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Abstract

Two searches carried out with the ATLAS detector at the Large Hardron Collider at a center of

mass energy of 8 TeV. Primarily, a search for the associated production of a Standard Model Higgs

boson produced in association with a top quark pair. Additionally, a search for the existence of

R-Parity violating Supersymmetry.
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CHAPTER 1

Introduction

Since antiquity, mankind has been contemplating the fundamental nature of the surrounding world.

Through the millennia Man’s understanding of φύσις, or fýsis, the Greek word for ‘nature’, has

evolved. Only in the last 120 years has the modern understanding of the fundamental structure

of nature been brought into focus; with Einstein’s revolutionary ideas of special relativity and

the solution to the photoelectric effect in 1905, leading to the development and reformulation of

quantum mechanics in the 1920s; the advent of general relativity providing the modern theory of

space and time in 1915; the observation of the first elementary particles, the electron (1898) and

the proton (1919) , and the rest of the particle ‘zoo’; the development of the first quantum field

theory, Quantum Electrodynamics, and subsequently the rest of the Standard Model evolving into

the 1960s. The Standard Model boasts unprecedented agreement with experimental observation

and has become the most widely accepted description of the fundamental particles and their in-

teractions. Although the theory was developed in the 60s and has seen many successes, the last

piece of the Standard Model, a boson, had no candidate particle until very recently. A new boson,

compatible with the elusive Higgs boson, was discovered simultaneously by the ATLAS and CMS

collaborations in 2013.

Although the boson has now been observed in several production channels [1][2] and is thus far

compatible with the Standard Model Higgs boson, it remains of utmost importance to observe as

many production modes as possible and verify all measurable properties to confirm the identity of

1



the newly discovered particle. The first analysis in this thesis attempts to do just that, to observe

production of the boson in a channel that has not yet been observed, namely the production of the

Higgs boson in association with two top quarks, called ‘ttH’. The channel is notable as it provides

a direct measurement of a parameter called the Higgs top Yukawa coupling, which is difficult to

obtain from other measurements.

As successful as the Standard Model is, there are still some outstanding questions. One is the

‘naturalness’ problem, concerning hierarchies of scales and the newly measured mass of the Higgs

boson. The mass of the boson should receive corrections from every massive particle in the theory,

including any yet to be discovered particles, thus it seems unusual to have such a light Higgs boson.

One very elegant solution to this problem is Supersymmetry, which postulates that every Standard

Model particle has a supersymmetric partner that is yet to be found. These extra particles would

serve to cancel out massive corrections to the Higgs boson mass, allowing a light boson to be

‘natural’. The second analysis in this thesis is a search for the existence of a particular model of

Supersymmetry.

The contents of this work will be organized in the following way: Chapter 2 lays the theoretical

foundation with the introduction of Quantum Field Theory, the Standard Model, and Supersym-

metry. Chapter 3 introduces the experimental apparatus with which the analyses described within

are carried out, the Large Hadron Collider and the ATLAS detector. Chapter 4 concerns particles

and other objects as they are represented and reconstructed within the ATLAS detector and used

within physics analyses. Chapter 5 discusses in detail the search for the Higgs boson in association

with a top quark pair, while Chapter 6 discusses selected aspects of a search for Supersymmetry.
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1.1 Declaration of work

The work contained within this thesis would not have been possible without a tremendous amount

of work from others. Chapters 2, 3, and 4 are entirely the author’s understanding and recapitulation

of the result of, at least, decades of work from others. Chapters 5 and 6 contain in part the author’s

original work, but this also is accompanied by and built upon the work of others. Analyses on

ATLAS are often performed by teams of physicists, ranging anywhere from 5 to 20 people. The

experimental apparatus and the physics objects required to carry out the analysis, such as tracks,

jets, etc., exist without any input from the author and are provided by various dedicated perform-

ance groups. In chapters 5 and 6, the overall analyses will be described with the author’s work

highlighted.
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CHAPTER 2

Theory

The purpose of this chapter is to introduce the theoretical framework of the Standard Model (SM)

of particle physics. To this end it will begin with a brief introduction to the Lagrangian formula-

tion of Quantum Field Theory. Each field contribution to the Standard Model will be introduced

individually. Observable behavior of the theory will be discussed, such as particle content, etc.,

followed by some selected shortcomings of the theory which will serve as an introduction to Bey-

ond Standard Model physics and Supersymmetry. Much of the discussion can be found in standard

texts such as those in Refs. [3–7].

2.1 Introduction

Quantum field theory found its success in the failures of quantum mechanics applied in the relativ-

istic regime. In contrast to quantizing particles as in quantum mechanics, quantum field theory

aims to quantize ‘fields’ which are defined at all points in time and space, and whose fluctuations

give rise to physical particles. Quantum field theory mirrors the Lagrangian formulation of clas-

sical mechanics and the principle of least action. As a system evolves from one configuration to

another, it will do so along the ‘path’ in configuration space for which the ‘action’, S, is at an

extremum. In classical mechanics, the action S is defined as the time integral of the Lagrangian,

L = T − V , where T is the total kinetic energy of the system and V is the total potential energy,
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both of which are written as a function of generalized variables and their derivatives.

S =

∫
L(q, q̇) dt (2.1)

In quantum field theory, the Lagrangian can be written as the spatial integral of a Lagrangian

density, L, which is a function of one or more fields φ(x) and their derivatives ∂µφ. Where,

∂µ = (
∂

∂t
,
∂

∂x
,
∂

∂y
,
∂

∂z
) (2.2)

so that,

L =

∫
L(φ, ∂µφ) d3x (2.3)

Thus the action can be expressed as:

S =

∫
L(φ, ∂µφ) d4x (2.4)

To find an extremum of S, follow the method of classical mechanics, using the total derivative:

dS =

∫ ∂L∂φ dφ +
∂L

∂
(
∂µφ

)d
(
∂µφ

) d4x (2.5)

Using integration by parts on the second term, dropping the term with a differential, and setting

the integrand to zero, we recover the Euler Lagrange equation in field theory:

∂L

∂φ
− ∂µ

 ∂L

∂
(
∂µφ

) = 0 (2.6)

If a single theory includes several fields, the Lagrangian is just a sum of the terms of the Lag-

rangian for each individual field, and there is an Euler Lagrange equation for each.
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2.2 The Standard Model

The Standard Model is a field theory that describes nearly all of the fundamental particles and

phenomena that are currently known in nature. It is widely accepted as it makes predictions that

agree with observation to a very high accuracy. The Standard Model is constructed by summing

the Lagrangians of other field theories; it is a composite field theory including Lagrangians from

Quantum Chromodynamics (QCD), which describes the ‘strong force’, Quantum Electrodynamics

(QED), which describes electromagnetism, and a theory of weak interactions which describes

the ‘weak force’. The latter two theories were combined into the Electro-Weak (EW) theory by

Glashow, Weinberg, and Salam in the 1960s, invoking spontaneous symmetry breaking via the

Higgs mechanism which adds additional terms to the Lagrangian.

The total SM lagrangian can thus be simply expressed by :

LS M = LEW +LQCD +LHiggs +LYukawa (2.7)

Each term in LS M will be discussed further in the following section.

2.2.1 Electro-weak theory

Quantum Electrodynamics

The QED Lagrangian is constructed from the Dirac and Maxwell Lagrangians and a coupling term:

LQED = LDirac +LMaxwell +LCoupling

= ψ̄
(
iγµ∂µ − m

)
ψ −

1
4

(
Fµν

)2
− eψ̄γµψAµ

(2.8)

Where ψ are the Dirac fields associated with particles of mass m and charge e, Aµ is the electro-

magnetic vector potential which corresponds to the photon, and the electromagnetic field tensor is

defined as,

Fµν = ∂µAν − ∂νAµ (2.9)

6



The Euler Lagrange equation for ψ simply yields the Dirac equation, while the Euler Lagrange

equation for Aµ yields the inhomogenous Maxwell equations.

Weak Interaction Theory

The original weak theory was postulated by Enrico Fermi to explain beta decay in 1932 [8]. It was

later modified by Feynmann and Gell-man in 1958 [9]; the modified theory is called V-A theory.

V-A theory successfully describes the weak interaction at low energies, however at high energies

this does not hold true. Additionally, the theory is not renormalizable. Adding vector bosons

cures the high energy instability, however the theory still remains non-renormalizable. This issue

is resolved by uniting the theory with QED.

Electoweak Theory

The unification of the electromagnetic and weak theories into a single theory was accomplished

by Glashow, Salam, and Weinberg in the 1960s [10–12], for this reason it is referred to as GSW

theory.

The advantage of the Lagrangian approach to field theory is that symmetries are manifestly

evident in the Lagrangian. That is, if the Lagrangian is invariant under a certain transformation,

then a transformation of an extremum of the action will also be an extremum. Transformations

that leave the Lagrangian invariant are called symmetries, and symmetries correspond to conserved

quantities, by Noether’s theorem.

QED is invariant under a group of transformations denoted as the U(1) group of transformations

which correspond to phase rotations,

ψ(x)→ ψ′(x) = eiαψ(x) (2.10)

If this is a global symmetry and α does not depend on x, the resulting conserved quantity is

electric charge, Q. If α depends on x, the result is Equation 2.8 which includes a massless gauge

boson, the photon. QFD is invariant under SU(2) transformations, a set of two dimensional rotation

7



matrices. If the invariance is global, the conserved quantity corresponding to the SU(2) symmetry

is weak isospin, I. GSW theory obeys the SU(2) ⊗ U(1) symmetry with a conserved quantity

dubbed the weak hypercharge, Y ,

Y = 2 (Q − I3) (2.11)

Where I3 is the third component of the weak isospin. If a local invariance is imposed, the result

is the Lagrangian for GSW theory:

LEW =
(
Dµφ

)†
Dµφ + µ2φ†φ − λ

(
φ†φ

)2
(2.12)

With the covariant derivative:

Dµφ =

(
∂µ + igAa

µτ
a + i

1
2
g′Bµ

)
φ (2.13)

Where φ is a complex scalar doublet,

φ(x) =

φ
+

φ0

 =
1
√

2

φ1 + iφ2

φ3 + iφ4

 (2.14)

Figure 2.1: Higgs doublet potential.
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and the last two terms in the Lagrangian are the famous Mexican Hat potential associated with

the Higgs mechanism [13, 14] and electroweak symmetry breaking [15]. The potential is pictured

in Figure 2.1, with a local maxima at the origin and an infinitely degenerate circle of minima

occurring at the value of φ,

〈φ〉 =

(
µ2

2λ

) 1
2

=
v
√

(2)
(2.15)

Where v is the vacuum expectation value of the Higgs field, which has been experimentally

determined to be 246 GeV. As soon as one of the states in the infinitely degenerate minima is

chosen, the symmetry is broken. Choosing the ground state along the real axis,

φ0 =
1
√

(2)

0v
 (2.16)

breaks three symmetries and creates three massless Goldstone bosons, but leaves the U(1) group

symmetry in tact. With a convenient choice of gauge the unphysical Goldstone bosons vanish, and

with a reparameterization the field φ can be written as,

φ =
1
√

2

 0

v + h(x)

 (2.17)

where h(x) is a real valued field. Substituting this into the original Lagrangian,

∆L =
(
Dµφ

)†
Dµφ

=
1
2
∂µh∂µh +

1
8

[(
−gA3

µ + g′Bµ

)2
+ g2

(
A1
µA1µ + A2

µA2µ
)]

(h + v)2
(2.18)

The fields A1
µ and A2

µ have acquired mass,

M2
A1 = M2

A2 =
1
4
g2v2 = M2

W (2.19)

The remaining quadratic term can also be written in terms of a new (normalized) field Zµ:
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Zµ =
1√

g2 + g′2

(
gA3

µ − g
′Bµ

)
(2.20)

The Lagrangian can then be expressed,

∆L =
1
2
∂µh∂µh +

1
8

[(
g2 + g′2

)
ZµZµ + g2

(
A1
µA1µ + A2

µA2µ
)]

(h + v)2 (2.21)

Which shows that the Z field has acquired a mass,

M2
Z =

1
4

(
g2 + g′2

)
v2 (2.22)

While the orthogonal field, Aµ:

Aµ =
1√

g2 + g′2

(
g′A3

µ + gBµ

)
(2.23)

Has no mass term and corresponds to the physical photon.

From Equation (2.12) and Equation (2.17) it is simple to read the mass term of the Higgs field

itself as,

m2
H = 2µ2 = 2λv2 (2.24)

Fermion masses are added, using the Higgs mechanism, through explicit Yukawa coupling terms:

LYukawa = −Ge
(
ē−

)
L φe−R (2.25)

Showing explicitly the Yukawa term for the electron, similar terms are included for the other

leptons and quarks, where Ge is the Yukawa coupling. Again using Equation (2.17),

LYukawa =
−Gev
√

2
ē−e− −

Ge
√

2
hē−e− (2.26)

The electron mass is then,
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me =
Gev
√

2
(2.27)

While the rest of the fermions have similar masses, corresponding to the appropriate Yukawa

coupling. Interestingly, for the top quark, whose mass is 173 GeV, the Yukawa coupling is nearly

unity. It is precisely this top quark Yukawa coupling parameter that one of the analyses in this

dissertation aims to measure. This analysis is discussed in more detail in Section 5.1.

2.2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) describes the strong interactions of quarks. The underlying

symmetry beneath QCD is the SU(3) group, and the conserved quantity is called color charge.

The QCD Lagrangian is

L = ψ̄
(
iγµDµ − m

)
ψ −

1
4g2 Fa

µνF
a µν (2.28)

With the covariant derivative:

Dµ = ∂µ − iAa
µt

a (2.29)

and gluon field strength tensor:

Fa
µν = ∂µAa

ν − ∂νA
a
µ + f abcAb

µAc
ν (2.30)

where g is the strong coupling constant, ψ are fermion fields, Aa
µ are gluon fields, the index

a is summed over the eight generators of the gluon gauge group G, and f are the fine structure

constants of G. The gauge bosons of QCD are gluons which carry color charge; unlike the charge-

less photon, gluons self-interact.

Important and curious features of QCD are confinement and asymptotic freedom [16][17]. Both

are a consequence of the dynamic nature of the strong coupling constant. In QCD, the coupling

constant, αs, is a function of the energy of the process, Q2, just as the coupling constant αEM is a
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function of Q2 in QED. However, unlike in QED where αEM grows with higher energy, αs(Q2) be-

comes smaller with higher energy or shorter distances. In the limit of asymptotically high energy,

it behaves as a free theory, hence the term asymptotic freedom; this was the original experimental

observation from deep inelastic scattering experiments. Because of this, in the regime of high en-

ergy particle physics, αs(Q2) is usually small enough that perturbation theory can be used, though

in the low energy regime this ceases to be true.

To simplify calculations, we can define αs at a large momentum scale M, where the coupling is

small; this value of αs can then be used to predict the results of scattering processes with any large

momentum transfer. Thus, αs(M) = αs.

The explicit form of αs(Q2) is:

αs(Q2) =
αs

1 + (b0αs/2π) log (Q/M)
(2.31)

Where,

b0 = 11 −
2
3

n f (2.32)

Where n f is the number of flavors of (massless) quarks considered in the calculation. Since αs

depends on the arbitrary renomalization point M, it can be removed completely from the formula

by defining a mass scale Λ and writing,

1 = g2
(
b0/8π2

)
log (M/Λ) (2.33)

αs(Q2) can then be expressed as:

αs(Q2) =
2π

b0log (Q/Λ)
(2.34)

The momentum scale Λ is the scale at which αs becomes strong as Q2 is decreased. Experimental

measurements suggest a value of Λ ≈ 200 MeV. QCD perturbation theory is valid only when Q is

somewhat larger than this, about Q = 1 GeV, where αs(Q2) ≈ 0.4.

Another consequence of the running coupling constant is the phenomena of quark confinement.
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This refers to the fact that quarks are only ever observed in bound states. Since the strength of the

coupling grows with distance, as quarks which are in a bound state are pulled apart, it becomes

energetically favorable to pull quarks out of the vacuum to create another bound state.

Another way to explain the phenomenon is with the mechanism of color charge. It was originally

observed that free states of fractional electric charge are never seen in the lab, and since quarks

are postulated to have fractional electric charge, a simple conclusion is that they are never seen in

isolation. Color charge was postulated partly to explain this, where each quark comes in a color,

red, green, or blue, and all quark bound states must be ‘colorless’; baryons are bound states of

three quarks, one of each color that add up to a ‘colorless’ final state; mesons are bound states of

two quarks, one with color and one with the same anti-color, which also results in a ‘colorless’

bound state.

2.2.3 Particle content of Standard Model

The particle content of the Standard Model is summarized below in Table 2.1 and Table 2.2 [18].

Generation Lepton Charge (e) Mass (GeV) I3

1st νe 0 < 2 · 10−9 +1/2
e− -1 5.11 · 10−6 −1/2

2nd νµ 0 < 2 · 10−9 +1/2
µ− -1 105.7 · 10−3 −1/2

3rd ντ 0 < 2 · 10−9 +1/2
τ− -1 1.77 −1/2

Table 2.1: Lepton Properties

Generation Quark Charge (e) Mass (GeV) I3

1st u 2/3 2.3 · 10−3 +1/2
d −1/3 4.8 · 10−3 −1/2

2nd c 2/3 1.28 +1/2
s −1/3 0.095 −1/2

3rd t 2/3 173.2 +1/2
b −1/3 4.18 −1/2

Table 2.2: Quark Properties
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2.2.4 Selected Problems with the Standard Model

The Hierarchy Problem can be stated in more than one context. A simple way of introducing

the problem is to consider the enormous ratio between the Planck energy scale and the Weak

energy scale. The Planck energy scale is the energy scale at which the SM ceases to be valid,

approximately Mpl = 1 × 1019 GeV. The Weak energy scale is ∼ MW = 80 GeV.

The Planck scale energy is the energy at which the force of gravity becomes strong enough to

compete with the other fundamental forces. It is the current limit of the predictive powers of the

Standard Model, since at this energy scale, a theory which ignores gravity is no longer sufficient;

any attempt to reconcile the Standard Model with general relativity have so far resulted in failure. A

new theory is needed to describe the energies in this regime, a theory of quantum gravity. The Weak

scale refers to the energy range on the order of 100 GeV, the energy scale at which the Electroweak

symmetry is broken and of the order of the Higgs vacuum expectation value, discussed earlier.

Figure 2.2: Diagrams representing loop corrections to the Higgs boson mass from the top quark and the top
quark’s supersymmetric partner, the stop squark. The top quark is a fermion and the stop squark is a boson,
thus the loops carry opposite signs in the expression for the Higgs boson’s observed mass.

Further, from Equation (2.26), the Higgs field receives radiative corrections from coupling

to every fermionic particle field, including those of any heretofore undiscovered supermassive

particles. Since, in general, these particles could be on the order of the mass of the Planck scale, it

seems remarkable that the Higgs boson is as light as 125 GeV. From Equation (2.21) it is seen that
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the Higgs field receives mass contributions from boson fields as well, and they are opposite in sign

to their fermion induced counterparts; this helps to attenuate the problem. These oppositely signed

loop corrections are depicted in Figure 2.2

It is possible to exploit this fact further by positing a symmetry between fermions and bosons,

where for every fermion there is a bosonic partner with identical quantum numbers, and for every

boson a fermionic partner with identical quantum numbers. Such a symmetry would cancel all the

additional mass corrections to the Higgs mass and only the bare mass would be left. This is the

fundamental postulate of Supersymmetry, and the postulated partners are known as super partners

(see [19, 20] for review).

2.3 Supersymmetry

Figure 2.3: Standard Model particles shown mirrored with their Supersymmetric partners.

If the symmetry were unbroken, then all superpartners would have identical masses to their SM

counterparts, and the contributions would cancel exactly. But no evidence of these particles has

ever shown up in the lab; a simple solution is to posit that the symmetry is broken, resulting in

the superpartners being significantly heavier than their SM counterparts, as depicted in Figure 2.3,

which explains why they haven’t been observed. However, since the symmetry is not perfect, the

terms do not exactly cancel and the Higgs field still receives corrections of the form:
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∆MH ∼
g2

4π2

(
m2

F − m2
B

)
(2.35)

Thus the more SUSY is excluded by experiment, the heavier the super-partners must be and the

less ‘natural’ the solution that SUSY offers becomes, until eventually it really doesn’t solve the

hierarchy problem at all.

SUSY itself is not a single model, but a framework that allows for construction of many models

with this symmetry. The simplest of these is the Minimally Supersymmetric Standard Model

(MSSM) ([21] for review) which introduces the minimum number of superfields and thus the

minimum number of new particles, a single super partner for each SM particle (with one exception,

the Higgs boson). The MSSM respects the same SU(3) ⊗ SU(2) ⊗ U(1) gauge symmetries as

does the Standard Model. Since there are no candidates for supersymmetric particles yet, the

MSSM requires doubling the entire particle spectrum of the SM. The bosonic superpartners of SM

fermions are prepended with an ‘s’, thus supersymmetric quarks become ‘squarks’ and leptons

become ‘sleptons’. In a similar fashion, SM bosons are appended with the ‘ino’ suffix, conjuring

names such as ‘gluino’ for partners of the SM gluons.

As mentioned already, there is a necessary exception to the 1 superpartner rule in the MSSM,

and it is for the Higgs boson. The Standard Model contains a single complex scalar Higgs doublet;

three degrees of freedom go to giving the Z and W bosons mass, and the fourth is the Higgs boson.

In the MSSM, this doublet acquires a SUSY partner which is a complex doublet of fermion fields.

However, these new ‘higgsinos’ contribute to the triangle gauge anomalies which were precisely

canceled among the other SM fermions 1[22–24]. The simplest solution is to add another complex

scalar Higgs doublet with opposite quantum numbers, which will also acquire fermionic partners

with opposite quantum numbers to the first, and they will cancel by construction. The consequence

of this is that all four degrees of freedom of the new complex scalar Higgs doublet will give rise to

new particles, so the MSSM contains in total five Higgs bosons.

The most basic construction of the MSSM allows for diagrams which violate baryon and lepton

number, and allows for tree level proton decay. If the supersymmetric partners are on the order of

1 The super partners of the other gauge bosons do not contribute to the anomalies, as they are symmetric.
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the TeV scale, these processes are already under severe restrictions from existing measurements.

A simple and elegant solution to this problem is to introduce a new symmetry called R-Parity.

R-Parity is a multiplicative quantum number such that all Standard Model particles are assigned a

value of R-Parity of +1, and their SUSY partners a value of -1. The actual formula that accom-

plishes this turns out to be:

R ≡ (−1)3(B−L)+s (2.36)

Where B is baryon number, L is lepton number, and s is spin. While conservation of R-Parity

solves the aforementioned problems, it has a number of consequences that completely change the

way SUSY particles behave. Since it is a multiplicative quantum number, this implies that the

number of SUSY particles that participate in any given interaction is limited to pairs. Explicitly

this means:

• SUSY particles can only be pair produced by SM particles.

• A SUSY particle must decay to at least 1 other SUSY particle. Thus a SUSY particle will

decay in a chain until the lightest supersymmetric particle (LSP) is produced. This LSP must

be absolutely stable.

Since tight cosmological bounds are already placed on the amount of charged particles, and

since no such stable charged particle has been yet observed, the LSP must be neutral and weakly

interacting with ordinary matter. This of course makes the LSP of R-Parity conserving SUSY a

fantastic candidate for dark matter. R-parity conserving models are searched for by looking at

variables which are designed to exploit the transverse momentum balance in an event with two

non-interacting particles. To date, no evidence has been seen.

Other models allow R-Parity conservation to be violated, allowing superpartners to decay freely

to SM particles, in which case the LSP will rapidly decay. However, in a small subset of these

models, the decay of the LSP is suppressed sufficiently such that it will travel a measurable distance

from the production vertex before decay. In such a theory, the decay would be observed as a

displaced vertex in the detector, as seen in Figure 2.4; these models are called ‘R-parity violating
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Figure 2.4: A displaced vertex, possibly from the suppressed decay of the lightest supersymmetric particle.

long lived’ models, or ‘RPVLL’. Chapter 6 will discuss the experimental proceedings of one such

analysis.
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CHAPTER 3

The ATLAS Detector at the LHC

3.1 Introduction

The following chapter will introduce the experimental apparatus used to carry out the measure-

ments described in later chapters. The chapter following immediately will describe the functions

and performance of the apparatus.

3.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [25], the world’s largest and most powerful particle accelerator,

is also the world’s largest single machine ever built by mankind. It is housed in a tunnel approxim-

ately 100 m underground beneath the border between France and Geneva, Switzerland. The tunnel

is 27 km in circumference and was originally excavated for the LHC’s predecessor, the Large Elec-

tron Positron collider (LEP). Unlike LEP, which collided electrons against positrons, the LHC is a

proton-proton collider. Though it is also capable of colliding heavy ions, particularly lead; thus it

is most accurately named as a ‘hadron collider’.

Proton-proton collisions were chosen for their capability to produce a large range of physics,

with an abundance of strongly interacting particles, in a wider energy range, due to the parton

momentum distribution of a proton, than would be possible with a lepton collider of the same
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energy. Particularly for Higgs searches, cross sections due to gluon and quark production far

exceed those from leptons.

Furthermore, charged particles accelerating in a magnetic field emit radiation; for circular stor-

age rings this radiation is called ‘synchrotron radiation’ and it is inversely proportional to the mass

of the particle to the fourth power. Thus, the power loss due to a circular proton collider is far less

than that from a lepton collider of the same energy. This is partially a constraint imposed by the

fact that the tunnel was already built and thus a larger, more optimal, radius could not be achieved.

The preexisting tunnel was a significant constraint in the design of the LHC; the design energy

was limited by the strength of currently available magnet technologies. In total, there are more

than 9600 magnets in the LHC, including dipoles, quadrupoles, sextupoles, octupoles, decapoles,

etc. The largest of these are more than 1200 superconducting niobium-titanium (NbTi) dipole

magnets which are used to bend the proton beam onto the circular path of the LHC tunnel. Each

dipole magnet is 15 m long and weighs around 35 t. These tremendous magnets are cooled with

superfluid helium down to an operating temperature of 1.9 K, achieving a peak field of 8.7 Tesla for

an individual magnet. The beam is focused primarily by about 400 quadrupole magnets, however

still additional magnets are required to smooth small imperfections in the field, to keep the beam

finely focused and maintain an optimum collision rate.

Before the protons enter the main LHC tunnel and are accelerated to their final energy, they

must first pass through a series of pre-accelerators. They all start more or less at rest, in a tank

of hydrogen. The hydrogen atoms are removed from the tank, stripped of their electrons, and fed

into the Linac2 linear accelerator which accelerates them to 50 GeV before passing them to the PS

Booster (PSB) which further accelerates them to 1.4 GeV. The next step is the Proton Synchrotron

(PS), accelerating the protons to 25 GeV before moving to the Super Proton Synchrotron (SPS),

increasing their energy to 450 GeV. The SPS is the last in the chain of pre-accelerators. The full

accelerator complex can be seen in Figure 3.1. The protons are then fed into the main LHC tunnel,

in two beams circulating in opposite directions. Each beam passes through eight superconducting

radio frequency (RF) cavities. These cavities serve two important purposes. The most obvious

is that they accelerate the protons to their final collision energy of 4 TeV (in 2012). The more
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subtle point is that they serve to group the protons into ‘bunches’, by accelerating those that lag

behind more, and those that are ahead less. There are nearly 3000 of these proton bunches, per

beam, circulating in the LHC ring at any time. This gives an approximate bunch spacing of about

7 meters, giving a collision rate of 600 million per second, and an instantaneous luminosity of

L = 1034cm2s−1 [26].

Figure 3.1: The CERN accelerator complex.

The two beams are then set to collide at four points around the ring. At each collision point,

a detector is situated to study the resulting particle cascade. These detectors are ATLAS, CMS,

LHCb, and ALICE. ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid)

are both general purpose detectors. However, they differ in design and operate independently from

each other; in this way they can give complementary results. The results contained in this thesis

were obtained using the ATLAS detector, which is described in further detail in section 3.3.

LHCb is a specialized detector, built to study the asymmetry between matter and antimatter

found when studying the interactions of particles containing b quarks, otherwise known as ‘B

physics’. ALICE (A Large Ion Collider Experiment) is a detector specialized in studying collisions

of heavy ions, and a unique state of matter, quark-gluon plasma.
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3.3 The ATLAS Detector

Figure 3.2: Full view of the ATLAS Detector at the LHC with sub-detectors labeled.

At 46 m long, 25 m high and 25 m wide, the 7000-tonne ATLAS (A Toroidal LHC Appar-

atus) [27] detector is the largest volume particle detector ever constructed. It is a general purpose

detector designed to be sensitive to a wide range of physics processes over an expansive energy

range. It sits in a cavern 100m below the main CERN site, near Meyrin, Switzerland. Designed

to wrap around the LHC beamline, it is cylindrical in shape, composed of several subdetectors

each designed to measure a different type or property of produced particles, but all subdetectors

are required to build a complete picture of what is occurring at the beam interaction point. The

following specifications formed the core of the concept design:

• Electromagnetic calorimetry for electron and photon identification and measurements.

• Full coverage hadronic calorimetry for accurate jet and missing transverse energy measure-

ments.
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• High-precision muon momentum measurements, with the capability of obtaining accurate

measurements, regardless of luminosity, through the use of the external muon system alone.

• High precision tracking at high luminosity for measurement of leptons with high transverse

momentum (pT ), electron and photon identification, τ-lepton and heavy flavor identification,

and full event reconstruction.

• Large pseudorapidity (η) acceptance, with almost full azimuthal angle (φ) coverage.

• A fast and efficient triggering system functioning at low pT thresholds.

3.3.1 Detector Coordinate System

Seen from the nominal interaction point (IP), the right-handed coordinate system used for ATLAS

is defined as follows:

• The plane transverse to the beam axis is the x - y plane. The positive x axis points from the

interaction point (IP) to the center of the LHC ring, and the y-axis points upwards.

• The z-axis is defined by the beam axis.

• The azimuthal angle φ is measured around the beam axis, with φ = 0 = 2π at the positive

x-axis.

• The polar angle θ is the angle to the beam axis. The pseudorapidity is then defined as η =

−log(tan(θ/2) .

• The distance in the pseodorapidity-azimuth plane is defined as ∆R =
√

∆φ2 + ∆η2.

Figure 3.2 shows an overview of the ATLAS detector, sliced such that each subdetector is visible.

The following sections contain a detailed description of each subdetector in order of increasing

radial distance from the beam interaction point.

3.3.2 Inner Detector

The Inner Detector (ID) [28] is the subdetector closest to the beam line and and therefore is in a

position to provide high precision information such as pattern recognition for tracking, momentum
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Figure 3.3: (left) Cross section view and (right) schematic view of the ATLAS Inner Detector systems.

and vertex measurements, and electron identification. The Inner Detector itself is contained within

a cylinder of length 7 m and radius 1.5 m. The entire ID is immersed in a 2 T magnetic field

provided by the central solenoid. The strong magnetic field serves to bend the trajectory of charged

particles, allowing for precise momentum measurements when coupled with high resolution spatial

measurements.

The ID is itself composed of yet three further subsystems: the pixel detector, silicon microstrip

(SCT) detector, and the Transition Radiation Tracker (TRT). Each of these is divided into two

regions, the so-called ‘barrel’ and ‘endcap’ regions. The precision tracking detectors (pixel and

SCT) cover the region |η| < 2.5. The layout of the ID can be seen in Figure 3.3.

Pixel

The pixel detector is the closest sub detector to the IP, and is therefore expected to provide the

highest granularity positional measurements possible. To achieve this it uses sensors which are

completely segmented in two dimensions, to provide space points without the ambiguity of crossed

strip geometries. To provide multiple hits per track, the pixel detector is comprised of three layers,

arranged in concentric cylinders around the beam axis, at average radii of 4 cm, 10 cm, and 13 cm in

the barrel region, and in five circular disks perpendicular to the beam axis, between radii of 11 and

20 cm, in each endcap region. The pixel detector is based on silicon semiconductor technology and
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is composed of 1,500 modules in the barrel and 700 modules in the endcaps, each with an external

size of 21.4 x 62.4 mm2. Each module contains 46,080 pixels with a minimum size of 50 x 400

µm. This gives a total of 80 million pixels which cover a total area of 1.7 m2. The modules are

overlapped on the support structure to ensure complete coverage.

Silicon Strip

The next subdetector in radius is the SCT, which is composed of four double sided layers of silicon

microstrips, resulting in a total of eight precision measurements per track, aiding in the meas-

urement of momentum, impact parameter and vertex position, as well as providing good pattern

recognition by the use of high granularity. The barrel SCT layers are positioned in a radial range

of R = 29.9 cm to R = 51.4 cm while the end-cap modules are mounted onto nine wheels. The

radial range of each disk is adapted to limit the coverage to |η| ≤ 2.5. Like the pixel detector,

the SCT also uses silicon semiconductor technology, but since the distance from the IP is greater,

larger strips were used to reduce the number of required readout channels relative to the former.

Each layer is composed of silicon strips 6.4 cm in length with an 80 µm pitch. These strips are

bundled into ‘sensors’, each containing 780 daisy chained strips, which measure 6.36 x 6.40 cm2.

The sensors are arranged in parallel, to form the two layers of each detector, and employ a small

relative stereo angle of 40 mrad to measure z. To obtain optimal η coverage across all end-cap

wheels, endcap modules consist of strips of either ∼12 cm length (at the outer radii) or 6-7 cm

length (at the innermost radius).

Transition Radiation Tracker

The outermost subsystem of the ID is the Transition Radiation Tracker (TRT). It is a large volume

detector which provides a high number of hits per track, with an average of about 36. The TRT is

based on drift tube technology; each straw is filled with a mixture of Xenon gas which is ionized

as charged particles pass through, and the resulting electrons drift toward an anode wire located

at the center of the tube which registers the hit. Using drift time measurement, each straw has an

individual spatial resolution of about 170 µm, however the large number of hits per straw gives a
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combined measurement accuracy of better than 50 µm at the LHC design luminosity. In addition

to detecting ionizing track hits, the space between the straws is filled with a plastic material to

produce transition radiation photons when particles transition between different media. The two

types of radiation are produced with different energies and at different thresholds and are therefore

distinguishable; in this way the TRT is capable of accurate particle identification, particularly

distinguishing electrons from hadrons. The TRT is composed of 4 mm diameter straw tubes, each

equipped with a 30 µm diameter gold-played W-Re wire, with an individual length of 144 cm in

the barrel. The barrel region contains about 50,000 straws, covering a total radial range from 56

to 107 cm, and |η| range up to 2.0, while the endcaps contain 320,000 radial straws arranged in

18 wheels each. Each barrel straw is divided into two halves, at approximately η = 0, and each

half is read out individually to reduce occupancy. As a straw tube detector, the TRT provides only

R-φ information, but its distance from the IP and large volume allows it to accurately measure the

deflection of charged particles in the magnetic field, greatly assisting in momentum resolution.

3.3.3 Calorimeters

Figure 3.4: Sliced view of the ATLAS calorimeter systems.

The ATLAS calorimeter system is designed to measure the magnitude and direction of the en-
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ergy of electromagnetic and hadronic showers [29, 30]. Thus, it consists of electromagnetic (EM)

calorimetry covering the pseudorapidity region |η| < 3.2, as well as hadronic barrel calorimetry

covering |η| < 1.7, hadronic end-cap calorimeters covering 1.5 < |η| < 3.2, and forward calorimet-

ers covering 3.1 < |η| < 4.9, whose layout is shown in Figure 3.4.

All calorimeters are sampling calorimeters, meaning they are built of alternating layers of ab-

sorber material and active detector material. Interactions are induced in the absorber material and

the resulting showers are registered in the adjacent detector layer. The idea is to stop the particles

in the calorimeter to measure their total energy. Thus, it is important to have enough absorber

material in the calorimeters to prevent particles from escaping into the muon chamber (called

‘punch-through’) where not only will their energy not be accounted for, but they will register false

hits in the muon system.

The calorimeters closest to the beamline are housed in three cryostats, one barrel and two in

the endcaps, and are all LAr systems. The barrel cryostat contains only LAr electromagnetic

calorimeter, while the endcap cryostats each contain both LAr electromagnetic as well as LAr

hadronic systems, as well as a forward LAr hadronic calorimeter (FCal) to provide coverage closest

to the beam line.

Electromagnetic Calorimeters

The electromagnetic (EM) calorimeters measure photons and electrons, as well as energy depos-

ited by charged hadrons. The EM calorimeters of ATLAS use lead as an absorber material and

LAr as the detector material. The EM calorimeters are arranged in an accordion shape; this geo-

metry allows the calorimeters to have complete symmetry in φ without azimuthal cracks. In the

precision measurement region (|η| < 2.5) the first layer is finely segmented in η to provide position

information.

Hadronic Calorimeters

Just outside of the cryostat that holds the LAr calorimeters, at R = 2.28 m to 4.25 m, is the hadronic

tile calorimeter. It covers the region |η| < 1.7, and is segmented into a central barrel region and two
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extended barrel regions in the endcaps. Each region is constructed with three layers, using steel as

absorber material and scintillating tiles for detector material.

The hadronic calorimetry is extended to larger η by the LAr hadronic endcap calorimeter (HEC),

which uses copper as absorber and LAr as detector material, as well as the FCal, which uses

copper-tungsten absorber and LAr detector material. All together the hadronic calorimetry covers

an impressive range of |η| < 4.9.

3.3.4 Muon System

Figure 3.5: A sliced view of the ATLAS muon chambers together with the toroid magnets.

The outermost subdetector in ATLAS is the muon system, occupying a radius of 4.25 m to 11 m

from the beam axis [31]. A schematic view of the muon system can be seen in figure 3.5. If calor-

imeter punch-through is eliminated, the only particles that should be recorded in this subdetector

are muons. The powerful toroid magnets, in addition to endcap magnets, provide a magnetic field

that is mostly orthogonal to the muon trajectory. By measuring the deflection due to the magnetic

field, the muon system can provide accurate charge identification, excellent momentum resolution,

as well as fast input to the triggering systems. The precision measurement of the muon tracks is

made in the r–z projection, in a direction parallel to the bending direction of the magnetic field;
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the axial coordinate (z) is measured in the barrel and the radial coordinate (r) in the transition and

endcap regions.

In the region |η| ≤ 1.0, magnetic bending is provided only by the barrel toroid. In the region 1.4

≤ |η| ≤ 2.7, the bending is achieved by two smaller endcap magnets inserted into both ends of the

barrel toroid. Over the region 1.0 ≤ |η| ≤ 1.4, usually referred to as the ‘transition region’, magnetic

deflection is provided by a combination of barrel and end-cap fields. This magnet configuration

provides a field that is mostly orthogonal to the muon trajectories for optimum deflection.

In the barrel region, the system consists of three cylindrical layers concentric on the beam axis at

radii of about 5, 7.5, and 10 m; they cover the pseudorapidity range |η| < 1. The end-cap chambers

cover the range 1 < |η| < 2.7 and are arranged in four disks at distances of 7, 10, 14, and 21–23 m

from the interaction point, perpendicular to the beam axis. Together, all chambers, provide almost

complete coverage of the pseudorapidity range 1.0 < |η| < 2.7. There is an opening in the central

R–φ plane (η = 0) for the passage of cables and services.

There are four different measurement and trigger technologies employed in the muon system.

For precision measurement, Monitored Drift Tubes (MDT) are used over the majority of pseu-

dorapidity, and Cathode Strip Chambers (CSC) in the region closer to the beam axis, provide

measurement of the coordinate in the direction of primary track deflection only. The trigger sys-

tem consists of Resistive Plate Chambers (RPC) in the barrel, and Thin Gap Chambers (TGC) in

the endcaps. The trigger systems have a threefold purpose:

• Bunch crossing identification. Thus, these systems require a time resolution better than the

LHC bunch spacing of 25 ns.

• A triggering system with well defined pT cutoffs.

• Measurement of the secondary coordinate that is not measured by the precision measurement

technologies (the r coordinate in the barrel region, and the z coordinate in the endcap region).
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Monitored Drift Tubes

The Monitored Drift Tubes provide high precision tracking in the lower-traffic regions of the bar-

rel and endcaps. The most basic detector element of the MDT chambers are 30 mm diameter

aluminum tubes with a 400 µm wall thickness and a 50 µm diameter central W-Re wire. Individual

tubes vary in length from 70 cm to 630 cm. The tubes are filled with a non-flammable mixture of

93% Ar and 7% CO2 at 3 bar absolute pressure, and occupy a total volume of 800 m3. A muon

passing through a tube ionizes the gas, and the electrons drift to the anode wire and register a

signal with a maximum drift time of 700 ns, which gives a single wire resolution of 80 µm. To

improve further on the single wire resolution and to provide redundancy, the MDT chambers are

constructed from monolayers of drift tubes which are then stacked into multilayer pairs of three or

four monolayers.

Cathode Strip Chambers

At higher pseudorapidity, CSC technology is chosen for precision measurement, as it is more suited

to the higher track count than the MDT chambers. The CSCs are multiwire proportional chambers

with cathode strip readout. The CSC employs gaseous mixture of 30% Ar, 50% CO2 and 20% CF4,

with a total volume of 1.1 m3. These chambers benefit from smaller drift times on the order of 30

ns, with good time resolution of 7ns, which make them more suited to denser track environments.

Resistive Plate Chambers

The RPC is another gaseous detector whose basic detector element is a narrow gas gap between

two parallel resistive plates, separated by insulating spacers of 2 mm thickness. The ionized elec-

trons are multiplied into avalanches by a strong applied electric field. The gas used is based on

tetrafluoroethane (C2H2F4). Each chamber is made from two detector layers,
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Thin Gap Chambers

The second type of trigger technology and the fourth and final in the muon system is the TGC,

which are another gaseous detector. They operate with a flammable mixture of gas with total

volume of 16 m3. The TGC operate with a gas gap of 2.8 mm, a wire pitch of 1.8 mm, and a wire

diameter of 50 µm.

3.3.5 Magnet System

Figure 3.6: A view of the ATLAS magnet system.

The ATLAS magnet system consists of four large superconducting magnets. A schematic of

the magnet system is depicted in Figure 3.6. The central solenoid (CS) provides a magnetic field

for the inner detector. The provides a uniform field in the Z direction with a peak of 2.6 T at the

interaction point and decreasing in |Z|. The field produced is orthogonal to particle trajectory and

provides for particle trajectory bending in the φ direction within the ID. The calorimeters wrap

around the central solenoid so that there is minimal magnetic field within the calorimetry.

The toroid magnet system consists of three pieces, the barrel toroid and two smaller endcap

toroids. The endcap toroids are rotated in φ to maximize field uniformity between the barrel and

endcaps. Each toroidal consists of eight coils, with the barrel toroid reaching a maximum field
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of 3.9 T and each endcap reaching 4.1 T. The toroid systems provides bending for the ATLAS

muon system, with the toroidal design increasing η coverage while maintaining a field always

orthogonal to particle trajectory. A simulation of the magnetic field within the detector is visualized

in Figure 3.7 [32].

Figure 3.7: Visualization of the magnetic field within the ATLAS detector. The view is along the beam line,
with a slice of the field in the x-y plane being shown. The presence of the eight coils can be seen in the
vector field.

3.3.6 Trigger

With a bunch crossing rate of 20 MHz and an average event size of 1.3 MB, processing, writing,

or storing every event is an impossible task. To decide which events to throw out and which events

should be kept a sophisticated trigger system is used which combines both hardware and software

triggers. There are three levels to the ATLAS trigger system, where each level refines the decisions

made by the previous level and may apply additional selection criteria. First is the Level 1 (L1)

trigger, next the Level 2 (L2) trigger, and finally the Event Filter (EF); the last two are collectively

known as the High Level Trigger (HLT).
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Level 1 Trigger

The L1 trigger accesses a limited amount of detector information to make a decision in less than

2.5 µs. Specifically, it uses information from the muon triggering systems (RPC and TGC) to

search for high pT muons, as well as reduced granularity information from all of the calorimeters

to locate high pT jets, electrons, photons, τ leptons decaying into hadrons, and large missing or

total transverse energy. The average acceptance rate of the L1 trigger is about 75 kHz. These

events are sent to the L2 trigger, along with Region of Interest (RoI) data, signifying the regions in

which the L1 trigger found interesting features.

Level 2 Trigger and Event Filter

The L2 trigger is seeded by the RoI information from L1. The L2 trigger uses full granularity

information from all of the detector subsystems within the RoI, which commonly amounts to about

2% of total detector data. The L2 menus are designed to reduce trigger rate down to about 3.5 kHz,

with an event processing time of 4 ms. The final level of the trigger system is the Event Filter.

The EF uses offline event building algorithms, and therefore all detector data, to further refine the

decision made by the L2 trigger. The total event processing time is about 4 seconds, which results

in the final trigger rate of 200 Hz or higher [33].
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CHAPTER 4

Object Reconstruction and Definitions

Each event must be reconstructed from the raw data output from each subsystem of the detector.

The raw data is processed by sequences of algorithms to find patterns and reconstruct ‘physics

objects’. First, basic objects are recovered such as individual tracks or calorimeter clusters. Next,

these basic objects can be combined into physics objects such as electrons, photons, or jets. The

analysis presented here relies heavily on accurate reconstruction of electrons, and muons, and jets,

particularly jets from heavy quarks known as heavy flavor jets.

4.1 Tracking

Reconstructed particle tracks are used to build many other high level physics objects. Tracking

relies heavily on the Inner Detector, where seeds are built using the silicon detectors, before being

extended outward to the TRT. There are two main steps, inside out tracking, followed by backtrack-

ing. The 5 variable tracking parametrization is shown in Figure 4.1. The tracking parametrization

is in variables 1
pT
, φ, θ, d0, and z0 where d0 and z0 are the transverse and longitudinal impact para-

meters, respectively.

The inside-out algorithm starts from 3-point seeds in the silicon detectors (pixels and strips)

and adds hits moving away from the interaction point using a combinatorial Kalman filter [34].

Ambiguities in the track candidates found in the silicon detectors are resolved, and tracks are
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extended into the TRT. The inside-out algorithm is the baseline algorithm designed for the effi-

cient reconstruction of primary charged particles. Primary particles are defined as particles with

a mean lifetime of greater than 3x10−11 s directly produced in a parton interaction or from the

subsequent decays or interactions of particles with a shorter lifetime. The tracks reconstructed by

this algorithm are required to have transverse momentum > 400 MeV.

In a second stage, dubbed the ‘outside-in’ algorithm, a track search starts from segments re-

constructed in the TRT and extends them inwards by adding ‘left-over’ silicon hits, also referred

to as ‘back-tracking’. Back-tracking is designed to reconstruct secondaries, which are particles

produced in the interactions or decays of primaries. Finally, tracks with a TRT segment but no

extension into the silicon detectors are referred to as TRT-standalone tracks. Depending on the

analysis, one or more of these track types are used [35–38].

Figure 4.1: ATLAS tracking parametrization.

4.2 Jets

Jets are physics objects used to represent the shower of particles resulting from the hadronization

of quarks and gluons. There are several ways of creating, defining, and calibrating jets in ATLAS

and throughout high energy physics. First, the fundamental type of object from which the jets
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will be built must be decided, then an algorithm is run to form the jets, and finally they must be

calibrated correctly.

Jets can be built from reconstructed tracks from the ID, in which case they are called ‘track jets’;

they can be built from truth particles from a simulation event record, in which case they are called

‘truth jets’; or they can be built from clusters of energy deposits in the calorimeters, in which case

they are called ‘calorimeter jets’; in the analyses described here, calorimeter jets are the primary

type used, though track jets and truth jets are also used for some specific purposes. [39]

4.2.1 Clustering Algorithms

At first, calorimeter information just exists as a readout from every individual cell. Clustering

algorithms are designed to group these cells together and sum their total energy to form calorimeter

clusters which are then used as input for the jet finding algorithms. There are two clustering

methods used in ATLAS: so-called ‘sliding window’ or ‘tower’ methods, and the ‘topological’

method. In this analysis, topological clustering is used to reconstruct jets, but a brief explanation

of both methods follows.

The ‘sliding-window’ algorithm sums cells within a fixed size rectangular window. The win-

dow position is adjusted so that the transverse energy of the cells contained within are at a local

maximum. The algorithm contains three steps: tower building, sliding-window seed finding, and

cluster filling. First, the calorimeter cells are divided into groups of (fixed, depending on region

and method) size, in η and φ space, of N tower
η x N tower

φ . The energy of all cells in each group are

summed into the ‘tower’ energy. A sliding window of different size Nwindow
η x Nwindow

φ is then moved

across the tower grid. If the transverse energy within the window is a local maxima and above a

threshold, a seed is formed. Finally, all cells within a rectangular size of Ncluster
η x Ncluster

φ centered

around each seed are taken as a cluster. The algorithm is an efficient tool for precisely reconstruct-

ing electromagnetic showers and jets. The fact that the cluster size is fixed allows for very precise

cluster energy calibration in the next step of jet reconstruction.

The ‘topological’ algorithm looks at signal to noise ratio of individual cells to group them to-

gether and build clusters of variable size, unlike the fixed size clusters of the sliding-window
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method. Initially, cells are identified that have a large signal-to-noise ratio (SNR) over some

threshold tseed; these cells are taken to be seeds for the algorithm. Next, all cells adjacent to

the seed cells are evaluated; if the SNR is above a lower threshold tneighbor, the cell is added to the

cluster and also to a new list of seeds. Otherwise, if the SNR of the cell is above an even smaller

threshold tcell, the cell is added to the cluster, but is not considered as a seed in future iterations.

Once all of the original seed cells have been processed, the original seed list is discarded and the

new neighbor seed list becomes the primary list. This process is repeated until the seed list is

empty. The varying thresholds allow the method to ensure that tails of clusters are not discarded,

while the higher thresholds suppress both electronics and pile-up noise.

The usual definition of ‘neighboring’ cells includes the eight adjacent cells within the seed’s

own calorimeter layer. Optionally, the set of neighbors can also include cells overlapping partially

in η and φ in adjacent layers and/or adjacent calorimeter systems. For a simple calorimeter with

identical granularity in all layers, a typical cell would thus have ten neighbors if this is the case. In

ATLAS, this number is often larger as the granularity varies between different calorimeter layers

and regions. By default, this expanded definition of neighboring cells is used. [40]

4.2.2 Cluster Calibration

The ATLAS calorimeters are non-compensating, i.e. they give a lower response to hadronic

showers than to electromagnetic showers. Further, the detector response to both electromagnetic

and hadronic showers is lowered by reconstruction inefficiencies and energy deposits outside of the

calorimeters. To rectify this, cluster calibration schemes have been implemented with the primary

goal of improving jet energy resolution. This is accomplished by classifying clusters as either

electromagnetic or hadronic and weighting them accordingly. Thus all jets are eventually formed

either from calorimeter clusters reconstructed at the electromagnetic energy scale (EM) or from

clusters which have been calibrated for the lower detector response to hadrons.

Initially, all topological clusters (topo-clusters) are reconstructed at the electromagnetic scale,

which correctly measures the energy deposited by particles in an electromagnetic shower in the

calorimeter. This energy scale is established using test-beam measurements for electrons in the
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barrel and the endcap calorimeters. The energy scale of the electromagnetic calorimeters is correc-

ted using the invariant mass of Z bosons produced in proton-proton collisions (Z → e−e+ events).

The absolute calorimeter response to energy deposited via electromagnetic processes was validated

in the hadronic calorimeters using muons, both from test-beams and produced in situ by cosmic

rays.

In addition, a second topo-cluster collection is built by calibrating the calorimeter cells such

that the response of the calorimeter to hadrons is correctly reconstructed. This calibration uses the

local cell signal weighting (LCW) method that aims at an improved resolution compared to the

EM scale by correcting the signals from hadronic deposits, and thus reduces fluctuations due to

the non-compensating nature of the ATLAS calorimeter. The LCW method first classifies topo-

clusters as either electromagnetic or hadronic, primarily based on the measured energy density and

the longitudinal shower depth. Depending on this classification, energy corrections are derived

from single charged and neutral pion MC simulations. Dedicated corrections are derived for the

effects of calorimeter non-compensation, signal losses due to noise threshold effects, and energy

lost in dead or non instrumented regions close to the cluster.

4.2.3 Jet Building Algorithms

The calibrated clusters must then be grouped into jets. The earliest and simplest algorithms simply

find a seed and take a cone of all clusters within a radius of ∆R, however, these algorithms are not

infrared and collinear (IRC) safe; that is, if a jet undergoes collinear splitting, or if a soft gluon is

emitted, the resulting jets will change. Several algorithms have been developed which are IRC safe;

for this analysis, and many others on ATLAS, the so-called ‘anti-kt’ algorithm is used. The ‘anti-kt’

algorithm is a generalization of the older ‘kt’ algorithm [41, 42]. Both are sequential-recombination

algorithms, meaning that clusters are grouped into jets one at a time by considering some criteria.

For both algorithms, two distance criteria are introduced; di j is the ‘distance’ between two objects

i and j; and dib the distance between the object i and the beamline.

di j = min(p2p
Ti , p2p

T j)
∆2

i j

R2 (4.1)
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diB = p2p
Ti (4.2)

Here, ∆2
i j = (yi − y j)2 + (φi − φ j)2 is the angular distance between the two objects where pTi, yi,

and φi are respectively transverse momentum, rapidity, and azimuth of particle i, and R is a radius

parameter which can be adjusted to change the size of the jets. The parameter p is the parameter

that differentiates the two. If p is set to 1, the kt algorithm is recovered. If kt is set to -1, the anti-kt

algorithm is recovered. The algorithm proceeds by finding the smallest of all diB and di j. If di j is

the smaller of the two, objects i and j are merged into a proto-jet and the algorithm continues. If

diB is the smaller of the two, the object i is ‘not mergable’; it is removed from the list of objects

and called a jet. This procedure continues until there are no more objects.

Figure 4.2: Results of various jet making algorithms. The kt algorithm is shown on the top row, cone jets on
the lower left, and the anti-kt algorithm lower right.

The algorithm results in nice, nearly-conical jets. The results of several jet algorithms can be

seen in Figure 4.2. Looking at the formula, it can be seen that soft objects will merge with hard

objects long before they merge with themselves. If a hard particle has no hard neighbors within

a distance of 2R, it will simply accumulate all soft particles within a radius of R, resulting in a

perfectly conical jet. It is a key feature of the algorithm that soft radiation does not change the

shape of the jet, but hard radiation does. For this analysis, the radius parameter R is set to 0.4.
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4.2.4 Jet Calibration

The goal of jet calibration is to restore the energy scale of reconstructed jets to that of the truth

particles that they should represent. The calibration procedure consists of four steps [43–45]:

• Pile-up correction The pile-up correction corrects for two effects. The first is the effect on

the energy of reconstructed jets from interactions other than the hard scatter event of interest,

but within the same bunch crossing, or in-time pile-up. The second effect is caused by out of

time pile-up, or energy from past or future bunch crossings effecting the energy measurement

of the current bunch crossing. The correction is derived from MC simulation as a function of

the number of reconstructed primary vertices, jet pseudorapidity, jet transverse momentum,

and bunch spacing.

• Origin correction Calorimeter jets are reconstructed using the geometrical center of the

ATLAS detector as reference to calculate the direction of jets. Jet momentum is corrected

for each event such that the direction of each topo-cluster points back to the primary hard-

scattering vertex instead of the center of the detector. The kinematic observables of each

topo-cluster are also recalculated.

• Truth calibration The calibration of reconstructed jet energy and pseudorapidity is a simple

correction to restore these values to the corresponding truth jet values. The correction takes

the form of scale factors derived from isolated jets in MC samples and are applied as a

function of jet pT and η.

• Residual in-situ corrections A residual correction applied as a last step to jets in data. Cor-

rections are carried out by exploiting transverse momentum balance between jets and well

measured reference objects. Jets in the forward region are balanced against well measured

jets in the central region. Jets in the central region are calibrated using Z bosons or photons

up to a transverse energy of 800 GeV, while higher pT jets are calibrated using systems of

low pT jets.
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(a) (b)

Figure 4.3: Jet resolution as a function of pT for anti-kT R = 0.4 jets. Left: EM+JES calibration. Right:
LCW+JES calibration.

4.2.5 Jet Energy Resolution

The precision of the measurement of the energy of a jet is also an important quantity for physics

measurements as well as the central value of the jet energy scale. The measurement of the jet

energy resolution in data is a multi-step process. For the majority of the jet pT spectrum, the

width of the distribution of the balance between jets and well measured photons or reconstructed Z

bosons is used to measure the detector resolution. Additionally, the balance between di-jet events

can be used to extend these measurments to higher |η| and pT . For very low pT jets there is a

significant contribution to the jet energy resolution from pile-up particles and electronic noise. The

combination of these measurements with the constrained noise term results in a measured JER

with an uncertainty below 3% at 20 GeV and less than 1% above 100 GeV for anti-kT R = 0.4 jets.

Jet energy resolution as a function of jet pT can be seen in Figure 4.3 for anti-kT R = 0.4 jets [46,

47].

4.2.6 b-tagging

The ability to identify jets resulting from the fragmentation of b hadrons is important in both top

quark physics, since each top quark decays to a b quark, and in H -> bb analyses, where its power

is obvious; thus in the present analysis, the search for tt̄H, it is especially important. Several

tagging algorithms have been developed which take advantage of the fact that b hadrons have a
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long enough life time that they can travel far enough for their decay vertex to be resolved from

the primary vertex, as in Figure 4.4. The first of these algorithms were relatively simple, based on

impact parameters of the tracks, such as with the IP3D algorithm, or reconstruction of the displaced

vertex itself, such as with SV0 and its successor SV1.

Figure 4.4: Schematic view of a displaced vertex from the decay of a b quark.

More advanced algorithms such as JetFitter [48] exploit the topology of weak b and c hadron

decays within a jet. A Kalman filter [34] is used to attempt to reconstruct the decay chain within

the jet, determining a flight path for the b hadron. Still more advanced algorithms, combine the

discriminates of several of these algorithms in a neural network approach to increase performance

further. MV1 is one such algorithm, which is a neural network built from SV1, IP3D, and JetFitter

algorithms. The network is trained with b jets as signal and light jets as background, and the output

is a tag weight for each jet. A series of working points are set by cutting on the tag weight distri-

bution. The working points are tuned to achieve a specific b jet efficiency. MV1 has been tuned at

the 60%, 70%, and 80% working points. The performance of several algorithms, as measured by

their light jet rejection, are shown in Figure 4.5. As MV1 achieves the highest performance, it is

often the algorithm of choice for ATLAS analysis [48–50].
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Figure 4.5: (Left) Light jet rejection vs b-jet efficiency and (right) c-jet rejection vs. b-jet efficiency for
several tagging algorithms.

4.3 Electrons

Electron reconstruction in the central region starts from clusters in the EM calorimeters which are

then matched to reconstructed tracks of charged particles from the inner detector. The clusters are

built using the ‘sliding window’ algorithm (described in Section 4.2.1) with N tower
η x N tower

φ = 0.025

x 0.025, which corresponds to the granularity of the EM calorimeter middle layer. A window size

of 3 x 5 towers, in η - φ space, is used to search for seed clusters with a total transverse energy

exceeding a threshold of 2.5 GeV.

Charged tracks from the inner detector are then attempted to be fit to each cluster. Track re-

construction consists of two steps: pattern reconstruction and track fit. The standard pattern re-

cognition uses pion hypothesis to estimate energy loss at material surfaces [51]. For the 2012 data

period, if the pion hypothesis fails, a new pattern recognition using an electron hypothesis, which

allows for energy loss, is tried. All tracks are then loosely fit with either pion hypothesis or electron

hypothesis using the ATLAS Global χ2 Track Fitter [52].

All track candidates which pass the loose fit then have their track parameters re-fit with an op-

timized electron track fitter, the Gaussian Sum Filter (GSF) algorithm [53], which is a non-linear

generalization of the Kalman filter algorithm [54]. The GSF algorithm obtains a better estimate
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of the electron track parameters, especially those in the transverse plane, by accounting for the

non-linear bremsstrahlung effects. The track fitting is then performed again with the re-optimized

parameters from the GSF refitted tracks, and with tighter requirements. All track candidates are

stored for later analysis, but the best fit track is used as the primary track to determine the kin-

ematics and charge of the electron and to calculate the electron identification decision. Thus the

choice of the primary track is a very significant factor in electron reconstruction. To avoid random

matches between nearby tracks in case of cascades due to bremsstrahlung, tracks with at least one

hit in the Pixel detector are preferred.

All seed clusters together with their matching tracks are then rebuilt using a new method for the

2012 data period, which exploits multivariate techniques and corrects for several additional subtle

detector effects. The cluster energy is then calculated from the energy in the three layers of the

electromagnetic calorimeter by applying a correction factor determined by a multivariate algorithm

trained on fully simulated single electron events.

As a last step, correction factors are derived in situ using a large sample of collected Z -> ee

events. The corrections are applied to reconstructed electrons as final energy calibration in data

events, while an energy smearing is done for simulated events. The four momentum of reconstruc-

ted electrons is calculated using both information from the rebuilt cluster and the best fit track. The

energy is taken from the cluster and the η and φ are given by the track, except for TRT only tracks

which use the η and φ of the cluster.

Despite efforts taken so far, not all reconstructed electrons are ‘real’ signal electrons. Analyzers

must be able to distinguish isolated signal electrons, non-isolated electrons, electrons from photon

conversion, and electrons from decaying hadrons, particularly heavy flavor hadrons. For this pur-

pose, two electron identification schemes are used in ATLAS. The ‘cut based’ method is simply a

successive series of cuts on a list of discriminating variables; due to its simplicity, it has been used

since the beginning of data taking. The ‘likelihood’ method is a multivariate technique which aims

to have improved efficiency over the cut based method. In the analysis presented in this document,

likelihood electrons have been used to increase efficiency.

The electron identification likelihood method combines variables describing the longitudinal and
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transverse shapes of the electromagnetic showers in the calorimeters, the properties of the tracks

in the inner detector, as well as the matching between tracks and energy clusters to discriminate

between electrons from signal and various background sources. A menu of selections with vari-

ous background rejection, ‘loose’, ‘medium’, and ‘very tight’, are built, with electron efficiencies

chosen to match their cut-based counterparts, ‘loose’, ‘medium’, and ‘tight’. The method makes

use of signal and background probability density functions (PDFs) of the discriminating variables.

The signal and background probabilities for a single electron are combined into a final discriminant

dL:

dL =
LS

LS + LB
(4.3)

LS (~x) =

n∏
i=1

Ps,i(xi) (4.4)

where ~x is the vector of variable values and Ps,i(xi) is the value of the signal probability density

function of the ith variable evaluated at xi. Similarly, Pb,i(xi) refers to the background probability

function. [55]

4.3.1 Performance

The overall electron response in data is calibrated so that it agrees with the expectation from sim-

ulation, using a large sample of Z → e−e+ events. Per-electron scale factors are extracted and

applied to electron and photon candidates in data. Using the same event sample it is found that the

resolution in data is slightly worse than that in simulation, and appropriate corrections are derived

and applied to simulation to match the data. After corrections, the dielectron mass distribution in

data and simulation agree at the level of 1% in the mass range 80 < mee < 100 GeV, rising to

2% towards the low end of the interval. The dielectron mass peak after corrections can be seen in

Figure 4.6a [56].

The calibrated electron energy scale is validated with electron candidates from J/ψ → e−e+

events in data. The scale factors extracted from Z → e−e+ events are assumed to be valid also for
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(a) (b)

Figure 4.6: Left: electron pair invariant mass distribution for Z → e−e+ decays after corrections. Right:
Invariant mass distribution of the electron pair corresponding to the J/ψ selection in data and simulation,
after the energy corrections are applied to the electron candidates in data.

photons, but photon-specific systematic uncertainties are applied. The dielectron mass peak from

J/ψ→ e−e+ events can be seen in Figure 4.6b.

The final measured energy resolution curves can be seen in Figure 4.7. The uncertainty for

electrons at ET ∼ 40 GeV is on average 0.04% for |η| < 1.37, 0.2% for 1.37 < |η| < 1.82 and 0.05%

for |η| > 1.82.

Figure 4.7: Electron energy resolution curves.
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4.4 Muons

ATLAS muon reconstruction utilizes information from both the Muon Spectrometer system and

the Inner Detector, as well as information from the calorimeters. There are several options for

reconstruction and identification criteria, leading to several muon ‘types’: Standalone, Combined,

Segment tagged, and Calorimeter tagged. A brief outline of the different types follows.

• Standalone muons are reconstructed from the Muon System only. The tracking parameters

are obtained simply by extrapolating the track back to the IP, taking into account the energy

lost in the calorimetry. Standalone muons are used mainly to extend acceptance to the range

η > 2.5 which is not covered by the Inner Detector.

• Combined muons independently reconstruct the muon track in both the Muon system and

the Inner Detector. A new track is then formed by combining and refitting the two tracks.

The fit accounts for the material (multiple scattering and energy loss) and magnetic field in

the calorimeter and muon spectrometer. This collection has the highest purity and is the one

used in the analysis presented.

• Segment-tagged muons can be formed if an ID track is extrapolated to the muon system and

is matched to at least one local track. ST muons increase acceptance in cases where a track

only has a single hit in the MS and wasn’t independently reconstructed there.

• Calorimeter-tagged muons can be reconstructed if an ID track can be associated with an

energy deposit in the calorimeter that matches that of a minimum ionizing particle. This

collection can be used to increase acceptance by recovering muons from regions that are not

covered by the MS.

Each collection is reconstructed independently using two different algorithms, namely, Staco

and Muid. For the Combined collection, the Staco algorithm uses a statistical combination of the

ID and MS tracks to obtain the combined track vector. The muid algorithm does a partial refit; it

does not directly use the measurements from the inner track, but starts from the inner track vector

and covariance matrix and adds the measurements from the outer track. For the present analysis,
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Figure 4.8: Muon reconstruction efficiency as a function of η measured in Z → µµ events for muons with
pT > 10 GeV and different muon reconstruction types. CaloTag muons are only shown in the region
|η| < 0.1, where they are used in physics analyses. The error bars on the efficiencies indicate the statistical
uncertainty. The error bars on the ratios are the combination of statistical and systematic uncertainties.

only Combined Muid muon collection is used [57].

4.4.1 Performance

The tag-and-probe method is employed to measure the reconstruction efficiencies of all muon types

within the acceptance of the ID (|η < 2.5). Figure 4.8 shows the muon reconstruction efficiency as

a function of η as measured from Z → µµ events. The combination of all the muon reconstruction

types gives a uniform muon reconstruction efficiency of about 99% over most the detector regions.

The efficiencies measured in experimental and simulated data are in good agreement, in general

well within 1% [58].

The large samples of J/ψ → µµ and Z → µµ decays collected by ATLAS are used to study

in detail the muon momentum scale and resolution and extract corrections using a template fit

method. The results of the corrections are validated by looking at the J/ψ→ µµ and Z → µµ mass

peaks, with the Υ → µµ process providing an additional validation; these peaks can be seen in

Figure 4.9.
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(a) (b) (c)

Figure 4.9: Dimuon invariant mass distribution of J/ψ → µµ (left), Υ → µµ (center) and Z → µµ (right)
candidate events reconstructed with Combined muons.
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CHAPTER 5

Analysis: Search for t t̄H production

5.1 Introduction

Since the discovery of the 125 GeV Higgs-like particle [1], focus has shifted to measuring its prop-

erties to confirm compatibility with the Standard Model Higgs boson. To do this, production and

decay modes of the particle must be experimentally measured and compared to theory predictions

of those of the Higgs boson that we expect to find within the Standard Model. Relative rates of

production and decay modes depend on the individual couplings of the Higgs field to other particle

fields, in the case of fermions, these are called Yukawa couplings. The value of these couplings

represent the strength of the interaction of different particles with the Higgs field; the higher the

value of the coupling, the greater the probability of the interaction.

In QCD, the amplitude or probability of a given process or interaction to occur is proportional

to the sum of the probabilities of every possible interaction with the same initial and final state.

The amplitude of each individual process that is summed over is proportional to the product of

the vertices in the Feynman diagram that represents the process. Each vertex within the diagram

represents a fundamental interaction and has an associated coupling, a single number, which de-

termines the strength of that interaction. In the simplest case, what is called a ‘tree level’ diagram,

there is a single vertex, thus their probabilities of occurring are largely determined by the coupling

value associated with this vertex.
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Figure 5.1: Decay diagrams of the SM Higgs boson.

The most straightforward illustration of this appears when looking at the Higgs decay rates,

i.e. the relative rates at which a Higgs boson will decay to different pairs of particles. Figure 5.1

depicts several decays modes of the Standard Model Higgs boson. For the special case of the Higgs

Yukawa fermion couplings, the strength of the coupling is proportional to the particle mass that

is coupling to the Higgs field. Figure 5.2 shows the relative theoretical rates for different Higgs

decay modes to occur, as a function of the Higgs boson mass. It can be seen that the Higgs prefers

to decay to heavier fermions, due to the larger coupling. The Higgs does not couple directly to

gluons or photons, instead interacting with them only through ‘loops’, such as those in Figure 5.3.

However, the heaviest fermion, the top quark, is conspicuously missing from the diagram, since

a light Higgs boson is kinematically forbidden to decay to a pair of 172 GeV top quarks.

Thus, the strength of the interaction of the Higgs field to the top quark, the top Yukawa coupling,

can only be studied by looking at processes more complex than a single one-vertex diagram. The

coupling can be accessed through loop diagrams such as the gluon fusion production mechanism,

Figure 5.3 (a), or the diphoton decay mechanism, Figure 5.3 (b), but these loops are also sensitive

to as-yet unknown physics and these effects are difficult to disentangle.

The production mechanism of tt̄H offers direct access to the top Yukawa coupling in a tree level

diagram, depicted in Figure 5.4, showing both gluon and quark production. There are several
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Figure 5.2: Branching ratios of Higgs boson decay as a function of mass. Highlighted band is observed
boson mass with uncertainty.

(a) (b)

Figure 5.3: Top Yukawa coupling through loop diagrams.

major production modes of the Higgs whose relative cross sections are shown as a function of

Higgs boson mass in Figure 5.5.

The leading production mode is gluon fusion which is depicted in Figure 5.5 (a). As mentioned

previously, this process occurs through a loop of top quarks since the Higgs boson does not directly

interact with gluons. The next sub-leading production mode is vector boson fusion, depicted in

Figure 5.5 (b), where two W/Z bosons radiated from quarks fuse to produce the Higgs boson.
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(a) (b)

Figure 5.4: Top Yukawa coupling at tree level in tt̄H.

Figure 5.5: (Left) Higgs production cross section as a function of Higgs boson mass. (Right) Tree level
diagrams of Higgs production processes: a) Gluon fusion b) vector boson fusion c) VH d) tt̄H.

With a still smaller cross section is the production of the Higgs boson in association with a vector

boson, known as VH, depicted in Figure 5.5 (c). Finally, with the smallest cross section, the

tt̄H production mechanism, shown in Figure 5.5 (d). Though the cross section is small, tt̄H is

an important process to study for reasons outlined above. Additionally, the top quark pair allow

for the possibility of more handles for signal identification and background reduction. With this

reduced background, it becomes possible, experimentally, to look for Higgs boson decays that are

otherwise too problematic to study. In particular, the Higgs boson decaying to a pair of b quarks

comprises nearly 57% of the total branching fraction, but is, alone, overwhelmed by multi-jet

background. Thus the H → bb̄ decay makes a fine choice for a tt̄H analysis; the high branching
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ratio compensating for the low cross section of the tt̄H process itself, and it is the choice adopted

for this analysis.

The way in which the top quark pair decays determines the final state, and thus the experimental

handles available for background reduction. The branching fractions of the top quark system,

taking into account both quarks, are detailed in Figure 5.6. While the all hadronic channel has

the largest branching fraction, it is overwhelmed by QCD background with a signal final state

containing 8 jets, 4 of which are b-tagged. The channel where one of the top quarks decays

to a light lepton and the other to jets is referred to as ‘lepton+jets’ and has the second highest

branching fraction at 30%. This channel is cleaner than all hadronic and provides a lepton to

trigger with a final state of 1 charged lepton, 6 jets, 4 of which are b-tagged. The channel where

both top quarks decay to light leptons, called the ‘dilepton’ channel, comprises only 4% of the total

branching fraction, but provides two leptons for background reduction and fewer jets for overall

cleaner events with a signal final state composed of 2 oppositely charged light leptons and 4 jets,

all of which are b-tagged. It is for these reasons that the dilepton channel has been chosen for

the analysis detailed in this paper. The details of the analysis shown are for the dilepton channel.

However, the final limits are presented as a combination of the dilepton and lepton+jets channels.

Figure 5.6: Branching fractions of the top quark pair.

The aim of this analysis is to measure the cross section of tt̄H production relative to the Standard

Model prediction, the parameter defined as µ = σ
σS M

, also referred to as ‘signal strength’. The
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analysis primarily focuses on optimizing for events where the Higgs boson decays to a pair of

b quarks, or ‘H → bb̄’, as this yields the largest cross section, and exclusively on the dilepton

channel for background reduction. The full signal process for the dilepton channel is shown in

Figure 5.7.

Figure 5.7: Final state of tt̄H process in dilepton channel after full decay chain.

The rest of this chapter will discuss simulation and modeling, signal and background generation

in detail, and further details of the analysis.

5.2 Simulation and modeling

Monte Carlo simulation is the process in which physics processes are modeled, simulated, and

reconstructed in a virtual ATLAS detector in order to evaluate detector response with known phys-

ics input. The full simulation chain consists of several steps. First, a physics generator is used to

create the raw events that will be analyzed. Parton distribution functions (PDFs) are derived using

deep inelastic scattering experiments and contain information about how momentum is distributed

among partons within the proton. To generate events, the user specifies the desired process, along

with providing information like the desired PDF set to be used, and to which order in perturba-

tion theory to calculate the process (not all generators are equal in this sense). The output from

event generation is a set of four vectors for generated particles, along with their immediate decay
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products, which are recorded in a relatively small text file.

The initial generation step will decay some particles into their stable daughters, but may leave

other unstable particles undecayed, partially depending on the user’s preference. However, this

step can still result in particles that will subsequently decay; these particles are decayed in further

steps called ‘showering’ and ‘hadronizing’. Showering generally refers to radiation above the

hadronization scale of 1 GeV of energy. Once processes drop below this energy, the quarks begin

to be bound into hadrons, hence the name ‘hadronization’. The shower and hadronization steps

produce the stable (enough) particles that will actually interact with the detector material.

After hadronization, the events are then simulated in a virtual model of the ATLAS detector; the

exact configuration of the detector, including misalignments and distortions, as observed in data

and implemented in simulation, is specified by the user. Each particle is propagated through the

full detector using GEANT4 [59]. The detector response in sensitive regions, called ‘hits’, which

contain information about total energy deposited, position of the hit, and time is simulated [60].

Next, during ‘digitization‘, the events generated in the previous step (called ‘hard scatter’ events)

are overlaid with additional lower energy events. These events are called ‘pile up’ and they are

meant to simulate the other, softer, collisions that occur in the same bunch crossing as the ‘hard

scatter’ event of interest. The raw detector response, in the form of voltages, etc, is then digitized

for each read out driver in the detector’s electronics, creating a Raw Data Output (RDO) file. After

digitization, the format of the output file is nearly identical to the format of the output of the real

ATLAS detector.

Finally, full reconstruction is run in the same way as it is run on real data, with the additional cap-

ability to be able to look back at the truth record and see the true origin of reconstructed particles.

The present analysis makes heavy use of physics simulation, comparing directly to data and

taking differences as possible signal events, therefore proper simulation is critical. There are many

event generators available, each produced by a different group, each with different approximations

and with their own strengths and weaknesses. Thus, a generator that works well for one physics

process may not be well suited for another.

A defining characteristic of physics generators is what order in perturbation theory they include
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in their calculations. The analysis in this section uses generators of two types:

• NLO generators: ‘Leading order’ or ‘LO’ refers to the leading order in perturbation theory,

which includes tree-level diagrams of processes. ‘Next-to-leading order’ or ‘NLO’ refers to

the next term in perturbation theory. NLO generators include all diagrams at NLO, including

virtual loop corrections which affect total cross section but preserve the LO final state, as

well as diagrams with an additional parton emission in the final state.

• Multi-leg LO generators: Multi-leg generators aim to better model processes with several

extra partons in the final state. To do this, all diagrams with real extra emissions are in-

cluded in the calculation, however, no diagrams with virtual corrections are included. This

means that quantities such as the cross section are less accurate and without NLO correc-

tions, predictions are more affected by the choice of renormalization and factorization scales.

Recently, Multi-leg NLO generators have surfaced, which include full NLO calculations plus

additional diagrams with real emissions[61, 62].

The generators and conditions used for each signal and background process in the analysis will

be described in the following sections.

5.3 Signal and Background

Signal events consist of the tt̄H process only, as discussed in Section 5.1. Since the final state

of the signal system is a top quark pair and an additional pair of b-jets from the Higgs decay, an

obvious background with the same final state is a tt̄ event with additional jets, known simply as

tt̄ + jets, shown in Figure 5.8.

These additional jets are most simply a quark pair generated from any radiated gluon from either

the initial colliding partons, called initial state radiation (ISR) and shown in Figure 5.8 (a), or from

the partons produced in the collision, final state radiation (FSR). As shown explicitly in Figure 5.8

(b), the dilepton channel, with an additional jet → bb̄ pair, provides an identical final state as the

tt̄H process. Unfortunately, the tt̄ + jets background constitutes over 90% of the background in

signal rich phase space.
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(a) (b)

Figure 5.8: Irreducible tt̄ + jets background production with identical final state as signal diagrams.

While tt̄ + jets is the dominant background, other backgrounds can mimic the tt̄H dilepton final

state and must also be taken into consideration. These samples include Z+jets production, diboson

production, Wt-channel single top production, tt̄ + V production, and QCD multijet background.

As discussed later, the analysis employs several control regions at lower jet and b-tag multiplicity

to aid in the understanding of smaller backgrounds and extrapolate the knowledge to the signal

region, in particular, the lowest region accepted requires only 2 jet and 2 leptons. The next section

will discuss in detail each signal and background process.

5.3.1 Signal modeling

tt̄H events are generated using NLO matrix elements obtained from the HELAC-Oneloop package

[63]. The PowHeg box [64–66] serves as an interface to the showering software. This two step

process is referred to as PowHel event generation. CT10NLO PDF [67] set is used for generation,

with renormalization and factorizations scales set to µR = µF = mt + mH/2, where mT = 172.5

GeV and mH = 125 GeV. Showering was done with Pythia 8.1 [68] with the CTEQ6L1 PDF set

and AU2 underlying event tune [69].

For this analysis, generated events are chosen to be inclusive of all Higgs decays, though H → bb̄

represents the bulk of the signal and is optimized by analysis cuts. Full NLO branching fractions

and total cross section are taken from NLO theoretical calculations [70–76], collected in Ref [77].

In order to enhance the efficiency of producing these events, the generation of tt̄H is produced
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separately for the three tt̄ decay channels.

5.3.2 Background modeling

In this subsection the various background contributions will be discussed.

t t̄ + jets background

The tt̄ + jets sample is generated using the Powheg-BOX v3.0 generator [78–80]. Powheg is an

NLO generator and the CT10NLO PDF set was used. Powheg is interfaced with Pythia 6.425 [81]

for showering, using the CTEQ6L1 PDF set [82] and Perugia2011C [83] underlying-event tune.

Events were generated inclusively of all top decays and the cross section is normalized to NNLO

accuracy in QCD.

Events are categorized based on the flavor of additional jets that do not originate from the tt̄

system. To determine the number and flavor of additional jets, and thus which category in which

to place each event, truth hadrons (not originating from the tt̄ system) are matched to particle jets

with a matching procedure that considers angular distance, ∆R, between the truth objects and jets.

In particular, truth hadrons with either bottom or charm flavor and pT > 5 GeV are matched to

particle jets (with pT > 15 GeV and |η| < 2.5) within ∆R < 0.4. If at least one particle jet is

matched to a b-hadron, the event is classified as ‘tt+bb’. Similarly, if at least one jet is matched to

a c-hadron (not originating from the tt̄ system), and the event is not already classified as tt̄ + bb̄, it

is classified as a ‘tt+cc’ event. Together, tt̄ + bb̄ and tt̄ + cc̄ events are referred to as Heavy Flavor

or ‘tt+HF’ events. After all events have been considered, the remaining unclassified events are

classified as ‘tt+light’ or ‘tt+LF’ events.

Powheg, as an NLO generator, models up to 1 extra parton at tree level from the process diagram

itself; additional jets must originate from the parton shower. Thus, it may seem a surprising choice

for an analysis looking in high jet multiplicity phase space, but it has been shown to describe this

region surprisingly well. Comparisons have been made with multi-leg generators, such as Mad-

Graph 5, which include tree level diagrams for up to three extra partons, and they show reasonable

agreement, as seen in Figure 5.9.
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Figure 5.9: Relative contributions of different categories of tt̄ + bb̄ events between NLO generator PowHeg
and LO multi-leg generator Madgraph. Truth hadrons with pT > 5 GeV are matched to particle jets (with
pT > 15 GeV and |η| < 2.5) within ∆R < 0.4. In the event category labels, a ‘b’ represents a particle jet
matched to a single b quark, where a ‘B’ represents a particle jet matched to a pair of b quarks. Though
PowHeg only models 1 extra emission with matrix element, it shows agreement within statistical uncertainty
with Madgraph.

Sherpa Reweighting

Recently, NLO calculations for tt̄ + bb̄ have become available in the generator Sherpa OpenLoops

[61, 84, 85]. To make use of this recent advancement in physics modeling, the Powheg tt̄ + bb̄

events are re-weighted to match the predictions of Sherpa OpenLoops. The reweighting is done

across several kinematic variables, such as top quark pT , tt̄ system pT , ∆R and pT of the additional

jets.

To facilitate comparison of tt̄ + HF content between generators as well as the reweighting itself,

a finer categorization of tt̄ + HF events is implemented. If a single particle jet is matched to an

extra b-hadron or c-hadron, then the event is classified as tt̄+b or tt̄+c, respectively. If two particle

jets are independently matched to separate b or c-hadrons, the event is classified as tt̄+bb̄ or tt̄+cc̄.

If a single particle jet is matched to a pair of b or c-hadrons, the event is classified as tt̄+ B or tt̄+C.

The relative contributions of the different categories in tt̄+bb̄ events can be seen in Figure 5.10. An

additional benefit of using the Sherpa OpenLoops calculations is the comprehensive set of theory
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Figure 5.10: Relative contributions of different categories of tt̄ + bb̄ events in Powheg+Pythia, Mad-
graph+Pythia and Sherpa OpenLoops samples. Truth hadrons with pT > 5 GeV are matched to particle
jets (with pT > 15 GeV and |η| < 2.5) within ∆R < 0.4. In the event category labels, a ‘b’ represents a
particle jet matched to a single b quark, where a ‘B’ represents a particle jet matched to a pair of b quarks.
Labels “tt̄+MPI” and “tt̄+FSR” refer to events where heavy flavor is produced via multiparton interaction
(MPI) or final state radiation (FSR), respectively. These contributions are not included in the Sherpa Open-
Loops calculation.

systematics that accompany them. These will be described in a later section.

Data Reweighting

Despite Powheg’s overall good performance, some discrepancies are still seen when comparing

directly to unfolded data. To remedy this, a sequential re-weighting procedure is followed; two

distributions are re-weighted to data, top quark pT and tt̄ pT . Since the two are partially correlated,

the tt̄ correction is calculated first, after which the residual correction needed for top quark pT

is derived. The weights themselves are taken directly as the ratio of data to simulation from the
√

s = 7 TeV data unfolding [86]. The correction is not applied to the tt̄ + bb̄ component, since

the unfolding was done inclusively of all tt̄, and there is evidence to believe that kinematics of

tt̄ + bb̄ differ from those of tt̄ + light [87]. Instead, the tt̄ + bb̄ component is corrected to the Sherpa

OpenLoops NLO theory calculation.
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5.3.3 Other backgrounds

Z+jets

Z+jets production is an obvious background because of the Z → l−l+ decay channel. The MC

sample is generated with up to five additional partons with LO generator ALPGEN 2.14 [88] using

the CTEQ6L1 PDF set. The sample is showered using Pythia 6.425 and normalized to inclusive

NNLO theoretical cross section [89].

The heavy-flavor fraction of these simulated backgrounds, i.e. the sum of Z+bb and Z+cc

processes, is adjusted to reproduce the relative rates of Z events with no b-tags and those with

one b-tag observed in data. The overlap between Z+qq (q = b, c) events generated from the matrix

element calculation and those from parton-shower evolution in the Z+light-jet samples is removed

by an algorithm based on the angular separation between the extra heavy quarks: if ∆R(q, q) > 0.4,

the matrix element prediction is used, otherwise the parton shower prediction is used.

Diboson

‘Diboson’ refers to WW, ZZ, WZ processes. These processes can mimic the final state of a signal

event, particularly if a Z decays to charged leptons and the other boson decays hadronically, only

one extra pair of jets is needed. However, the small cross section and low probability for the extra

jets to be b-jets makes this background insignificant in the signal regions.

Samples with diboson production in association with jets are generated with up to three addi-

tional partons and are normalized to their respective NLO theoretical cross sections [90]. Samples

are generated using the ALPGEN 2.14 leading-order generator with the CTEQ6L1 PDF set. Parton

showers and fragmentation are modeled with Herwig 6.520 [91].

Single top

While most top quarks at the LHC are produced in pairs through the strong interaction, a significant

number are produced singly via the weak interaction. Single top production proceeds primarily

through three separate sub-processes at the LHC. The t-channel is the dominant processes and
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results in a top quark with an additional jet and sometimes an extremely soft b quark. The second

largest contribution comes with the Wt channel which results in a top quark and a W boson. This

state most closely resembles the tt̄ final state. Finally the s-channel production results in a top

quark with an additional b-jet.

Single top samples are generated with Powheg-BOX using the CT10 PDF set. The samples

are showered with Pythia 6.425 using the CTEQ6L1 set of parton distribution functions and Peru-

gia2011C underlying-event tune. Overlaps at NLO between the tt̄ and Wt final states are removed

[92]. The samples are normalized to their respective NNLO theoretical cross sections [93–95] us-

ing the MSTW2008 NNLO PDF set [96, 97].

t t̄ + V

A vector boson produced in association with a top quark pair. In the case of a Z boson decaying

to b quarks, the final state is identical and the b quark pair has similar properties to those of

the decays products of the Higgs boson. The cross section in signal regions is lower than that

of signal, still however, the uncertainty on tt̄V cross section remains one of the uncertainties with

highest impact on µ. Monte Carlo samples are generated with MADGRAPH 5 using the CTEQ6L1

PDF set interfaced with Pythia 6.425 using the AUET2B tune [98] for showering. The sample is

normalized to the NLO theoretical cross section [99, 100].

Multi-jet

There are also several processes which may contain either non-prompt leptons that pass the lepton

isolation requirements or jets misidentified as leptons. Their yield is estimated using simulation

and cross-checked with a data-driven technique based on the selection of a same-sign lepton pair.

In both channels, the contribution of the misidentified lepton background is almost negligible after

requiring two b-tagged jets.
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5.4 Event Selection

The ideal signal final state in the dilepton channel is 4 jets, with all 4 jets b-tagged, and 2 charged

leptons. Event selection cuts are made to reduce background and increase signal purity. Some of

these cuts are on global event variables such as total transverse energy, and some are on individual

physics objects whose reconstruction was described in chapter 4.

The minimum number of jets required to enter the analysis at all is 2, while the minimum number

of b-tagged jets is also 2. Events are split into six regions based on their jet and b-tag multiplicity,

which will be discussed in analysis method section. There are 3 ‘signal-rich’ regions, starting with

the most signal rich region which requires ≥ 4 jets and ≥ 4 b-tags and is referred to as ‘4j4b’,

events with ≥ 4 jets and exactly 3 b-tags are said to be in region ‘4j3b’, and events with exactly 3

jets and 3 b-tags in region ‘3j3b’. There are 3 signal-depleted regions, ‘4j2b’ which requires ≥ 4

jets with exactly 2 b-tags, ‘3j2b’ requiring exactly 3 jets and 2 b-tags, and finally ‘2j2b’ requiring

exactly 2 jets and 2 b-tags.

All events are required to have exactly 2 oppositely signed charged leptons with the leading

transverse momentum exceeding 25 GeV and subleading at least 15 GeV. Events are further cat-

egorized, based on their lepton flavor content, into either the µµ, eµ, or ee categories. Events in

the eµ category are required to have a scalar sum of transverse energy of jets and leptons (HT )

of greater than 130 GeV. In the ee and µµ categories, the invariant mass of the two leptons, mll is

required to be greater than 15 GeV in events with more than 2 b-tags; this is to reduce contributions

from hadronic resonances such as J/Ψ and γ. Similarly, in events with exactly two b-tags, mll is re-

quired to be greater than 60 GeV simply due to poor understanding of the data below this threshold,

where very little signal is expected. Finally, to reject Z-boson decays, |mll − mZ | is required to be

greater than 8 GeV in the ee and µµ categories.

5.5 Object quality cuts

The physics objects described in chapter 4 require some additional treatment before being used in

the analysis.
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Electrons

In order to further reject jets mis-identified as electrons, additional isolation criteria are required,

in particular, a track-based pT isolation requirement. The variable pcone30
T is defined as the sum of

transverse momentum of the tracks with pT > 0.4 GeV in a cone of ∆R =
√

(∆φ)2 + (∆η)2 = 0.3

around the electron, excluding the track associated with the electron itself. The tracks counted

must originate from the primary vertex and be of good quality; i.e. they must have at least 9 silicon

hits, one of which must come from the innermost pixel layer. An isolated electron is one which

satisfies pcone30
T /pT < 0.12.

Muons

Similarly to electrons, muons must also satisfy additional isolation requirements to further reject

muons resulting from decays of hadrons. A track based pT isolation method is used, with a variable

cone size and pT thresholds. The muon isolation variable Iµmini is defined as,

Iµmini =
∑

tracks

ptracks
T /pµT (5.1)

where the sum runs over all tracks that with pT > 1 GeV, pass quality cuts and satisfy ∆R <

kT/pµT , where kT is a scalable parameter set to 10 GeV. In this way, as muon transverse momentum

increases, cone size shrinks while the pT cut itself is loosened. An isolated muon is one which

satisfies Iµmini < 0.05. Additionally, muons are required to be separated from any selected jet by

∆R > 0.4, have η < 2.5, and z0 < 2 mm.

Jets

Jets are required to have pT > 25 GeV and η < 2.5. To reduce the impact of jets from pile-up

interactions, a quantity Jet Vertex Fraction is defined. JVF is the sum pT of tracks in a jet which

are matched to the primary vertex divided by the total sum pT of all tracks in the jet. A |JVF| > 0.5

is required only for jets with pT < 50 GeV and η < 2.4 since at high pT and η pile-up contributions

are negligible. Additionally, any jets that lie within ∆R < 0.2 of an electron are removed to avoid
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double counting of jets and electrons.

5.6 Analysis method

As mentioned in section 5.4, after selection, the events are split into six regions, dependent on their

jet and b-tag multiplicity. The purpose of this is to create signal enriched regions from which the

signal strength will be extracted, as well as control regions which help to provide information about

systematic uncertainties which are propagated to the signal region. This is done by simultaneously

fitting all six regions in a profile likelihood fit, the fit is described in more detail in Section 5.8.1.

In each region, a single variable is chosen as input to the fit. In the control regions, the scalar sum

of transverse energy from jets and leptons, called HT , is chosen. In each signal region, 10 variables

are chosen to build a neural network to maximize sensitivity; the full neural network discriminant

is then used as input to the fit. The neural network is described in more detail in Section 5.7.
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5.6.1 Object optimization

Tag Rate Function

The analysis operates in a regime of high jet and b-tag multiplicity; with a 70% tagging efficiency

and <1% mis-tag rate, this makes it difficult to generate enough events to populate these regions.

Statistical fluctuations of relatively small samples make it difficult to properly train neural networks

and increase uncertainties in the fitting templates which directly impacts sensitivity.

To reduce the impact of these factors on the analysis, a ‘tag rate function’ is implemented. The

basic idea of the tag rate function (TRF) is to allow use of all events in each region, by multiplying

by the probability that they would be found there; this greatly improves available statistics and

smoothes the shape of distributions. In order to do this, tagging efficiencies are parametrized in jet

pT , η and true jet flavor.

For a given event in a given region, every possible tagging permutation is considered, and the

total event weight is simply the sum of the probabilities of all permutations, where the probability

of a given permutation is the product of the corresponding tagging probabilities of each jet in

the event. If a jet is considered tagged in a given permutation, its tagging probability is just its

parametrized tagging efficiency ε, if considered untagged, it is taken as 1 - ε. For illustration, the

probability of exactly one tagged jet in an event with N jets is given as [101]:

P1 =

N∑
i=1

(εi

∏
i, j

(1 − ε j)) (5.2)

In addition to the total event weight, a single permutation must be chosen since some calculations

depend on which jets are tagged. For this purpose, a permutation is randomly chosen based on the

probability for each to occur.

As a validation step, it is important to check that the distributions created with the TRF method

reliably recreate the distributions created by the default b-tagging method of cutting on the MV1

weight. Many of these distributions have been examined and agree within statistical uncertainty.
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5.7 Multivariate method

Figure 5.11: Diagram of an example neural network structure with five input nodes, 7 nodes in the hidden
layer and a single output node.

Multivariate techniques are becoming increasingly popular throughout physics and other fields

for solving complex problems. It allows analyzers to utilize more of the information available to

them and to use it more efficiently. A neural network is one example of a multivariate technique,

it is a network of ‘nodes’ which were originally designed to emulate the behavior of neurons in a

brain. An example of a simple neural network can be seen in Figure 5.11. Each node’s behavior is

determined by the summed input of other nodes feeding in to it. In a simplistic view of the brain,

each neuron fires if the summed input from other neurons before it exceeds some threshold. This

is an example of a binary ‘activation function’, the neuron fires or it doesn’t. The same is true for

man made neural networks, each node’s response is calculated from the equation:

xn
j = g (

∑
k

wn
jk · x

n−1
k + µn

j) (5.3)

Where xn
j is the output from node j in layer n, g() is the activation function, and wn

jk is the weight
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associated from node k in layer (n-1) to node j in layer n. Thus the output of each node in layer n

is a function of the weighted sum of all nodes in layer (n-1). Instead of a binary activation function

which looks like a step function, more often a sigmoid function is used, such as the hyperbolic

tangent function, as seen in Figure 5.12.

Figure 5.12: A simple sigmoid activation function used to transform node output.

Neural networks can be trained to classify input into one of several categories. In the case for the

current analysis, the network is trained to distinguish between signal and background on an event

by event basis. Typically, the number of nodes in the first layer matches the number of parameters

you would like the network to learn from with the addition of one ‘bias’ node, and the output layer

contains only one node, with one or more ‘hidden’ layers between.

Initially, the weights associated between each node in the network are given small random val-

ues, the network is given some input, and some output is generated. The output is then compared

to the target value, and the error is calculated with some chosen ‘error function’. Next, the gradient

of the error function with respect to each weight is calculated, and the weights are updated. The

process is repeated until the error is satisfactorily small.

5.7.1 Neurobayes

Neurobayes is a proprietary neural network package which has been used in this analysis [102]. It

was selected because of several useful features; it provides a way to rank variables by their impact

on the training; it has robust global and single variable preprocessing options; employs Bayesian
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regularization and pruning techniques to shorten training times and avoid overtraining. These items

are explained in further detail in this section.

Network architecture

At the core of Neurobayes is a three layer feed forward neural network. The number of nodes in

the first layer is equal to the number of input variables chosen (n) with the addition of a single bias

node. In this analysis 10 variables are chosen from each region to train a network, so the first layer

contains 11 nodes, while the second layer contains 12, and the output layer is a single node.

A sigmoid activation function is used with a max entropy loss function and weights are updated

following the BFGS backpropagation algorithm. The training algorithm functions by defining

a loss function at the output node and computing the gradient with respect to each node in the

network. The error of a node is rewritten as a function of its posterior nodes, and thus the error is

‘back propagated’ through the network.

Preprocessing

Preparing input variables before input to the network is an important step for any neural network.

It ensures all variables are considered equally, helps ensure that all nodes should learn at the same

rate and avoids saturation of activation functions due to large values.

The first step is the equalization of input variables. All variables are normalized to the interval

[-1,1]. Next, each variable is transformed into a Gaussian of mean 0 and σ = 1. Finally, the

variables are linearly decorrelated by diagonalizing the covariance matrix [103].

Variable ranking

The Neurobayes ranking procedure is a very useful feature, and allows for picking the best vari-

ables for use in the network in each region. It is worth pointing out that the ranking is done without

actually training or running a neural network. The ranking is an iterative procedure, and takes

place during the preprocessing, after the Gaussian transformation and normalization, but before

the decorrelation. To obtain the ranking, the correlation matrix between all of the N variables is
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computed. Additionally, a variable ‘target’ is included, which is defined as 1 for signal and 0 for

background. From this matrix, the total correlation of the N variables to the target is read.

Next, a single variable at a time is removed and the total correlation to target is computed again

(with N-1 variables). The variable which shows the least loss of correlation upon removal is then

discarded, and the whole procedure is repeated again until only one variable is left. Variables are

then ranked by the loss of correlation caused by their removal at the iteration in which they were

discarded [104].

5.7.2 Variables selection

Choosing the proper variables to input to the neural network is crucial. Neurobayes’ ranking

procedure, described in the previous section, is exploited to choose an optimal set of variables for

each signal region. A large list of candidate variables is compiled and a ranking of the full list is

obtained in each region. The top 10 variables from each ranking are taken as a preliminary set to

be further validated. A list of final variables used for the training in each region can be found in

Table 5.1, and distributions of each, for signal and background, can be found in Figures 5.13-5.15.

Variables fall into one of several categories:

• Object kinematics: Kinematics of individual objects, e.g. jets, leptons

• Global event variables: Scalar quantities which allow comparison between events, e.g. scalar

sum of transverse energy

• Event shape variables: Variables that depend on the shape of the event, often derived from

the momentum tensor, e.g. centrality, which is
∑

pT∑
E

• Object pair kinematics: Variables that describe the relationship between two chosen objects,

e.g. maximum ∆η between all jet pairs

The highest performing variable in all regions is ∆η
max ∆η
j j , or the maximum ∆η between all jet

pairs in the event. This variable performs well since the Higgs system is expected to be more

central than the tt̄ system. Another well performing variable is NHiggs
30 which is the number of b-jet
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pairs with reconstructed mass within a 30 GeV window of the Higgs boson mass. For the mbb

variable, an attempt at event reconstruction is made in the 4 jet, 4 b-tag region only, by assigning

the two jets closest in ∆R to each lepton to tt̄ system, and taking the reconstructed mass of the

left-over jets.

Variable Definition
NN rank

≥ 4j,≥ 4b ≥ 4j, 3b 3j, 3b
∆η

max ∆η
jj Maximum ∆η between any two jets in the event 1 1 1

mmin ∆R
bb

Mass of the combination of the two b-tagged jets with
2 8 -the smallest ∆R

mbb̄
Mass of the two b-tagged jets from the Higgs candidate

3 - -system
∆Rmin ∆R

hl ∆R between the Higgs candidate and the closest lepton 4 5 -

NHiggs
30

Number of Higgs candidates within 30 GeV of the Higgs
5 2 5mass of 125 GeV

∆Rmax pT
bb

∆R between the two b-tagged jets with the largest
6 4 8vector sum pT

Aplanjet
1.5λ2, where λ2 is the second eigenvalue of the

7 7 -momentum tensor built with all jets
mmin m

jj Minimum dijet mass between any two jets 8 3 2
∆Rmax ∆R

hl ∆R between the Higgs candidate and the furthest lepton 9 - -

mclosest
jj

Dijet mass between any two jets closest to the Higgs
10 - 10mass of 125 GeV

HT Scalar sum of jet pT and lepton pT values - 6 3

∆Rmax m
bb

∆R between the two b-tagged jets with the largest
- 9 -invariant mass

∆Rmin ∆R
lj Minimum ∆R between any lepton and jet - 10 -

Centrality
Sum of the pT divided by sum of the E for all jets and

- - 7both leptons

mmax pT
jj

Mass of the combination of any two jets with the largest
- - 9vector sum pT

H4
Fifth Fox–Wolfram moment computed using all jets and

- - 4both leptons
pjet3

T pT of the third leading jet - - 6

Table 5.1: Dilepton channel: the definitions and rankings of the variables considered in each of the regions
where a NN is used.
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Figure 5.13: Selected variables for neural network input in the ≥ 4 jet, ≥ 4 b-tag region.
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Figure 5.14: Selected variables for neural network input in the ≥ 4 jet, 3 b-tag region.
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Figure 5.15: Selected variables for neural network input in the 3 jet, 3 b-tag region.
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5.7.3 Variable validation

Once the preliminary variable sets have been selected by Neurobayes’ automated process, they

must be validated to ensure they are can be used. For instance if a variable has high discrim-

inating power between signal and background in simulation, but is poorly modeled in data, this

discriminating power will be lost. Far worse, a mis-modeled variable could introduce bias or even

mimic signal. It is also possible for variables with high correlation to be chosen by the Neurobayes

ranking algorithm.

To ensure the variables are well modeled, data is directly compared to MC simulation in each re-

gion of the analysis. These plots can be seen for all chosen variables in each region in Figures 5.16,

5.17, and 5.18. The ratio is included to make it easier to see differences in modeling between data

and simulation. The correlation matrices are also examined and can be found in Figures 5.19, 5.20,

and 5.21.
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Figure 5.16: Data to Monte Carlo comparison for neural network input variables in the ≥ 4 jet, ≥ 4 b-tag
region.
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Figure 5.17: Data to Monte Carlo comparison for neural network input variables in the ≥ 4 jet, 3 b-tag
region.
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Figure 5.18: Data to Monte Carlo comparison for neural network input variables in the 3 jet, 3 b-tag region.
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Figure 5.19: Correlations between variables in each of the regions where a neural network is trained. Cor-
relations are shown in data.
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Figure 5.20: Correlations between variables in each of the regions where a neural network is trained. Cor-
relations here are shown for simulation.
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Figure 5.21: Correlations between variables in each of the regions where a neural network is trained. The
difference between correlations in background and simulation is shown.
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5.7.4 Network training

The neural network is trained with tt̄H events as signal input and the sum of all previously described

background samples (with the exception of QCD multi-jet) as background.

A trained network must have its behavior evaluated on a set of events which is statistically

independent from those it was trained on, these are often referred to as ‘test’ events versus ‘train’

events. The easiest way to create two statistically independent subsets from a sample of events is

to simply train on the first half of events and test on the second half of events. To be slightly more

sophisticated, the subject analysis trains on events with an even event number and tests on events

with an odd event number.

This approach essentially means that the test events never actually enter the analysis. To improve

statistics when comparing simulation to data, instead of throwing out these test events, they are

recycled. Two networks are actually trained in each region; a second network is trained on odd

events, and then tested on even events. In this way, the entire sample and two independent neural

networks are used to look for modeling inconsistencies.

Over-training

Figure 5.22: A properly trained neural network (left), and an over-trained neural network (right).

A common pitfall of neural network training is that the network will learn the training sample
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too well, learning small statistical fluctuations which will penalize performance when evaluated on

a statistically independent test sample. A visualization of this can be seen in Figure 5.22, where

h(x) in the left pane represents a properly trained network that is a good candidate for the true

distribution, and the network on the left pane has been overtrained to the data points too strongly.

Neurobayes employs regularization techniques to avoid this, even so, additional checks are made

to ensure the networks are not being overtrained.

To perform the test, the trained network is evaluated on the training sample and the statistically

independent test sample, and the resulting output is overlaid. If the network performs significantly

better on the sample that it was trained on, this is indicative of overtraining. Ideally, the two should

be the same, within statistical fluctuation. The results of these tests for the neural networks in this

analysis can be seen in Figure 5.23.
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Figure 5.23: Neural network test for overtraining in each signal region.
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5.7.5 Final discriminants

The result of the neural network in each signal region, evaluated on the test samples and with the

even and odd neural network histograms added, can be seen in Figure 5.24. Plotted against data

and with systematic uncertainty, the result can be seen in Figure 5.25.
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Figure 5.24: Neural network output for signal and sum of backgrounds in each signal region.
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Figure 5.25: Fitted discriminant in each analysis region plotted against data. Blue band is total uncertainty
on the sum of background.

87



5.8 Statistical Methods

In this section statistical methods of the analysis will be discussed, primarily the profile likelihood

fit. Individual systematics will be discussed and results shown.

5.8.1 The Profile Likelihood Fit

A binned likelihood fit is a method of obtaining the parameters for a model that best match a set

of data. In this case, the parameter of interest is the measured signal cross section divided by the

Standard Model cross section, µ. Six histograms are included in the fit, and each bin of every

histogram contributes a term to the likelihood. If simulation was perfect, the content of each bin

should follow a Poisson distribution about the number of expected events, so the total likelihood is

of the form:

L0 =

region∏
j

bin∏
i

(µsi j + bi j)ni j

ni j!
e−(µsi j+bi j) (5.4)

Where si j and bi j are the number of signal and background simulation events, respectively, in

the ith bin of region j, and ni j the number of data events. The best fit is obtained by maximizing

the likelihood or, equivalently, minimizing the negative logarithm.

In addition to the parameter of interest, µ, it is possible to include other (‘nuisance’) parameters,

θ, in the fit; this is called a binned profile likelihood fit. In this way, the likelihood becomes of

function of many parameters, instead of only the parameter of interest.

These nuisance parameters are mostly systematic uncertainties. Allowing the fit to adjust these

parameters enables a better fit to be found for certain values of the nuisance parameters. Perhaps

most significantly, changing the cross section for the main backgrounds alone allows for large im-

provement. By maximizing the total likelihood, then, an optimum central value for all systematic

uncertainties, as well as the parameter of interest, can be obtained.

Sources of systematic uncertainties come from either detector response effects or directly from

theory. Systematics describing detector response are provided by various combined performance

groups. For each systematic, there is defined a ‘central value’ or ‘nominal’ value, and a value for
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the ±1.0 σ for that uncertainty. From these values, interpolation and extrapolation procedures are

followed to obtain a continuous parametrization of the effect of each nuisance parameter on the

fitted distribution. In practice, these values are implemented in the form of a modified histogram

of the corresponding fitted distribution in the region in question.

The fit has the freedom to modify both the central value and the size of the ±1.0 σ bands. A

modification of the central value is called a ‘pull’ of the systematic, and a reduction of the size

of the uncertainty band is referred to as a ‘constraint’. The fit can not freely pull any systematic,

instead a penalty term is added to the likelihood which penalizes adjusting the central value in

units of σ. The penalty term takes the form of a Gaussian for shape systematics and a log-normal

distribution for normalization systematics. The likelihood is then:

Ltotal = L0 ·
∏

k

Gauss(θk) (5.5)

Additionally, to account for the finite statistics of the MC templates being used, a parameter is

introduced into the likelihood for each bin of each fitted distribution. This parameter, in the form

of a Poisson or Gaussian term, allows each bin to fluctuate within statistical uncertainty.

Each systematic is assigned a ‘prior’ uncertainty value which corresponds to the size of the

uncertainty band and width of the Gaussian. A pull of a systematic is determined only from

maximizing the likelihood and finding the ideal value for each systematic, which produces the best

fit with the data. A constraint of the uncertainty on a systematic usually occurs when the large

prior uncertainty assigned to a systematic is not supported by the available data statistics.

Additionally, the fit treats normalization and shape effects for each nuisance parameter separ-

ately. Normalization effect is just a multiplicative factor that adjusts the number of events but

retains shape. Shape effects introduce a parameter per bin of the fitted distribution, allowing the

shape of the distribution to change. Each systematic can be set to normalization only, shape only,

or both. Systematics are discussed in more detail in the following subsection [105, 106].
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5.8.2 Systematic Uncertainties

Systematic uncertainties from sources such as the experimental apparatus itself, assumptions made

in modeling and simulation, and the calibration and reconstruction of physics objects are all con-

sidered as nuisance parameters in the fit. Systematic uncertainties affect both the shape and the

normalization of the fitted distributions that enter the profile likelihood fit in predictable ways. The

change in shape and normalization for each systematic are treated individually and separately by

the fit; for each systematic it must be explicitly decided whether to allow it to affect the shape, nor-

malization, or both. A summary of all of the sources of systematic uncertainty that are considered

can be found in Table 5.2, along with an ‘N’ if this systematic was allowed to affect normalization

and likewise an ‘S’ for shape.

For each systematic, the shape change of the fitted discriminant is calculated for both the +1σ

and -1σ variations. In the case of some systematics, only one variation is available; in these

cases, the effect is simply symmetrized about the nominal to create an up and a down variation.

All sources of systematic uncertainty are considered to be uncorrelated. Individual sources of

systematic uncertainty are discussed in more detail in the following sections.
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Systematic uncertainty Type Comp.
Luminosity N 1
Physics Objects
Electron SN 5
Muon SN 6
Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging efficiency SN 7
c-tagging efficiency SN 4
Light jet-tagging efficiency SN 12
Background Model
tt̄ cross section N 1
tt̄ modelling: pT reweighting SN 9
tt̄ modelling: parton shower SN 3
tt̄+heavy-flavour: normalisation N 2
tt̄+cc̄: HF reweighting SN 2
tt̄+cc̄: generator SN 4
tt̄+bb̄: NLO Shape SN 8
W+jets normalization N 3
W pT reweighting SN 1
Z+jets normalization N 3
Z pT reweighting SN 1
Lepton misID normalisation N 3
Lepton misID shape S 3
Single top cross section N 1
Single top model SN 1
Diboson+jets normalization N 3
tt̄V cross section N 1
tt̄V model SN 1
Signal Model
tt̄H scale SN 2
tt̄H Generator SN 1
tt̄H hadronization SN 1
tt̄H PDF SN 1

Table 5.2: List of systematic uncertainties considered. An “N" means that the uncertainty is taken as
normalisation-only for all processes and channels affected, whereas an “S” denotes systematics that are
considered shape-only in all processes and channels. An “SN" means that the uncertainty is taken on both
shape and normalisation. Some of the systematic uncertainties are split into several components for a more
accurate treatment (number indicated under the column labelled as “Comp.").
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Luminosity

The uncertainty associated with the determination of the total integrated luminosity for the data set

used is 2.8%. It is derived using the same methodology as outlined in [107]. This uncertainty is

applied to all samples in all regions determined from the MC simulation.

Leptons

Systematic uncertainties associated with leptons are considered separately for trigger efficiency,

object reconstruction, identification, isolation, and momentum scale resolution. Trigger, recon-

struction, identification and isolation efficiencies for leptons are measured with the ‘tag and probe’

method, using Z events. The method consists of placing tight cuts on the first lepton, called the

‘tag’, and measuring efficiencies on the second, called ‘the probe’. The efficiencies measured in

MC are corrected to those found in data using scale factors. The relevant uncertainties are of the

order of a few percent and have little impact on the analysis.

Lepton energy scale resolution is also calibrated using mostly Z → ll events, using the shape of

the reconstructed Z mass peak. For muons, separate measurements are done for the Inner Detector

and Muon Spectrometer. Associated uncertainties are also very small and have little impact on the

analysis.

Jet Energy Scale

The uncertainties related to the jet energy scale (JES) calibration are included in the analysis as 22

uncorrelated systematics from several sources within the JES calibration:

• In situ calibration Uncertainty associated with the use of in situ techniques is originally

described by a set of 54 components, including 33 components corresponding to statistical

uncertainties. This set is separated into categories depending on the source of the uncer-

tainty: detector, physics modeling, mixed, and statistical. Components from each category

are then diagonalized and reduced to a smaller number of uncorrelated components within

each category. In total, after reduction, there are 12 sources of uncertainty attributed to in
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situ techniques. Within each group, they are numbered according to the size of the individual

components, with lower numbers corresponding to larger variations.

• Eta intercalibration The calibration of the forward detector is carried out using dijet events

with a well calibrated jet in the central region which is balanced against a forward jet. The

uncertainty can be large (> 5%) for jets in the forward region, and is a formidable source of

uncertainty for this analysis. It is given in two components, one for MC modeling and one

statistical, however the MC modeling component is dominating in the forward region. The

MC modeling component is derived as the difference between two generators.

• Single Particle Response For jets with pT > 1 TeV the JES uncertainty is derived from

single-hadron response measurements, given the low statistics available in this regime.

• Flavor Composition Calorimeter response is different for jets originating from quarks and

those from gluons. The JES calibration is thus dependent on the relative quark/gluon jet

fraction, which varies with the topology under consideration.

• Heavy Flavor An additional source of uncertainty is considered for jets considered as b-jets.

The uncertainty is derived by comparing the jet energy measurement between light-jet and

b-jet enriched samples.

• Pile up Uncertainty due to pile up in the JES calibration.

Jet Energy Resolution

Jet Energy Resolution measurement has been performed with the bisector method [108]. The bi-

sector method is based on the transverse momentum balance vector, known here as ~PT , defined as

the vector sum of the momenta of the two leading jets in a dijet event. This vector is projected

onto an orthogonal coordinate system in the plane transverse to the beam, (η, ψ), where η is chosen

as the azimuthal bisector between the dijet system, and ψ is chosen to be orthogonal to η, as in

Figure 5.26. In a perfectly balanced dijet event, ~PT = 0, however many factors cause variances

in both components. The ψ component (PT,ψ) is most sensitive to fluctuations in energy, simply

because it is the sum of two large components while PT,η is the sum of two smaller components;
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as such, resolution of PT,ψ increases with jet PT while PT,η remains constant.

Figure 5.26: Variables used in bisector method for Jet Energy Resolution calculation.

Jet Vertex Fraction

To reduce the impact of jets from pile-up interactions, a quantity Jet Vertex Fraction is defined.

JVF is the sum pT of tracks in a jet which are matched to the primary vertex divided by the total

sum pT of all tracks in the jet. A |JVF| > 0.5 is required for jets with pT < 50 GeV since at high

pT pile-up contributions are negligible. The systematic is derived by altering the JVF cut up and

down and recalculating all quantities.

Jet Reconstruction

Jet reconstruction efficiency is measured with a tag and probe technique using track jets and calor-

imeter jets. The efficiency is defined as the fraction of track-jets matched to calorimeter jets.

Reconstruction efficiency is found to be slightly lower in simulation than in data, for low pT jets.

To evaluate the effect of this systematic uncertainty, a small number of low pT jets are randomly

discarded, and relevant variables are recomputed.
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Flavor Tagging

For the uncertainty associated with jet flavor tagging, efficiencies are calculated for b-jet tagging,

c-jet tagging, and light-jet (mistag) tagging. To reduce the number of sources of uncertainty that

must be considered, an eigenvector diagonalization technique is used to reduce the number of

variations to the number of pT bins, n, that are used for each efficiency measurement. This results

in n uncorrelated nuisance parameters for each jet flavor, where each corresponds to fluctuations

in efficiency as a function of jet pT . There are six components for b-tagging, 4 for c-tagging, and

12 for mistag, since mistag is further parametrized by 2 bins in η. They are numbered in order of

increasing magnitude.

An additional source of uncertainty is considered concerning the extrapolation of the b-tagging

efficiency to the high pT region which is outside of the normal calibration range.

t t̄ + jets background modeling

As, by far, the largest background, much effort has been dedicated to obtaining a proper and thor-

ough set of tt̄ + jets background systematics which consider many sources of uncertainty.

• Inclusive t t̄ cross section A theoretical uncertainty of -5%/+6% is placed on the inclusive

tt̄ production cross section. This uncertainty includes uncertainties in PDF and αs choices as

well as top quark mass. The PDF and αs uncertainties are calculated using the PDF4LHC

prescription [109] with the MSTW2008 68% CL NNLO, CT10 NNLO [110] and NNPDF2.3

5f FFN [111] PDF sets, and are added in quadrature to the scale uncertainty.

• t t̄ + HF The NLO theory uncertainty on the production cross section of tt̄ + bb̄ is 30%,

however a conservative 50% is applied. In the absence of a similar NLO prediction for

tt̄ + cc̄, the same uncertainty is applied to the tt̄ + cc̄ cross section. Both uncertainties are

treated as uncorrelated with each other. As these are large uncertainties on the dominating

background, they are expected to be leading systematics in the analysis.

• t t̄+bb̄ Along with the Sherpa OpenLoops re-weighting, described in Section 5.3.2, a number

of systematics are also derived to give a comprehensive set of theoretical systematics for the
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most crucial background in the analysis. In total, there are eight systematics:

1. Changing dynamic renormalization scale to µR =
√

mtmbb̄.

2. Changing renormalization scale by a factor of 2 up and down.

3. Changing the dynamic factorization and resummation scales (µF and µQ, respectively)

to µF = µQ =
∏

i=t,t̄,b,b̄ E1/4
T,i .

4. Shower recoil model in Sherpa OpenLoops.

5. 2 alternate PDF choices from the nominal choice, CT10, in Sherpa OpenLoops: MSTW

and NNPDF.

6. tt̄ + bb̄ multi-parton interaction not present in Sherpa OpenLoops. Estimated by looking

at a sample with increased MPI in PowHeg+Pythia..

7. tt̄ + bb̄ final state radiation not present in Sherpa Openloops. Estimated as the full

difference in the tt̄ + B category between Sherpa OpenLoops and PowHeg+Pythia, since

this contribution is dominated by FSR.

• t t̄ + cc̄ Additional uncertainties for the tt̄ + cc̄ background are obtained using the MAD-

GRAPH+Pythia generator, since MADGRAPH generates tt̄ + HF using matrix element

diagrams while Powheg relies solely on parton shower to generate the extra quarks. The

variations are carried out in MADGRAPH, relative to MADGRAPH nominal; the relative

differences are then applied to Powheg as systematics. Four variations are considered:

1. Factorization and renormalization scales.

2. Parton shower matching scale.

3. The mass of the c quark.

4. Full difference between MADGRAPH+Pythia and Powheg+Pythia tt̄ + cc̄ contribution.

• top+t t̄ pT re-weighting As mentioned in Section 5.3.2, a sequential re-weighting is carried

out on top quark and tt̄ system pT that resolves the difference between data and MC sim-

ulation at 7 TeV. The nine largest uncertainties associated with the measurement of the top
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quark and tt̄ pT are considered individually as sources of systematic error. For each sys-

tematic, corresponding correction factors are calculated and propagated to the re-weighted

distribution. The largest uncertainties include radiation modeling of tt̄ events, the choice of

generator, uncertainties on jet energy scale and resolution, and flavor tagging. Together, these

uncertainties represent 95% of the total known experimental uncertainty on the measurement.

Since the measurement of top quark and tt̄ pT were done inclusively, it is not clear how to

be sure of any differences in kinematics in the tt̄ + cc̄ sample. To account for this, additional

uncertainties are considered on the tt̄ + cc̄ sample, equal to the full difference between apply-

ing and not applying the top quark and tt̄ pT re-weightings. Two components are considered,

one for each re-weighting, in sequence; they are considered uncorrelated.

• Parton shower and hadronization An uncertainty derived from choice of parton shower for

the Powheg generator. By default, Powheg is interfaced with Pythia 6 for showering. Instead,

Powheg is interfaced with Herwig, and the difference in taken as a systematic. It is split into

three components for tt̄ + bb̄, tt̄ + cc̄, tt̄ + light, to allow for relative amount of HF to change

as well as total tt̄ normalization.

Small backgrounds modeling

• Z+jets The Z+jets sample is derived from simulation and normalized to the theoretical cross

section. It is then corrected using a data driven reweighting of the vector boson pT . The full

effect of this reweighting is included as a systematic in the analysis. Additional components

of the normalization uncertainty are included to account for the extrapolation of the estimate

to high jet multiplicity.

• Misidentified leptons The misidentified lepton background is estimated using two independ-

ent techniques; first using simulation and then cross checked using a data driven method. A

normalization uncertainty of 50% has been chosen to cover the difference between the two

methods. Additionally, a further systematic is included to account for the shape differences

between the two methods.
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• Single top Only Wt-channel single top production contributes to dilepton tt̄H production.

Thus the single-top normalization uncertainty is taken as the theoretical uncertainty on the

Wt-channel production cross section; the uncertainty is 6.8% [94]. A further uncertainty is

included as the full difference between two diagram overlap removal schemes in the Wt

channel, ‘Diagram removal’ and ‘Diagram subtraction’ [92].

• Diboson The uncertainty on the diboson sample includes the theoretical uncertainty on in-

clusive diboson production from an NLO calculation [90] of ±5% as well as uncertainties to

account for extrapolation to high jet multiplicity.

• t t̄ + V An uncertainty of 30% is assumed for the theoretical cross section of tt̄ + V . An

additional uncertainty, with both shape and normalization components, is included to account

for uncertainty in the amount of initial state radiation.

Signal modeling

The tt̄H sample is obtained using the PowHel NLO generator. The generator itself is used in

various ways to estimate the effect of several sources of systematic uncertainty.

• The renormalization and factorization scales are by default static and set to µr = µ f = mt +

mH/2. One variation is derived by modifying both scales simultaneously by a factor of 2 up

and down. The effect of these scale changes on the tt̄H system pT and top quark pT is studied

at particle level, and the nominal PowHel sample is re-weighted to match the changes.

• The default static renormalization and factorization scales are replaced by dynamic scales.

The dynamic scale choice is µr = µ f = (mT
t mT

t̄ mT
H)1/3, where transverse mass is defined as

mT =

√
p2

T + m2. The effect is studied at particle level and the nominal PowHel sample is

re-weighted to reflect the changes.

• The uncertainty due to the choice of parton shower and fragmentation software is estimated

by comparing PowHel+Pythia8 and PowHel+Herwig samples.

• The uncertainty due to the generator choice itself is estimated by comparing the nominal

PowHel+Pythia8 sample with a sample prepared using the MADGRAPH5_AMC@NLO
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generator interfaced with Herwig++.

• The uncertainty due to choice of PDF is evaluated following the recommendations of the

PDF4LHC working group for the use of parton distribution functions and of PDF uncertain-

ties at the LHC ([109]). The recommendation is to take as the total uncertainty the envelope

of variations provided by the three PDF sets, MSTW08, CTEQ6.6, and NNPDF2.0 and their

respective individual uncertainties.

5.8.3 Systematic Uncertainty Pruning and Smoothing

Some systematic variations are derived from samples with lower statistics than the nominal samples.

Due to having lower statistics, the probability for large statistical fluctuations to occur in the shape

of the distributions is increased. Since the shape of the systematic distributions is very important,

and large statistical fluctuations in the shape can lead to a poor fit with large over-constraints, a

smoothing procedure is applied to all systematics. The smoothing procedure consists of a limit on

the number of maximum variations (local maxima) allowed in a distribution.

Additionally, systematics which have a negligibly small effect are removed. This is done mostly

to reduce load on the fitting code and reduce CPU time. Any normalization systematic which has

an effect smaller than 0.5% is pruned. Similarly, any shape systematic which does not include a

variation of at least 0.5% in at least one bin per distribution is pruned.

5.8.4 Fit results

The results of the fitting procedure are shown in the following section. First, an ‘Asimov fit’ is

performed, where data is replaced by a template which is exactly the sum of background and

signal templates. This is a preliminary fit to judge performance of the fitting model. Additionally,

it plays a crucial role in the limit setting procedures described in Section 5.9. Since the fitted

‘pseudo data’ template is exactly the sum of signal and background, all nuisance parameter (NP)

nominal values should be centered at their pre-fit value, i.e. all nuisance parameter ‘pulls’ should

be zero. However, the same is not true for the NP constraints; the uncertainty on the pseudo data
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template is modified to match the statistical uncertainty on the data so that any prior uncertainty

values that are not supported by the data statistic are still constrained.

Asimov fit

A summary of the nuisance parameters after a fit to pseudo data are summarized in Figure 5.27.

The fitted value of each nuisance parameter is represented by the left/right position of the central

value of the corresponding uncertainty band. A constraint is represented by shrinking the width

of the uncertainty band to the post-fit size. The units, for both the pulls and constraints, are in the

width of the pre-fit 1σ uncertainty band for each NP. As expected, the central values are all sitting

on their nominal values while some constraints are evident.

As for detector systematics, few constraints are seen. The constraints that are seen, BTAG_BREAK5

and JES_Model1 are, as discussed in Section 5.8.2, the largest components of the b-tagging and jet

energy scale in-situ calibrations, respectively, after the eigenvector diagonalization method. Along

with JVF, they are all per-jet uncertainties that cause large total variations that are not supported

by the high statistics in control regions. They do not have a high impact on the analysis result.

The constraints of the modeling systematics are well in line with expectation. All significant

constraints are on the main tt̄ background cross section and modeling systematics, which are in-

tended to be comprehensive and conservative.
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Figure 5.27: Nuisance parameters fit to pseudo-data (Asimov fit).
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Data fit

Moving to the full data fit, a summary of the nuisance parameters after the fit to data are summar-

ized in Figure 5.28. The constraints in the data fit are nearly identical to those in the Asimov fit,

as expected. In addition to the constraints already explained, some systematics are pulled. Each

of the largest of the flavour tagging eigenvectors are pulled slightly, along with JVF and some JES

calibrations, all of which are explained in Section 5.8.2. All of the tt̄ cross-section uncertainties

are pulled up, as the amount of the primary background is increased from pre-fit values to better fit

data. Additionally, several of the tt̄ modeling uncertainties are pulled to fit the data, though none

are pulled above 1σ. The fitted value for the signal strength parameter is 2.8 ± 2.0.

0θ-θ
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

LUMI
ELE_ID_DILEP
ELE_RECO
ELE_RES
ELE_SCALE
ELE_TRIG
MUON_ID
MUON_RECO
MUON_RES_ID
MUON_RES_MS
MUON_SCALE
MUON_TRIG
JEFF
JER
JES_AF2Closure
JES_Det1
JES_Det2
JES_Det3
JES_EtaModel
JES_EtaStat
JES_FlavB
JES_FlavComp
JES_FlavResp
JES_Mixed1
JES_Mixed2
JES_Model1
JES_Model2
JES_Model3
JES_Model4
JES_Mu
JES_NPV
JES_PilePt
JES_PileRho
JES_SinglePart
JES_Stat1
JES_Stat2
JES_Stat3
JVF
BTAG_BREAK0
BTAG_BREAK1
BTAG_BREAK2
BTAG_BREAK3
BTAG_BREAK4
BTAG_BREAK5
CTAG_BREAK0
CTAG_BREAK1
CTAG_BREAK2
CTAG_BREAK3
LTAG_BREAK0
LTAG_BREAK1
LTAG_BREAK10
LTAG_BREAK11
LTAG_BREAK2
LTAG_BREAK3
LTAG_BREAK4
LTAG_BREAK5
LTAG_BREAK6
LTAG_BREAK7
LTAG_BREAK8
LTAG_BREAK9

(a) Systematics originating from detector uncertainties.
0θ-θ

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
Dibosons_XS_DILEP
Dibosons_XS_jet3
Dibosons_XS_jet4
Zjets_XS_DILEP
Zjets_XS_jet3
Zjets_XS_jet4
Zjets_pt
singleTop_XS
ttbar_Rw_BTagEff
ttbar_Rw_Fragmentation
ttbar_Rw_IFSR
ttbar_Rw_JER
ttbar_Rw_JES_Closeby
ttbar_Rw_JES_Det1
ttbar_Rw_JES_EtaCalib
ttbar_Rw_JES_FlavB
ttbar_Rw_MCgen
ttl_PartonShower
ttcc_PartonShower
ttbb_FSR
ttbb_MPI
ttbb_NLO_CSSKIN
ttbb_NLO_MSTW
ttbb_NLO_NNPDF
ttbb_NLO_QCMMPS
ttbb_NLO_RMBB
ttbb_NLO_scale
ttbb_PartonShower
ttbarV_XS
ttbar_XS
ttbar_bb 
ttbar_cc 
ttbar_cc _MG-MATCH
ttbar_cc _MG-MC
ttbar_cc _MG-PP
ttbar_cc _MG-Q2
ttbar_cc _Rw_Notoppt
ttbar_cc _Rw_Nottbarpt
ttH_Generator
ttH_PDF
ttH_PartonShower
ttH_Scale_Dyn
ttH_Scale_Var

(b) Systematics originating from modeling, etc.

Figure 5.28: Nuisance parameters fit to data.
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Combination fit

The analysis was performed alongside a complimentary analysis in the lepton+jets channel. The

two analyses were intentionally kept orthogonal for a combined fit and result. Given the higher

cross section of the lepton+jets channel at
√

s = 8 TeV, the combination has a large impact on the

result. The nuisance parameters from the combined fit can be seen in Figure 5.29. The combination

introduces additional statistics and greater power to constrain and pull nuisance parameters in the

fit. A significant pull is seen in in the jet flavor composition component of the JES calibration. This

pull has been traced to the low HT region of the 4 jet, 2 b-tag region in the lepton+jets analysis,

and does not impact the analysis. The pull on tt̄ +cc̄ parton shower is further pulled in the direction

of Powheg+Herwig, which is an increase over nominal, while the tt̄+cc̄ cross section falls. A good

agreement overall is seen between the two fits and the fitted signal strength for the combination

is 1.5 ± 1.1. Figure 5.30 shows the most significant nuisance parameters in the combination fit as

they are ranked by their impact on the signal strength parameter µ.
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Figure 5.29: Nuisance parameters in combination fit. Dilepton fit is shown in black and the combination fit
in red.
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5.9 Limit setting and results

The Profile Likelihood Fit, described above, allows to find fitted values of parameters, µ and θ,

that maximize the likelihood function. Ultimately the goal is to quantify the compatibility of the

measured data with two particular hypotheses: the test hypothesis, which corresponds to a scenario

with measured signal and positive µ, also referred to as the ‘signal plus background’ or ‘S+B’

hypothesis, and the null hypothesis, or ‘background-only’ or ‘B’ hypothesis, which corresponds

to no signal, i.e. µ = 0. To do this, a test statistic is constructed from the maximized likelihood

function. Such a test statistic λ is a function of the parameter of interest and is defined as:

λ(µ) =
L(µ, ˆ̂θ(µ))

L(µ̂, θ̂)
(5.6)

Where µ̂ are θ̂ are the values of the fitted parameters that maximize the likelihood. The value

of µ in the numerator corresponds to the hypothesis being tested, e.g. µ = 0 for background only

hypothesis, and ˆ̂θ(µ) are the profiled values of the nuisance parameters under the assumption of the

value of µ corresponding to the hypothesis being tested. This test statistic is known as the profile

likelihood ratio, but more often the actual statistic used is the log-likelihood ratio, qµ, defined as:

qµ = −2lnλ(µ), (µ ≥ 0)

qµ = 0, (µ < 0)
(5.7)

To quantify how well the data agrees with one of the hypotheses, a p-value is computed, which

represents the probability that the data is compatible with the tested hypothesis. The p-value can

be computed as,

pµ =

∫ ∞

qµ,obs

f (qµ|µ)dqµ (5.8)

Where f (qµ|µ) is the pdf of qµ assuming the hypothesis µ. In this way, the p-value is just

the integral of the portion of the test distribution that overlaps with the observed qµ value, as

illustrated in the left pane of Figure 5.31. Specific instances of the general form of qµ are used,

with corresponding restrictions, depending on the hypothesis being tested. For example, q0 is used
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to search for existence of a signal, where qµ′ is used to set upper limits.

As mentioned, to compute the p-value, the distribution of the test statistic given a value of µ,

f (qµ|µ), is needed. One possibility to generate this distribution is to create many pseudo data sets

and slowly populate the distribution. However, to get an accurate result, many iterations must

be performed and the cost is high. With a sufficiently large dataset, an alternative approach is

available due to the work of Wald [112] and Wilks [113]. An approximation to the test statistic is

constructed, from which the form of the pdf is garnered. In order to employ these approximations,

required information that characterizes the pdf is gathered from the Asimov dataset [114].

A p-value can be directly related to a significance, Z, by the equation,

Z = Φ−1(1 − p) (5.9)

Where Φ−1 is the inverse of the cumulative distribution of a standard Gaussian. In this way a

Gaussian distributed variable found Z standard deviations above its mean has an upper-tail prob-

ability of p; this is illustrated in the right pane of Figure 5.31.

(a) (b)

Figure 5.31: Illustration of p-value as the integration of the tail of a Gaussian and its relationship to signific-
ance Z.

Since the analysis herein has low sensitivity, i.e. the S+B hypothesis is very close to the B

hypothesis, a modified form of p-value is used to set limits, known as the CLs method [115, 116].

The modification is made to prevent irrationally excluding values of the test statistic due to a

background fluctuation. The modification is a simple one, CLs is defined as a function of p-values:
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CLs =
ps+b

1 − pb
(5.10)

Instead of a p-value, the CLs quantity is directly substituted in exclusion calculations. Qualitat-

ively, the effect this has can be seen in a scenario with low sensitivity where f (q|s + b) and f (q|b)

are close together, as in Figure 5.32. Where before the S+B hypothesis may have been excluded,

now the factor of 1 − pb in the denominator will be small, and the S+B hypothesis may not be

excluded [117].

Figure 5.32: Analysis with low sensitivity and overlapping test and null hypotheses.

Using the methods described here, upper limits have been set on the production of tt̄H at the

LHC by the current analysis. Generally, a 95% CL is chosen as a requirement to set exclusion,

i.e. a CLs less than 0.05 for the S+B hypothesis. The upper limits sets by the analysis described

here are summarized in Figure 5.33 for both single channels and the combination, as well as the

accompanying fitted signal strength parameters. Using the CLs method, upper limits are placed on

the tt̄H cross section at 6.7 times the SM at 95% CL in the dilepton channel alone, and 3.4 times

the SM at 95% CL in the combination, with a fitted signal strength of:
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µ = 1.5 ± 1.1 (5.11)
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Figure 5.33: Left) 95% CL upper limits on σ(tt̄H) relative to the σ/σS M prediction, for the individual
channels as well as their combination. The observed limits (solid lines) are compared to the expected
(median) limits under the background-only hypothesis and under the signal-plus-background hypothesis
assuming the SM prediction for σ(tt̄H) and pre-fit prediction for the background. The surrounding shaded
bands correspond to the 68% and 95% confidence intervals around the expected limits under the background-
only hypothesis, denoted by ±1 and ±2, respectively. Right) The fitted values of the signal strength and
their uncertainties for the individual channels and their combination. The green line shows the statistical
uncertainty on the signal strength.

5.10 Future outlook

To provide an estimate of future performance, with an increased center of mass energy and integ-

rated luminosity, a simple study was performed. Samples produced at
√

s = 8 TeV for this analysis

were modified to approximate equivalent samples produced at
√

s = 13 TeV and the expected limit

was re-calculated. Since tt̄ is by far the dominant background, it was the only background included

in this study. Samples were modified in two ways:

• A PDF reweighting tool, called PDFTool [118], was used to reweight the PDF functions to

13 TeV.

• A tt̄H pT reweighting was performed for signal samples, and a tt̄ reweighting was performed

for background samples.
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Additionally, cross sections were updated for the higher beam energy. All 13 TeV systematics

were created by multiplying the 13 TeV nominal sample by the ratio of the 8 TeV systematic

divided by the 8 TeV nominal. A summary of the resulting limits for various integrated luminosities

can be found in Table 5.3. All limits are the expected limits for the dilepton analysis only. Prospects

look very good for the future of the analysis; with 100 fb−1 of data, these projections indicate that

the dilepton channel alone will be in reach of observing the Higgs.

Beam Energy 5 fb−1 20 fb−1 30 fb−1 100 fb−1 300 fb−1

8 TeV 4.1
13 TeV 3.7 1.6 1.0 0.6

Table 5.3: Projected limits for future iterations of the analysis in ATLAS Run II with
√

s = 13 TeV with
various integrated luminosities.
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CHAPTER 6

A Search for R-Parity Violating

Long-Lived Supersymmetry

As discussed in Chapter 2, there exist models of Supersymmetry which allow for R-parity viola-

tion; super partners of Standard Model particles or ‘sparticles’ are allowed to decay freely to SM

particles. A further subset of these models exist where the decay of the lightest supersymmetric

particle (LSP) is suppressed enough that it will travel a measurable distance within the detector

before decay occurs. This subset of models is called, straightforwardly, R-parity violating long

lived (RPVLL) models. The analysis to be discussed in this chapter is a search for the existence of

one such RPVLL SUSY model.

An in depth presentation of this analysis is not a topic covered in this dissertation. Instead, a

short overview will be presented, and selected features which were the focus of the author’s work

will be elaborated upon.

An RPVLL model provides a very distinct signal, a high mass, measurably displaced vertex. In

principle the signal vertex can appear anywhere, in any region of the detector, including within the

beampipe region. For this analysis, the vertex is required to have a reconstructed mass of ≥ 10

GeV and ≥ 5 associated tracks. This provides a clear signal, however the difficulty lies in reliably

reconstructing a heavy vertex that is not at the geometric center of the detector. Existing vertexing

algorithms are designed with the goal of reconstructing the primary vertex. Indeed, even track
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reconstruction procedures are tuned for properly reconstructing tracks originating from the center

of the detector; the larger the impact parameters of tracks, the less precise track reconstruction

becomes.

For these reasons, a custom vertexing algorithm is commissioned to reconstruct displaced ver-

tices. The algorithm will be discussed in more detail in the next section, but a significant difference

between the primary vertexing algorithm and the custom algorithm is that only tracks with |d0| ≥ 2

mm are considered for vertexing when looking for displaced vertices only. Not only does this save

the trouble of removing the primary vertex (PV), it also greatly reduces runtime.

6.1 Background Estimation

In any detector analysis, there is a need to know the expected number of events expected to fall

into the signal region but resulting from background processes; for this analysis, the background

is the entire Standard Model. Since the signal includes a heavy displaced vertex, it is imperative

to know how often this algorithm will produce a ‘fake’ vertex that will satisfy the requirements to

enter the signal region.

Since hadronic interactions with detector material or gas within the volume of the detector play

a large role in the creation of displaced vertices, and the search takes place within several regions

within the detector each with varying material compositions, several background estimation meth-

ods are possible. Previous methods have relied on extrapolation of hadronic interaction probability

from within detector material, where there is abundant statistics from such interaction, to regions

between that are filled with gas. However, such methods cannot be used within the beampipe re-

gion, as the beampipe is kept in a state of high vacuum. A simple way to obtain the background

with the beampipe region is to simply look in an orthogonal dataset that does not impact the current

analysis, and this is exactly what was done prior to the work outlined by the author in this section.

The problem with this method is that it precludes the possibility of any other analysis using this or-

thogonal dataset to search for signal, when it would be much better suited to such a purpose. Thus

it is of great benefit that the method described here can be implemented using only the resources
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allotted to the original analysis, freeing the additional dataset for a secondary signal search which

can be statistically combined for increased total sensitivity. Since conception, the method has been

adopted by all analysis channels. A description of the method itself will follow below, after a brief

description of the vertexing algorithm that it was designed to model.

6.1.1 The vertexing algorithm

As mentioned previously, to find displaced vertices, a custom vertexing algorithm is used, built

upon the VKalVrt software package [119]. A brief outline of the algorithm:

1. Select reconstructed tracks which are unlikely to be primary tracks by requiring |d0| ≥ 2 mm.

2. Pair selected tracks to form 2-track seed vertices.

3. Iteratively merge and refit seed vertices to form larger N-track vertices.

4. Merge any vertices within 1 mm of each other.

5. Check vertices for consistency and cleanup.

A signal displaced vertex is required to have mass ≥ 10 GeVwith at least 5 associated tracks.

There are no known SM processes that can account for such a vertex alone, therefore the back-

ground should only be a function of spurious vertices resulting from vertexing anomalies. For

example it is possible for two real SM vertices to occur nearby and be merged by the algorithm.

This is much more likely to occur inside detector material due to material interactions, though

interactions with gas within the detector are also possible. However, the method described here is

only used within the beampipe region, which is enclosed in high vacuum, eliminating the possib-

ility of material interaction with detector material or gas.

Instead, the concern is that since the region inside the beampipe is so dense with tracks, they

may intersect and be reconstructed as a fake displaced vertex. Thus, the main component of the

background estimate described here is the expected number of fake vertices entering the signal

region due random track and vertex combinations; the final number includes additional multiplic-

113



ative factors corresponding to further, channel dependent, analysis cuts which are not described in

detail here.

6.1.2 Background sources

There are two sources of fake vertex background that must be considered:

1. Random vertex combination, e.g. two unrelated 2-track vertices occur closely together in

space and are merged into a 4-track vertex.

2. Random track crossing, e.g. a real 3-track SM decay is crossed by a random track and

detected as a high mass 4-track vertex.

The first contribution only is the focus of this section. The latter is discussed only briefly, as it

depends upon the results of a separate study which is not discussed.

The result of the background estimate is split into (i+j=N)-track combinations, where i,j are the

track multiplicities of the two vertices to be added and N is the track multiplicity of the resultant

vertex. For example, a 6-track vertex can by formed by i+j = 2+4,3+3, or a random track crossing

(5+1).

6.1.3 Method

Figure 6.1: Distribution of distance between 2-track vertices each taken from the same event
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The method exploits the behavior of the vertexing algorithm, which forms N-track vertices by

merging nearby 2-track seed vertices. Thus for each i+j=N-track contribution, the distribution of

distance between (i,j)-track vertices in an event is needed. To obtain this distribution, events with

at least two reconstructed displaced vertices are chosen and the distance in the x-y plane between

them is plotted for each (i,j)-track combination; this distribution for i,j=2 is shown in Figure 6.1.

Unfortunately, for N > 4, the number of events containing two vertices each with > 2 tracks is no

longer sufficient, as can be seen simply from Figure 6.2, and this method is no longer possible due

to lack of statistics.

Figure 6.2: Distribution of the number of tracks on vertices within the beampipe region.

To remedy this, it is postulated that the position of vertices in each event are uncorrelated. This

means that the distribution of distance between vertices in two different events should match the

distribution of distance between two vertices in the same event. This hypothesis is tested and the

result is shown in Figure 6.3. Since the two distributions show good agreement, either can be used

in the background estimate. Making this substitution is essential to obtain enough statistics for

higher N.

Once this distribution is obtained for each i+j=N-track combination, all that is left is to integrate

the distribution from 0 mm to some ε mm to estimate the number of fake vertices. Originally ε

was chosen to be 1 mm, since the last step of the vertexing algorithm merges all vertices within

1 mm of each other. However, upon inspection, vertices within ∼1.5 mm are merged naturally by

the algorithm, so this value has been adopted.
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Figure 6.3: Shaded area is the same as Figure 6.1. Solid line is the distribution of distance between 2-track
vertices each taken from separate events. Normalized to equal area in the region 0→ 50 mm

4-trk 5-trk 6-trk
2+2 3+1 Actual 3+2 4+1 4+2 3+3 5+1

0.3 ± 0.3 1.5 ± 0.3 4 (2 ± 2) × 10−3 0.07 ± 0.02 (4 ± 4) × 10−5 0 (6 ± 2) × 10−3

Table 6.1: Predicted numbers of vertices inside the beampipe for each (i + j)-trk combination, and the
random track crossing contribution. Integration range 0→ 1 mm

6.1.4 Results

Results are tabulated in Table 6.1 for an integration range of 0 → 1 mm, and in Table 6.2 for an

integration range of 0→ 1.5 mm. Obviously, the prediction from the vertex combinations increase

for a larger range of integration. It should also be noted that the contribution from (N-1)+1, or

‘random track crossing’, which is not described in this document, is significantly larger than the

vertex merging contribution. The method had been generalized and implemented in the latest

version of the analysis which includes many more channels and models than the original analysis,

including displaced vertex + muon, displaced vertex + electron, displaced vertex + missing energy,

and displaced vertex + jets [120]. The results for the displaced vertex + muon channel in the RPV

model are shown in Figure 6.4.
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4-trk 5-trk 6-trk
2+2 3+1 Actual 3+2 4+1 4+2 3+3 5+1

1.7 ± 0.3 1.5 ± 0.3 4 (7 ± 7) × 10−3 0.07 ± 0.02 (1 ± 1) × 10−4 0 (6 ± 2) × 10−3

Table 6.2: Predicted numbers of vertices inside the beampipe for each (i + j)-trk combination, and the
random track crossing contribution. Integration range 0 → 1.5 mm. Errors in this table for the 2+2, 2+3,
2+4 channels are only an initial approximation.

(a) (b)

Figure 6.4: Left: The distribution of signal candidates in terms of the vertex mass versus the number of
tracks in the vertex. The data distribution is shown with red ovals, the area of each oval being proportional
to the logarithm of the number of vertex candidates in that bin. The gray squares show the signal MC
sample. The signal region Ntr ≥ 5, mDV > 10 GeV is indicated. Right: RPV-scenario upper limits at 95%
confidence level on the number of neutralinos in 20.3 fb1. The different curves show the results for different
masses of the primary gluino or squark and of the long-lived neutralino, while the shaded bands indicate
±1σ variations in the expected limit.

6.2 Second Pass Vertexing

As discussed already in the beginning of this section and in subsection 6.1.1, this analysis relies

on an algorithm to reconstruct massive vertices that are displaced significantly from the primary

vertex. Also mentioned briefly are the difficulties associated with this endeavor. The topic of this

subsection is an algorithm designed to improve upon the performance of the original vertexing

procedure described in subsection 6.1.1. It has been dubbed Second Pass Vertexing (SPV) as it

allows tracks that were not vertexed in the original procedure a second chance to be included. The
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goal of this procedure is to restore reconstructed vertex track-multiplicity and mass closer to their

true values.

6.2.1 Displaced Vertexing Troubles

There are a few difficulties associated with reconstructing displaced vertices, in particular with the

algorithm employed in this analysis. The first is simply that tracks with large impact parameters are

less likely to be reconstructed, and when they are reconstructed they have larger errors. Secondly,

to keep vertex purity high and reduce runtime, tracks with low transverse impact parameter were

excluded from the original vertexing algorithm. While this does help to ensure that only secondary

tracks are placed on the secondary vertices, it also removes many tracks that belong on the dis-

placed vertex that simply happened to have low impact parameters relative to the PV. The result of

these effects can be seen in Figure 6.5.

To correct the first problem, a method called retracking was developed[120]. The goal of retrack-

ing is to reconstruct tracks with high transverse impact parameter. The details of the retracking

procedure are not discussed in this document. The solution to the second problem is the method

discussed here, namely Second Pass Vertexing, which aims to add tracks that were cut during the

initial vertex creation. SPV adds tracks to the vertex by estimating the distance of closest approach

of each track to every reconstructed vertex in the event. Essentially, if this distance is very small

with respect to a single vertex and large with respect to all others, it is added to the first vertex. Res-

ults show that SPV adds an average of 1.5 tracks per vertex, a 30% increase, without appreciable

increase in background.

For those interested, further detail of the study that led to the development of the Second Pass

Vertexing method is contained in Appendix A. In the following sections only the method itself will

be summarized and final results shown. It should be noted that the retracking procedure was not

used to obtain any of the results in this document.
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Figure 6.5: The dashed (blue) line is the number of tracks in reconstructed vertices that have been truth
matched. Solid (black) shows the number of tracks in the corresponding truth vertex.

6.2.2 Original Analysis

The RPVLL analysis reconstructs vertices by first making a series of track selection cuts primarily

designed to remove tracks originating from the primary vertex.

• χ2 < 5

• pT > 500 MeV

• nSCT hits > 2

• pixel holes < 4

• d0 wrt PV > 2mm
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The tracks that pass these cuts are fed into the vertexing algorithm outlined in Subsection 6.1.1.

It is important not to create ‘fake’ vertices, therefore the selection cuts for vertex creation are strict,

removing > 98% of Primary Vertex tracks. Doing so greatly reduces the number of tracks that the

vertexing algorithm must handle. Not only does this improve execution time, it also keeps signal

vertex detection purity high, as random track crossings are less likely. However, these cuts also

remove many tracks that belong on displaced vertices. This is acceptable in the vertex creation

step, but it is important to give those tracks which failed the strict selection cuts a second chance

to be vertexed. By adding a second step after vertex creation it is possible to loosen track selection

cuts to pick up some of these tracks that were missed and still maintain high vertex purity, because

creation of extra vertices is no longer a concern.

The Original RPVLL analysis used vertex mass and number of tracks to differentiate signal from

background vertices, specifically, m > 10 GeVand nTrks >= 5 was required for a vertex to enter the

signal region. Adding tracks that were previously cut due to track selection criteria increases vertex

mass and nTrks, increasing the difference between signal and background vertices and allowing for

tighter cuts without any appreciable loss of efficiency.

6.2.3 Method

Second Pass Vertexing begins after the final N-track vertex creation of the original analysis. The

first step of SPV is to extrapolate every reconstructed track to each of the reconstructed displaced

vertices and measure impact parameters relative to that vertex. For each track, the smallest and

second smallest d0 and z0 are stored, as well as the index of the ‘nearest’ vertex in both d0 and z0.

There are four tunable parameters which determine whether a track is added to a vertex:

• SecondPassDstFromVertexCut: Closest vertex is within some absolute cut in d0 and z0.

Default value = 1 mm.

• SecondPassDstToNextVertexCut: Closest vertex is at least [some amount] closer than the

next closest displaced vertex in both d0 and z0. Default value = 2 mm.

• SecondPassDstFromPVCut: Closest vertex is at least [some amount] closer than the PV in

120



d0. Default value = 0.75 mm.

• Same Vertex Cut: Closest vertex in d0 and z0 is the same vertex.

With default values, an average of 35% of displaced vertices are modified.

After tracks are added, each vertex is refit. Since the vertex now contains additional tracks,

the vertex position, mass, χ2 and number of degrees of freedom (ndof) can change. Comparisons

of vertex properties before and after the Second Pass Vertexing step are shown in the following

section.

6.2.4 Results

A series of plots to show the difference in vertex properties before and after Second Pass Vertexing

are shown below. The simplest of these is a 2D plot of the old property vs the new property per

vertex. Figure 6.6 shows this plot for vertex mass, Figure 6.7 for number of tracks, Figure 6.8 for

χ2 per ndof and Figure 6.9 for vertex position. The behavior is as expected, though χ2/ndof does

increase marginally. Future improvements may look at loosening the cut on this variable.

As previously mentioned, the RPVLL analysis used a m > 10 GeVand χ2/ndof < 5 cut to se-

lect candidate signal vertices. Figure 6.10 shows events which contain vertices that are moved

into the signal region by the Second Pass Vertexing algorithm; that is, they failed either the track

multiplicity or mass cut beforehand.

Final efficiency cutflow before and after SPV is summarized in Table 6.3. Table 6.4 shows the

same information for background Monte Carlo sample. Background events increase from 1 to 8 in

1.4 million before muon cuts are applied. However after muon cuts, background is reduced to zero

in either case.

The cutflow tables (Table 6.3 and Table 6.4) are the result of 10 cuts without muon and 19 cuts

with muon requirements included. Table 6.3 shows that SPV increases final signal efficiency by

10%. The additional muon requirement brings final efficiency down 40%; however, the muon cut

also serves as an extra ‘handle’ to keep background effectively zero, as seen in Table 6.4.
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Figure 6.6: Signal MC. Vertex mass before and after Second Pass Vertexing adds additional tracks. Old
value on X axis, New value on Y axis.

Signal (10k events) % of Events
All Cuts 48%
All Cuts with SPV 53%
All Cuts with SPV + muon 16%

Table 6.3: Signal Monte Carlo CutFlow data. Percentage of events that pass analysis cuts with and without
SPV.

Background J5 (1.4×106 events) Fraction of Events
All Cuts 7×10−7

All Cuts with SPV 5×10−6

All Cuts with SPV + muon 0

Table 6.4: Background Monte Carlo CutFlow data. Percentage of events that pass analysis cuts with and
without SPV.
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Figure 6.7: Signal MC. Vertex nTrks before and after Second Pass Vertexing adds additional tracks. Old
value on X axis, New value on Y axis.

Figure 6.8: Signal MC. Vertex χ2 per ndof (a) Old vs New. Old value on X axis, New value on Y axis. (b)
Old - New. Vertices that were not changed are excluded.
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Figure 6.9: Signal MC. Vertex Position: New - Old for (a) vertex R position and (b) vertex Z position.
Vertices that were not changed are excluded.

Figure 6.10: Signal MC events that failed either m > 10 GeVcut or nTrks > 6 cut before Second Pass
Vertexing and pass both cuts afterwards. Additionally χ2 < 5 is required (as it is in the analysis).
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CHAPTER 7

Conclusion

The Standard Model remains the theory which provides the best description of the fundamental

particles and their interactions. Within the past few years, understanding of the Standard Model

has grown considerably, and it continues to do so as the upgraded LHC collects more data in Run

II.

Two analyses have been presented in this dissertation, both using 20.3 fb−1 data collected from

the ATLAS detector at
√

s = 8 TeV and built upon the work of countless physicists and engineers

in the ATLAS collaboration and CERN. The first analysis is a search for the Standard Model Higgs

boson in association with a top quark pair. A measurement of this process provides direct access

to the Yukawa coupling of the top quark to the Higgs field, a parameter which is both important for

its implications in the ‘naturalness’ problem and difficult to obtain through other measurements.

It is a very difficult analysis, with an overwhelming tt̄ + jets background, bringing background

modeling and signal/background discrimination to the forefront. No evidence for the tt̄H process

is found, but a 95% CL is set at 3.4 times the SM production in the combination with a fitted signal

strength parameter of µ = 1.5 ± 1.1.

The second analysis is a search for a model of R-Parity violating long-lived Supersymmetry.

While an overall more straightforward analysis, it presents unique challenges in the search for

massive displaced vertices which are not easily reconstructed with the ATLAS detector, and cer-

tainly not with the de-facto algorithms available for track and vertex reconstruction. The author’s
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contribution to this analysis are more concise and easier to outline. The fist contribution is a method

to estimate the background contribution in the region inside the beampipe. Since this region is in

high vacuum, this amounts to estimating the random background from the vertexing algorithm

alone. The method presented builds a vertex position distribution and extrapolates (integrates) to

estimate the number of N-track vertices. Unlike the predecessor method, the algorithm can be run

from within the signal region without impacting the result, which allows more data to be used for

signal searches. This method was used and later generalized to other regions in the analysis.

The second contribution is a vertexing improvement meant to restore the track multiplicity and

mass of reconstructed vertices closer to their true values. While this method showed some promise,

it was eventually decided that it would not be included in the final analysis.

As the Large Hadrcon Collider reaches higher energy and collects more data, it is hoped that

the results presented within this document will be quickly rendered obsolete as new findings shine

light into shadows and crevices, threatening to reveal the long hidden secrets of φύσις.
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APPENDIX A

Second Pass Vertexing Studies

In light of Figure 6.5 it was clear that not all tracks were being recovered and vertexed as they

should be. However it was not known why; there are a few possibilities. One possibility is that

the tracks are lost in event reconstruction, potentially due to a higher than normal d0. A second

possibility is that it is a limitation of the chosen vertexing algorithm. Certainly a third possibility

is that the tracks fail the selection cuts prior to the vertexing step, so the vertexing algorithm has

an opportunity to vertex them.

For this purpose a truth study was run. Reconstructed tracks are placed into the following cat-

egories:

• Correctly Assigned: These tracks are reconstructed, truth matched, and assigned to the

correct reconstructed vertex.

• Missed: Reconstructed, truth matched, belong in a truth signal vertex but are not assigned to

a reconstructed vertex.

• Correctly not Vertexed: Truth matched, but do not belong to a truth LSP vertex (background

or primary vertex track), and correctly not assigned to a displaced vertex.

• Fake: Truth matched, do not belong to a truth signal vertex, but are assigned to one anyway.

• Not Matched: These tracks aren’t truth matched, and thus were not included in this analysis.
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Figure A.1: Signal MC reconstructed track d0 with respect to Primary Vertex. Track categories defined
above.

• Wrong: Truth matched, belong in a truth signal vertex, but assigned to the wrong recoVtx

(Exceedingly rare)

Track parameters are viewed for each category. Figure A.1 shows d0 with respect to the primary

vertex for Correct, Missed, Fake, and Correctly Not Vertexed tracks. Two things are apparent from

this plot. Since there are a significant number of Missed tracks, track reconstruction is not the

primary issue. Secondly, most of the Missed tracks have a d0 wrtPV < 2, meaning they failed the

selection cuts for initial vertex creation.

Knowing this, the track selection cuts in the vertex creation could be changed, but doing this

would risk flooding the vertexing algorithm with too many tracks, thereby increasing the potential

of creating fake vertices. Instead, effort was put into developing a way to determine which vertex
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these tracks belong to after the initial vertex creation. It seems natural that the tracks should have

lower d0 and z0 with respect to the vertex they belong to. To verify, the following plots were made:

• Correctly Vertexed track d0’s wrt the vertex they are on. Figure A.2 (a) (solid)

• Missed track d0’s wrt the vertex they belong to. Figure A.2 (b) (solid)

• Correctly Not Vertexed track d0’s wrt every vertex they don’t belong to. Figure A.2 (b)

(filled)

Figure A.2: Signal MC track d0 for (a) Correctly Vertexed tracks wrt the vertex they are on (b) Missed (solid
blue) and Correctly Not Vertexed (filled histogram)

From Figure A.2 it is clear that missed tracks do usually have very small impact parameters

relative to the vertex to which they belong. Moreover, reconstructed tracks have a much wider

distribution of d0 (and z0) wrt to vertices to which they do not belong. This suggests that a straight-

forward d0 and z0 requirement to be added to a vertex may be successful. However in Figure A.2 (b)

we also see that tracks do sometimes pass closely to vertices they do not belong to. It is not clear

from these plots how often an incorrect vertex is closer than the correct vertex.

To investigate this issue, the d0 of the Missed track with respect to its correct vertex was com-

pared with respect to the closest vertex that is not the correct vertex, as shown in Figure A.3. The

distribution shows that it is almost always the case that the closest vertex is the correct vertex (for

truth matched, Missed tracks).
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Figure A.3: Signal MC Missed track d0 wrt its correct vertex − d0 wrt closest vertex that is not the correct
vertex

It seems, then, that requiring an absolute d0 cut as well as a ‘difference cut’ between the closest

and second closest vertex would be a successful way to differentiate which vertex a track belongs.

The final set of cuts have been discussed in section 2.2.

If this set of cuts is passed, each track is added to its closest vertex. As a measure of success,

the number of Correctly Vertexed and Missed tracks was counted for each event; the average of

these values is tabulated in Table A.1. Before Second Pass Vertexing, the number of correctly

vertexed tracks is 12, while there are 25 Missed. Afterwards, correctly vertexed is increased to 17

and Missed reduced to 20. It is also of interest to note that it is rare for an unmatched track to be

vertexed; therefore we can be sure that nearly all tracks being added to vertices do indeed belong.

Effects on final efficiency can be found at the end of the main document.
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Table A.1: Signal MC truth study results.
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