of experimental and theoretical systematic uncertainties in the signal and

background estimates are considered in this analysis. Their impact is reduced through the

normalization of the dominant backgrounds in the control regions defined with kinematic

selections resembling those of the corresponding signal region (see table 9.4).
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Figure 9.10: Comparison of the predicted backgrounds with the observed numbers of events
in the CRs. The upper panel shows the observed number of events and the predicted back-
ground yield, before the fit to the CRs. All uncertainties defined in Section section 9.5 are
included in the uncertainty band. The lower panel shows the scale factors obtained from the
fit in each of the CRs.

VR_mbbL105orG135_mnonbbL75orG90_highMass_cuts

VR_mbbG135_highMass_cuts

VR_TTbar_mbb_mct_highMass_cuts

VR_mbbL105orG135_mnonbbL75orG90_lowMass_cuts

VR_mbbG135_lowMass_cuts

VR_TTbar_mbb_mct_lowMass_cuts

E
ve

nt
s

1

10

210

310

410

510

VRHad-SB(HM)

VRHad-bbhigh(HM)

VRHad-TT(HM)

VRHad-SB(LM)

VRHad-bbhigh(LM)

VRHad-TT(LM)

to
t

σ
)/

pr
ed

- 
n

ob
s

(n

2−
1−
0
1
2

Data Single top Vtt

Total SM W+jets Diboson

tt Z+jets

ATLAS Internal
-1=13 TeV, 36.1 fbs

b0lb

Figure 9.11: Comparison of the predicted backgrounds with the observed numbers of events
in the VRs. The normalization of the backgrounds is obtained from the fit to the CRs. The
upper panel shows the observed number of events and the predicted background yield. All
uncertainties defined in Section section 9.5 are included in the uncertainty band. The lower
panel shows the pulls in each VR.
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CR channels CRHad-TT(HM) CRHad-ST(HM) CRHad-Zj(HM) CRHad-TT(LM) CRHad-ST(LM) CRHad-Zj(LM)

Observed events 102 17 39 695 23 78

Fitted bkg events 102± 10 17± 4 39± 6 695± 26 23± 5 78± 9

tt̄ 97± 11 3.7± 2.0 2.9± 2.4 659± 34 4.7± 2.3 10+12
−10

Single top 2.7+3.5
−2.7 10± 5 0.8+0.9

−0.8 19± 19 15± 6 1.0± 0.9

W+ jets 0.5+0.6
−0.5 2.2± 1.1 0.0059± 0.0025 3.9± 3.1 2.8± 1.2 0.0059± 0.0026

Z + jets 1.1± 0.6 0.08± 0.07 32± 7 9.5± 3.2 0.09± 0.04 63± 17

tt̄V 0.63± 0.14 0.62± 0.16 2.0± 0.4 3.1± 0.5 0.80± 0.17 3.7± 0.6

Diboson 0.08+0.14
−0.08 − 0.8± 0.8 1.16± 0.34 − 0.8± 0.5

Table 9.5: Fit results in the control regions. The results are obtained from the control
regions using the background-only fit. The errors shown are the statistical plus systematic
uncertainties. Uncertainties on the fitted yields are symmetric by construction, where the
negative error is truncated when reaching to zero event yield.

Following the procedure described in section 7.2, experimental and theoretical uncertainties

are included as nuisance parameters with Gaussian constraints in the likelihood fits, taking

into account correlations between different regions. Uncertainties due to the numbers of

events in the CRs are also introduced in the fit for each region.

Theory uncertainties on the tt̄ background processes dominate, up 50% in SRHad-Low re-

gion. Generator uncertainties are assessed by comparing Powheg+Pythia 6 to Sherpa

2.2.1, and the parton shower models are tested using Powheg+Pythia 6 compared to

Powheg+Herwig++. Scale variations are evaluated by varying the hdamp parameter be-

tween mtop and 2×mtop, and the renormalization and factorization scales up and down by a

factor of two. Systematic uncertainties on the contributions from single top production also

account for the impact of interference terms between single-resonant and double-resonant top

production. Statistical uncertainties are included via the control regions in the data by which

the processes are normalized and the finite MC simulation statistics available for evaluating

some theoretical systematic uncertainties. Relaxed selections are used in order to improve

the statistical precision of uncertainty estimates due to theory systematics on top contri-
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butions. In particular, the mCT, mb
T, and meff selections are loosened for both SRs. The

Z + jets and W+ jets modelling uncertainties are estimated using the nominal Sherpa 2.2.1

samples by considering different merging (CKKW-L) and resummation scales, PDF varia-

tions from the NNPDF30NNLO replicas, as well as an envelope formed from seven-point

scale variations of the renormalization and factorization scales. The various components are

included as separate nuisance parameters in the likelihood fits.

Experimental uncertainties related to the jet energy scale play a significant role, uncertainties

related to the jet energy scale contribute to approximately a 30% systematic uncertainty in

the SRHad-High region. Uncertainties on the b-tagging efficiency and mis-tagging rates

are sub-dominant for both regions, and are estimated by varying the η-, pT- and flavour-

dependent scale factors applied to each jet in the simulation within a range that reflects the

systematic uncertainty in the measured tagging efficiency and mis-tag rates.

The dominant systematic uncertainties in both signal regions are summarized in table 9.6.

Uncertainty of region SRHad-High SRHad-Low

Total background expectation 2.49 7.76

Total background error ±1.28 ±4.14

Systematic, experimental ±0.88 ±1.17

Systematic, theoretical ±0.69 ±3.82

Statistical, MC samples ±0.54 ±0.84

Statistical, µTT,ST,Zj scale-factors ±0.25 ±0.52

Table 9.6: Dominant systematic uncertainties on background estimates in the signal regions.
Individual uncertainties can be correlated, and do not necessarily add up quadratically to
the total background uncertainty. The percentages show the size of the uncertainty relative
to the total expected background.
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9.6 Results

No significant deviations are observed between expected and observed yields in the search

regions for each of the analysis channels considered. The results are also translated into

upper limits on contributions from physics beyond the SM (BSM) for each signal region

and are used to set exclusion limits at the 95% confidence level (CL) on the common mass

of the charginos and next-to-lightest neutralinos for various values of the LSP mass in the

simplified model considered in the analysis.

Table 9.7 provides the event yields and SM expectation in the SRHad-High and SRHad-

Low signal regions after the background-only fit. The errors shown are the statistical plus

systematic uncertainties. Good agreement is found between data and SM predictions for

both signal regions.

SR channels SRHad-High SRHad-Low

Observed events 1 7

Fitted bkg events 2.5± 1.3 7.8± 4.1

tt̄ 1.1± 0.9 4.0± 3.9

Single top (Wt) 0.2+0.2
−0.2 0.4± 0.3

W+ jets 0.1+0.3
−0.1 1.0± 0.7

Z + jets 1.0± 0.7 1.7± 1.0

tt̄V 0.09± 0.03 0.4± 0.1

Diboson − 0.3+0.4
−0.3

Table 9.7: Event yields and SM expectation after background-only fit results for the SRHad-
High and SRHad-Low regions. The errors shown are the statistical plus systematic uncer-
tainties. Uncertainties on the fitted yields are symmetric by construction, where the negative
error is truncated when reaching to zero event yield.

Table 9.8 summarizes the observed (S95
obs) and expected (S95

exp) 95% CL upper limits on
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the number of BSM events and on the observed visible cross section, σvis, for both signal

regions. Upper limits on contributions from new physics are estimated using the so-called

model-independent fits. The CLs method [275, 276] (see section 7.2) is used to derive the

confidence level of the exclusion for a particular signal model; signal models with a CLs value

below 0.05 are said to be excluded at 95% CL. When normalized by the integrated luminosity

of the data sample, results can be interpreted as corresponding observed upper limits on

σvis, defined as the product of the BSM production cross section, the acceptance and the

selection efficiency of a BSM signal. The p0-values, which represent the probability of the SM

background alone to fluctuate to the observed number of events or higher, are also provided.

Region σvis [fb] S95
obs S95

exp p0-value

SRHad-Low 0.26 9.4 9.5+3.3
−1.9 0.50

SRHad-High 0.10 3.6 4.3+1.6
−1.0 0.50

Table 9.8: From left to right, the observed 95% CL upper limits on the visible cross sections
σvis, the observed (S95

obs) and expected (S95
exp) 95% CL upper limits on the number of signal

events with ±1σ excursions of the expectation, and the discovery p-value (p0), truncated at
0.5.

Figure 9.12 shows representative distributions of the data and SM predictions binned in

Emiss
T , meff , mCT, and mbb̄ in the SRs. The data agree well with the SM expectations in all

distributions within the uncertainty bands, and no significant deviations are observed. The

number of events predicted by the background-only fit is compared to the data in the SRs in

the upper panel of fig. 9.13, the agreement is well within the estimated uncertainty bands,

with a slight deficit observed in both SRHad-High and SRHad-Low.

fig. 9.14 shows the expected and observed exclusion for each of the signal regions separately,

as well as a combination where either SRHad-High or SRHad-Low is used for each χ̃
±
1 /χ̃

0
2−χ̃0

1

mass hypothesis, depending on which one has the best expected sensitivity (see fig. 9.15).

Experimental and theoretical systematic uncertainties, as described in section 9.5, are applied
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Figure 9.12: Data and SM predictions in SRs for (a) Emiss
T , (b) meff , and (c) mCT in SRHad-

High, and (d) mbb̄ in SRHad-Low. All SRs selections but the one on the quantity shown are
applied. All uncertainties are included in the uncertainty band. Example SUSY models are
superimposed for illustrative purposes.
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Figure 9.13: Comparison of the predicted backgrounds with the observed numbers of events
in the SRs. The normalization of the backgrounds is obtained from the fit to the CRs
for all channels. The upper panel shows the observed number of events and the predicted
background yield. All uncertainties defined in Section 9.5 are included in the uncertainty
band. The lower panel shows the pulls in each SR.
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to background and signal samples. Thanks to the high branching ratio of the Higgs boson

into b-quark pairs, the sensitivity is best at high masses of the chargino and next-to-lightest

neutralinos and constraints up to 680 GeV are achieved for massless neutralinos.

A summary of the exclusion contours from all the channels included in the joint ATLAS

publication in fig. 9.16 [241]. Expected and observed contours as obtained from each channel

are shown, with the exception of the 3` analysis which has no sensitivity. The overall

expected sensitivity reaches from m(χ̃
±
1 /χ̃

0
2) = 150 GeV to m(χ̃

±
1 /χ̃

0
2) = 635 GeV, including

significant improvements compared to previous results towards large m(χ̃
0
1) masses near the

kinematic limit of the processes considered. These improvements are largely due to more

highly optimized signal and control region definitions, as well as the addition of the 0`bb̄

analysis channel, which was the main contribution from the thesis work described in this

report. The expected and observed cross section exclusion is shown in fig. 9.17 for all analyses

presented in Ref. [241].

Finally, the acceptance and efficiency for both signal regions are shown in fig. 9.18. A

summary cutflow table is included in section A.2.
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Figure 9.14: The expected and observed exclusion for (a) SRHad-High, (b) SRHad-Low,
and (c) combination, i.e. choosing the region with best expected CLs for each mass point.
Experimental and theoretical systematic uncertainties, as described in section 9.5, are applied
to background and signal samples and illustrated by the yellow band and the red dotted
contour lines, respectively. The red dotted lines indicate the ±1 sigma variation on the
observed exclusion limit due to theoretical uncertainties on the signal cross section.
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Figure 9.18: (a, b) Signal acceptance and (c, d) signal efficiency (for SRHad-High and
SRHad-Low, respectively).
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9.7 Conclusion

A search for electroweak pair production of a chargino and a neutralino, decaying via a W

boson and a Standard Model like 125 GeV Higgs boson into a fully hadronic final state,

has been performed. The Higgs boson in the final state is identified by two jets originating

from bottom quarks. The analysis is based on 36.1 fb−1 of
√
s = 13 TeV pp collision data

delivered by the LHC and recorded with the ATLAS detector. This is the first time a fully

hadronic final state has been considered for this model, and the results are very promising.

Observations are consistent with the Standard Model expectations, and 95% confidence level

limits of up to 680 GeV in χ̃±1 /χ̃
0
2 mass are set in the context of a simplified supersymmetric

model.
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CHAPTER 10

CONCLUDING REMARKS

The Large Hadron Collider (LHC) has enjoyed tremendous success, with over 100 fb−1 of

13 TeV data recorded by each of ATLAS and CMS to date [277], more than five times the

LHC 8 TeV dataset, which was used in the Higgs boson discovery in 2012 [12]. The discovery

of the Higgs boson was an astounding success, almost 50 years after it was first introduced

as a mechanism for giving mass to the SM fermions and bosons. About six years has passed

since the Higgs discovery, and if there is new physics beyond the SM around the TeV-scale,

it has yet to show itself. However, as mentioned in the introduction, the LHC is only just

getting started. Over the next couple of decades it is expected to collect more than an

order of magnitude of additional data (about 4000 fb−1 is projected for the entire run of

the high luminosity LHC), which will help significantly when searching for rare processes,

such as electroweak SUSY (chapter 9). There should also be significant time available to go

back to the drawing board, reflect on current analysis methods, and test new strategies and

tools for physics analysis. I could hardly think of a more exciting time to have been a PhD

student in experimental particle physics, and I am eager to find out what the future has in

store. The next few years should be a particularly interesting time to analyze the full LHC

13 TeV dataset and to work on detector upgrades. Going forward, I intend to stay involved

with searches for hadronic final states (at least until the end of Run II), however I am

also interested to extend my scope beyond searches with hadronic final states; in particular

Standard Model and Higgs precision measurements. I am also very interested in exploring

new techniques for simulation, event reconstruction, and analysis, especially using Machine

Learning. On the hardware front, I want to get more involved with the development efforts

currently underway to prepare for the high luminosity LHC, which is scheduled to start

collecting data in the mid/late-2020s. An interesting future lies ahead!
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Glossary

AD Antiproton Decelerator. xii, 61

AFP ATLAS Forward Proton Detector. 89

ALFA Absolute Luminosity For ATLAS. 89

ALICE A Large Ion Collider Experiment. 60

ATLAS A Toroidal LHC ApparatuS. 60, 70

BSM beyond the Standard Model. 36

CEPC–SPPC Circular Electron Positron Collider – Super Proton-Proton Collider. 59

CERN the European Organization for Nuclear Research. 59
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CLIC The Compact Linear Collider. 59
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DM dark matter. 36

EF Event Filter. 90
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electroweak theory The theory which describes both the electromagnetic force and the

weak force. 8

EM electromagnetic. xiii, 72

FCal Forward Calorimeter. 73, 82, 84

FCC The Future Circular Collider. 59

GRL Good Runs List. 97

HE-LHC High-Energy LHC. 59

HEC Hadronic End-Cap. 73, 82, 84

Higgs mechanism The process which generates the proprety of mass for the gauge bosons.

8

HL-LHC High-Luminosity LHC. 59, 78

IBL Insertable B-Layer. 78

ID Inner Detector. 70, 77

ILC International e+e− Linear Collider. 59

ISOLDE On-Line Isotope Mass Separator. xii, 61

ITk Inner Tracker. 78

L1 Level-1. 90

L1Calo L1 calorimeter. 90

L1Muon L1 muon. 90
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L2 Level-2. 90

LAr Liquid Argon Calorimeter. 72, 82, 97

LEP Large Electron Positron Collider. 59

LHC Large Hadron Collider. 59

LHCb The Large Hadron Collider beauty. 60

LHCf LHC forward. 60

Linac 2 Linear accelerator 2. 61

LSP Lightest Supersymmetric Particle. 149

LUCID LUminosity Cherenkov Integrating Detector. 87

MDTs Monitored Drift Tubes. 73, 87

MoEDAL Monopole and Exotics Detector at the LHC. 60

MSSM Minimal Supersymmetric Standard Model. 41

NLO Next-to-Next-to-Leading Order. 32

PDG Particle Data Group. x, 9, 10, 23

PMNS Pontecorvo-Maki-Nakagawa-Sakata. 28, 37

PMTs photomultiplier tubes. 85

PS Proton Synchrotron. 61

PSB Proton Synchrotron Booster. 61

QCD Quantum Chromodynamics. 8, 11
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QED Quantum Electrodynamics. 10, 11

ROIs regions-of-interest. 90

RPCs Resistive Plate Chambers. 73, 87

SCT Semiconductor Tracker. 72, 77, 81, 97

SM Standard Model. 8

SPS Super Proton Synchrotron. 61

SRs Signal Regions. 161

SUSY supersymmetry. 114, 149

synchrotron An apparatus in which charged atomic and subatomic particles are accelerated

by a magnetic field strength that increases with the energy of the particles in order to

keep their orbital radius constant. 59

TDAQ Trigger and Data Acquisition. 89

TGCs Thin Gap Chambers. 73, 87

TileCal Tile Calorimeter. 73, 82, 84, 97

TOTEM TOTal Elastic and diffractive cross section Measurement. 60

TRT Transition Radiation Tracker. 72, 77, 81

ZDC Zero Degree Calorimeter. 89
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APPENDIX A

SUPPLEMENTAL MATERIAL FOR THE ELECTROWEAK

WH SEARCH

A.1 Signal Region Optimization

A multivariate optimization process was performed1 by scanning over several of the kinematic

variables defined in section 9.3.1, using the loose selection as defined in table 9.2 as a starting

point. A flat uncertainty of 30% was used for the optimization. A scan over Njet, E
miss
T ,

meff , mCT, and mb
T (with fixed cuts: Nb−jet ≥ 2, ∆φ

4j
min > 0.4, 105 < mbb̄ < 135 GeV,

and 75 < mqq̄ < 90), indicated that low-m(χ̃±1 /χ̃
0
2) regions profits from a looser meff cut

while high-m(χ̃±1 /χ̃
0
2) regions benefits from a higher cut on meff as can be seen in fig. A.1.

Therefore two different optimizations were run; one with meff > 700 GeV, and another one

with meff > 900 GeV. For each, the following variables were optimized:

• 4 ≤ Njet ≤ x, where x = 4, 5, 6

• 2 ≤ Nb−jet ≤ x, where x = 2, 3, 4

• Emiss
T > x, where x was scanned between 200− 400 GeV in 50 GeV steps

• mb,min
T > x, where x was scanned between 80− 400 GeV in 20 GeV steps

• mCT > x, where x was scanned between 100− 300 GeV in 10 GeV steps

The optimal cuts at different mass points are shown in fig. A.2 and fig. A.3, for the optimiza-

tion with a fixed meff cut of meff > 900 GeV and meff > 700 GeV, respectively. Separate

1. using Zn = RooStats.NumberCountingUtils.BinomialExpZ(NS , NB , 0.3) [278, 279] as a figure of merit,
where NS and NB are the number of signal and total background events, respectively.
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optimizations of the mbb̄ and mqq̄ variables indicated that selections of 105 < mbb̄ < 135 GeV

and 75 < mqq̄ < 90 were quite optimal. Two SRs where defined, SRHad-High and SRHad-

Low, corresponding roughly to the optimal selection for (m(χ̃±1 /χ̃
0
2) = 600,m(χ̃0

1) = 50)

and (m(χ̃±1 /χ̃
0
2) = 350,m(χ̃0

1) = 50), respectively2 The signal-to-background significance in

SRHad-High and SRHad-Low resulting from the optimization is shown in fig. A.4.
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Figure A.1: Optimal cut on meff for each mass point.

2. The optimization studies described in this section where performed using an early batch of privately
generated signal MC samples. These samples had a bug in the job options which affected the branching
ratios of the W and Higgs bosons. The optimization was later re-done using ATLAS officially generated
signal samples, where the bug in the job option had been corrected, however the re-optimization didn’t yield
any significant improvement and due to time constraints on the analysis the signal region selections defined
from the initial optimization were kept.
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Figure A.2: Optimal cuts on (a) Njet, (b) Nb−jet, (c) Emiss
T , (d) m

b,min
T , and (e) mCT for

the optimization with fixed meff > 900 GeV.
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Figure A.3: Optimal cuts on (a) Njet, (b) Nb−jet, (c) Emiss
T , (d) m

b,min
T , and (e) mCT for

the optimization with fixed meff > 700 GeV.
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Figure A.4: Sensitivity estimates for (a) SRHad-High and (b) SRHad-Low. The optimization
was performed using Zn = BinomialExpZ(NS , NB , 0.3) as a figure of merit.
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A.2 Summary Cutflow

Cut Total Background Wh(550,0) Wh(700,0)

All events 2834780000± 270000 427.2± 1.9 134.7± 0.6

Preselection+Cleaning 20046000± 32000 336.9± 2.0 109.6± 0.7

Nlepton =0 5697000± 24000 334.7± 2.0 108.8± 0.7

Njet (pT > 30 GeV) ∈ [4, 5] 2267000± 6000 205.1± 1.6 65.2± 0.5

Nb−jet =2 398900± 1400 92.4± 1.1 29.3± 0.4

∆φ
4j
min > 0.4 272500± 900 79.6± 1.0 25.38± 0.33

Emiss
T > 200 GeV 24980± 100 65.9± 0.9 22.42± 0.31

meff > 700 GeV 9540± 50 57.7± 0.8 21.35± 0.31

mbb̄ ∈ [105, 135] GeV 873± 15 34.5± 0.6 12.84± 0.24

mqq̄ ∈ [75, 90] GeV 92± 4 12.4± 0.4 4.28± 0.13

SRHad-Low

mCT > 190 GeV 9.4± 1.0 8.91± 0.30 3.60± 0.12

m
b,min
T > 180 GeV 8.5± 0.9 8.52± 0.29 3.47± 0.12

SRHad-High

Emiss
T > 250 GeV 73.2± 2.5 11.2± 0.4 3.94± 0.13

meff > 900 GeV 6.5± 0.6 7.37± 0.28 3.38± 0.12

mCT > 140 GeV 2.7± 0.5 6.88± 0.28 3.25± 0.11

m
b,min
T > 160 GeV 2.4± 0.5 6.75± 0.28 3.22± 0.11

Table A.1: Event selection cutflow for signal and total background. Only statistical uncer-
tainties are shown.
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