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Abstract

This thesis presents a study of leptonic signals of possible extensions to the Standard Model at the
LHC and the ability of the ATLAS detector to trigger on these. In particular, this work focuses on
the effects of lepton isolation on the electron trigger at ATLAS.

Monte Carlo simulations of supersymmetric processes at benchmark points and top quark
decays are studied as well as dileptonic decays of Z-bosons. Differences are observed in the
efficiency of the leptonic trigger between “busy” events, such as SUSY and top samples, and
the events containing well isolated leptons commonly used to evaluate trigger efficiencies. It
is shown that these differences can be explained in terms of the main kinematic properties and
isolation of leptons and that a data driven efficiency measurement can be obtained using the Z-
boson resonance. This method is applied across scans of supersymmetric parameter space as a
weighted average, and it is shown that trigger efficiencies are high and consistent for the wide
variety of models considered.

Further studies examine the highly energetic electrons expected to be produced in the decays
of hypothesised new heavy neutral resonances. It is shown, due to the shower structure of very
energetic electrons, that isolated triggers are unsuitable for such signatures. Moreover, a data
driven measurement of the electron’s properties in terms of their main kinematic properties is
shown to be sufficient to explain the observed efficiencies for non-isolated triggers.

Finally, an initial study of the very first electrons produced in LHC collisions is presented,
which displays good agreement between the data and the Monte Carlo prediction for the main
kinematical variables and electromagnetic shower shapes. The efficiency of the lowest energy

threshold electron trigger is measured and seen to be high and consistent with the MC prediction.
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Preface

In December 2009 the Large Hadron Collider (LHC) at CERN collided beams of protons for
the first time. This moment marked the beginning of a long search for new particles, forces and
dimensions in an energy regime never previously explored at any experiment. Positioned at the
beam collision points around the LHC ring are four large, complex detectors. These are designed
to record and analyse the glimpses of the unknown high energy world provided by LHC collisions.
These experiments will test the current theoretical framework of particle physics, the Standard
Model (SM), to new levels of precision, and will search for the tell-tail signatures of new, Beyond
the Standard Model (BSM) physics.

The rate at which the LHC will produce collisions is 10> times higher than the technologically
imposed upper limit at which the detectors are able to record data. The choice of which collisions
to record and which to discard is achieved via the use of trigger systems. It is these which control
which physical processes it is possible to study and which it is not. One tried and tested method
for the selection of interesting collisions is via the identification of energetic leptons. This the-
sis presents a study of the ability of one LHC detector, ATLAS, to select leptons (in particular,
electrons) produced in the decays of BSM particles. Particular attention is paid to those leptons

produced by the decays of supersymmetric particles and new neutral heavy resonances.

This thesis is organised in the following way:

e Chapter 1 provides a short overview of the Standard Model of particle physics, and the
theoretical motivations for its extension, including an introduction to supersymmetry; the

main topic of this thesis, and to some BSM neutral resonances.

e Chapter 2 will then discuss the ATLAS experiment at the LHC, the tool with which experi-

mental particle physicists hope to discover evidence for BSM physics.

e Chapter 3 presents an overview of the ATLAS trigger system, with particular attention paid
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CONTENTS

to the electron and muon trigger systems.

e Chapter 4 introduces the Monte Carlo simulation methods used at ATLAS, and the prescrip-
tion by which particle objects and kinematical variables are reconstructed within the ATLAS
detector. This chapter provides the final piece of introductory material needed before dis-

cussion of the author’s own work can begin.

e Chapter 5 presents the results of studies of the efficiency of the ATLAS trigger to select
individual, well isolated electrons in simulated events of single electrons and the Z—e™*e™
process. This chapter includes a discussion of a method for the extraction of trigger effi-

ciencies directly from collision data.

e Chapter 6 expands the work of the previous chapter to study the electron trigger efficiency
in the complex, hadron rich environments expected to be produced via the decays of super-
symmetric particles and jet rich SM events. This chapter describes a new method for the
expansion of data driven efficiency measurements to determine efficiency in these “busy”
events. A discussion of “fake” electrons, their effects on trigger efficiencies and their origins

is also presented.

e Chapter 7 utilises the results of Chapter 6 to extract a measure of the performance of both the
electron and muon triggers in supersymmetric models across a wide range of phenomeno-

logically motivated scenarios.

e Chapter 8 moves away from supersymmetry, to study the efficiency of the electron trigger,
and the effects of the electron isolation thereof, in the selection of the very energetic elec-
trons characteristic of the decay of heavy BSM neutral resonances. This chapter, again,

includes a prescription for the determination of this efficiency from data.

e Chapter 9, the final chapter, presents a preliminary analysis of electrons produced in the very
first collisions produced at ATLAS by the LHC. This includes an extraction of the efficiency

of the most inclusive electron trigger used in the very early stages of data taking.

Chapters 6, 7 and 8 are the author’s original work. The work in Chapters 5 and 9 was conducted
by the author in collaboration with members of the relevant physics and performance working
groups of the ATLAS collaboration. All the figures shown in these chapters were produced by the

author.



Chapter

Theory and Motivation

This chapter presents a brief overview of the Standard Model, the current theoretical framework
of fundamental particle physics, along with a discussion of some of its limitations, omissions and

possible extensions.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a model of the dynamics of fundamental particle
interactions set within the mechanical formalism of Quantum Field Theory [1, 2]. Particles are the
quanta of the underlying fields and all fundamental interactions arise from the general principle of
local gauge invariance.

Observed particles, as characterised by the SM, fall into two distinct categories: matter par-
ticles, which are spin—% fermions (f), and force carriers, which are spin-1 bosons. Fermions can
further be subdivided into particles that feel the strong force; the quarks, and particles that do not;
the leptons. The full assembly of known fundamental particles is presented in Figure 1.1.

Quarks come in six types or flavours and are arranged into three distinct families, also known
as generations. The first generation is comprised of the up quark, and the slightly heavier down
quark. These have charges (Q) (in units of the charge of the electron e) of —1—% and —% respectively.
The two following generations are successively more massive and likewise consist of a doublet of
an up-type quark and a down-type quark. The second generation consists of the enigmatically
named charm and strange quarks, while the third generation includes the fop and bottom quarks.
Each quark carries a quantum number called colour, which can be either red, green or blue. Free
quarks have never been observed directly, instead they are confined inside composite systems
known as hadrons. The most commonplace hadrons are the proton and the neutron, three-quark

systems made up of the lightest two quarks, up and down.

12
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Figure 1.1: The known particle content of the Standard Model of particle physics.

Similarly, there exist six leptons which are also classified into three families: the familiar
electron-type leptons, the muon-type and the rau-type. Each lepton family consists of a doublet
including a charged lepton and its corresponding neutral neutrino. The mass of the charged leptons
increases from one generation to the next, as it does for the quarks. In the simplest version of
the SM, neutrinos are considered massless. However, recent observations of neutrino flavour
oscillations has shown that at least two neutrinos must have small masses [3, 4].

To each matter particle there exists a corresponding anti-particle with the same mass but oppo-
site charge. These are usually denoted with a bar or with a superscript indicating opposite charge.
Some properties of the SM fermions are summarised in Table 1.1.

Interactions between fermions are mediated by the emission and absorption of gauge bosons.
The SM describes three of the four known fundamental forces of nature: the electromagnetic (EM),
the strong and the weak forces. The type of exchanged boson determines the type of interaction.
The EM force is mediated by the massless photon, the strong force is mediated by eight massless,
coloured gluons, and the weak force is mediated by the massive W* and Z bosons. These forces
couple to electric charge, colour and weak isospin, respectively. Table 1.2 shows the pertinent
masses and the relative coupling strength of each force at low energies.

The simplest version of the SM also includes a neutral, spin-0 Higgs boson, which is involved
in the generation of particle masses [6]. The Higgs boson has yet to be observed experimentally.

The fourth fundamental force, gravity, is conspicuously absent from the SM. In principle gravi-
tational interactions should also be describable in terms of the exchange of a graviton gauge boson.
However attempts to create a satisfactory quantum field theory of gravity and incorporate this into

the SM have so far failed.
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Table 1.1: The masses and charges of the fermions [5].

Fermion Symbol Mass Qe
up u 1.5-3.3 MeV
charm c 1.27 GeV %
top t 171.3 GeV

down d 3.5-6 MeV
strange S 105 MeV —%
bottom b 4.2 GeV
electron e 0.511 MeV

muon u 105.7MeV ~ —1
tau T 1.78 GeV
electron neutrino Ve <2eV

muon neutrino Vu <0.19MeV 0
tau neutrino Vi < 18.2 MeV

Table 1.2: The masses and properties of the bosons [5] .

Boson Symbol Mass [GeV] Q/e Typical coupling

photon Y 0 0 %
gluon g 0 0 1
z z 91.189 0 106
W W 80.398 +1 106

The SM is an exceptionally successful theory and contemporary experimental particle physics
is the study of the successes and, more notably, the omissions of the SM. To understand the SM it is
necessary to understand the forces it describes. The following sections will describe each of these

forces in turn, then the unification of the EM and weak forces, and finally the Higgs mechanism.

1.1.1 Quantum Electrodynamics

With the exception of gravity, electromagnetism is probably the force most familiar to us in our
everyday lives. This is the force responsible for electricity, light, friction, chemical bonding and
the vast majority of everyday phenomena. Perhaps as a consequence, the theory of electromag-

netism, or Quantum Electrodynamics (QED), is the oldest and most successful of the dynamical
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theories that were eventually brought together to form the SM.

f

Figure 1.2: The basic interaction vertex of QED. In this diagram, and all subsequent diagrams, time runs
from left to right.

All QED can be represented simply with interactions of the form of Figure 1.2. This shows
the interaction of a charged fermion with a quantum of the electomagnetic field, a photon, and can
describe both the emission and absorption of photons and the creation and annihilation of particle-
antiparticle pairs. The strength of any interaction is characterised by a coupling constant associated
with each vertex. The EM force couples to electric charge, so the strength of EM interactions is
related to the charge of the fermions involved. Physical processes can be understood by combining
primitive vertices into complete diagrams, known as Feynman diagrams. Such diagrams are an
elegant representation of a process, with the external lines telling the nature of the process and
the internal lines describing the mechanism involved. More complicated diagrams, with multiple
vertices are generically referred to as higher order diagrams. Any given process is described by
the sum over all possible internal states, that is to say the combination of all possible Feynman
diagrams of all orders. Two examples of Feynman diagrams of QED processes are shown in Figure

1.3.

~
~
~
~

Figure 1.3: Two QED Feynman Diagrams for the process ff — ff.
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A general framework for theories involving the exchange of vector bosons, or local gauge
theories, was proposed by Yang and Mills in 1954 [7]. QED is an example of such a theory. The
dynamics of non-interacting massive fermion fields are described by the Dirac equation [8]. Inter-
action terms are added to this by requiring that the appropriate Lagrangian remain invariant under
a local phase transformation, namely under the rotation of the fermion field through an arbitrary
phase that is also a function of position. To preserve the invariance of the Lagrangian it is neces-
sary to introduce a new massless vector field, identified with the photon field which must transform
appropriately under a local gauge transformation. In other words, the Lagrangian does not change
if the fermion field is altered by an arbitrary phase factor, as long the photon field is consistently
altered. The final Lagrangian that satisfies the above requirements is then the Lagrangian which
describes QED. This is observed to contain terms interpreted as an interaction of the form shown
in Figure 1.2, where a charged fermion interacts with a massless photon. The imposition that
the physical system remains invariant under this interaction results in the conservation of electric
charge as required by experimental observations.

The local gauge transformation performed in QED can be thought of as a transformation under
the symmetry group of U(1) unitary matrices of dimensions 1 x 1, where charged fermions interact
with a single massless field. Similarly to QED, the theories describing the strong and weak forces
are constructed via the extension of the principle of local gauge invariance to other symmetry

groups. These will be the subject of the following sections.

1.1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory that describes strong interactions.
The strong force is responsible, for example, for the binding of nuclei. In analogy to the EM force
and its relationship to the electric charge, the strong force is said to couple to colour charge. Thus
only the coloured particles, quarks and gluons, can partake in strong interactions. In QCD the
local gauge group is SU(3) and fields transform in the vector space of colour. To preserve local
gauge invariance, eight massless vector fields are introduced, the quanta of which are the eight
gluons.

The fundamental interaction vertex of the strong force is shown in Figure 1.4 as the interaction
of quarks with a gluon field. The group SU(3) is said to be non-Abelian, referring to the fact that
not all of the group generators commute. This feature leads to the inclusion of self-interaction
terms of the fields in the Lagrangian, the likes of which are not present in QED, and therefore to
the inclusion of triple and quartic gluon vertices as shown in Figure 1.5. In physical terms this

arises as the gluons themselves possess colour and so are able to self-couple. In QED the photon
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Figure 1.4: The basic interaction vertex of QCD.

Figure 1.5: The gluon self interaction vertices.

was electrically neutral and therefore not able to self interact.

The strong interaction preserves electric charge, colour and quark flavour. Other interesting
and peculiar features of QCD include asymptotic freedom and colour confinement, both discussed
below.

Asymptotic freedom relates to the decrease of the strength of the strong coupling constant
with decreasing distance. This can be understood by considering higher order loop corrections
to given processes. A QED example of this is shown in Figure 1.6 as a fermion loop in the
interactions between two electrons. The virtual pair contribute to the energy dependence of this
process resulting in a net decrease of the effective coupling at low energies or long ranges.

In QCD, loop corrections are provided by quark-anti-quark and gluon-gluon loops, as shown
in Figure 1.7. The quark-anti-quark loops have a similar effect to charged fermion loops in QED
and serve to reduce the coupling strength of the strong force at long ranges. Gluon loops, on the
other hand, contribute to the energy dependence with the opposite sign and lead to a net increase
in coupling at large ranges. Due to the balance in the number of quark flavours and the number

of colours, the gluon-gluon effect is dominant and the coupling of the strong force increases at
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Figure 1.6: Loop corrections in EM interactions. Such interactions are responsible for the decrease in the
effective strength of the EM interaction at low energies. In addition to the one loop correction shown, higher
order terms with two or more loops are also important.

114

Figure 1.7: Loop corrections in strong interactions.

long range and decreases at short distances. This leads to the phenomenon of quark confinement,
whereby isolated quarks are never observed. Confinement has important consequences for the
phenomenology of collider signatures where energetic quarks or gluons are produced, resulting in
the production of collimated jets of hadrons in the final state.

The final distinction between QCD and QED is that whilst free particles with net electric
charge are observed in nature, no particles with net colour have ever been observed. Coloured
particles are confined to colourless bound states. Such colourless states can be constructed either
as three quark systems containing red, green and blue quarks (or anti-red, anti-green and anti-blue)
or as two quark states containing a coloured and an anti-coloured quark. The three-quark states
are collectively know as baryons, of which the proton and the neutron are familiar examples. Two-
quark systems are known as mesons, the most common example being the pion, which consists of

up and down type quarks and anti-quarks, and comes in charged and neutral varieties.
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1.1.3 The Weak Force and Electroweak Unification

The third force incorporated into the SM is the weak force. This is the force responsible, for
example, for nuclear beta decay and which also plays an important role in fusion mechanisms
in stars. Like QED and QCD, the theory of the weak force is arrived at by the requirement that
the appropriate Lagrangian remain locally gauge invariant. In this case it is required that the
Lagrangian describing the interactions of left-handed fermion doublets is invariant under SU(2),
transformations in the vector space of weak isospin, /. Glashow, Weinberg and Salam [9, 10, 11]
extended this theory by the expansion of the gauge group to SU(2); x U(1)y, such that the weak
and EM forces became two facets of the same Electroweak (EW) force and are unified at high

energies. Here the gauge group U(1)y of weak hyper-charge Y is defined by:

0=Y+h, (1.1)

where Q is the electric charge and /5 is the third component of weak isospin. In order to retain
local gauge invariance, four fields are introduced, W,,1 >3 and By. The EW vector bosons 7, Z, and
W, are then the quanta of the mixing of these four fields [1].

In the EW theory, right handed fermions now transform under U(1)y only, whilst left handed
fermions transform under SU(2);, x U(1)y. By treating left and right handed fermions differently,

the weak force maximally violates parity. Like QCD, this theory is non-Abelian, so it also includes

self-interaction terms in the Lagrangian.

I* V)

~

Figure 1.8: The interaction vertex of weak gauge bosons and leptons.

Weak processes involving leptons consist of the fundamental vertex shown in Figure 1.8 and
can involve either the charged W-bosons (charged-current interactions), or the neutral Z-boson
(neutral-current interactions). Charged-current interactions must involve the conversion of charged

leptons into the corresponding lepton neutrino in order to preserve charge. The resultant lepton
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Figure 1.9: The interaction vertex of weak gauge bosons and quarks. Unlike leptons the weak eigenstates of
quarks are not the mass eigenstates, this can result in FCCC, where by a up or down type quark is produced
in conjunction with a down or up type quark of a different generation.

is of the same generation (i.e, no vertex exists where a muon transforms into an electron or tau
neutrino), so lepton number remains conserved.

Weak vertices involving quarks are shown in Figure 1.9. Rather than coupling to the mass
eigenstates of down type quarks (d,s,b) the weak force instead couples to weak gauge eigenstates
d’, s' and b'. These are formed of linear combinations of the mass eigenstates of down-type quarks
as described by the CKM matrix [12]. This generational mixing allows for so-called flavour-
changing charged-currents (FCCC), whereby quarks of different flavours are involved at a single
weak vertex. Cross generational FCCC are suppressed with respect to inter-generational processes
and likewise doubly cross generational reactions are doubly suppressed. Flavour-changing neutral-
currents (FCNC) are not allowed in the SM. As in EM and strong interactions, weak interactions

preserve charge, colour and weak isospin.

1.1.4 Mass Generation and the Higgs Boson

The theories of the strong and EW interactions can be combined into a single Lagrangian which is
invariant under SU(3)¢c xSU(2); xU(1)y transformations. Such a theory describes all three forces
but is missing a crucial piece. The W* and Z bosons, unlike photons and gluons, are massive,
and the procedure used so far does not include a prescription for the inclusion of their masses.
In fact, in order to retain the local gauge invariance of the Lagrangian, the masses of the gauge
fields must explicitly be set to zero. In 1971 it was shown by ’t Hooft that in order for a theory to
be renormalisable, and produce meaningful predictions, then the theory must retain local gauge
invariance [13]. Therefore, in order to obtain a successful, predictive theory, the Lagrangian should
be constructed in such a way that mass terms are included yet local gauge invariance is retained.

One proposed methodology that does just this is the Higgs mechanism [6].
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The Higgs mechanism involves the generation of mass terms via the use of a spontaneously
broken symmetry. This is done by the introduction of a potential to the Lagrangian which contains
both quadratic and quartic functions of the associated fields. Such potentials can be chosen such
that the symmetry of the overall system is preserved but the lowest energy state of the system is
no longer at zero. Instead a new minimum must be spontaneously chosen to be the ground state
of the system. As this new ground state will not be at zero, the symmetry of the system is now
broken. This results in the inclusion of mass terms in the Lagrangian whilst retaining its local
gauge invariance. The mass terms are generated or revealed by the choice of the new ground state.

Applying this procedure to the SM Lagrangian leads to the creation of four new scalar fields
with non-zero values of hyper-charge, isospin and charge. Three of these fields are associated
with massless scalar bosons and one with a massive scalar boson. The three massless Goldstone
bosons are used to give masses to the weak gauge bosons and hence break the symmetry of the
EW interaction. The fourth boson remains in the theory as the elusive Higgs boson. The non-zero
ground state or vacuum expectation value of the system results in the vacuum everywhere gaining
the ability to emit or absorb neutral colourless Higgs bosons that carry isospin and hyper-charge.
Therefore fermions and weak gauge bosons that can couple to this new boson acquire mass, but the
gluon and photon, which cannot, remain massless. The additional couplings between the Higgs
boson and the SM fermions are termed Yukawa couplings. Thus the Higgs mechanism allows
masses to be generated in a way that does not violate local gauge invariance, while the theory

remains renormalisable.
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Figure 1.10: Experimental search limits on the mass of a SM Higgs boson from (left) the H — ZZ channel
at LEP [14] and (right) the H — WW channel at the Tevatron [15].

The Higgs boson remains unobserved and as such the SM remains incomplete. Figure 1.10
shows the current experimentally excluded mass region for the Higgs boson, from LEP [14] and

Tevatron searches [15]. Unless current Higgs theories are severely wrong then a SM Higgs boson
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should be observable at the LHC.
The Higgs mechanism is not without its caveats. The mass of the Higgs boson my, is required
by EW unitarity to be of order of a few hundred MeV. Yet it is subject to large corrections dmy to

its bare mass my, proportional to the square of the masses of each particle in the theory [16]:

mi = m+dmy, (1.2)
where
A A As)? A
2 s 2 2 Uv f 2 2 Uv

The first term in Equation 1.3 defines the correction due to scalars of mass m and the second term
is the equivalent for fermions of mass my. Here Ay, A, are the couplings between the Higgs and
these particles and Ayy is the energy cut-off scale to which the theory is valid or, equivalently,
the mass of the heaviest particle in the theory. The Higgs mass is therefore disturbingly sensitive
to the scale of any high mass physics. This would not be an issue were the SM an exhaustive
description of the universe but, as previously stated, this cannot be the case. Quantum gravity, at
the very least, is lacking a description within the SM and effects of this are believed to become
important around the Planck Mass (Mp) ~ 10" GeV. If Ayy is identified with Mp then both terms
in 1.3 will add extremely large corrections to the Higgs mass, such that fine tuning of parameters
is required to some thirty orders of magnitude to keep the Higgs boson light. This is considered

unnatural, and is known as the hierarchy problem.

1.1.5 Beyond the Standard Model

Despite its numerous successes, the SM remains an incomplete picture. Aside from the obvious
omission of gravity and the infamous hierarchy problem, the SM also fails to offer an explanation
of cold dark matter.

For some time evidence has been mounting based on astronomical observations requiring the
existence of cold dark matter [17]. The measured rotation velocities of both stars within galaxies
and galaxies within clusters strongly indicate that the matter density of the universe must greatly
exceed that of the visible luminous matter. Stringent constraints on the densities of both matter
and baryons have been obtained via observations of cosmic microwave background anisotropies
by the WMAP collaboration [18]. These indicate that not only is the amount of observed matter far
below that required, but that the missing “dark” matter matter must be non-baryonic. Furthermore,
if the dark matter density is to be within the required range, then its self-annihilation cross section

should be at the weak scale and hence dark matter itself should interact via the weak force. None
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of the existing SM particles provide a suitable dark matter candidate, hence any explanation will
require the extension of the SM.

Attempts to reconcile the SM with these omissions have led to a wide variety of new models,
generically referred to as Beyond the Standard Model physics (BSM). This thesis will focus on a
small selection of these models which predict new phenomenology in the TeV region and are par-
ticularly interesting to study at the LHC. Further details of these will be included in the following

sections.

1.2 Supersymmetry

A proposed extension to the SM, supersymmetry (SUSY) [19, 20], postulates the existence of a
new kind of fundamental symmetry involving the transformation of bosonic fields into fermionic
fields, and similarly fermionic into bosonic fields. Every particle in the theory is grouped into a
supermultiplet, where two states belong to the same supermultiplet if one can be generated from
the other by some combination of the SUSY generators plus some space-time translation or rota-
tion. SUSY requires every fermion to have a scalar bosonic super-partner, and every boson to have
a fermionic super-partner, and that these new super-partners, or sparticles, should have identical
hyper-charge, isospin, and colour. As no SM particles fit the criteria to be suitable super-partners
of any other SM particle, SUSY theories hypothesises a large number of additional particles. In
this way SUSY provides an elegant solution to the hierarchy problem, a possible dark matter
candidate and a stepping stone towards the unification of the EW and strong forces.

That SUSY offers a solution to the hierarchy problem is evident upon inspection of Equation
1.3, where it can be seen that the fermionic and scalar terms provide similar but opposite sign
corrections. The nature of the SUSY generators requires the introduction of an additional complex
scalar for each SM fermion and an additional fermion for every scalar. This provides exactly the
necessary particle content to ensure the exact cancellation of the divergent corrections to the Higgs
mass.

An interesting implication of SUSY is that the interaction of the sparticles with the gauge
fields alters the behaviour of loop corrections as shown in Figures 1.6 and 1.7. The resultant
modification to the dependence of coupling constants with energy scale leads to couplings which
unify at high energies, as shown in Figure 1.11. A feature that was absent in the SM. This can be
interpreted as an indication that the strong and EW forces may in fact be two facets of the same
theory. In much the same way that the weak and EM forces were unified above the weak scale,
now all three forces can be unified above the grand unification (GUT) scale of around 106 GeV.

While in itself this is not a motivation for SUSY it is a pleasant aesthetic side effect.
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Figure 1.11: The running of the inverse coupling constants of the gauge couplings with energy (Q), where
01,0 and o3 are the gauge couplings for EM, weak and strong forces respectively. The dashed lines show
the SM only prediction and the solid lines the Minimal Supersymmetric Standard Model (MSSM), see text.
The widths represent theoretical uncertainties, (from [20]).

1.2.1 The Minimal Supersymmetric Standard Model

The model described in this thesis is the minimally phenomenologically viable extension of the
SM, meaning the minimum extra particle content has been introduced. This is the so called Min-
imal Supersymmetric Standard Model (MSSM). The MSSM incorporates the SM fermions into
chiral supermultiplets along with a further complex scalar, and the SM gauge bosons into gauge
supermultiplets along with an additional Majorana fermion!. Super-partners to SM fermions are
named for their SM equivalent with the addition of an s (for scalar) prefix. Therefore quarks super-
partners are generically referred to as squarks (such as the sup and the sdown), and the leptonic
super partners are known as sleptons (such as the selectron and the sneutrino).

In order to give mass to all the sparticles, the SM Higgs sector must be extended into two
Higgs doublets, comprised of four complex scalar fields with eight degrees of freedom. Three of
these are absorbed in EW symmetry breaking, and the remainder manifest as five physical Higgs
bosons, three neutral, 1%, A°, H°, and two charged H* and H~. These SM Higgs fields are then
classified into chiral supermultiplets with a total of four fermionic superpartners.

The super-partners to the Higgs and gauge bosons are fermions and are suffixed with ino
and collectively referred to as gauginos. The EW and Higgsino gauge states mix to form mass
eigenstates: four neutral, the neutralinos; and two charged, the charginos.

The symbols for SUSY particles are generally over-lined with a tilde. In addition, anti-

sparticles will be super-scripted with a star. The sparticle content of the MSSM is summarised

Instead of having distinct antiparticles, Majorana fermions are their own antiparticles.
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Table 1.3: The sparticle content of the MSSM.

Name Spin  Gauge eigenstates Mass eigenstates
i, ig JL dr (same)
squarks 0 §; §g €L Cr (same)
ir ir by b i & by by
ér ég V, (same)
sleptons 0 i fig Vy (same)
T g Vq T T Vq
neutralinos % B WO FI,? ﬁg X(l) 28 7((3) 762
charginos % W= HF H; ﬁt Xzi
gluino % g (same)

in Table 1.3.

R-Parity

The most general form of the MSSM includes terms that violate both lepton and baryon number,
allowing for phenomena such as proton decay within ~ 1072 s by processes such as that shown in
Figure 1.12. Current experimental limits place the minimum proton lifetime at around 1.6 x 103

years [21], which strongly excludes this form of the MSSM.

u et
—_—————— - - -
~k
SR
d i
u - u

Figure 1.12: Proton decay to nt° and e via intermediary supersymmetric strange squark. This process is
allowed in the general form of the MSSM and requires the violation of conservation of both lepton and
baryon numbers.

To avoid unacceptably fast proton decay, an additional symmetry is introduced called R-parity,

R. This is defined as:

R= (_1)3(B—L)+2S7 (14)
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where B is the baryon number, L is the lepton number and S is the spin. All SM particles have R of
+1 and all SUSY particles have R of -1. In R-parity conserving models, R is an exactly conserved,
multiplicative quantum number, meaning that fast proton decay is excluded, there can be no mixing
between SM and SUSY particles and that every interaction vertex must contain an even number of
sparticles. R-parity conservation has some profound consequences for the phenomenology of the
MSSM. Sparticles must be produced in pairs in interactions of SM particles; every sparticle must
decay to an odd number of sparticles; and the lightest SUSY particle (LSP) will be stable. In many
MSSM models the LSP is the lightest neutralino, which is neutral, massive and weakly interacting
which makes it an excellent candidate for the absent cold dark matter particle. It should be noted
that models without R-parity conservation can be constructed in which proton decay is adequately

suppressed, however this thesis will only consider R-parity conserving models.

1.2.2 SUSY Breaking and Supergravity

If SUSY was realised in nature as an unbroken symmetry then the super-partner particles would
have identical mass to their SM counterparts. This is evidently not the case, as such particles
would be trivial to observe. Therefore, if it exists, SUSY must be a broken symmetry.

The MSSM Lagrangian introduces 106 extra free parameters to the SM and can be expressed

as the sum of the terms:

Lyissm = Lsusy + Lsoft (L.5)

where Lgygsy contains the terms invariant under SUSY transforms and Ly, f; contains the SUSY
breaking parameters. Within this Lagrangian only a single parameter, the SUSY mass scale, is
involved in Lgygy, with the remaining 105 contained within Ly, s,. Fortunately, the majority of
these parameters are tightly constrained in order not to introduce experimentally excluded flavour
mixings or CP violating processes. The remainder are restricted by the mechanism of SUSY
breaking.

In order to break SUSY yet preserve the solution to the hierarchy problem, breaking must
occur in such a way that the couplings of super partners remains unaffected. The residual Higgs
mass corrections are then only proportional to the difference in mass scale between SUSY and the
SM. In the most viable models the SUSY mass must therefore be around the 1 TeV range.

The mechanism by which SUSY is broken is a hotly debated topic. Any spontaneous SUSY
breaking requires the extension of the MSSM. The most common approach is to assume breaking
takes place via a flavour-blind interaction with a hidden sector that only couples very weakly

to the so called visible sector via a messenger particle. Two well studied examples of this are



1.2 Supersymmetry

27

supergravity (SUGRA) [22], where breaking is mediated via gravitational interactions, and gauge
mediated symmetry breaking (GMSB) [23], where the familiar gauge interactions are responsible
for symmetry breaking and the soft terms in the MSSM Lagrangian come from loop diagrams
including messenger particles.

This thesis will consider benchmark scenarios in the minimal supergravity, or mSUGRA
model. In mSUGRA the MSSM parameter space is significantly reduced by a particular choice of

potential such that the 106 free parameters of the MSSM are reduced to only five:

my, m%? Ao, tan I37 szgn(y) (1.6)

Three of these are defined at the GUT mass, Mgyt ~ 2 x 10'® GeV, where the masses of the
various sparticles unify: my is the universal scalar mass; m 1 is the universal fermion mass; and
Ag is the universal trilinear coupling. Low energy effective masses and couplings are obtained
from the GUT values via the renormalisation group equations. The two remaining parameters are:
tan B, the ratio of the Higgs vacuum expectation values; and the sign of u, the supersymmetric
Higgs mass parameter. Whilst the assumptions that go into the construction of mSUGRA may not
be realised in nature, the reduction in the number of parameters enable the exploration of the rich
phenomenology of SUSY without the need to investigate a daunting 106 dimensional parameter

space.

1.2.3 Phenomenology of SUSY

R-parity conserving mSUGRA models extend the allowed SM interaction vertices via the inclu-
sion of the new SUSY particles. The couplings of these SUSY vertices are determined by the SM
EW, Yukawa and QCD coupling strengths.

The vertices involving neutralinos are shown in Figure 1.13, and similarly for charginos in
Figure 1.14. Each gaugino mass eigenstate contains a mixture of bino, wino and higgsino com-
ponents, therefore they are able to decay to slepton/lepton squark/quark pairs, or any lighter neu-
tralino/chargino and a Higgs or EW gauge boson. The couplings of each vertex will depend on
the precise gaugino mixture. For instance, gauginos with a large higgsino component will have
enhanced couplings to third family quark-squark pairs due to the large top-quark Yukawa coupling
and those with large wino components will favour decays into left-handed sfermions.

Figure 1.15 shows the allowed slepton vertices and similarly Figure 1.16 shows the allowed
squark and gluino vertices.

The precise phenomenology of a given mSUGRA model will strongly depend on the particular

choice of model parameters. It is these which determine the makeup and masses of the mass
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Figure 1.13: The interaction vertices of neutralinos.

~ >0
X X
o+
\\ xi \\
\ \
\ \
Ko, A% HO H*
Lv q
~+ \ ~+ \
Xi » Xi »
\ \
\ \
v 0 q

Figure 1.14: The interaction vertices of charginos.
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Figure 1.15: The interaction vertices of sleptons, excluding those with the Higgs bosons.
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Figure 1.16: A selection of the interaction vertices of squarks and gluinos.
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Figure 1.17: An example of the evolution of scalar and gaugino masses from their unified values down to
low energy effective masses based on mSUGRA boundary conditions (mo = 80 GeV, m;;; = 250 GeV,

Ag = —500GeV, sign(u) > 0andtan B = 10) imposed at an energy scale (Q) of 2.5 x 10'6 GeV, from
[20].

eigenstates and hence which decay channels are kinematically viable and which are favoured.

An illustrative example of the evolution of the scalar and gaugino masses from their GUT
values to the EW scale for a particular choice of mSUGRA parameters is shown in Figure 1.17,
from [20]. The running gaugino masses are shown as solid lines where the bino mass is given by
M, the wino mass by M, and the gluino mass by M3. In general the gluino will be heavier than
the lightest neutralinos and charginos due to its QCD couplings. A fairly universal prediction of
the MSSM is that at the EW scale the mass hierarchy between gauginos should be similar to 6:2:1
[20].

The blue lines show the running squark masses with the solid lines indicating the masses of the
first two generations and the dotted lines the third. One line is shown for each of the right handed
up and down type quarks and one for the left handed. The masses of the first two generations are
usually nearly degenerate and heavier than the third. The slepton masses are shown in red, again
with first two generations as solid lines and the third as dashed lines. The mass hierarchy between
slepton generations is similar to that of squarks, with the lightest charged slepton often the 7;.
Squarks receive mass corrections from gluino loops and so are generally heavier than sleptons. In
addition, left handed squarks and sleptons are likely heavier than their right handed counterparts.

A further general prediction of MSSM is that at least one Higgs boson will be light at the EW
scale. This is traditionally chosen to be the Ay and should have mass < 150 GeV.

Of course all of these generalities are not necessarily realised in nature and it would be a

mistake to presume the form of SUSY without any evidence. However, they do serve as useful
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guidelines for experimental searches.

1.2.4 Experimental Constraints on SUSY

The available SUSY parameter space is heavily constrained both directly and indirectly in order
to be consistent with experimental observations.

Indirect constraints include: consistency with cosmological considerations, (primarily that the
LSP be compatible with the observed cold dark matter relic density of the universe), limits on rare
flavour decay rates, the anomalous magnetic moment of the muon, and on fits to EW observables.
WMAP data, in particular, constrains the LSP mass to be less than around 500 GeV, dependent on

the other model parameters [24].

Table 1.4: Experimental constraints on direct searches for sparticles from [5]. Am refers to the mass splitting
between the sparticle of interest and the lightest neutralino.

Sparticle Lower mass limits [GeV] Notes
o) 46
yo 62.4 1< tan B <40
%3 99.9 1< tan B <40
yoi 116 1< tan p <40
X 94 tan B <40, Am > 3 GeV
g 308 any myg
390 mg = mg
é 73
i 94 1< tan <40, Am > 10 GeV
T 81.9 Am > 15 GeV
g 379 tan f=2,u<0,A0=0
b 89 Am > 8 GeV
f 95.7 Am > 10 GeV

Direct constraints from searches for the production and decay of SUSY particles at the LEP
and Tevatron colliders have set parameter dependent lower mass limits due to non-observation of
SUSY. These constrain the lightest neutralino to be heavier than 46 GeV for all tan 3. Table 1.4
summarises the current lower mass limits on SUSY particles from direct searches.

The indirect and direct limits can be combined into exclusion plots which show the available

parameter space consistent with all measurements. Figure 1.18, taken from [24], show these limits
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Figure 1.18: The mg, m; , mSUGRA parameter space planes for Ag =0, |u| > 0 and tan § = 10 and 50, from
[24]. The blue areas shows the parameter space regions allowed by the dark matter density measurements,
where the dark blue areas include WMAP constraints while the light blue areas do not. The pink regions
are those favoured by the anomalous magnetic moment of the muon. The brown regions are excluded due
to the T; being the LSP, and the green regions are excluded by precision measurements of the b — sy rates.
The lines shows the LEP constraints on the MSSM Higgs mass (red dot-dash) and chargino masses (black
dashed).

as imposed on the constrained MSSM parameter space. The allowed regions are shown in blue in
the mo, m, /, plane for two fixed values of tan f3.

As well as constraining the viable SUSY parameter space, the available experimental data,
particularly discrepancies with the SM, can be interpreted as hints to the nature of the SUSY
model. These can then be combined to determine which regions of parameter space best fit the
observed values. An example of just this approach is detailed in [25]. Figure 1.19 shows the
likelihood maps for all six of the two dimensional mSUGRA parameter planes, with the favoured
regions identified by high values of the likelihood. The best fit point obtained by such an analysis

is:
my = 964 GeV, myp = 341 GeV, Ay = 1394 GeV, tan B = 57.9, |u| > O, (L.7)

which gives consistent results with all observed limits and constraints. Moreover, these results
indicates that the entire favoured mSUGRA parameter space should lie within the sensitivity reach
of the LHC. However, as it stands, the current experimental information is too vague to do any
more than weakly constrain the available parameter space. SUSY observation, or non observation

is expected to be one of the most intriguing areas of study at the LHC.
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Figure 1.19: Likelihood maps of mSUGRA parameter space, based on fits to b — sy rates, the anomalous
magnetic moment of the muon and dark matter constraints, from [25]. The graphs show the likelihood
distributions, relative to the highest bin, from the full parameter space integrated down to two dimensions.
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1.2.5 SUSY Searches

In order to assess the potential of collider experiments to discover SUSY, two complementary
methods of study are often pursued. The first involves detailed studies of a few benchmark points
in SUSY parameter space. The second involves more generalised studies of a large number of
points over scans of parameter space. The following section will introduce the mSUGRA bench-
mark points and parameter space scans that are studied in the following chapters of this thesis.
These studies will focus on the leptonic signatures of SUSY and so this section pays particular

attention to the origins of leptonic final states.

Benchmark Points

The mSUGRA benchmark points studied in this thesis are two of those studied as part of the
ATLAS Computer System Commissioning (CSC) exercise [27]. These points were chosen to be
compatible with the WMAP cold dark matter constraints, and to be easily accessible with relatively
small amounts of data. The points are: SU3 (the bulk region) and SU4 (the low mass point).

SU3 has GUT scale parameters of:

my = 100 GeV, my;, = 300 GeV, Ag = —300 GeV, tanB = 6, [u] > 0. (1.8)

The sparticle mass spectrum, as calculated by Isajet 7.64 [28], can be seen in Figure 1.20.

SU4 has GUT scale parameters of:

my = 200 GeV, m;, = 160 GeV, Ay = —400 GeV, tan = 10, |u| > 0. (1.9)

The SU4 sparticle mass spectrum, as calculated by Isajet 7.71 [28], can be seen in Figure 1.21.
Both SU3 and SU4 are relatively low mass points, whose entire sparticle spectrum lies with the
energy reach of the LHC. This is reflected in their proportionately large cross sections.

The favoured mechanisms for the production of sparticles at collider experiments and the
subsequent sparticles decay modes are both strongly dependent on the parameters of the point
under study. The dominant production mechanisms for SU3 and SU4 sparticles at a proton-proton
collider, such as the LHC, is via pairs of coloured sparticles, such as: §+ &, G+ g or g+ &. The
next-to-leading order (NLO) cross-section for production of sparticles at an LHC centre-of-mass
energy of 10 TeV, as calculated by the PROSPINO 2.0.6 program [29], is 8.16 pb for SU3 and
171 pb for SU4. The produced sparticles then typically decay through long chains, or cascades, of
lighter SUSY particles to the LSP, which at both points is the lightest neutralino.

At the SU4 point, leptonic final states generally arise from the leptonic decays of EW W= or
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Figure 1.20: SU3 sparticle mass hierarchy, from [26].
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Figure 1.21: SU4 sparticle mass hierarchy, from [26].
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Figure 1.22: An example Feynman diagram of a SU4 SUSY process which results in a leptonic final state.

Z bosons produced when left-handed squarks or gluinos decay to gauginos and these gauginos
subsequently decay to the LSP and an EW-boson. Similarly, the majority of SU3 leptonic final
states arise through squark or gluino decays to gauginos. Although, unlike SU4, at SU3 sleptons
are lighter than the heavier gauginos, and as a result gauginos commonly decay to a slepton rather
than directly to the LSP, producing a lepton in the process. In general, due to the long decay chains
involving coloured sparticles as well as leptons, the leptonic signatures of SUSY are expected to
be very different from the clean final states of processes such as Z—e"e™ , with leptons often
produced in environments dense with highly energetic objects. Figure 1.22 shows an example of
a typical leptonic SU4 SUSY signature.

The studies in [27] indicate that both SU3 and SU4 could be discovered unambiguously at
ATLAS in any of the leptonic modes with only a small amount of well understood data. As such,
SU3 and SU4 present excellent benchmark models of typical SUSY events for an early physics

programme at the LHC.

Parameter Space Scans

Benchmark points are selected in order to present a range of phenomenological signatures accesi-
ble with relatively little LHC data. However, these will not necessarily be representative of how

SUSY manifests itself in nature. Studies of parameter space scans have the advantage of covering
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a wide range of parameter space and hence a wide variety of possible SUSY phenomenologies.
Such studies can be used to optimise the search strategies developed on benchmark points in order

to cover as broad a range of SUSY signatures as possible.

Table 1.5: The parameters of the mg and m; , mSUGRA grid planes, all planes have u > 0.

tan  Ag
10 0
30 -400
30 0
30 400
50  -400

50 400

The parameter space scans, or grids, studied in this thesis consist of a large number of points
in mSUGRA parameter space located in radial coordinates in mg and m;, . Six planes in tan 3,
Ay, are studied, all with ¢ > 0. The remaining parameters of the grids studied are summarised
in Table 1.5. Each point in each grid was required to have the masses of the first two generation
squarks and the gluino less than 1 TeV, in order for each point to be accessible with relatively
little LHC data. The only theoretical constraints used in the choice of which points to choose was
that the lightest neutralino be the LSP, EW symmetry breaking be preserved and that no particles
be tachyonic. The WMAP dark matter and other experimental constraints were ignored. Whilst
any realistic model must, of course, obey all constraints, it is possible to alter the SUSY breaking
model such that these constraints can be satisfied at most points without significantly altering the
phenomenology of the point. Therefore, each point in these grids could still be representative of a
plausible SUSY scenario. For each point the low energy sparticle mass spectrum and decays were
computed from the GUT scale parameters by Isajet. The general view is that these grids should
not be viewed as complete theories, rather as possible patterns of LHC signatures.

This thesis will focus on two representative grids of the six studied. The first is in the
tan = 10, Ap = 0, u > 0 plane, and the second is in the tan f = 50, Ag = —400, u > 0
plane. Figure 1.23 shows the NLO cross sections of the two studied grids as calculated using
PROSPINO 2.1. Cross sections are seen to decrease logarithmically with increasing mg and m; /5.
Previous studies have indicated that the discovery potential of SUSY at collider experiments is

highest in the low mg and m /, regions, primarily due to the increased SUSY cross section.
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Figure 1.23: The NLO cross sections of SUSY grid points at an LHC centre-of-mass energy of 10 TeV, as
computed by PROSPINO.

Figure 1.24: An example Feynman diagram of top quark pair production which can results in a leptonic
final state.

SM top-quark production and SUSY

A common background to many leptonic SUSY searches is that of top quark pair production. Top
quarks will be copiously produced at the LHC and will typically decay to a b-jet and a W-boson.
The W-boson will then subsequently decay to either a lepton and a neutrino or to two quarks. The
resultant final state is one that is rich in hadronic activity and may contain multiple leptons and
the missing energy carried away by the escaping neutrinos. In short, exactly the sort of final state
predicted by many SUSY models. Figure 1.24 shows an example Feynman diagram of top quark
production and decay.

Understanding top decays will be an important part of many SUSY search strategies. In addi-
tion, the similarity of the top event topology to SUSY events provides a convenient SM benchmark
within which the performance of the particle detectors in a SUSY like environment can be estab-

lished.
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1.3 Neutral BSM Resonances

SUSY is not the only viable extension of the SM. Many other theories exist, some of which address
the issues of the hierarchy problem and cold dark matter and others which postulate extensions to
the SM gauge groups, possible grand unification schemes, and even additional spatial dimensions.
A common feature of many of these models is the inclusion of new, neutral, heavy particles. Two
such models will be discussed in this thesis: one which predicts the existence of an additional
EW gauge boson, the Z’ , and another predicting the existence of a heavy graviton. The decays
of these resonances will be exemplified by pairs of extremely energetic, opposite sign leptons, for
example electron-positron pairs. These models have been studied to evaluate the effect to evaluate
the effect on triggering of modified shower shapes for highly energetic electrons. However, as

these processes are not the main subject of this thesis, only a very brief overview is given here.

1.3.1 Heavy Gauge Bosons

In 1974 Georgi and Glashow showed that the number of neutral gauge bosons associated with
a theory is given by the rank of the gauge group [30]. Therefore Z' resonances are typically
predicted by models proposing alternative or extended SM gauge groups which result in higher
rank theories [31]. An especially compelling example is that of a grand unified theory based on a
higher order symmetry which includes the SM group SU(3), x SU(2);, x U(1)y as a subgroup.
Within these models the mass of the Z’ is generally not constrained and therefore the new Z’ could
exist anywhere between the EW and Planck scales. In SUSY versions of these theories the mass
of the Z' is typically tied to the SUSY mass scale and so it should be in the TeV range.

A great variety of Z' models exist and studying them each individually would be imprac-
tical. Instead studies typically focus on the Sequential Standard Model (SSM) where the new
Z' resonance simply has the same couplings as the SM Z but is heavier. Rather than being a re-
alistic Z’ model, the SSM is a commonly used benchmark to evaluate the discovery potential of
experimental searches.

Currently no evidence for a Z’ exists. Direct searches for the signatures of the production and
decay of a Z' are limited by the available centre of mass energy of the collider. As such, LEP and
the Tevatron have set lower mass limits due to non-observations [32, 33]. Additionally, indirect
searches can look for interference effects where the existence of a Z’ would alter the SM prediction
for a given process. These result in the strictest experimental limits on the lower Z’ g3, mass from
precision fits to EW data, and constrain the Z’ mass to be above 1.5 TeV. Table 1.6 summarises the

current experimental bounds.
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Table 1.6: Experimental constrains on the SSM Z’ and the RS graviton from [5].

Model Search method Lower mass bound [GeV]
Z' ssm Precision EW fits 1,500
LEP ete™ 1,305
CDF ptp~—ete™ 923
Graviton, k/Mp=0.1 CDF ptp~ —eTe™,yy 889
Graviton, k/Mp =0.05 CDF ptp~ —ete” 694
Graviton, k/Mp =0.01 CDF pTp~ — {4~ vy 250

1.3.2 Randall-Sundrum Gravitons

The second example of a heavy neutral resonance considered in this thesis is the graviton [34, 35].
This hypothesised spin-two particle is the quanta of gravity and is predicted by any quantum
theory of gravity. Many such theories include the existence of extra spatial dimensions and are
often proposed in an attempt to unify gravity with the SM, and, in the process, explain gravity’s
relative weakness when compared to the other forces. One example of a theory predicting a
graviton resonance is the Randall-Sundrum (RS) model [36]. Within this model the SM particles
exist localised on a four dimensional brane which is in turn embedded in a five dimensional space.
The boundaries of this space consist of the SM brane and the so called Planck brane, separated
from each other via an additional spatial dimension known as the bulk. As the SM particles are
contained within only four dimensions, the fifth dimension does not affect their interactions and
therefore the standard four dimensional field theories hold. Gravity, uniquely, is localised on the
Plank brane and its force carriers, gravitons, are allowed to propagate in the bulk. Any gravitational
interaction must therefore communicate with the SM across the separation between the branes. In
this theory, the natural strength of gravity is comparable to the other forces. The apparent weakness
observed on our brane arises as warped geometry in the bulk results in an exponential decay in the
gravitational coupling strength. Such theories allow for the existence of towers of Kaluza-Klein
excitations of massive gravitons within the bulk, which could be produced as resonant states at
colliders.

Experimental bounds for RS graviton searches at colliders depend not only on the mass of the
graviton, but also on the warp parameter, k, which governs the curvature of the bulk and hence the
couplings at the SM brane. These limits are summarised in Table 1.6 for different values of k/Mp,

from [5].
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In conclusion, although the SM provides an excellent description of three of the four fun-
damental forces of nature it is an incomplete theory, failing to offer a description of gravity, a
solution to the hierarchy problem or a candidate particle for cold dark matter. Both SUSY and
theories which predict new resonance particles offer solutions to some of these outstanding issues
and provide observable phenomenology in the TeV energy range. The Large Hadron Collider at
CERN is dedicated to exploring the TeV energy regime and may soon discover the signatures of

SUSY, the Higgs Bosons or new neutral resonances.



Chapter

The ATLAS Experiment at the Large
Hadron Collider

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [37, 38] is a next generation particle accelerator, constructed
at CERN (European Organisation for Nuclear Research) in a 27km, near circular tunnel, 100m
underneath the Franco-Swiss border. The LHC is designed to collide two counter-rotating beams
of protons at a centre of mass energy (y/s) of 14TeV at four interaction points around the ring.
Situated at each of these interaction points are detectors designed to record and study the results

of the collisions. The four detectors are:

e ALICE (A Large Ion Collider Experiment) [39],
o ATLAS (A Toroidal LHC ApparatuS) [40],
e CMS (Compact Muon Solenoid) [41],

o LHCb (LHC beauty) [42].

ATLAS and CMS are general purpose detectors designed to search for new physics beyond the
Standard Model, whilst ALICE and LHCb are more specialised experiments. LHCb will study CP
violation using the decays of b-hadrons. ALICE, uniquely, has been designed to study the heavy
ion collisions that will be produced by the LHC during periods of dedicated running each year.
In addition, two smaller experiments, TOTEM [43] and LHCS [44], are situated along the beam
line around 100m away from the CMS and ATLAS interaction points respectively. TOTEM will
perform luminosity studies and LHCf will study neutral particles produce in the forward region.

Figure 2.1 shows the schematic layout of the LHC machine and the major experiments.
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LHC SPS

Figure 2.1: A schematic representation of the LHC and the four major experiments (adapted from [45]).

The LHC proton beams begin the acceleration process in a series of pre-accelerators. The first
stage is a small linear accelerator, in which protons reach energies of S0 MeV. This is followed by
a proton synchrotron booster and the Proton Synchrotron (PS), where the beams are accelerated to
1.4GeV and 26 GeV respectively. The final pre-accelerator is the Super Proton Synchrotron (SPS),
in which beams are accelerated to 450 GeV before their final injection into the main LHC ring. The
LHC further accelerates these beams up to 7TeV before bringing them into head-on collisions at
each of the four interaction points. A nominal beam consists of a train of 2,808 packets or bunches
of around 10'! protons, spaced 25ns apart. These bunches cross at the interaction points at a rate
of 40MHz. Table 2.1 show a selection of important LHC design parameters from [38].

A proton-proton interaction resulting from beam collisions is known as an event. The number
of events per unit time is the event rate, R, which is proportional to the instantaneous luminosity
L. Luminosity is a figure of merit of an accelerator and is determined by the beam intensities and
other machine parameters. It is equal to the flux of particles per unit area, per unit time, and is
usually expressed in units of cm~2s~!. The nominal LHC luminosity is 103* cm~2 s~!. The total
number of collisions produced by an accelerator is often given in terms of integrated luminosity
over time, which is expressed in units of inverse area. The rate (i.e.the expected number of events

per unit time) of any given process is determined by:
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Table 2.1: Some important parameters of the LHC [38].

LHC Parameter

Beam injection energy 450 GeV
Design collision energy 14 TeV
Bunches per beam 2,808
Protons per bunch 1.15x 10!
Stored energy per beam 362 MJ
Bunch crossing rate 40 MHz
Time between bunches 25 ns
RMS bunch length 7.55 cm
RMS bunch width 16.7 um
Interactions per bunch crossing 0(20)
Beam lifetime 22 h

R = Lo, 2.1

where © is the cross section, or the probability of the considered process to occur. Cross sections
are purely based on the physics of the process of interest, and are expressed in units of area, com-
monly in barns, where 1 barn is 10722 m?. The total cross section for all inelastic proton-proton
collisions at \/s = 14TeV is expected to be around 79mb [38]. This translates into an expected
average of 25 interactions per bunch crossing. The majority of events will be soft interactions, in
which the momentum transferred between protons is small. Multiple soft interactions occuring in
a single bunch crossing are referred to as pileup.

The first beams were circulated in the LHC on the 10th of September 2008. Unfortunately,
shortly afterwards, damage caused by an electrical fault lead to the suspension of collisions for
over a year, whilst repairs were undertaken and additional safety features installed. On the 20th of
November 2009, the beam was resumed. This was followed three days later by the first collision
at the injection energy of /s = 900GeV, and the first high energy collisions at /s = 2.36 TeV
on 30 November. Following a planned shut-down of one month, the LHC resumed in early 2010
and achieved collisions at /s = 7 TeV, half the design energy, on the 20th of March. At the time
of writing, the LHC schedule was to aim for the collection of ~ 1fb~! of integrated luminosity at
\/s = 7TeV over 2010/2011. This schedule was chosen in order to maximise the early potential

for physics studies, whilst at the same time protecting the safety of the machine. A year long
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shut-down and consolidation work will follow, after which collisions will be resumed, this time, it

is expected, at the \/s = 14TeV design energy.

2.2 A Toroidal LHC ApparatuS

The ATLAS detector [40, 46] is a general purpose detector. It was designed to study the LHC col-
lisions in order to determine the origin of electroweak symmetry breaking and to search for new
physics beyond the SM. ATLAS resembles a symmetric cylinder, 42 m long and 11 m in radius.
It is aligned coaxially with the beam line and centred about the nominal interaction point. ATLAS
consists of a cylindrical barrel section and two circular endcaps, each comprised of concentric
layers of highly granular and hermetic subdetectors. Figure 2.2, from [40], shows the ATLAS
detector with the major components labelled. The innermost section of ATLAS is the inner de-
tector, this is designed to track the progress of charged particles as they propagate out from the
interaction point. Surrounding the inner detector are the calorimeters, these serve to contain and
measure the energies and positions of electrons, photons and hadrons. The outermost subdetector,
surrounding the calorimeters, is the muon system. The muon system will measure the position and
momenta of muons which penetrate through both the inner detector and the calorimeters. Not all
of the collisions produced by the LHC will be recorded to storage by ATLAS. The trigger system
is the system used by ATLAS to decide which events to store, and which to discard.

The following sections introduce some coordinates and conventions, then discuss the various
subdetector systems sequentially, starting with the innermost and moving radially outwards. Fol-
lowing this, a brief introduction to the trigger system will be given. The trigger is explained in

more detail in the following chapter.

2.2.1 Nomenclature

The ATLAS coordinate system is defined with its origin at the nominal interaction point. The
x-axis points towards the centre of the LHC ring, the y-axis points upwards and the z-axis points
along the beam line towards the LHCb experiment to form a right handed coordinate system. The
transverse radius from the beamline is denoted as r. The azimuthal angle ¢ is measured from the
positive x-axis clockwise around the beam axis when facing in the positive z-direction. The polar
angle 0 is the angle measured from the beamline. Instead of 0, the polar angle is often denoted in
terms of the pseudo-rapidity 7. This is a dimensionless measure of 6 which for massless particles

is invariant under longitudinal, z, boosts. It is defined as:

n= —1In <tan g) (2.2)
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Figure 2.2: A cut-away view of the ATLAS detector, from [40].

The ATLAS coordinate system uses pseudo-rapidity and azimuthal angle as generic spatial coor-

dinates. The distance AR in pseudo-rapidity-azimuthal angle space is defined as:

AR = \/AnZ + AQZ. (2.3)

Small angles to the beamline, at large ||, are generically refered to as the forward region, whilst
the low |n| region, perpendicular to the beamline, is refered to as the central region. The transverse

momentum, pr, and transverse energy, ET of particles, are defined in the xy-plane to be:

pPr = \/pyzc +p§7 (2.4)
Er = \/E?2—p2, (2.5)

where E is the total energy of the particle and p,, p, and p, are the x, y and z components
of momentum. Missing transverse energy, EX*, is indicative of exclusively weakly interacting

particles, such as neutrinos or neutralinos, escaping ATLAS undetected.

2.2.2 Magnet System

In order to enable momentum measurements, ATLAS is equipped with a large magnet system.
Charged particles travelling through a magnetic field experience a deflecting force whose magni-
tude is related to the strength of the magnetic field and the charge of the particle. Such particles

will then bend with a radius of curvature proportional to their momentum. The ATLAS magnet
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system consists of a central solenoid surrounding the inner detector, and three large air-core toroids

outside the calorimeters. Figure 2.3 shows the layout of the magnets system.

Barrel toroid

Tile calorimeter, and
return yoke

Solenoid

Endcap toroid

Figure 2.3: The layout of the ATLAS magnet systems, from [40].

The central solenoid provides an axial 2 T magnetic field across the inner detector volume.
This provides sufficient bending power to allow for accurate momentum measurements for par-
ticles with momentum up to 100 GeV. It is 5.3m in length and 2.44m in diameter. In order to
minimise the amount of material in front of the calorimeters, the central solenoid is only 44 mm
thick and shares a cryostat with the electromagnetic calorimeter barrel. The magnetic flux is re-
turned in the steel of the hadronic calorimeter and its support structure.

The toroid system consists of the barrel toroid and two endcaps. These provide a tangential
magnetic field, which is mostly orthogonal to muon trajectories over the entire muon system. They
are designed with an open structure to minimise any multiple scattering of muons which would
degrade the momentum resolution. Both the barrel toroid and the endcaps consists of eight coils
assembled radially around the beam axis. The barrel section is 25.3m long, with an inner and
outer diameter of 9.4m and 20.1 m respectively. It provides a magnetic field with a bending power
of between 1.5Tm and 5.5 Tm across the range || < 1.4. The two endcaps are inserted inside the
barrel toroid on either side of the central solenoid, these are rotated by 22.5° with respect to the
barrel system to provide a radial overlap and to optimise bending power in the interface between

the barrel and the endcaps. These provide a bending power of between 1 Tm and 7.5 Tm over the
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Figure 2.4: A cut away view of the ATLAS inner detector, from [40].

range 1.6 < |n| < 2.7. The interface region between the two systems spans 1.4 < [n| < 1.6

and is termed the transition region, over which the bending power is lower.

2.2.3 Inner Detectors

At design specifications the LHC will collide proton bunches at the ATLAS interaction point every
25 ns. On average each collision is expected to produce over 1,000 particles. The ATLAS inner
detector (ID) makes use of discrete, high resolution measurements of charged particle positions
to track the progress of each particle as it propagates out from the interaction point. The entire
ID volume is immersed in a 2T axial magnetic field provided by the central solenoid magnet.
This will bend the trajectories of charged particles propagating from the interaction point in the
azimuthal plane. By measuring the curvature of each particle’s path the ID is able to precisely
determine its momentum. Furthermore, such precise tracking allows for the identification of both
the primary interaction vertex, and any secondary vertices created during decays of unstable parti-
cles. The inner detector covers the region |n| < 2.5 and is comprised of three concentric systems.
The spatial information provided by these three subdetectors is combined into tracks. The inner-
most ID subdetector, closest to the interaction point, is the pixel detector. Surrounding this is the
semiconductor tracker (SCT), and outside both of these is the transition radiation tracker (TRT).

Figure 2.4 shows a cut-away view of the ATLAS ID.



2.2 A Toroidal LHC ApparatuS

49

Pixel Detector

The pixel detector records the passage of charged particles using semiconducting silicon pixels.
A charged particle passing through a pixel will create electron-hole pairs, a voltage bias then
causes these to drift towards a readout cathode. If the resultant electrical signal exceeds a preset
threshold value, then a hif is recorded. Individual pixels have a minimum size of 50 x 400um
and are segmented in » — ¢, and z. Pixel layers are made up of 2 x 6cm rectangular wafers, each
comprised of 46,080 pixels. These are arranged in three concentric barrels layers of radii 50.5 mm,
88.5 mm and 122.5 mm, with wafers mounted parallel to the beam axis. Similarly, two identical
endcaps with five disk layers each, are made up of wafers mounted perpendicular to the beam axis.
Any track is ensured to pass through at least three layers. The intrinsic resolution of the pixels is
10um in r — ¢ and 115um in z for the barrel, or r for the endcaps. The pixel detector has around
80.4 million readout channels.

The high resolution of the pixel detector is at the limit of current technology. Its performance
is crucial in the identification of secondary vertices, and therefore in the identification, or tagging,
of b-quarks and t-leptons. Being close to the interaction point, the pixel detector will be exposed
to exceeding high levels of radiation. This will eventually degrade the performance of the detector.
To counter this, and to allow the performance of ATLAS to be maintained, the design allows for

the replacement of the innermost, or b-layer every few years.

SCT

The middle subdetector of the ID, the SCT, uses semiconducting silicon microstrip layers to record
charged particle tracks based on the same principles as the pixel detector. The reduced particle
densities expected at higher radii allows the SCT to maintain the required levels of performance
yet use significantly fewer readout channels than the pixel detector. The SCT is comprised of
modules made of sets of two back-to-back silicon wafers. Each wafer is comprised of 768 61.6
mm strips. One set of wafers is arranged parallel to the beam direction, whilst the other is rotated
by 40 mrad in order to provide a measurement in the z-direction. The SCT modules are arranged in
four barrel layers with radii ranging from 299 mm to 514 mm, and nine endcap disks. Each charged
particle will pass through at least eight silicon layers, providing four positional measurements, or
space points. The spatial resolution of the SCT is 17um in r — ¢, 580um in z, in the barrel and
17um in r — ¢, 580um in r in the endcaps. The total number of readout channels in the SCT is

approximately 6.3 million.
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TRT

The TRT is the outermost component of the ID. It is both a straw drift-tube tracker and a transition
radiation detector. The TRT is constructed from 4 mm diameter straws with a 30um anode wire
in the centre. The straws are filled with a xenon, carbon dioxide, oxygen gas mixture. A charged
particle traversing a straw will leave a trail of electron-ion pairs in its wake. These will then
cascade towards the anode and be registered as an electrical signal, or hit. The straws of the TRT
are interweaved with sheets or fibres of polypropylene. Polypropylene has a different dielectric
constant to the straws themselves. Therefore, when a relativistic particle passes from one medium
into the other, it will emit transition radiation, which will contribute to the amount of ionisation
that the particle causes. The intensity of produced radiation is roughly proportional to y, where:

Y= (2.6)

E
m
This means that, for a given energy, the TRT is able to offer some discrimination between light
particles, such as electrons, and heavy ones, such as hadrons, by the energy of the transition
radiation generated and hence the amount of charge collected. TRT hits are categorised as either
low threshold hits or high threshold hits.

The barrel section of the TRT consists of three nested cylindrical layers, each containing a
number of 144 cm long straws arranged parallel to the beam direction, interspersed with polypropy-
lene fibres. The endcaps consist of two wheels of 37 cm radially aligned straws interleaved with
layers of polypropylene foil. A typical track will pass through 36 TRT layers. The TRT only cov-
ers the region |n| < 2.0 and only provides information on position in the r — ¢ plane. Its spatial
resolution is 130 um.

The TRT is designed to be complementary to the silicon pixels and SCT. Its lower precision
compared to silicon is compensated for by the large number of measurements per track and a larger

track length, which significantly contributes to the p7 resolution of the ID.

2.2.4 Calorimeters

The ATLAS calorimeter system is positioned outside the ID and central solenoid. It is designed
to contain, and measure the energies of, electrons, photons and hadrons. This is achieved by
causing these particles to shower in layers of a dense, absorber medium and then measuring the
energies of the produced showers in interleaved sampling regions. Such calorimeters are referred
to as sampling calorimeters, as they periodically sample the energy contained in showers. The

total amount of energy sampled will be roughly proportional to the energy of the incident particle.
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Figure 2.5: A cut-away view of the ATLAS calorimeters, from [40]

The calorimeter system can be divided into two sections, the electromagnetic calorimeter, and the
hadronic calorimeter. These use a variety of different techniques suited to the varying physics
requirements of each subsystem. Combined, these cover the region |n| < 4.9. Figure 2.5 shows
a cut-away view of the ATLAS calorimeter system.

A high energy electron or photon in a dense medium will initiate an electromagnetic shower
via a series of alternating pair production (Y — e"e™) and bremsstrahlung (e — Ye) processes
[47]. The length scale of electromagnetic showers in a given material is described by its radiation
length, Xo. This is defined as the mean distance over which a high energy electron will lose all
but 1/e of its energy by bremsstrahlung. It also corresponds to 7/9 of the mean free path for pair-
production by a high energy photon. The shower depth of an EM shower is proportional to the
logarithm of the energy of the initial particle. A typical shower produced by a 30GeV electron
will require between fourteen and sixteen radiation lengths for complete containment. The lateral
shape of an EM shower is characterised by the Moliere radius of a material. This defines that
width over which 90% of a shower energy will be contained and is independent of the energy of
the initial particle.

Any energetic strongly interacting parton produced at the interaction vertex will hadronise,
resulting in a jet of hadrons visible in the detector. Both charged and neutral hadrons primarily
lose energy via inelastic interactions with atoms in which secondary strongly interacting particles

are produced. Via this repeated process hadronic showers are formed [47]. The depth of hadronic
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showers is characterised by the interaction length, A, of a material. Similarly to an EM shower,
the shower depth of a hadronic shower is proportional to the logarithm of the initial energy. In
most materials A is much greater than X, and therefore a typical hadronic shower will be longer
and wider than an EM shower. In addition, unlike EM showers, up to 30% of the incident energy
of a hadronic shower may avoid detection by being absorbed during the break up of nuclei or by
escaping the detector as undetectable secondary particles.

The energy scale of the calorimeters relates the observed energy deposited by a particle shower
to the energy of the original particle. Due to the nature of their respective showers, defining the
energy scale correction is more difficult for hadronic showers than for EM showers.

The ATLAS calorimeter system has been designed to be as hermetic as possible, as this will
allow the measurement of any imbalanced or missing transverse energy, E**, which is indicative

of neutrinos or other weakly interacting particles that escape the detector without interacting.

Electromagnetic Calorimeters

The electromagnetic calorimeter (ECAL) is a sampling calorimeter composed of alternating layers
of lead and liquid argon (LAr). The dense lead (Xo = 0.56cm) initiates EM showers, which in
turn ionise the LAr in the gaps. An applied voltage across the LAr then allows this signal to be
read out via copper electrodes. The lead and LAr layers are folded into an accordion geometry,
which allows for complete ¢ coverage.

The ECAL is divided into two endcaps, and two identical barrel sections separated by a small,
4mm, gap at z = 0. The barrel has an inner radius of 1.4m and an outer radius of 2m. The endcaps
extend radially from 33 cm to 2m. Each section of the ECAL is subdivided into concentric layers,
or samplings, and further segmented into 1 X ¢ cells which are projective with respect to the nom-
inal interaction point. The number of sampling layers varies with 1, as does the cell granularity,
with the majority of the ECAL having three samplings. The precision region, of highest granular-
ity, covers |n| < 2.5, matching the coverage of the ID. Figure 2.6 shows the accordion geometry
and samplings atm =0.

The first, innermost, sampling consists of narrow cell strips of size 0.0031 x 0.1 inn X ¢ at
M = 0'. The fine  granularity serves to provide a precise position measurement to complement
that made by the ID. In addition, it enables studies of the substructure of showers, which in turn
allows for the identification of ©° — Yy decays. Including upstream material, the thickness of the
first sampling is ~ 7 X, and of this the calorimeter itself constitutes around 3 Xp. The second

sampling is considerably thicker than the first at around 17 Xy. This is the main sampling of

L All quoted cell granularities vary across the 1| range as detailed in [40].
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Figure 2.6: The accordion geometry and samplings of the electromagnetic calorimeter, from [40]

the ECAL. It is divided into projective 0.025 x 0.025 n x ¢ cells, which is about 4 x 4cm at
1 = 0. The chosen size of the cells is derived from the Moliere radius of the calorimeter, which is
around 2.5cm in the barrel [48]. This granularity allows for good containment of an EM shower
within a relatively small number of cells and therefore minimises any electronic or pile-up noise.
Moreover, this size allows for discrimination between EM showers and those produced by pions
and other hadrons. A typical EM shower will deposit more than 70% of its energy in the second
layer alone [49]. The third and final sampling has a coarser granularity of around 0.05 x 0.025 in
N x ¢ and varies in thickness from between 2 to 12 X;. In the range |n| < 1.8 a zeroth layer, or
presampler, consisting of a single LAr layer, is fitted inside the inner solenoid. The purpose of the
presampler is to correct for energy losses in the material upstream of the calorimeter. The region
1.37 < |n| < 1.52 at the junction between the barrel and endcap is not used for precision physics
measurements due to the large amount of material situated in front of the ECAL. This region is
often termed the crack region.

The total thickness of the ECAL is around 26 Xj in the barrel and 30 Xj in the endcap. In total

there are around 170,000 readout channels. Test beams have measured the energy resolution of
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ECAL barrel modules to be [40]:

10.1
or _ 101% . 620, @.7)

E~ VE

which is in accordance with the strict design specifications of the ECAL. These required that the

ECAL must have sufficient energy resolution to be able to determine the mass of a low mass Higgs

boson (my =90 — 180GeV) to within 1% using the decay channels H— yy and H—ZZ* [40].

Hadronic Calorimeters

The hadronic calorimeter (HCAL) is a sampling calorimeter designed to initiate hadronic showers
and measure their energies. In addition, to facilitate measurements of E}"i“"", the HCAL must also
ensure the containment of these showers and prevent the leakage into the muon system. The
HCAL is made up of a number of complementary technologies composing the barrel, the endcaps
and the forward calorimeters.

The barrel region is a tile calorimeter and is composed of a central barrel covering the range
In| < 1.0 and two extended barrels covering the regions 0.8 < |n| < 1.7. It has an inner radius
of 2.28m and an outer radius of 4.23m. The tile calorimeter is constructed from alternating
layers of steel absorbers and plastic scintillating tiles. Hadronic showers initiated in the steel
absorbers produce scintillation light as they pass through the sampling tiles. This is then read out
to photomultiplier tubes and converted into an electrical signal. The total thickness of the material
in front of the tile calorimeter is 2.3 A at 1 = 0. The tile calorimeter itself is longitudinally
segmented into three samplings, which are 1.5, 4.1 and 1.8 A deep in the central barrel and 1.5,
2.6 and 3.3 A deep in the extended barrel. The cell granularity is 0.1 x 0.1 in 1 X ¢ in the first two
layers and 0.1 x 0.2 in M X ¢ in the last layer. There are a total of around 10,000 readout channels.

The two hadronic endcaps are LAr sampling calorimeters which use copper as an absorbing
material. They are each composed of two disks and cover the range 1.5 < |n| < 3.2. Each
HCAL disk is segmented into 4 layers and has a cell granularity of 0.1 x 0.1 in 1 X ¢ over the
range 1.5 < |n| < 2.5and 0.2x0.2inm x ¢ over 2.5 < |n| < 3.2. In total the endcaps are
around 10 A thick and have a total of around 5,600 readout channels.

The final component of the HCAL is the forward calorimeter. This consists of two endcaps
which covers the range 3.1 < |n| < 4.9. The forward calorimeters are LAr sampling calorime-
ters constructed of a matrix of metal absorbers containing thin LAr filled sampling gaps. The
forward calorimeter is approximately 10 A deep, and consists of three layers. The first layer, made
of copper, is optimised for EM measurements, while the other two, made of tungsten, predomi-

nantly measure the energy of hadronic interactions. The granularity varies over | but is generally



2.2 A Toroidal LHC ApparatuS

55

coarser than the other components of the HCAL. There are a total of approximately 3,500 readout
channels.

The overall depth of the HCAL has been shown by both measurements and simulations to
be sufficient to reduce over-penetration of hadronic showers (or punch through) into the muon
system [40] well below the irreducibly level of prompt or decay muons. The energy resolution of

the HCAL as measured using pion test beams [40] is:

or  70.6%

E VE

and similarly the forward calorimeter energy resolution is measured to be:

@ 5.8%, (2.8)
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2.2.5 Muon Spectrometer

Although muons are unstable, the relativistic muons produced during LHC collisions will, on
average, live for a much longer time than it takes to traverse a volume the size of ATLAS. Being
heavy, muons are not as sharply accelerated as electrons in magnetic fields and as a result do
not lose as much energy through bremsstrahlung. For this reason muons are some of the most
penetrating particles, and energetic muons will be capable of passing through the entire detector.
The muon spectrometer is situated outside the calorimeters, in and around the toroidal magnet
system. It is designed to provide precision position and momentum measurements for high energy
muons, and any other charged particles, which may not have been well measured in the ID. It
is the largest of the ATLAS subdetectors and its geometry defines the size of ATLAS itself. The
muon system is comprised of four complementary types of projective muon chamber. Two of these
provide precision position measurements and the remaining two provide triggering capability and
provide secondary coordinates. The toroidal magnets provide a magnetic field which will bend the
trajectories of muons propagating from the interaction point in the pseudo-rapidity plane. Figure
2.7 shows a cut-away view of the ATLAS muon spectrometer.

The muon system is divided into a barrel and two endcaps. The three concentric barrel layers,
containing both precision and trigger chambers, are positioned at radii of 5m, 7.5m and 10m and
cover the range || < 1.0. The two endcaps are each comprised of four layers, again containing
both precision and trigger chambers. They are positioned at |z| of 7.4m, 10.8m, 14m and 21.5m,
and cover the range 1.0 < |n| < 2.7. There exists a small gap at |z| = 0 which allows services
access to the ID, calorimeter and solenoid magnet. In addition there are two gaps in acceptance at

0 ~ 1.2and ¢ ~ 2.2 due to the detector support structure. A muon will typically pass through
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Figure 2.7: A cut-away view of the ATLAS muon system, from [40].

three layers of chambers.

Precision Chambers

The two types of precision chambers are the Monitored Drift Tubes (MDTs), and the Cathode
Strip Chambers, (CSCs).

MDT chambers cover the range |n| < 2.7. Each chamber is constructed from three to eight
layers of aluminium tubes, 30mm in diameter, varying in length from 85cm to 650cm. The tubes
are filled with argon and carbon dioxide gas and contain a central tungsten wire. A charged particle
passing through such a tube will leave a trail of ions in the gas which are collected on the wire.
The spatial resolution of the MDTs is around 80um per tube or 35 um per chamber.

In the forward region, 2.0 < |n| < 2.7, CSCs are used in the innermost tracking layer due to
their higher rate capability and time resolution. CSCs are multi-wire proportional chambers, filled
with a gas mixture of Argon, CO, and CF, and closely spaced anode wires. Placed perpendicular
to the wires are cathode strips. A charged particle will initiate an ion shower in the gas which
will be detected at both the cathode and the anode, allowing the measurement of both r and ¢

coordinates. The resolution of the CSCs is 40um in r and Smm in ¢.
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Trigger Chambers

The ATLAS trigger system is introduced in Section 2.2.7 and described in detail in Chapter 3.
An essential criterion of the trigger system is to be able to identify potentially interesting events
within a very short space of time and associate these unambiguously to a given bunch crossing.
However, the time resolution of the precision chambers exceeds the stringent constraints of the
trigger system. In order to provide the capability to trigger on muons, dedicated chambers are
used which are capable of recording and providing information with microsecond latency and
nanosecond timing resolution required. There are two types of muon trigger chambers: Resistive
Plate Chambers, (RPCs), and Thin Gap Chambers, (TGCs).

RPCs are used in the barrel region over the range || < 1.05. RPCs are made from two parallel
resistive plates, separated by 2mm, with a potential difference between them. The gap is filled by
a CoHyFy, 1s0-C4H 0, SFg gas mixture. A charged particle will initiate an ion shower in the gas
which will be read out by metallic strips on the outer faces of the resistive plates. The resolution
of the RPCs are 10 mm in z and ¢.

TGCs cover the range 1.05 < |n| < 2.4 and are multi-wire proportional chambers, similar to
the CSCs. TGCs get their name as the gap between the wires and the cathode is smaller than the
gap between wires. TGCs have higher granularity than the RPCs at 2 — 6mm in r and 3 — 7mm
in ¢. The time resolution of the trigger chambers is 1.5ns for the RPCs and 4ns for the TGCs,
well within the limits for triggering. In addition to triggering, these chambers also provide a
complementary measure of the muon coordinate in the direction orthogonal to that determined by

the MDT precision-tracking chambers.

The muon system provides momentum measurements and charge identification for muons

with pr greater than 3 GeV and up to ~ 3 TeV. At 1 TeV the momentum resolution for muons is:

Oor _ oo, (2.10)

pr

and closer to 2-3% at lower energies of around 20 GeV.

2.2.6 Minimum Bias Trigger Scintillators

In order to understand the soft p-p collisions which comprise the vast majority of the LHC event
rate, ATLAS must be able to select events typical of these very soft interactions. The Minimum
Bias Trigger Scintillator (MBTS) disks [50] provides ATLAS with the ability to select collisions as
inclusively as possible, or synonymously, with the “minimum of bias”. The MBTS system consists

of two disks of sixteen scintillation counters installed on the inner faces of the hadronic endcap
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calorimeter cryostats +3.56m from the nominal interaction point. Each MBTS disk is divided
into an inner and an outer ring, each of which is further divided into eight units in ¢. These cover
the regions 2.82 < |n| < 3.84 and 2.09 < |n| < 2.82 respectively. Individual MBTS units consist
of a 2cm thick layer of polystyrene-based scintillating material. Any charged particle traversing
the scintillator will leave a trail of scintillation light which will then be read out by wavelength
shifting fibres to external photo-multiplier tubes and registered as a signal. Candidate collision
events are identified based on coincidences of signals in both MBTS systems.

Unlike the majority of ATLAS, the MBTS system is not particularly resistant to radiation
damage and is expected to exhibit a significant degradation in performance after only three to four

months of running at luminosity of 103 cm=2 s~

2.27 The Trigger and Data Acquisition System

The ATLAS Trigger and Data Acquisition (TDAQ), system is dedicated to selecting which events
should be recorded for later study, and for handling the transfer of the data corresponding to these
events to permanent storage. The TDAQ software runs in real time, that is, as the detector is
recording information, and is referred to as online software. This is to be contrasted with the
software used to examine events after they have been recorded which is known as offline software.
The TDAQ is subdivided into two systems, the trigger, which is responsible for the selection of
events, and the Data Acquisition system (DAQ) which handles the flow of data. Comprehensive
descriptions of these can be found in [40, 51, 52]. The TDAQ system is described in detail in the

following chapter.

The ATLAS detector is composed of a combination of precision tracking detectors, hermetic
calorimeters and a large dedicated muon system. This design should ensure that if new physics is
produced by the LHC, then ATLAS will be in an excellent position to witness it, no matter how it

manifests itself.



Chapter

The ATLAS Trigger System

At the LHC design luminosity of £ = 10** cm™2s™!, the event rate witnessed at ATLAS is
expected to be around 1 GHz. Figure 3.1, from [53], shows the cross sections and event rates at
L = 10** cm™2s~! extrapolated from Tevatron observations, along with those expected at the
LHC. The overwhelming majority of the expected event rate is observed to consist of SM QCD
interactions, whilst the physics processes of interest often have cross sections several orders of
magnitude smaller than this background. In theory, an ideal experiment should be capable of
recording each and every event, and thus ensuring the complete acceptance of any interesting
processes. However, in reality, technological constraints limit the amount of data that can be
recorded to around 300MBs~!. As an average collision is expected to be around 1.3MB in size
this, therefore, limits the rate at which collisions can be stored to approximately 200Hz. The
system for deciding which events to store the information on and which to discard is made by
the trigger system. In order to abide by the bandwidth constraints, the trigger is required to
achieve an overall rejection factor of around 0(105), and, at the same time, it must sustain an
excellent selection efficiency for the rare processes of interest. The trigger system is therefore at
the cornerstone of the ATLAS physics programme, as it is this which dictates which processes can
be fully explored and which cannot.

When discussing trigger selections, the term event is often used interchangeably to describe
bunch crossings as well as specific interactions. Thus the selected event rate relates to the rate at
which bunch crossings are stored.

The ATLAS trigger system functions by identifying features which distinguish interesting
or new physics from the overwhelming bulk of SM processes. Such features include: high py
leptons, photons, or jets; large EZS; large total amounts of energy and combinations thereof.
The usefulness of such features in identifying interesting events from potential backgrounds is

further enhanced if they are isolated, (produced far from any other particles). In addition, ATLAS
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Figure 3.1: Cross-sections and event rates for proton proton collisions. The left-hand figure shows expected
cross section as a function of the centre of mass energy at the Tevatron (p — p collision), and at the LHC
(p — p collision) energy scales. The right-hand figure shows expected event rates as a function of the
produced particle mass or the highest jet transverse energy for /s = 14 TeV. From [52, 53, 54].

possesses the capability to trigger on very minimal detector activity, using the MBTS system, and
thereby select events with so called minimum bias.

A particular set of requirements which an event must meet to in order to be selected by the
trigger is known as a trigger signature. Such signatures typically consist of a minimum multiplic-
ity for a certain object type to exceed an E7 threshold. These are discussed further in Section 3.3.
Events which meet these requirements are said to have passed the trigger. The entire information
on these is then passed from the DAQ system to mass storage. It is only these events which will
be available for later analysis. The information on any events which fail the trigger will be lost.

The ATLAS trigger system, shown schematically in Figure 3.2, is comprised of three sequen-
tial levels: Level 1 (L1), which runs on very fast custom hardware, and the software-based High
Level Trigger (HLT), comprised of Level 2 (L2), and the Event Filter (EF), which are run on large,
dedicated computing farms. These levels impose increasingly refined selections designed to iden-
tify events containing interesting features. They function in a seeded and step-wise manner in
order to enable the identification of uninteresting events as quickly as possible. Such events are

then rejected, freeing up resources to study as many collisions in as much detail as possible.
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Figure 3.2: Schematic representation of the ATLAS trigger system, from [55].

3.1 The Level-1 Trigger

The L1 trigger scrutinises each collision at the 40MHz bunch crossing rate, utilising dedicated,
custom built electronics and pipelined memories. It searches for the signatures of highly energetic
electrons, photons, muons, jets and hadronically decaying tau leptons, as well as events which
contain large E}”i“"" or total transverse energy. L1 uses reduced granularity information from a
sub-set of detectors: so called trigger towers from the calorimeter, and RPCs and TGCs within the
muon spectrometer.

Figure 3.3 shows a block diagram representation of the L1 trigger. Following the identification
of interesting features by the L1 calorimeter and muon systems, information on the energy thresh-
olds and multiplicities of these features is passed onto the central trigger processor (CTP). The
CTP combines the information from the various subsystems and compares this to pre-configured
trigger signatures in order to make an overall L1 decision. The result of this decision along with

the LHC clock and other input signals are then passed to the detector front-end readout systems via
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Figure 3.3: A schematic diagram of the L1 trigger, from [40].

the timing, trigger and control system. During the L1 trigger processing, the data from multiple
bunch-crossings are held in pipeline memories. If the CTP has passed a given bunch crossing, then
the corresponding information on the location and threshold energies of the interesting features are
passed as Regions of Interest (Rols) to L2, where they are used to seed the selection performed by
the HLT. Otherwise this information is discarded.

The maximum L1 accept rate is 75kHz, with a latency for decision making of 2.5 us following

the associated bunch crossing. The L1 trigger achieves an overall rejection factor of around 400.

3.1.1 The Calorimeter Trigger

The L1 calorimeter trigger system is based on trigger towers formed by the summation of adjoin-
ing cells in all samplings in each of the EM and hadronic calorimeters. Trigger towers have a
granularity of 0.1 x 0.1 in 1 X ¢ in most parts of the calorimeter, although this increases at large
In|. Figure 2.6, from the previous chapter, shows the trigger towers of the EM calorimeter at
n = 0. Energy signals picked up in trigger towers are sent to pre-processors where they are asso-
ciated with a specific bunch crossing and converted into transverse energy via a calibrated look up

table. The L1 calorimeter is capable of measuring transverse energy, in discrete units of around



3.1 The Level-1 Trigger

63

AdT

An —

EM cluster Hadronic core
?/ EM isolation Hadronic isolation
_

Figure 3.4: The ATLAS L1 EM trigger system. EM objects are required to have E7 contained in the central
EM cluster (white) above a threshold. For isolated signatures it is also required that not too much energy
is deposited into the surrounding ring of EM trigger towers (diagonally hatched), the hadronic calorimeter
directly behind the central cluster (grey) or the surrounding ring (vertically hatched).

1GeV, up to 255GeV, above which the signal saturates. Energy information is transmitted to both
the Cluster Processor (CP), and to the Jet Energy-sum Processor (JEM).

The CP searches for electrons, photons and hadronically decaying taus in an overlapping,
2 x 2, sliding window of EM trigger towers. EM trigger towers are present across the entire EM
calorimeter, [n| < 2.5. EM candidates are identified as a window containing an E7 maxima
exceeding a trigger threshold in a 1 x 2 or 2 x 1 trigger tower region. Tau candidates also include,
in addition to the EM tower energies, the energy deposited in the 2 x 2 hadronic trigger towers
directly behind the EM window. Both EM and tau candidates are either just required to have
transverse energy above threshold or, optionally, to be isolated as well as sufficiently energetic.
The isolation requirements at L1 serve to reject non-EM or tau like showers as well as EM/tau
showers produced close to other detector activity. Figure 3.4 shows an overview of the CP trigger
tower selections.

Isolated EM objects generally leave a narrow energy deposit in the EM calorimeter, with lim-
ited leakage into the hadronic calorimeter. The width of the EM candidate is restricted by a mea-
surement of the energy in a ring of twelve EM trigger towers surrounding the central 2 x 2 window
containing the candidate maxima. This is known as the EM isolation ring. Energy leakage into the

hadronic calorimeter is measured as the energy in the four hadronic trigger towers directly behind
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the central EM window, known as the hadronic core, and in the twelve hadronic trigger towers
around the central hadronic region, known as the hadronic isolation ring. Isolated EM candidates
are required to have less than 5GeV, 3GeV and 4 GeV, deposited in the EM isolation ring, the
hadronic core and the hadronic isolation ring respectively. Isolated tau candidates are required to
have both the hadronic and EM isolation rings below the thresholds.

Up to sixteen CP thresholds can be simultaneous defined as the L1 stages of various trigger
signatures. Of these, eight are reserved for EM thresholds and the other eight available for either
EM or taus.

The JEM utilises jet elements formed from the energy sum of 2 x 2 trigger towers in both the
EM and the hadronic calorimeters. Jet candidates are identified by energy depositions exceeding a
minimum energy threshold in either a2 x 2, 3 x 3 or 4 x 4 jet elements region. At the same time as
searching for jet candidates, the JEM implements an energy summation algorithm which produces
total sums of Er, E, and E,. These are used to identify events with large missing transverse
energy or large sums of transverse energy. Up to eight independent combinations of E7 threshold
and jet element window size can be simultaneous defined as well as four total E7 and eight E'

thresholds. The jet calorimeter trigger covers the range |n| < 3.2.

3.1.2 The Muon Trigger

The L1 muon trigger system is comprised of the dedicated RPCs and TGCs, as introduced in
Section 2.2.5. These cover the range 1| < 2.4, and aim to identify muon candidates. Unlike the
precision muon chambers, trigger chambers have sufficient timing resolution to be able to provide
unambiguous identification of which bunch crossing gave rise to each muon of interest.

Figure 3.5 shows the schematic setup of the L1 muon trigger. Candidate muons are first
registered as hits in the pivot plane of trigger chambers, which is the either the second RPC plane
or the fourth TGC plane. A coincidence of further hits is then required to be contained within
a road which points from the nominal interaction point. The width of the road corresponds to
the py threshold required. A total of six programmable trigger thresholds can be simultaneously
configured. Of these, three correspond to low pr thresholds, of between six and nine GeV, and
three to high py thresholds of between nine and thirty five GeV. Unlike the calorimeter thresholds,
muon thresholds are exclusive, meaning a muon candidate only passes the highest py threshold

which it satisfies.
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Figure 3.5: A schematic diagram of the L1 muon RPC trigger, from [40].

3.2 The High Level Trigger

The ATLAS HLT is a software based system which runs almost entirely on commercially available
computers and network hardware. The HLT implements guided algorithms which run in a step-
wise manner to validate or invalidate specific trigger hypotheses. Unlike L1, information from all
subdetectors, including the ID, is available. The decision making components of the HLT are the

Level-2 trigger and the Event Filter.

3.2.1 The Level-2 Trigger

Following selection by the L1 trigger, event data is transferred to the HLT DAQ system. For
each event, the L1 calorimeter, muon and CPT subsystems provide Rol information to the Rol
builder, as shown in Figure 3.2, which assembles this into a single data structure to be forwarded
to the L2 system. Using the Rol locations, the L2 requests the appropriate data from the readout
subsystems, which is then processed in order to arrive at the decision to accept or reject the event.
In this way L1 is said to seed the HLT. The L2 system is designed to reduce the selected event
rate from ~ 75kHz to ~ 3.5kHz, providing a rejection factor of about 30. The L2 trigger benefits
from improved, though not final, detector calibrations and thresholds.

The principal component of the L2 trigger is the processing farm, where event selection is

performed. L2 generally only uses information within Rols to make its decision, although certain



3.2 The High Level Trigger

66

algorithms reconstruct the full event. Within Rols the detector information with full granularity
is available. The use of Rols restricts the amount of data required to only around 1-2% of the
total event size, and hence minimises the CPU and bandwidth usage needed to reach a decision.
Starting from each Rol, L2 applies simple, robust, hypothesis selections in a series of steps, each
refining the existing selection via the acquisition of additional data from increasingly more detec-
tors. Depending upon the trigger signature, different stages of event reconstruction, termed feature
extraction, are performed. These typically request detector data within an Rol and attempt to iden-
tify physical features such as tracks or calorimeter energy clusters. A hypothesis algorithm then
tests to determine if the located features meet the trigger selection criteria. Criteria are hypothe-
sis specific, and include variables such as calorimeter shower shapes, E; thresholds and track to
cluster matchings. As soon as a hypothesis test is failed the Rol is rejected. This further limits the
amount of processing by rejecting an uninteresting events as early as possible. Only events which

pass the full L2 trigger selection criteria are passed onto the EF.

3.2.2 The Event Filter

Each event accepted by L2 is forwarded to an event builder node, as shown in Figure 3.2, which
builds the entire event data with the full detector granularity and sends this to the final selection
stage of the trigger, the EF. Due to the high available latency of around 4s, the EF, unlike L2,
can afford to apply more sophisticated event reconstruction algorithms. As much as possible, the
EF uses the standard ATLAS analysis and event reconstruction applications developed for offline
analysis, as well as final calibrations. In addition, the EF is able to access the information on
the entire event, rather than just within Rols. The EF applies refined hypotheses algorithms to
identify leptons, jets and photons as well as generalised EZ and b-physics objects. The EF
trigger reduces the event selection rate from ~ 3.5kHz to the final ~ 200Hz able to be written to
storage, achieving a rejection factor of about 15.

In addition to selection, the EF also classifies events into trigger streams according to the
type of candidate object which causes them to pass the trigger. Any events passing the EF are
subsequently transferred to CERN’s central data recording facility where they are stored for future

offline analysis.

3.2.3 Electron HLT Selection

The electron trigger selection is designed to identify events which contain energetic transverse
electrons. An electron will be characterised by an energy deposit, or cluster, contained within the

EM calorimeter with an associated pointing ID track whose pr should be similar to the E7 of the
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cluster. The majority of the background that contributes to the electron trigger rate comes from
QCD processes which deposit significant energy in the EM calorimeter.

At the HLT the electron selection process is guided by the Rol mechanism, as described previ-
ously, where the Rol is the detector region surrounding a triggered L.1 EM candidate. The L2 then
implements feature extraction algorithms (FEXs), designed to first identify calorimeter clusters
and then ID tracks. Following each FEX, a hypothesis algorithm tests if the identified features are
consistent with an electron like signature.

The L2 calorimeter FEX reconstructs energy clusters in a region of 0.075 x 0.175 in 1 x 0.
The calorimeter hypothesis algorithm then applies cuts based upon: the cluster E7; the E7 in the
first layer of the hadronic calorimeter (often refered to as the hadronic leakage); the shower shape
in the  plane in the second sampling of the EM calorimeter Ry; and on the ratio of the first
and second energy maxima found within the first sampling of the EM calorimeter E,;,. Due
to the energy dependence of the cross section, jet backgrounds are mainly rejected by the Er
cut. Further cuts on the n shape and leakage into the hadronic calorimeter provide increased
jet-electron discrimination as EM showers are typically more contained in pseudo-rapidity and
deposit most of their energy in the EM calorimeter. The final cut variable E,,;, will take values
close to unity for isolated electrons, but not for diffuse hadronic showers or ©° — vy decays, as the
multiple particles contained within these can create many local maxima that may carry significant
fractions of the shower energy.

Assuming the candidate cluster passes the calorimeter hypothesis, the L2 ID FEX then re-
constructs tracks in the ID region corresponding to the Rol, as described in [56]. A combined
ID-calorimeter hypothesis algorithm then tests for an energetic track, closely matched in An x A¢
to the calorimeter cluster.

The electron selection at EF uses offline algorithms as much as possible along with more
precise calibration and alignment constants than are available at L2. Electron reconstruction takes
place within Rols seeded by the improved direction found at L2. The EF selection then follows the
same scheme as L2, although the looser timing constraints allow more sophisticated reconstruction
algorithms to be used. As at L2, the selection is based on the calorimeter, ID and combined ID-
calorimeter information, although more shower shape and track quality cuts are applied. The EF
algorithms, in common with offline, can apply varying degrees of electron selection, ranging from
loose to tight. A tight cut will have high purity but lower electron identification efficiency, whereas
a loose cut will have lower purity but higher efficiency. The offline and EF electron hypothesis
cuts are often referred to as 1isEM and are described in detail in [57], and in Section 4.2.1. The

electron and photon trigger is further described in [58].
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3.2.4 Muon HLT Selection

The L2 muon trigger consists of several complementary algorithms, each acting to identify muons
in different ATLAS subdetectors. Muon reconstruction takes place in a region of 0.2 X 0.2 inm X ¢
surrounding the initial Rol. Muons are firstly reconstructed as standalone muons in the muon
spectrometer using information from both the precision chambers and from the trigger chambers.
This is then combined with ID track information within the Rol to produce combined muons.
Combined muons possess an improved measure of 1, ¢ and transverse momentum, especially in
the low pr range. This increased pr resolution serves to provide increased rejection against very
low momentum muons, such as those produced by in-flight decays of pions and kaons.

EF reconstruction is seeded by L2 Rols. Due to the larger admissible latency, the EF uses
adapted versions of the offline reconstruction algorithms. The EF muon selection consists of two
complementary algorithms. The first starts at the muon system and extrapolates back to the ID, and
the second begins from the ID and carries on muon identification outwards. These each consists
of four FEX algorithms. Starting from the outside and working in, these: identify MDT track
segments; build tracks from these; extrapolate them back to the interaction point; they then find
ID tracks and combine these with the muon tracks. The hypothesis algorithm then simply cuts on

the pr of any identified muon candidate. The muon trigger is described fully in [59, 60].

3.3 Trigger Signatures

A trigger signature is the total set of requirements that an event must meet in order to pass the trig-
ger. Each signature has a L1, a L2 and an EF stage, with each of these stages composed of one, or
more, alternating FEX algorithms and trigger hypotheses. Figure 3.6 shows a schematic overview
of an electron trigger signature. Many individual signatures will be configured simultaneously and
each bunch crossing will have the potential to pass one or more signatures.

Trigger signature naming conventions are based on the hypotheses algorithms applied. Each
stage of each signature is identified using a notation where a symbol representing the candidate
particle type is preceded by a multiplicity value and followed by a E7 or py threshold value. The
symbol e indicates an electron candidate, y a photon, mu a muon, j a jet, fau a tau and XE EM5,
For example, the signature 2e5 corresponds to a requirement of two or more electrons, each with
E7 above 5 GeV. EF 2e5 is the EF stage of such a signature and will be seeded by the L2 stage L2
2e5, which was in turn seeded by the L1 L1 2EM3. L1 Er thresholds are generally slightly lower
than at the HLT to account for the poorer L1 E7 resolution. A i suffix on a trigger indicates that an

isolation requirement has been made, usually at the L1 stage. Furthermore, electron triggers are
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Figure 3.6: A schematic flow diagram of an electron trigger chain.

often suffixed by loose, medium or tight, indicating tightness of the isEM selection required at EF.
The rejection power of individual signatures can be adjusted by tuning the lower transverse energy
threshold, the object multiplicities and the tightness of the object selection criteria. In addition,
some signatures can be prescaled, meaning that only a fraction of events meeting the signature

will be written to storage.

3.4 Trigger Menus

In order to control the overall trigger rate, lists of potential signatures are compiled into a trigger
menuy. Such menus are selected in order to maintain a 200 Hz pass rate regardless of the LHC
operating conditions. The process of deciding which signatures compose a trigger menu must take
into account the intended LHC conditions. As well as an assessment of the rejection capabilities
of each signature at each selection stage, and the rate capabilities of each level of the trigger and
the computing system. This procedure is iterative, and the formation of any trigger menu will be
heavily influenced by earlier trigger studies. Menus will doubtless evolve as knowledge of the
ATLAS detector, and of the physics cross sections progresses. Further details on the construction
and validation of trigger menus can be found in [51, 52].

The trigger menu is divided into slices depending upon the final state hypothesised: minimum
bias events; electrons or photons, egamma; hadronically decaying taus; muons; jets; b-jets; b-

physics; missing energy and or total energy; and finally, events for the calibration of the detector.
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Each slice is assigned a portion of the overall 200Hz bandwidth. Table 3.1 shows a subset of

triggers from an example trigger menu proposed for use at an early luminosity of ~10°'cm=2s~1.

At the initial luminosity of ~10°'cm=2s~!

event rates are expected to be low enough that
triggers will not have to require particularly strict selection criteria or very high thresholds. This
will allow time to commission the trigger system and to validate the harsher cuts that will be
required as instantaneous luminosity increases.

Table 3.2 shows a subset of triggers from an example menu proposed for use at a higher lumi-
nosity of ~2 x 10¥cm™2s~!. The signatures foreseen for use in this menu have higher energy
thresholds when compared to those intended for lower instantaneous luminosities. Furthermore,
the selection of candidate objects within given signatures is expected to be more stringent and
isolation is increasingly relied upon. For example, whilst at low luminosity the primary single
electron signature is 10, which is expected to implement a medium isEM cut at EF, and no iso-
lation. At high luminosity, the corresponding single electron signature is expected to be e221i.
Which not only implements a higher energy threshold, but also a tight 1sEM cut and L1 isolation.
It is often undesirable to increase the minimum thresholds or object multiplicities of triggers too
much, as this can severely limit the ability of the trigger to select many interesting processes.
As a result, isolation requirements and the tightness of object selection criteria are expected to
become increasingly important if rates are to be controlled. Therefore, a good understanding of
these will be crucial to any studies at ATLAS. This is especially true at higher instantaneous lumi-
nosities, where the need for harsher selection criteria will make the selection of interesting physics
processes increasingly difficult.

The studies presented in this thesis took place over a period of time during which the proposed
initial energy and luminosity of the LHC varied greatly. As a result a number of different trigger
menus and signatures are studied throughout this work. The exact nature of each signature and the

menu in which it is situated will be introduced as appropriate.
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Table 3.1: A subset of trigger signatures from an illustrative trigger menu for £ = 10°! cm~2s~!, adapted

from [40].
Signature L1 rate (Hz) HLT rate (Hz) Intended Physics Processes
Minimum Bias up to 10,000 10 All, but will be prescaled
el0 5,000 21 b,c — e, W, Z, Drell-Yan, tf
2e5 6,500 6 Drell-Yan, J/y, Y, Z
20 370 6 Direct photons, ¥-jet balance
2y15 100 <1 Photon pairs
mul0 360 19 W, Z, tf
2mué 70 3 B-physics, Drell-Yan, J/y, Y, Z
j120 9 9 QCD and other high-py jet final states
4j23 8 5 Multi-jet final states
tau20i + XE30 5,000 10 W,tt
Table 3.2: A subset of trigger signatures from an illustrative trigger menu for L = 2 x 103 cm™2s7!,
adapted from [61].
Signature L1 rate (Hz) HLT rate (Hz) Intended Physics Processes
e22i 12,000 40 b,c — e, W, Z, Drell-Yan, tf
2el2i 4,000 <1 Drell-Yan, J/y, Y, Z
Y551 12,000 25 Direct photons, y-jet balance
2Y171 4,000 2 Photon pairs
mu20i 800 40 W, Z, tt
2mul0 200 10 B-physics, Drell-Yan, J/y, Y, Z
3370 200 10 QCD and other high-pr jet final states
4j90 200 10 Multi-jet final states

tau35i + XE45 2,000 5

W, tt




Chapter

Event Stmulation and Reconstruction at

ATLAS

The following chapter will describe the process by which simulated data is produced at ATLAS,
and how signals observed in the ATLAS subdetectors are reconstructed into meaningful represen-
tations of particles. The reconstruction stage is common both to simulated and real data. All event
simulation and reconstruction takes place within the ATLAS computing framework, ATHENA,

which is detailed in [62].

4.1 Event Simulation

In the absence of data, complex Monte Carlo (MC), computer simulations are used to simulate the
responses of the ATLAS detector to the various signals expected of physical processes. MC meth-
ods use random number generators to model processes and interactions based on the underlying,
probabilistic, physical laws. Typically the MC simulations used at ATLAS have been extensively
tested and tuned at previous experiments [63] and using data collected at dedicated ATLAS test
beams [40].

The ATLAS MC process is subdivided into three steps: firstly, the generation of the primary
event from the p-p interaction, including any immediate, unstable particle decays; secondly, the
simulation of the interactions of the produced particles with the detector; and finally, the conver-
sion of any energy deposited in sensitive regions of the detector into currents and voltages to be
read out as signals. The format of simulated data has been devised such that its output is identical
to that of real data as recorded by the actual detector. Using the same methods for MC as for actual
data the raw detector outputs are then reconstructed into meaningful representations of physical

objects ready for analysis. Figure 4.1 illustrates the stages involved in both the simulation process
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Figure 4.1: A block diagram overview of the ATLAS data taking and Monte Carlo simulation setups.
Processing stages are shown in white, data formats in grey.

and in data taking. A detailed description of the ATLAS MC project can be found in [64]. The

following sections will describe the important parts of the MC process at ATLAS.

4.1.1 Event Generation

Event Generation involves the use of MC generators to produce examples of specific particle-
particle interactions. Such generators start from a set of initial conditions and then compute the
kinematics of any stable, final state, particles produced via a desired interaction and decay process.
Particles are considered stable by the generator if their proper lifetime is sufficient to allow them
to propagate a significant distance, (> 10mm), at relativistic speeds within the detector before
decaying. The decays of longer lived particles are handled by the detector simulation.

At the LHC, the initial conditions will consist of two beams of protons with a given energy.
The protons themselves are each modelled in terms of their contents, partons, by a parton distri-
bution function (PDF). PDFs describe the probability density for finding a particular parton with a

particular fraction of the total proton momentum. These vary depending on the parton type and the
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Figure 4.2: A schematic illustration of the stages involved in the generation of a Monte Carlo event. Time
runs from left to right (see text).

overall energy of the proton. The PDFs used at ATLAS are CTEQ6L and CTEQ6M, as described
in [65].

Event generation begins by first modelling any initial state radiation (ISR), via emission from
the initial partons. Following this is the main interaction itself, whereby one parton from either
proton is involved in the desired high energy transfer, or hard, process. This process will result in
the production of final state particles, either directly, or via the decay of an intermediate resonance
particle. Particles in the final state can then emit radiation, in a similar way to initial particles,
as final state radiation (FSR). Any final state parton will then fragment to colour-neutral hadrons,
which may in turn decay further. This process is referred to as hadronisation. In addition to the
hard process, the underlying event is modelled including any secondary interactions between the
colliding protons and the subsequent hadronisation of the proton remnants. Figure 4.2 shows a
schematic overview of the event generation process.

Any particle produced by the event generation is referred to as a prompt particle. The kinemat-
ics of the each particle in an event is determined by the Monte Carlo method, that is, by random
number selections and the appropriate probability distribution functions. The details of the event
generation are stored and are available to the end user as so-called truth information. Two classes
of generators; general purpose and specialised, are used at ATLAS. General purpose generators
produce complete descriptions of events starting from the proton-proton initial states, through to
the final state particles. Specialised generators are used to augment general purpose generators,
by providing improved descriptions of specific decays or final states.

The general purpose generators used in this thesis are PYTHIA [66] and HERWIG [67], com-
plemented by the specialist generators Isajet [28], MC@NLO [68] and AcerMC [69]. In addition,

some single-particle generators are used to produce individual particles with which the detector
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response can be studied. The majority of the samples studied in this thesis were generated by
PYTHIA. PYTHIA is a widely used generator, tested and validated over many years at both e™e™
and hadron colliders. PYTHIA provides a complete description of an event including ISR, FSR
and hadronisation. The SUSY samples studied in this thesis were generated using the HERWIG
generator with the Jimmy [70] implementation of the underlying event. For these events Isajet was
used to providing the relevant weak scale masses and decay modes from the GUT scale model pa-
rameters. Top-quark samples were produced using either AcerMC or MC@NLO, supplemented
by PYTHIA. All of the these generators, with the exception of MC@NLO, compute processes to
leading order (LO). MC@NLO, as the name suggests, provides full next to leading order (NLO)
corrections. All the samples studied in this thesis, except where noted, were produced centrally by

the ATLAS collaboration.

4.1.2 Detector Simulation

Particles produced by the event generators are passed on to the detector simulator. This then
simulates their interactions with the detector. Detector simulation can either be a so-called full
simulation, which is based on the modelling program GEANT4 [71]; or a fast simulation, which is
based on a parametrisation of the detector response, or a combination of the two.

The full simulation mechanism involves the propagation of each particle through a detailed
virtual model of the detector, whilst modelling their interactions along the way. This is achieved
via the GEANT4 “toolkit”. The particle showers and interactions produced during the simulation
are included in the truth information. Any energy deposited in sensitive portions of the detector
is collected as so called hits. These hits are later digitised in such a way as to simulate the output
of the detector and stored as digifs. Digits are formatted such that they are identical to the signals
expected to be produced by the actual detector. This then allows simulated data to use the same
reconstruction algorithms as real data. Full simulation has been extensively validated and has been
shown to reproduce existing real data to a high degree of accuracy.

Although full simulation produces the most accurate description of events, it demands a very
large amount of computing power. It is not always possible to afford the computing resources
to simulate enough data for certain signals, or to simulate enough events for particularly detailed
studies. In order to address this issue, several versions of fast simulation exist which aim at reduc-
ing the computing time needed per event via a simplification of the detector simulation. The full
blown fast simulation, known as ATLFAST-I [72] dispenses with the GEANT4 stage altogether
and instead parametrises the detector response using smearing functions relating to detector res-

olutions. This does not include any detailed simulation of particle identification efficiencies or
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of particles being falsely reconstructed as different particles, or fakes. The resultant data con-
sists of only four-vectors corresponding to each particle, which can then be analysed by the user.
ATLFAST-T is around 10* times faster than full simulation.

The program ATLFAST-II [73] sits somewhere in between full simulation and ATLFAST-I. It
provides full GEANT4 based tracking and muon simulation, whilst relying on a parametrisation of
calorimeter shower profiles based on a large sample of presimulated, full simulation showers. The
output of ATLFAST-II is in such a form that the standard reconstruction algorithms can be used
in common with full simulation and real data. ATLFAST-II offers a factor of ten improvement
in computing time over full simulation. Whilst the resultant data is not in complete agreement
with full simulation, for most physics observables the agreement is within 10%. However, some
notable exceptions include the inability of the fast simulation to describe fakes, and the unsatis-
factory modelling of calorimeter punch through. Neither ATLFAST-I nor ATLFAST-II include

simulations of the trigger system.

4.2 Particle Reconstruction

Before any analysis of the signals observed during an event can begin, they must first be assembled
into a coherent, simplified data structure. This process, known as reconstruction, condenses the
information contained in the raw subdetector signals, combines this with various calibrations and
alignments and finally identifies individual particles and event level quantities. The result is a data
format that only includes abstract physical objects, overall event variables, such as EJS, and a
reduced set of detector information. The reconstruction process reduces the event size from an
average of 1.5 MB to around 100 kB.

Reconstructed objects correspond to detector signals that are consistent with those expected as
various particles interact with the detector. The types of reconstructed object include: electrons,
photons, muons, hadronic tau decays and jets. The majority of these objects are composed from
tracks in the ID and muon spectrometer, along with energy deposits, or clusters in the calorimeters.
Tracks themselves are formed by linking SCT and pixel hits into track seeds in the inner four ID
layers, and then extending these to include measurements from the outer layers and form complete
tracks. Clusters are formed from contiguous groups of calorimeter cells which contain significant
energy deposits.

Reconstruction aims to achieve a one-to-one correspondence between truth level particles and
jets and the correct type of reconstructed object. However, this is not always possible with physics,
detector and software effects sometimes resulting in objects being reconstructed as the wrong type

of object, or not being reconstructed at all. The efficiency of reconstruction, €, is defined as the
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probability, P, that a certain particle or jet will be reconstructed as a particular type of object, given
the conditions, /, that describe the object. For example, the electron reconstruction efficiency, €.,

is given by:

€, = P(object is reconstructed as an electron | I, object is an electron). 4.1)

In this case / may include the transverse energy and m of the electron, as well the topology of
the event in which it is present. Similarly, the efficiency of a jet to be falsely reconstructed as an

electron, €, is given by:

€z = P(object is reconstructed as an electron | I, object is a jet). (4.2)

Such falsely reconstruction objects are termed fakes. The inherently random nature of particle
interactions mean that complete separation between different object types is not always achiev-
able. The sources of fakes depend on the type of object being reconstructed. For example, the
overwhelming majority of fake electrons arise from jets. Jets typically contain around a third of
their energy as neutral pions, which decay to photons and can result in electron-like calorimeter
clusters. In addition, the remaining jet constituents, mainly charged hadrons, can leave tracks
which maybe mistaken for the track due to an electron. An important measure of the performance
of reconstruction is purity, p. Purity is defined as the probability that an object reconstructed as a
certain type of object is, indeed, that type of object. The purity, p,., of the electron reconstruction

is:

p. = P(object is an electron | object is reconstructed as an electron). 4.3)

If the only source of fake electrons are jets, then the electron purity will be given by:

€T

_ (4.4)
€M, + Sjetnjet

Pe =

where T, is the prior probability for the existence of electrons and 7, is the prior probability for
the existence of jets. This is often described in terms of rejection factor, f, defined as the ratio of
the efficiency of the correct object reconstruction to the fake efficiency:

€e

f=— 4.5)

€ jet .
In practice the optimisation of reconstruction techniques are driven by the need to balance effi-

ciencies with rejection factors.
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The object defining cuts specified here, and used throughout this thesis, correspond to those
used in the CSC exercise [27]. In the following, the reconstruction of the objects relevant to this

thesis is described.

4.2.1 Electrons

The identification of electrons above the overwhelming jet backgrounds will prove quite a chal-
lenge at ATLAS. In the moderate energy range, between 20 and 50 GeV, the ratio between the
rate of isolated electrons and the rate of QCD jets is expected to be ~ 10> [74]. Therefore a jet
rejection factor exceeding 10 will be needed in order to reduce the backgrounds of jets faking
electrons to a level well below that of real electrons. This, however, rapidly falls off with energy.
Such that, in the TeV range, an equivalent electron purity can be obtained with a rejection factor
of only 10°.

Electron reconstruction at ATLAS is performed using a combination of calorimeter clusters
and ID tracks. There are two procedures for electron reconstruction. The first, standard method
is optimised for the identification of isolated energetic electrons. This starts from a calorimeter
cluster and searches for an appropriate matching track. The second more specialised method, is
designed to look for non-isolated low py electrons. This starts from tracks before searching for
matching clusters. The studies in this thesis will primarily use only the standard reconstruction
algorithm.

Standard electron candidates are seeded by an EM cluster, found within a | x ¢ sliding window
in the EM calorimeter containing an E7 deposit of above 3 GeV in the sum of all longitudinal sam-
plings. The size of the window in 1 X ¢ is defined in the second calorimeter sampling and varies
from 3 x 7 cells in the barrel to 5 x 5 cells in the endcaps. The increased size in ¢ accounts for the
bending of electrons in the magnetic field, which will cause them to radiate soft bremsstrahlung
photons along a range in ¢.

Following the identification of a seed EM cluster, a matching track is searched in the ID within
a An x A¢ window of 0.05 x 0.10. If such a track is found, then the ratio of the cluster energy to
the track momentum is required to be less than ten. Any candidates that fulfil these three criteria
are said to have passed the electron preselection. The efficiency of preselection has been shown to
be ~ 93% for simulated single electron samples with Ez > 20 GeV and [n| < 2.5 [74].

Further electron identification criteria are made based upon a series of E7 and |n| dependent
cuts; cuts are made in seven bins in || and six bins in E7. These cuts are grouped into a series of
increasingly stringent electron selection criteria, termed isEM. The isEM selection can be required

to be loose, medium, or tight, depending on the desired background rejection and selection effi-
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ciency. The loose, medium and tight cuts are summarised in Tables 4.1, 4.2 and 4.3 respectively.
The indicated cut values show the range of cuts made across all bins. Further details on isEM can
be found in [74].

In addition to the preselection, a loose isEM cut places requirements on the hadronic leakage
and on the shower shape in the second layer of the EM calorimeter. These cuts reject hadronic
showers which tend to be wider and deposit more energy in the hadronic calorimeter. A loose cut
provides an electron identification efficiency of around 90%, but only a limited jet rejection factor
of around 560 [74].

A medium 1sEM cut, in addition to the loose cuts, places further requirements on the energy
deposited in the strips of the first layer of the ECAL and on the quality of the associated track. The
cuts on the ECAL strips serve to reject diffuse hadronic and pion showers, within which secondary
particles can carry a significant fraction of the total shower energy. The medium cuts increase the
jet rejection by a factor of three to four to around 2,000, although electron identification efficiency
drops by around 10% with respect to the loose cuts to around 80% [74].

The final level of selection, a tight isEM cut, uses all the available information to further
increase the purity of the selected electrons. In addition to the medium and loose requirements, a
tight selection also: cuts on the track to cluster matching, requires a b-layer hit in the pixels, cuts
on the ratio of high threshold TRT hits to low threshold hits, tightens the ratio of the cluster energy
to the track momentum, and cuts on the isolation of the electron. These cuts serve to increase the
rejection of jets by a factor of around 400 to around 10° [74]. This is at the cost of a 15% reduction
in electron identification efficiency relative to medium cuts to around 65%. Figure 4.3, from [74],
shows the electron identification efficiencies of the isEM cuts as functions of E7 and |n|.

The electron selection used in this thesis only includes electrons with E7 above 10 GeV, which

Table 4.1: Loose isEM cuts [74].

Variable Symbol Description Cut

Acceptance n| < 247

Hadronic Leakage Ry Ratio of the E7 in the 1* sampling of the < 0.015-0.045
hadronic calorimeter to the E7 of the EM

cluster.

2" Jayer of ECAL Ry, The Ratio of the energy ina 3 x 7 to a > 0.60-0.91
7 x7m x ¢ cell window.
wo Lateral width of the shower. < 0.0125-0.0200
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Table 4.2: Medium isEM cuts [74].

Variable Symbol Description Cut
All loose isEM cuts.
1°" layer of ECAL AE, Difference between the energy associated < 0.10-0.30
with the second energy maxima and the [GeV]
energy associated with the minimal
value between the 1 and 2"¢ maxima.
Ruavo  Second largest energy deposit normalised to < 0.25-0.53
the cluster energy.
Wstor Total shower width. < 1.40-4.00
w3 Shower width for the three strips around the < 0.60-0.80
maximum strip.
Fige Fraction of energy outside the core of three < 0.20-0.48
central strips, within seven strips.
Track Quality Npivers  Number of hits in the pixel detector. > 1
Ny Number of hits in the pixels and SCT. > 9
dy Transverse impact parameter. < 1 mm
Table 4.3: Tight 1sEM cuts [74].
Variable Symbol Description Cut
All medium isEM cuts.
Isolation The ratio of E7 in a hollow cone of AR < 0.2 < 0.20-0.80
surrounding the cluster to the cluster E7.
Track Matching An An between the cluster and track. < 0.005
Ad A between the cluster and track. < 0.02
E/p Ratio of the cluster energy to the track momentum. > 0.9
< 2.5-35
Vertexing Layer Number of hits in the vertexing-layer > 1
TRT Ratio of high threshold hits to total hits. > 0.1-0.13
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Figure 4.3: Electron identification efficiency as a function of E7 (left) and |n| (right). The full symbols
correspond to electrons in SUSY events and the open ones to single electrons. The efficiencies as a function
of |n| are shown only for electrons with Er > 17 GeV, from [74].

pass the medium isEM selection and that have less than 10GeV of energy in the calorimeters in a
AR cone of 0.2 surrounding them. The transverse energy cut serves to reduce contamination of the
electron sample by soft secondary electrons (which are not produced as part of the primary decay
process) whilst, at the same time, coming to a compromise with the acceptance of low energy
primary electrons. The AR cut is an isolation cut, designed to reject non-isolated electrons with
large amounts of energy deposited nearby by other energetic particles. Furthermore, electrons
contained within the crack region, 1.32 < |n| < 1.52, are rejected because of the degraded

calorimeter coverage in this region.

4.2.2 Muons

Muons are identified as tracks both in the muon spectrometer and in the ID. ATLAS implements
three methods by which muons can be reconstructed: standalone muons are identified in the muon
spectrometer alone; combined muons are first identified as standalone muons and are subsequently
matched to an ID track; and tagged muons, are identified as ID tracks which have been extrapolated
out to match track segments in the innermost muon stations. These methods are complementary,
and the muons identified by the reconstruction include non-overlapping muons found by all three
methods. There are two ATLAS algorithms to reconstruct muons, each using slightly differing
mechanisms to implement the three methods of muon reconstruction. These are: the statistic
combination algorithm (STACO) and MulD [75]. The default algorithm used during the CSC
exercise, and in this thesis, is STACO.

STACO constructs standalone muons by first building track segments, identified as straight
lines of hits in a muon station, and then linking these to form tracks. The tracks are then extrapo-

lated back to the interaction point, whilst accounting for multiple scattering effects and parametris-
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Figure 4.4: Muon identification efficiency as a function of py (left) and |n| (right). The efficiencies as a
function of |n| are shown for muons with a fixed pr of 100 GeV, from [40].

ing for energy loss based on the amount of material traversed in the calorimeters. Standalone
muons can be identified across the coverage of the muon system |n| <2.7. Gaps in the coverage
degrade the performance at 1 = 0 where the detector support structure is located, and at the tran-
sition region 1.1 < |n| < 1.7, where some muon stations are missing. Standalone tracks provide
the best momentum resolution for high momentum muons.

Combined muons are formed across the coverage of the ID, [n| < 2.5. ID tracks are asso-
ciated to standalone tracks using a > match between the two track vectors. Combined tracks are
then formed using a statistical combination of the two tracks. Combined muons provide a much
improved momentum resolution for muons with pr < 100 GeV.

Tagged muons are formed by extrapolation from ID tracks to track segments in the inner muon
stations. The tracks are again matched using a x> function. Tagged muons significantly improve
the overall muon reconstruction efficiency by identifying low pr muons, typically below 6 GeV,
which may not reach the middle or outer muon stations. Additionally, tagged muons considerably
improve the performance where muon stations are absent. Figure 4.4, from [40], shows the muon
identification efficiency as functions of pr and |n|.

In this thesis, muons are selected to be STACO muons, with pr > 10GeV, and |n| < 2.5.
In addition, they are required to be combined muons with track combination > of less than 100.
Furthermore, muons are selected to be isolated, by requiring the amount of energy deposited in

the calorimeters in a hollow AR cone of 0.2 around the muon to be less than 10 GeV.

4.2.3 Jets

The production of energetic partons will result in jets consisting of a large number of collimated
hadrons. These will leave energy deposits in both the EM and hadronic calorimeters as well as

a number of charged tracks in the ID. Jets are reconstructed across the entire calorimeter cover-
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age, |n| < 4.9, using only information provided by the calorimeters. Jets are generally built up
of clusters either formed from towers or ropological clusters of cells. Towers are formed from
summations of cells within a projective 1 x ¢ grid of size 0.1 x 0.1. Cells fully contained within
a grid square contribute their entire energy to the tower, while those partially contained contribute
a weighted fraction.

Topological clusters are seeded from individual calorimeter cells with E7 above four times the
cell noise standard deviation. These cells are then amalgamated with their direct neighbours, in
three dimensions, which contain energies greater than twice the noise standard deviation. This
merging procedure continues for all direct neighbours until no more cells with energies above
threshold are found.

A number of jet finding algorithms exist. These include; cone jets, sequential recombination
jets, seedless infra-red safe jets, track jets, and particle flow jets. During the CSC exercise, and in
this thesis, only cone jets, based on towers of cells were considered.

Cone-based jet finding algorithms are formed around a seed tower with the highest local E7r.
These are then combined with all towers in a AR region of 0.4 around the seed. The combination of
towers is used to compute the jet four momentum, which is then used to define a new centre around
which the cone is redefined. The four momentum is then recomputed and the centre redefined
again. This combination and re-computation process is repeated until a stable cone is found.
Overlaps between cones are resolved using a split and merge procedure [76].

Jets in this thesis are required to have pr > 10 GeV and |n| < 2.5.

4.2.4 Overlap Removal

In the reconstruction strategy adopted by ATLAS, reconstruction and identification of objects be-
longing to one of the categories detailed above is not exclusive. This means, for example, that it
is possible to have a electron within a jet reconstructed as both an electron and a jet. In order to

remove these overlaps, and therefore any ambiguity, the following overlap removals are applied:

e Jets within AR < 0.2 of electrons are removed, and the electrons kept, thus giving prece-

dence to reconstruct objects as electrons.
e Electrons and muons within AR < 0.4 of the remaining jets are removed. This serves to
remove the contributions of non-primary leptons originating within jets.
4.2.5 Missing Transverse Energy

Exclusively weakly interacting particles, such as neutrinos or neutralinos, are likely to traverse

the entire detector without leaving any signals, rendering direct detection impossible. However,
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the presence of such non-interacting particles can be inferred by an imbalance in the observed
transverse momentum in an event.

Total transverse energy, and hence missing transverse energy, is measured at ATLAS by the
summation of all energy observed in the calorimeter and muon systems in the transverse plane.
This is done either using topological cells or using reconstructed physics objects. In the CSC
exercise, and in this thesis, the object based method is used. In this method E’T’liss is measured
as the imbalance in the combined total energies of electrons, photons, muons and jets along with
any additional low pr objects that may not have been reconstructed as physics objects. This
energy sum includes calibrations and corrections for energy loss in non-active materials such as
the cryostats.

Measuring EX'* is difficult, and there are a number of sources of fake missing energy. These

include instrumental effects such as noisy or dead calorimeter cells, badly reconstructed or fake

muons, and acceptance effects due to lack of coverage over certain regions [77].

4.3 Data Samples and Software Versions

The simulated data samples used in this thesis are listed in Appendix A. These samples were
produced centrally by the ATLAS collaboration over the period of four years during which the
work in this thesis was undertaken. As a result, samples simulated at several different centre of
mass energies, (14TeV, 10TeV and 900GeV), are studied. These corresponds to the perceived
ATLAS physics programme at the time of study. In addition, this thesis follows the evolution of
the ATLAS offline reconstruction and trigger software and menus, which have been updated and
improved regularly over the years. Consequently, different ATHENA software versions (v13, v14
and v15) have been used to produce the results presented. Throughout this thesis, details of the
specific datasets will be introduced where relevant and any pertinent differences in software, or

trigger menu, to versions studied previously will be discussed.



Chapter

The Efficiency of the Single Electron
Trigger

This chapter introduces the concept of trigger efficiency and its uncertainty. This is followed by
a study of the efficiency of two representative electron trigger signatures to select electrons in
fully simulated MC samples of single electrons and the Z—e*e™ process. Finally, a method is

introduced to measure the efficiency of the electron trigger directly from data.

5.1 Trigger Efficiency

In order for a measurement of the number of electrons observed at ATLAS to be related to a
physical parameter such as a cross-section, the efficiency of ATLAS to select and reconstruct
these electrons needs to be known. This efficiency will consist of a convolution of the geometric
acceptance of the detector, the efficiency of the trigger system and the efficiency of the offline
reconstruction. The studies in this thesis will focus on a particular aspect of this; the efficiency of
the trigger. In particular, on the efficiency of the single electron trigger to select electrons within
events of varying topology.

The efficiency of the single electron trigger, €, is interpreted as the probability, P, that an
electron, e, will pass the trigger given certain conditions, /, that describe the electron and the event

it is present within.

€ = P(pass the electron trigger | I, e). (5.1)

Being a probability, the actual value of this efficiency cannot be directly determined. Instead it

must be estimated with the available data. This estimation is done assuming that the true efficiency,
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€, is a real number between zero and one, to which the measured probability of selection tends in
the limit of an infinite number of measurements. In a binomial model of efficiency, the measured

probability, or efficiency estimator, €, is given by:

o>
Il
|

k, (5.2)
n

where 7 is the total number of electrons, and k is the number of electrons which pass the trigger.

The estimator of the variance on this efficiency estimator, V [€], is then defined by:

g =28 (5.3)

This formualation is considered to describe variance well for the majority of scenarios. However, it
also results in a variance which tends to zero when efficiency tends to zero or one, even if n is low.
As aresult, in this limit, the binomial model is not considered to constitute an accurate expression
of uncertainty. An alternative method is to determine the efficiency using Bayes’ theorem as
described in [78]. In this formulation, the modal value of the efficiency estimator is again given

by Equation 5.2, with the variance estimator now given by:

(k+1)(n—k+1)
(n+2)2(n+3)

A

Vg =

(5.4)

This, similarly to Equation 5.3, is a function of n~!. However, in this formulation, the variance
estimator now also displays the desired behaviour at k = 0 or n, of not tending to zero. These
two methods can be shown to give compatible results for the variance on efficiencies when not in
the extreme limits. As a consequence, the majority of the studies in this thesis use the binomial
model and only cases where the discussed limits are approached will use the Bayesian formulation.
Where Bayesian methods are used this will be clearly indicated in the text.

Standard deviation is defined as:

o=V, (5.5)

and is used to define the uncertainties on efficiencies. These uncertainties are statistical only;
systematic sources of error are not discussed in this thesis.

Differential trigger efficiency, as a function of a given variable, can be measured by simply
binning k and n in the appropriate variable and then computing the € and V[f—:] for each bin. For
example, the /-Dimensional (1-D) efficiency estimator as a function of transverse energy is defined

in each bin i of transverse energy as:
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k)
n(Et)

&= (5.6)

Here k(E?) is the number of electrons with transverse energy in the i-th E7 bin that pass the trigger,
and n(E}) is the total number of electrons with transverse energy in the same bin. This concept of
differential efficiency can be easily extended to higher dimensions than one. For example, to 2-D
efficiency defined as a function of E7 and 1.

When considering any measure of efficiency it is crucial to keep in mind the conditions in
which this efficiency is assessed. For example, efficiency for electrons in Z—e*e™ events quoted
as a single number implicitly includes information on the kinematics of these electrons and on
the underlying event topology, as both of these factors will influence the measured efficiency.
Similarly, efficiency differential in E7 in the same sample will include information on all such
conditions except Er. Later sections of this thesis will deal with identifying which conditions are
important when describing efficiency.

Trigger efficiency in this thesis is usually defined with respect to offline selection criteria
as detailed in Section 4.2.1. That is to say, n is defined as the number of offline reconstructed
electrons. Such a normalisation should, to first order, disentangle any offline reconstruction effects

and leave the overall efficiency to describe only effects of trigger behaviour.

5.2 Trigger Signature Definitions

In this chapter, two examples of single electron trigger signatures are studied. These are el5
loose and €251 medium. The trigger el5 loose is an example of a relatively low-threshold,

unisolated trigger signature. A trigger of this form is intended for use during low luminosity

2 2

running periods of £ ~ 103! em™2s~! up until ~ 103> cm~2s~!. Above this luminosity, the rate
for this trigger is expected to become unsustainably high. The trigger e251 medium is an example
of a medium-threshold, isolated trigger signature. A trigger of this form is intended for use at
higher luminosities of £ ~ 10*?> cm~2s~! and above. The higher E7 threshold, tighter EF cuts and
isolation requirement mean that the rate expected for this signature is much lower than that for

el5 loose. Table 5.1 shows an overview of the cuts implemented by these triggers [79].

5.2.1 Performance with Single Electrons

In order to evaluate the efficiency of the single electron trigger, a MC sample containing only single
electrons is studied. Within this sample, each event contains only a single generated electron,

with n and E7 uniformly distributed across the ranges of -2.5 to 2.5, and 10GeV to 120GeV
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Table 5.1: An overview of the cuts applied by the e15 loose and e251 medium triggers [79].

Variable el5 loosecuts e25i medium cuts
L1

Er threshold > 13 GeV > 18 GeV
Isolation No Yes

L2

Cluster E threshold > 15 GeV > 25 GeV
Hadronic leakage < 3GeV < 3GeV
Ry, > 0.87 > 0.89
E,atio > 0.6 > 0.85
Track pr > 2 GeV > 3 GeV
Track-cluster An < 0.03 < 0.03
Track-cluster A < 0.15 < 0.15
EF

Er threshold > 15 GeV > 25 GeV
1sEM selection loose medium

respectively. The lack of additional particles enables the intrinsic electron selection efficiency of
the trigger to be studied. Trigger efficiencies as functions of Er, 1 and ¢ are calculated from
Equation 5.6, and shown for e15 loose and €251 medium. Efficiencies for all trigger levels can
be seen for e15 loose in Figures 5.1 and 5.2 and for e251 medium in Figures 5.3 and 5.4. These
are discussed in more detail below.

The el5 loose trigger efficiency as a function of electron E7 is shown in Figure 5.1. Below
the E7 thresholds of the various trigger levels, there is a negligible probability for electrons to pass
the trigger. As the electron E7 reaches the energy thresholds, the efficiency is observed to increase
sharply from zero to nearly one over the space of only a few GeV. This is the furn-on region. The
slope of the turn-on curve is determined by the energy resolutions of each trigger level and, as
such, is steeper at L2 and EF than at L1. Above the turn-on, efficiency is observed to be very
high and almost flat. This is known as the plateau region. Efficiencies dependent on variables
other than E7 are usually shown only for electrons in this region in order to remove effects from
the turn-on curve. In this thesis, the plateau region is defined to be 10 GeV above the EF energy
threshold.

The e15 loose trigger efficiencies as functions of electron 1 and ¢ are shown in Figure 5.2.
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Figure 5.1: The el5 loose trigger efficiency with respect to the offline selection in a single electron sample.
L1 (black circles), L2 (blue open squares), and EF (green triangles), as a function of electron, E7.
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(right). The efficiencies are shown only for electrons with E; > 25 GeV.
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Figure 5.3: The 251 medium trigger efficiency with respect to the offline selection in a single electron
sample. L1 (black circles), L2 (blue open squares), and EF (green triangles), as a function of electron E7.
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(left) and ¢ (right). The efficiencies are shown only for electrons with Ez > 35 GeV.
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Table 5.2: Integrated trigger efficiencies with respect to the offline selection in % for plateau electrons in
the single electron sample (errors are statistical only).

Trigger L1 efficiency L2 efficiency EF efficiency
el5 loose (cumulative) 99.97 £0.01 99.61 £0.02 98.79 &+ 0.04
el5 loose (relative to above level) 99.64 +£0.02 99.18 + 0.03
e251i medium (cumulative) 99.44 £0.03 98.41 £0.05 97.74 + 0.06
e251 medium (relative to above level) 98.97 £0.04 99.31 +0.03

In both these figures only electrons in the plateau region have been included. Efficiency is seen
to be high and fairly uniform across the 1 and ¢ ranges. Small dips of a few percent are observed
near the crack region and at n ~ 0 where calorimeter coverage is known to be degraded. The EF
efficiency in the endcaps is seen to be slightly lower than in the barrel due to inhomogeneities in
the online and offline cuts in the endcap regions. Trigger efficiency for all electrons above 25GeV
is summarised in Table 5.2.

The e251 medium trigger efficiency as a function of electron E7 is shown in Figure 5.3. The
plateauing behaviour is observed to be slower than for e15 loose, with efficiency above the turn-
on gradually increasing by a few percent over the E7 range of around 40 to 80 GeV. The trigger
efficiencies as functions of electron 1 and ¢ are shown in Figure 5.4. Again, here, only plateau
electrons are included. Efficiency is seen to be slightly lower than for e15 loose, and with more
pronounced M and ¢ variations. The observed differences between this and Figure 5.2 are due to
the tighter selection requirements applied by this trigger. The trigger efficiency for all electrons
above 35GeV is also summarised in Table 5.2.

Electrons present in a single electron samples are, by definition, completely isolated with no
other objects present in the detector environment. Therefore, the trigger efficiency is expected
to be very high and, indeed, this is what is observed. The overall e15 loose and €251 medium
efficiencies above the turn-on regions are observed to be ~ 98% across the E7, 1 and ¢ ranges.
The e15 loose trigger is observed to be slightly more efficient than 251 medium, due to slight,
0.5% and 0.7% drops in efficiency observed at the L1 and L2 stages respectively of €251 medium.
The EF efficiencies, relative to L1 and L2, are observed to remain extremely high and similar for
both triggers. These results indicate that not only is the electron trigger selection efficiency very
high for the single electron sample, but that it is robust against both the tightening of selection

criteria, and the imposition of isolation requirements at L.1.
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Figure 5.5: An example Feynman diagram of the Z—e™e™ process.

5.2.2 Performance with Z— ce Events

Whilst single electron events provide a good description of the behaviour of the trigger for well
isolated electrons, they are not representative of electrons in actual events, and lack descriptions of
the underlying event and of the large particle multiplicities that would be expected in real events.
The process Z— e e, as shown in Figure 5.5, is an example of a well understood SM process
expected to result in energetic, isolated electrons. The next-to-leading order cross section for the
Z—ete™ process at an LHC centre of mass energy of 14 TeV is expected to be around 2,069 pb
[80]. This would result in the production of around 206,900 events within only [ £Ldt = 100 pb~!
of data. The relative abundance and simple topology of the Z—e"e™ process mean that it repre-
sents an excellent benchmark process for the evaluation of trigger efficiencies in a realistic detector
environment. This section will study the trigger efficiency for electrons in a simulated MC dataset

of Z—eTe™ events and compare the obtained results to those observed in single electron events.

Table 5.3: Selection cut flow for MC analyses of the Z—e"e™ sample. All efficiencies are quoted with
respect to the number of all offline electrons.

Electron selection Efficiency of selection (%)
All offline electrons 100.0
Reconstructed by the standard algorithm 86.7
1sEM medium 71.5
Er >10 GeV 55.3
nl <25 54.8
Erin AR < 0.2 <10 GeV 54.6
Overlap removal with jets 54.4
Exclude crack region (1.37 < |n| < 1.52) 51.3

Truth matched 51.2
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open squares) and single electron sample (black circles), as a function of electron, E7 (left) and 1 (right).
The n efficiencies are shown only for electrons with Ez > 35 GeV.

In the following, electrons in the Z—e" e~ sample are reconstructed using the standard elec-
tron selection. In addition, they are further required to be within AR < 0.1 of a truth electron
identified as coming from the decay of the Z-boson itself. This is done in order to remove the
effects of non-electrons faking electrons. The efficiency of electron selection cut flow with respect
to the total number of electrons selected offline within the Z sample is shown in Table 5.3. The
Er and 7 distributions of the selected electrons are shown in Figure 5.6. The Er distribution is
observed to be peaked around half the mass of the Z boson, due to the nature of the process, and
the M distribution is observed to be concentrated in the barrel. The reduction in the number of
electrons observed in the endcaps is primarily due to a degradation in the tracking efficiency at
high |n| and the lack of TRT coverage above [n| = 2.0.

The EF e25i medium efficiencies for the electrons in the Z—ete™ sample are shown in
Figure 5.7 and compared to those observed in the single electron sample. The Z—e*e™ trigger

efficiency for plateau electrons is summarised in Table 5.4. Efficiency is observed to be high
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Table 5.4: Integrated trigger efficiencies with respect to the offline selection in % for plateau electrons in
the Z—et e~ sample (errors are statistical only).

Trigger L1 efficiency L2 efficiency EF efficiency
el5 loose (cumulative) 99.74 £ 0.01 99.24 +0.02 97.94 + 0.03
el5 loose (relative to above level) 99.50 £0.01 98.69 + 0.02
€251 medium (cumulative) 98.95 +£0.02 97.51 £0.03 96.49 + 0.04
e251 medium (relative to above level) 98.54 £0.03 98.95 + 0.02

across the studied ranges, with similar structures as functions of E7 and M observed as were in
the single electron sample. The trigger efficiency in the Z sample is seen to be consistently 1%
to 2% lower than in the single electron sample. This reduction is likely caused by features of
the Z event generation which are absent from the single electron sample. Such features include:
photons emitted as FSR; the effects of additional particles in the event; and the underlying event
itself. Despite these small differences, the efficiency for electrons from Z decays is observed to be
high and similar to that observed for single electrons. As such, electrons within this process can be
considered almost ideal examples of isolated electrons. A measurement of the trigger efficiencies
of these electrons would therefore represent a very good measure of the efficiencies for a single

electron to pass the trigger.

5.3 Data Driven Efficiency Measurement

A typical search for new physics at ATLAS will look for an excess in events above that predicted
by the SM. The uncertainty on the number of events observed will be determined by a combination
of many factors. One of these will be the knowledge of the trigger efficiency. Whilst efficiencies
can, in principle, be determined from MC, determining efficiencies from data reduces the reliance
upon MC and therefore reduces the associated systematic errors. This section describes the use of
the data driven Tag and Probe (TP) method to determine trigger efficiencies.

The TP method uses the Z boson resonance to provide a source of electrons. The TP selection
implemented in this thesis utilises the common electron definitions detailed in Section 4.2.1. In
this case no match is required between the reconstructed electrons and MC truth. Candidate events

are first identified by the requirement that they contain an e™

e~ pair with an invariant mass value
within 12 GeV of the nominal Z boson mass [5]. One of the electrons is then randomly selected to
be the fag electron, and is required to have passed the trigger. The trigger used in this context is

EF e25i medium. Provided that the event and the tag electron satisfy these selection criteria, the
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Table 5.5: Selection cut flow for TP analyses on the Z—e e~ sample.

Event selection Efficiency of selection (%)
All events 100
Good opposite charge pair 30.5
Z mass window (79—103 GeV) 26.6
Tag electron passes EF €251 medium 22.5

event is selected and the remaining electron, the probe, can be used to measure trigger efficiencies.
The overall trigger efficiency estimator, as computed by the TP method, is defined as the number
of probes that pass the trigger selection, k”, divided by the total number of probes, n”:

kP

&= pr2 (5.7

This efficiency can also be measured as a function of one or more kinematic variable by binning
in the appropriate variable of the probe.

Previously studies have extensively investigated the TP method [74, 81]. These have shown
that the electron selection criteria and Z boson mass window requirement serve to reduce back-
ground contamination of the probe sample to negligible levels, meaning consistent results can be
obtained from the Z sample alone as well as with the inclusion of background effects. As such,
the studies in this thesis do not deal with the treatment of backgrounds or their effects on the TP
method.

The cut flow efficiency of the TP selection criteria relative to all events in the Z—e™ e~ sample
is shown in Table 5.5. Unsurprisingly, the additional TP requirements reduce the statistics con-
siderably. For an integrated luminosity of 100 pb~—! a sample of approximately 46,600 electrons
could be obtained using the TP method.

The reconstructed invariant Z mass peak is shown in Figure 5.8(a), with the shadowed area
defining the Z mass window cuts. It can be seen from the cut flow in Table 5.5 that after the
dielectron requirement, the invariant mass cut rejects around 13% of the remaining events. The
electron kinematical variables: Er;1); and energy in a hollow cone of AR < 0.4 around the electron,
before and after the requirement of the TP cuts are shown in Figures 5.8(b), (c) and (d) respectively.
The shapes of these distributions indicates that the TP selection preferentially selects electrons in
the central | region and with E7 peaked around half the Z mass.

The efficiency of each level of the e251 medium trigger can be seen in Figure 5.9 for the full

MC sample and the TP method. A comparison between the efficiencies obtained by each method
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Figure 5.8: (a) Offline reconstructed dielectron invariant mass for the Z—e*e~ MC sample (the shadowed
area defines the mass window cuts). Reconstructed electron spectrum as a function of (b) electron E7, (c)
[n| and (d) E7 in a hollow cone of AR <0.4 around the electron, for the full MC sample (black circles) and
for the probe electrons in events that pass the TP selection criteria (blue open squares). For comparison
purposes these plots are normalised to a nominal area of 1.

can be seen in Figure 5.10. The efficiencies from the TP method for all probes in the plateau
region are summarised in Table 5.6.

The TP method is seen to show good agreement with MC across the E7 and |n| spectra.
Furthermore, the overall efficiencies are consistent to within ~ 0.2%. These results shows that, to
the accuracy of this study, the TP method is a reliable method for measuring trigger efficiencies.

The following chapter of this thesis will study how the efficiency observed in the Z—ete™
sample compares to the efficiency in MC simulations of other physics processes with different

event topologies.



5.3 Data Driven Efficiency Measurement

97

>.\. T T
Q:) -
8 1=
.S B
a: B o
0 - A A A g
E 0osf i i
95— A ) —
2 B e~ i
o} L AT _
§ - -~ MCLI -
Vo) - .
S 0.9+ ®BMCL2
L & MC EF i
B © TPL1 ]
0.85_— TP L2 7]
B TP EF .
0.8— 1 1 1 1 l 1 1 1 1 I 1 1 ]
0 50 100

Electron E| [GeV]

Figure 5.9: e251 medium efficiency as a function of electron E7 for all trigger levels as obtained from full

MC simulation (filled) and TP (hollow) applied to Z—e™e™

Efficiency difference [%]

O S U S C I ST

40 50 60 70 80 90

Electron E [GeV]

100 110 120

130

events.
= 5: T L T T T T ™
o E E
[ 4E =
A : E
2k E
= 2E E
S 1E N 5
& E, i g G E
= OF =
R E 3
= = =
S E =
sl 2E oLl 3
E m12 3
3 E
E A EF =
-4 =
5E P I R RPN R
0 0.5 1 1.5 2 2.
Electron |

5

Figure 5.10: Efficiency difference in Z—ete™ events between the MC and TP methods for (black circles)
L1, (blue squares) L2 and (green triangles) EF as a function of electron E7 (left) and |n| (right).

Table 5.6: Integrated trigger efficiencies from the Tag and Probe method shown with respect to the offline
selection in % for plateau electrons in the Z—eTe™ sample (errors are statistical only).

Trigger L1 efficiency L2 efficiency EF efficiency
el5 loose (cumulative) 99.79 £ 0.01 99.38 £0.02 98.17 + 0.04
el5 loose (relative to above level) 99.59 +£0.02 98.79 + 0.03
€251 medium (cumulative) 99.09 £0.03 97.68 £0.05 96.72 + 0.06
e251 medium (relative to above level) 98.58 £0.04 99.02 £ 0.04




Chapter

Electron Triggers for Hadron Rich

Environments

This chapter studies the efficiency of the electron trigger to select electrons in hadron rich en-
vironments. The opening section describes the efficiency of two representative electron trigger
signatures when selecting prompt electrons in fully simulated MC samples of the SU3 and SU4
SUSY benchmark points and of top-quark pair production. Following this, a method is introduced
that models trigger efficiency in a manner appropriate for all the studied samples. Such a technique
could be used with the TP method to enable the measurement of trigger efficiency representative
of busy events from data. The final section studies the effects of non-prompt and fake electrons on

trigger efficiency and on the data driven measurement techniques.

6.1 Trigger Efficiency

The most important function of the trigger system is to select the rare events characteristic of
interesting physical processes. This section will study the efficiency of the electron trigger to select
electrons in the busy environments typical of SUSY events and the ¢f process. Specifically, the
efficiency of the triggers €251 medium and el5 loose to select electrons in fully simulated MC
SU3, SU4, and 7 events. These efficiencies will be contrasted to those observed in the Z—eTe™
process as discussed in the previous chapter.

The SUSY MC samples studied here are inclusive, and are comprised of all possible sparticle
production and decay modes. The 7 MC sample contains only events within which at least one of
the top-quarks decays leptonically. Details of the MC samples used for this study can be found in
Appendix A.1.

Offline reconstructed objects in each sample are identified using the standard reconstruction

98
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the (c) number of jets and the (d) jet pr; the (e) E’T”iss and (f) M.y present in events. All variables are
offline reconstructed values in MC samples of Z—e™e™ (black circles), ¢ (blue squares), SU3 (green open
triangles) and SU4 (grey open circles). Distributions are normalised to 100pb~! of integrated luminosity.
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methods detailed in Section 4.2. In addition, electrons are required to be within AR < 0.1 of a
MC truth electron which has been identified as part of the hard process. Such electrons are defined
as prompt electrons coming from Z-boson, ¢-quark or SUSY particle decays.

Some kinematic quantities for the processes studied are shown in Figure 6.1. Both SUSY and
tf environments are seen to be rich in high-Py jets, as shown by Figures 6.1(c)-6.1(d). A further
measure of the activity in events, the effective mass, M, (defined here as the scalar sum of the
transverse energy of the E?"‘” and of all electrons, muons and jets with pr > 10 GeV present in
the event) is seen in Figure 6.1(f) to be very high in SUSY events. Furthermore, both SUSY and ##
events contain significant amounts of E/*** (see Figure 6.1(¢)). Conversely, the Z—e"e™ sample
is seen to contain low amounts of hadronic activity and on average a low E}"i“"".

The EF e25i medium trigger efficiency as a function of offline E7 is shown in Figure 6.2, and
the differences between the efficiencies seen in the SUSY and 7 process and those in the Z—e™e™
process are shown in Figure 6.3. The overall efficiency for electrons in the plateau region of these
samples is summarised in Table 6.1. Similarly, the EF e15 loose trigger efficiency is shown in
Figure 6.4 and summarised in Table 6.2.

Trigger efficiencies are seen to be above 90% in both ¢f events and at the SUSY benchmark
points. This indicates that the ATLAS electron triggers are well optimised to select electrons in
these events. However, it is also clear that trigger efficiency, globally and as a function of either Er
or |n|, differs significantly dependent upon the process studied. Electrons in Z—e"e™ events are
selected with a high efficiency by both the isolated and unisolated triggers. The overall L1+L2+EF
efficiency in these events is ~97% for both EF €251 medium and EF el5 loose. On the other
hand, electrons in SU3 events are seen be selected with a reduced overall efficiency of ~92% by EF
e25i medium, as well as a slightly reduced ~96% efficiency by EF e15 loose. Electrons in the ¢7

and SU4 samples are seen to be selected with efficiencies in between these extremes of ~94% and

Table 6.1: €251 medium trigger efficiencies in the plateau region (E7 > 35 GeV), expressed in %, as
obtained from MC.

Sample L1 Efficiency L2 Efficiency EF Efficiency
tf (cumulative) 95.85£0.07 94.56+0.09 93.94+0.09
tt (relative to above level) 98.66 = 0.04 99.34 + 0.03
SU3 (cumulative) 93.64 £0.26 9250+0.29 91.97+0.29
SU3 (relative to above level) 98.78 £0.12 99.43 + 0.09
SU4 (cumulative) 94.09 £0.19 9288 +0.21 92.60 + 0.22
SU4 (relative to above level) 98.71 £0.10 99.71 £+ 0.05
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Figure 6.3: The difference in EF e25i medium efficiency between the Z—eTe™ sample and ¢ (blue
squares), SU3 (green open triangles) and SU4 (grey open circles), as a function of offline (left) Er and
(right) |n|. The |n| efficiencies are shown only for electrons with Er > 35 GeV.
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Table 6.2: e15 loose trigger efficiencies in the plateau region (E7 > 25 GeV), expressed in %, as obtained

Electron E [GeV]

Efficiency difference from Z— e€ [%]

» SU3

o SU4

] tf —

. N B
80 100

Electron E [GeV]

from MC.
Sample L1 Efficiency L2 Efficiency EF Efficiency
tf (cumulative) 99.03 £0.03 97.97 £0.05 97.02 + 0.06
tt (relative to above level) 98.93 £ 0.04 99.03 £+ 0.03
SU3 (cumulative) 98.77 £0.11 96.99 +£0.17 96.19 +0.19
SU3 (relative to above level) 98.20 £0.13  99.17 + 0.09
SU4 (cumulative) 98.88 £ 0.08 98.18 £0.10 97.77 £0.11
SU4 (relative to above level) 99.29 £ 0.06 99.59 + 0.05
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~93% respectively by EF €251 medium, and of ~97% by EF el15 loose. A considerably larger
discrepancy is observed for the isolated signature than for the unisolated one. Table 6.1 reveals
that the majority of this difference is due to L1, whilst the HLT efficiencies, when normalised to
the above levels, are observed to be roughly equivalent between samples.

Whilst the observed differences are only a few percent, it is important to understand the origin
of these differences in order to have a complete understanding of the impact of the trigger on the
selected SUSY events. Furthermore, it should be recalled that the TP method has been shown
to be able to determine the Z—e'e™ trigger efficiency from data, therefore an understanding of
the origins of differences between Z—e'e™ and SUSY efficiencies is vital in order to be able to
correctly determine the efficiency of the trigger in SUSY events from data. The following sections

will focus on the origin of these differences.

6.1.1 Kinematic Effects

In this section the effect of the electron kinematics, namely E7 and 1, on trigger efficiencies will
be discussed, focusing on the isolated trigger EF €251 medium.

As seen in previous chapters, trigger efficiency is a multidimensional function depending on
at least E7 and 1. When 1-D efficiencies as functions of only E7 or 1 are shown, then it is implicit
that an integration has been performed over all other variables. Similarly, when showing numbers,
such as those in Table 6.1, an integral across all variables has been performed to leave only a
single number. When performing such integration the information contained within the integrated
dimensions is lost. This process could lead to differences in the observed trigger efficiency, due
to a loss of information about the electron kinematics contained within the integrated dimensions,
rather than an intrinsic difference in the performance of the trigger. For example, if two samples
have different electron kinematics in E7 and 1, and trigger efficiency depends on both E7 and 1,
then in order for trigger efficiency to agree between samples, it would have to be compared in
appropriately sized E7 x 1 bins. Alternatively, different kinematics can be accounted for before
comparing lower dimensional efficiency.

The electron Er and M distributions in each sample are compared in Figure 6.5, clearly illus-
trating differences between each of them. The ¢ and SUSY points have electron n distributions
that are more peaked in the barrel than Z—e"e™ . The Z—e'e™ sample also has an E7 spectrum
which is strongly peaked, with only a small tail to high E7 , whilst the other samples have less of
a peak and much larger tails at high E7 . These kinematical differences should be accounted for
when comparing efficiencies.

The EF e25i medium efficiency for electrons as a function of offline E7 x |n| is shown in



6.1 Trigger Efficiency

104

1<) F T T T T T T T 1<)
s 007F k=
=} E =}
2 0.06F o
g E g
= 005F —=Z-eE =
< o LA <
< 0.04f i SU3 <
0035 . ~©- SU4
E i
0.02F
0.01F
G: M IR R R .
0 20 40 60 30 100 120

Electron E| [GeV] Electron n
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Figure 6.6: EF e25i medium efficiency for electrons as a function of Er and || for MC samples Z—ete™
(left) and #7 (right).

Figure 6.6 for Z—e'e and t7. Whilst it is difficult to quantitatively compare these plots, it is clear
that the 2-D efficiency distributions are not the same in the different samples. Z—e™e™ events are
observed to show a consistently higher efficiency across the parameter space than ¢7. Therefore, it
becomes apparent that kinematics in terms of E7 x |n| alone will not be sufficient to explain the

observed discrepancies in efficiency. This conclusion is further illustrated in Section 6.2.

6.1.2 Isolation Effects

The SUSY and #f samples have been observed to contain significant amounts of hadronic activity.
In such busy environments it would not be uncommon for electrons to be produced in proximity
to jets and other high-pr objects. This proximity could cause electrons to fail the L1 isolation

criteria or other trigger selections, and thus lead to the observed differences in E7 x |n| efficiency
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between samples. This section will explore electron isolation as a cause of this difference.
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Figure 6.7: EF e25i medium efficiency for electrons as a function of the distance to the nearest truth jet
(left) and the pr of this truth jet if such a jet is within AR <0.6 (right), for MC samples of Z—e'e™ (black
circles), tf (blue squares), SU3 (green open triangles) and SU4 (grey open circles).

Isolation can be studied in a number of ways. For example, the EF €251 medium trigger
efficiency as a function of the AR between the electron and the nearest truth jet with Ex >10
GeV, is shown in the left-hand plot of Figure 6.7. Here truth jets are defined as cone jets of radius
0.4, constructed from all particle in the MC truth record. It can be seen that when no truth jet is
present with AR <0.6, then the efficiency is high, flat and in seemingly good agreement between
samples. On the other-hand, when a truth jet is nearby then the efficiency is observed to decrease
and differences emerge between samples. The efficiency as a function of the py of the nearest
truth jet when this jet is within AR <0.6 of an electron is shown in the right-hand plot of Figure
6.7. It can be seen that, for all samples, efficiency falls as a function of the increasing pr. From
this, it can be concluded that nearby objects depositing energy in close proximity to electrons are
leading to trigger inefficiency, and that the pr of these objects is related to the magnitude of the
efficiency drop.

In order to study the effect that nearby objects have on trigger efficiency in a way that is
reproducible without truth information, electron offline variables are studied. The E7cone variable
is defined as the amount of energy contained in a hollow cone of A R <0.4 around a central cone
that defines the electron object (which in this study has size An x A¢ = 0.075 x 0.125). The origin
of energy contained in this cone can be due to: energy leakage from the central electron cone;
detector noise; or from overlap with nearby objects. The amount of energy leakage is related to
the shower width and length and hence energy of the electron. Therefore, in addition to Ercone,
Ercone divided by Er, (Ercone | Et), is also studied. Eycone is very similar to the variables used

by L1 to define particle isolation as described previously. The EF €251 medium efficiency as a
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function of Ercone and as Ercone | Er for the Z—ete™ , tf and the SUSY benchmark point SU3

is shown in Figure 6.8. Efficiency is seen to drop sharply as a function of increasing Ercone and

Ercone/Er.
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The distribution for Ercone and distance to the nearest truth jet for electrons is shown in
Figure 6.9. In this, it is seen that the SUSY and ¢f samples have higher proportions of electrons
with high values of E7cone and with nearby truth jets, as was expected.

Trigger efficiency has now been shown to depend not only on E7 x ||, but also on isolation.
The EF e25i medium efficiencies for electrons in two Ercone ranges in the Z—e"e™ and tf
samples are shown in Figure 6.10 in the E7 x |n| plane. By restricting these 2-D figures only to
electrons with certain Ercone values, efficiency can be compared independently of the overall iso-
lation of the samples. In this figure, unlike previous figures, the trigger efficiency now appears to

be in agreement between samples; although the large number of bins and low number of electrons
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Figure 6.10: EF e25i medium efficiency for electrons as a function of E7 and |n| only for electrons in two
slices of Ercone in MC samples of Z—ete™ (left) and #7 (right). The top plots contain only electrons with
Ercone between 2 GeV and 4 GeV, and the bottom plots only electrons with E7cone between 6.5 GeV and
10 GeV.

per bin make a quantitative comparison difficult. This result indicates that the observed differ-
ences in trigger efficiency between samples when observed in less than 3-D can be explained due
to differences in the electron distributions in the same three dimensions. In particular the lower
overall efficiencies in the /7 and SUSY benchmark point samples are due to the increased hadronic
activity in these events. When efficiency is compared in 3-D it appears to be sample independent.

This result is discussed further as part of the following section.

6.2 Trigger Efficiency Measurement using Weighted Averages

An important aspect of any SUSY search at ATLAS will be a detailed knowledge of the behaviour
of the trigger system. In particular, the efficiency to select electrons in SUSY-like events will have
to be known to a high degree of accuracy. Previous studies have claimed that trigger efficiency
in a SUSY environment can be measured from data, and that with an integrated luminosity of
1 fb_l, the uncertainty on this measurement will be less than 1% [27]. However, this result was

based upon the principle that efficiency could be determined via the TP method in 0-D. The studies
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presented in the previous section have shown that if trigger efficiency were to be determined in
this way then it would not be representative of efficiency in busy environments, due to differences
in the isolation of electrons.

This section will discuss how efficiency can be determined from data such that it is representa-
tive of SUSY events. This will be done via a multidimensional weighted average of the EF e251
medium efficiency. Efficiency is first measured using Z—ete™ events, €2, then used to model
efficiency in a second sample by constructing a weighted average of efficiency based on the elec-
tron kinematics in this sample. For example, an electron in a SUSY sample with values of two

kinematical parameters i and j, the trigger efficiency 8;7 ; 1s given by:

g =€, (6.1)

where €7 ; is the measured Z—et e~ efficiency in the bin i, j. Generalising this to the efficiency of
all electrons in the SUSY sample, N; ;, in bin i, j, we arrive at:

z

€7 ..N;
g, =L (6.2)

Nij
This can then be integrated over one of the dimensions, in this case the dimension of j, to get:

z

Zj(gij'NiJ)

= W W 6.3
& == (6.3)

The resultant efficiency is a weighted average of €% based on the kinematical distributions of
SUSY electrons in j. This efficiency can then be compared to the MC efficiency in the same
sample, eﬁwc. If the MC efficiency is fully described by the Z—eTe™ efficiency then €} will be
equal to €€, Further details of this method used are given in Appendix B, including a discussion
of error propagation. This procedure allows for the comparisons of trigger efficiencies without
the need to compare them bin by bin in a multidimensional space. Furthermore, the studies in
Chapter 5 have shown that the Z—e" e~ efficiency could be constructed from data using the TP
method. Therefore, such a technique could be used with real data to extract a measure of the
trigger efficiency in SUSY-like events, and to quantify the error on this efficiency.

It has previously been shown that the trigger efficiency observed in the full Z—ete™ MC
sample is equivalent to that which can be obtained using the TP method. Therefore, in this section,
the Z—e"e~ MC efficiency will be studied and it is presumed that equivalent results may be
obtained from data.

As a first test, a 2-D efficiency measurement is constructed from Z—e"e~ MC in eleven

bins in E7 and eight bins in |n|. The obtained efficiency is then applied to electrons in the 77 and
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Figure 6.14: The weighted average of the EF e25i medium efficiency in E7 x |n| x Ercone (blue open
squares) applied to 7 as a function of Epcone (left) and of distance to the nearest truth jet (right), compared
to MC efficiency (black circles). The errors shown on the right-hand plot, unlike previous Figures, only

take into account errors on the ¢7 electron distribution.
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SU3 samples to construct a weighted average of efficiency, and the results compared to MC. The
weighted and MC efficiencies as functions of Ey and |n| are compared in Figure 6.11 for the #7
and SU3 samples. In both cases the weighted efficiencies are seen to consistently over-estimate
the MC. Therefore, it can be concluded that a 2-D measurement of efficiency is not providing a
complete description of trigger efficiency in either the SU3 or the 7 samples.

The discrepancies remaining after applying the 2-D weighting in the ## sample as a function
of the isolation variables Epcone and distance to the nearest truth jet are shown in Figure 6.12.
The efficiency as obtained from the weighting is seen to plateau at values close to 98%, whilst
efficiencies as obtained from the MC shows the same fall in efficiency as a function of isolation as
previously observed in Section 6.1.2.

To account for variation of trigger efficiency as a function of isolation, the efficiency measure-
ment from Z—ete™ is extended to 3-D using eleven bins in E7, eight bins in || and nine bins
in Ercone. Again, the obtained efficiency is then applied to electrons in the #f and SU3 samples
and the results compared to MC. The comparison between efficiencies obtained using this 3-D
weighted average and those from MC is shown in Figure 6.13 for the ¢ and SU3 samples. It can
be seen that, by also taking into account isolation, the weighted Z—eTe™ efficiencies display a
good level of agreement with the SUSY and 7 MC across the E7 and || ranges to within statis-
tical errors. This comparison as functions of the isolation variables Ercone and distance to truth
jets is shown in Figure 6.14 for the 7 sample. Weighted trigger efficiency is now seen to vary as a
function of these variables rather than being flat as for the 2-D method.

The trigger efficiency weighted in 3-D, although showing some deviation from MC expecta-
tions at high values of Ercone, is seen to provide a good model of the MC trigger efficiency to
within statistical errors. As was previously stated, Z—e"e~ suffers from poor statistics in the
high Ercone regime, due to the intrinsically isolated nature of these electrons. This results in
higher errors in the measured Z—e" e~ efficiencies in this region and hence higher errors on the
weighted SUSY and #7 results. The weighted ¢7 efficiency average for all plateau electrons is seen
to be 94.4+0.4%, which agrees well with the MC value of 94.3+0.1%. The same is true in SU3,
where the weighted efficiency average for all plateau electrons is seen to be 91.6£1.1%, which
agrees within errors with the MC value of 92.9+0.3%.

The results of repeating the measurement and weighting procedure using the unisolated trig-
ger EF el5 loose are shown in Figure 6.15 for the ¢ sample. The comparison between trigger
efficiency obtained by 3-D Z—e"e™ efficiency and those obtained using the 1 MC without fur-
ther corrections is shown in the left-hand plot of Figure 6.15. This result is summarised in the

right-hand plot of Figure 6.15 along with results obtained using measures of Z—e" e~ efficiency
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Figure 6.15: The EF el5 loose efficiencies in the 7 sample (left). The weighted average produced using
the 3-D Z—ete™ efficiency in Er x [n| x Ercone (blue open squares) is compared to MC efficiencies
(black circles). The efficiency difference between these methods (right).

Table 6.3: Trigger efficiencies in the plateau region (35 GeV < Er < 130 GeV) for prompt electrons, ex-
pressed in % as obtained from MC, and 2-D and 3-D weighted averages of Z—eTe™ efficiency for samples
tf and SU3.

Sample and method EF e25i medium efficiency EF el5 loose efficiency
tt Monte Carlo 94.3 £ 0.1 97.0 £0.1
tt 3-D weighted average 944+ 04 97.5+04
tf 2-D weighted average 97.1 £04 98.5+04
SU3 Monte Carlo 929+03 96.2 £0.2
SU3 3-D weighted average 91.6 £ 1.1 96.6 £ 1.1
SU3 2-D weighted average 97.1 £ 1.1 98.5 + 1.1

in other dimensionalities as the efficiency difference between the weighted and MC results. As
with unisolated triggers the 2-D Z—e"e™ efficiency consistently overestimates the t7 MC effi-
ciency, although in this case the magnitude of the observed discrepancy is significantly smaller.
The 3-D Z—e'e™ efficiency, on the other-hand, is observed to provide a good description of the
MC results. The final summary of results for isolated and non-isolated triggers is given in Table
6.3. These results indicate that a sample independent trigger efficiency measurement can be con-
structed in these three dimensions. Therefore efficiency in busy events can be measured from data,

providing it is measured in 3-D.
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6.3 Non-Prompt and Fake Electrons in SUSY Events

The efficiencies shown so far in this chapter only include electrons which have been matched
to truth electrons forming part of the hard process. With real data it will not be be possible to
perform such a match. This section will study the effects of removing the truth match and thus
including non-prompt and fake electrons in the study of trigger efficiencies. A further section will
then investigate the origins of these electrons in SUSY and #f events.

Objects reconstructed as electrons but to which no MC generator electron can be associated
are fake electrons. The overall rate of fake electrons will depend on the structure and response of
the detector as well as on the purity of offline selection criteria. Reconstructed electrons matched
to true electrons that do not form part of the hard process are termed non-prompt electrons.

The definition of offline electrons used in this thesis was selected as it provides the required
electron purity and background rejection factors for use in SUSY searches. Whilst this selection
will reject the majority of backgrounds, it will not have 100% purity. Some of the objects identified
in the offline reconstruction as electrons will, in fact, be jets that look like electrons, or non-prompt

electrons that do not originate from the primary decay process.

6.3.1 Trigger Efficiency

This section will study the efficiency of the trigger to select any reconstructed electron in the SUSY
and ¢f events. These studies use the same MC samples as the preceding sections of this chapter.

The EF e25i medium trigger efficiencies for all electrons in the SUSY and ¢f samples is
shown in Figure 6.16 along with the prompt electrons from the Z—e"e™ process. The differ-
ences in efficiency between the SUSY and ¢7 samples and Z—e"e~ is shown in Figure 6.17.
Table 6.4 summarises these efficiencies as global numbers. Again, as with truth matched elec-
trons, the efficiencies seen in the SUSY and #f samples are consistently lower than those for the
Z—ete~ process. The turn-on behaviour for all samples is observed to be significantly slower
than previously seen for only prompt electrons in Figure 6.2, and the efficiency plateau is now not
established until higher values of E;. Overall efficiency in the SU3 sample is now observed to be
~87%, which is around 10% lower than Z—e" e~ . This represents almost double the discrepancy
as was seen for prompt electrons only. Similarly, the differences between Z—e"e™ and t7 and
SU4 have increased, to ~5% and ~7% respectively. The majority of this difference is seen to be
due to the L1 trigger, with the HLT efficiencies observed to be roughly equivalent (to within 1 %)
between samples when normalised to the appropriate preceding levels.

The EF e25i medium MC efficiency and weighted efficiency average produced using the

Z—ete efficiency in 3-D for all electrons in the ¢7 sample are compared in the left-hand plot of
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(right) |n|. The |n| efficiencies are shown only for electrons with Ez > 35 GeV.

Table 6.4: e25i medium trigger efficiencies in the plateau region (E7 > 35 GeV) for all reconstructed
electrons, expressed in %, as obtained from MC.

Sample L1 Efficiency L2 Efficiency EF Efficiency
tf (cumulative) 95.01 £0.08 9335+0.09 92.55+0.09
tt (relative to above level) 98.25 £ 0.05 99.14 + 0.03
SU3 (cumulative) 91.54 £0.29 88.64 £0.33 87.28 £0.35
SU3 (relative to above level) 96.83 £0.19 9847 +0.14
SU4 (cumulative) 92.62 £0.21 90.82+0.23 90.48 £0.24
SU4 (relative to above level) 98.05 £0.12  99.63 + 0.05
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Figure 6.18: The EF e251 medium efficiency for all electrons in the 77 sample (left), as a weighted average
of the Z—ete™ efficiency measured in Er X |n| x Ercone (blue open squares) and the MC efficiency
(black circles). The fractional efficiency difference between EF €251 medium weighted average and MC
efficiencies (right).

Table 6.5: Trigger efficiencies in the plateau regions for all electrons, including non-prompt and fake elec-
trons, expressed in % as obtain from MC, and 2-D and 3-D weighted averages of Z—ete™ efficiency for
samples ¢f and SU3.

Sample and method EF e25i medium efficiency EF el5 loose efficiency
tf Monte Carlo 92.8 £0.1 95.6 £ 0.1
tf 3-D weighted average 93.8+0.3 97.0 £ 0.3
tt 2-D weighted average 97.0 £ 0.3 98.4 +£0.3
SU3 Monte Carlo 87.6 £ 04 922 +£0.3
SU3 3-D weighted average 90.6 £ 1.0 96.1 £ 1.0

SU3 2-D weighted average 97.1+1.0 98.5+ 1.0
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Figure 6.18. It is observed that the 3-D Z—ete™ efficiency consistently over-estimates the MC
result by ~ 1% across the E7 spectrum. The differences between the MC efficiency and weighted
average produced using for global, 2-D and 3-D measures of Z—eTe™ efficiency are shown in
the right-hand plot of Figure 6.18. Both global and 2-D Z—e*e™ efficiencies are seen to over-
estimate the MC result by ~ 4% across the spectrum, whilst a 3-D efficiency reduces, but does not
entirely remove, the observed discrepancy. Table 6.5 summarises these results along with those
obtained for the SU3 sample and using the unisolated EF e15 loose trigger. In the SU3 sample it
is seen that the 2-D EF e25i mediumZ—eTe™ efficiency over estimates the trigger efficiency by
~ 10% and that by extending this efficiency measure to 3-D this discrepancy is reduced to ~ 3%.
Comparable results are observed for EF el15 loose for both samples, although the magnitude of
the observed discrepancies between SUSY and 77 MC and the weighted average based on Z—e'e™
efficiency is reduced compared to the isolated trigger.

Clearly, a method to account for the presence of fake electrons will have to be developed in

order for any estimation of trigger efficiency to be truly sample independent.

6.3.2 The Origins of Non-Prompt Electrons

It is important to be able to understand the contribution of non-prompt and fake electrons in order
to be able quantify the impact these will have on the trigger efficiency. This section will investigate
the origins of fake electrons in SUSY and #f events and the efficiency of these electrons to pass
the EF €201 loose trigger. The datasets studied in this section have been simulated at a reduced
centre of mass energy of 10 TeV compared to the previous studies in this chapter. In addition they
have been reconstructed using a newer version of the ATLAS software. Consequently the opti-
misation of the offline selection criteria is slightly different to the previous section and a different
trigger must be studied. Details of the samples studied can be found in Appendix A.2.

The origin of a reconstructed electron is determined from MC truth record based on the closest
truth electron and the record of its production chain. The classification scheme used here is of
the form of the standard ATLAS methods detailed in [82]. Truth electrons can either originate
from prompt processes or from non-prompt processes such as photon conversions, decays of b/c-
quarks or other hadronic decays. Those electrons identified as originating from photons are further
classified based on the origin of the photon. If the photon was emitted from an electron then the
origin of this electron is considered if it is within AR <0.1 of the reconstructed electron of interest.
The origin of fake electrons is determined from the closest truth particle.

An overview of the origins of all reconstructed electrons in the SU4 and 7 samples is shown

in Table 6.6. In both cases the majority of electrons are seen to originate from prompt processes,
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Table 6.6: The origins of fakes in the SU4 and ¢7 samples in 100 pb~! of data for an LHC centre of mass
energy of 10 TeV (~17,000 SU4 events and ~21,700 7 events).

Electron Origin

Number of electrons (% of all electrons)

SU4 tt
Prompt 2415 £16 (82.4) 5,628 £ 11 (83.5)
SUSY 1,478 £ 12 (50.4) - -
EW boson 711 £8  (24.2) 5,107 £ 11 (75.8)
T-lepton 225 £5 (7.7) 521 £3 (7.7)
Non-prompt 480 &+ 7 (16.4) 1,066 £5 (15.8)
y-conversions (from prompt e*) 251 £5 (8.6) 767 £ 4 (11.4)
Y-conversions (from non-prompt e™) 85+£3 2.9) 104 £2 (1.5)
b/c-quarks 121 £3 4.1) 166 £ 2 (2.5)
hadrons 23+£2 (0.8) 30+1 0.5)
Fakes 36 +2 (1.2) 42 £1 (0.6)
hadrons 34+2 (1.2) 30+1 0.5)
u-lepton 2+0 0.1) 0+0 0)
undetermined 1+0 (0.0) 1+0 (0.0)
Total 2,931 £ 17 6,739 + 12
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Figure 6.19: The Er and m distributions of the non-prompt and fake electrons in the 7 sample. For clarity
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Table 6.7: The efficiency of the EF e20i loose trigger to select electrons divided by the origin of the
electrons.

Electron Origin EF e20i loose efficiency
SU4 tt

Prompt electrons 97.7+£0.1 98.7£0.0

Y (from prompt electrons) 96.5+ 04 98.0£0.1

Y (from non-prompt electrons) 80.6 2.4  84.0 £ 0.9
non-y, non-prompt electrons 756 3.0 768 +1.1
fakes 754+£52 803+1.8

constituting around 82% of the total number of electrons. Around 16% of electrons are of non-
prompt origin, and the remaining 1% are fakes. Non-prompt electrons are observed to mostly
come from photon conversions with reduced contributions from b/c-quarks and other hadrons.
Fake electrons primarily result from hadrons being reconstructed as electrons, although a small
contribution is observed to come from muons. The reduced overall numbers of electrons expected
in 100 pb~! compared to the earlier studies is due to the decreased SU4 and ¢7 cross sections at 10
TeV relative to 14 TeV.

The cumulative E7 and m distributions of the non-prompt and fake electrons in the ¢7 sample
are shown in Figure 6.19. The dominant contribution of non-prompt and fake electrons is seen to
be peaked at high | ranges in the barrel and around the transition region between the barrel and
the endcaps.

In the context of the studies in this thesis the primary reason for studying non-prompt and
fake electrons is that they exhibit different trigger efficiencies from prompt electrons. The global
EF e20i loose trigger efficiencies of electrons in the SU4 and 7 samples subdivided by the
origin of the electrons and shown in Table 6.7. The trigger studied, EF €201 loose, is a trigger
intended for studies of L1 isolation in the early data taking phases when instantaneous luminosity
is ~ 10*! em™2s~!. Prompt electrons are selected with very high efficiency of around 98% in both
samples. Similarly, electrons originating from photon conversions where the photon is radiated
from a prompt electron are selected with around 97-98% efficiency. However, electrons originating
from conversions from non-prompt sources and fake electrons all exhibit significantly reduced
trigger efficiencies of between 75% and 84%.

The similarity observed in trigger efficiency between electrons from photons from prompt
electrons and for prompt electrons indicates that, from a trigger efficiency point of view, these

electrons can considered together. In many cases it may well be that the reconstructed electron
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Figure 6.20: The efficiency of the EF €201 loose trigger to select prompt and non-prompt or fake electrons
in the ¢f sample.

does, indeed, originate directly from a prompt process, but the closest truth particle to the recon-
structed electron happens to be an electron produced during the showering of the original prompt
electron. Henceforth electrons originating from photons from prompt processes will be considered
to be prompt electrons.

The EF e20i loose trigger efficiencies for both prompt electrons and for non-prompt and
fake electrons across the reconstructed electron E7 and 1 ranges are shown in Figure 6.20. Sim-
ilarly to the results presented in Table 6.7 trigger efficiency is seen to be very high for prompt
electrons. In addition, very little structure is seen in the patterns of trigger efficiency in either the
Er or m ranges. This represents an improvement from the triggers studied in previous chapters.
This improvement is partly due to the looser selection applied by €201 loose and partly due to
a harmonisation between the trigger and offline electron selection cuts since the previous studies.
This figure clearly shows the the trigger efficiency for fake and non-prompt electrons is systemati-
cally reduced from that observed for prompt electrons across the studied kinematic ranges. There-
fore in order for results such as those expected by the TP method, which have been shown to be
applicable to prompt electrons, to be representative of those seen in samples containing additional
electrons, then the contribution of these additional electrons will need to be established.

Some preliminary studies, not included in this thesis, have indicated that it is possible to
determine the contribution of fake and non-prompt electrons within a sample based on the jet
composition of this sample. This combined with a measure of the trigger efficiency of this type
of offline electron would enable the contribution to overall trigger efficiency from fake and non-
prompt electrons to be quantified. However, such a method would require more extensive study

before it would be ready for use on actual data.
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6.4 Conclusions

It has been shown that the overall trigger efficiency for prompt electrons is above 90% in both the
SUSY and ¢f samples. This efficiency is up to 5% less than that observed in the previous chapter
for electrons in Z—eTe™ events when viewed as an overall number or as a 1-D function. The
origin of this difference has been attributed to the increased hadronic actively in both SUSY and
tf events resulting in a decrease in trigger efficiency at L1. Trigger efficiencies were shown to be
compatible between samples when compared in a 3-D space comprised of E7, |n| and isolation
as this takes into account the varying degrees of isolation in the different samples. It was further
demonstrated that a weighted average of the 3-D Z—e'e™ efficiency in terms of kinematics
and particle isolation reproduces the MC efficiencies in other samples well. The complementary
studies in Section 5.3 have previously shown that the Z—e™ e~ efficiency can be determined from
data. This means that trigger efficiency can be determined from data in a complete and sample-
independent manner for prompt electrons. A caveat to this method is that the contributions of
fake and non-prompt electrons have been ignored. The overall trigger efficiency for all electrons,
including non-prompt and fake electrons, in the SUSY and #f samples is seen to be up to 10% less
than that observed for electrons in Z—e*e™ samples. This is due to the increased number of fake
and non-prompt electrons in these samples and the lower trigger efficiencies associated with these
types of electrons. Without the removal of fake electrons a 3-D weighted average of the Z—e™e™
trigger efficiency still provides a more complete description than a 1-D or 2-D average. However,
it is then no longer in full agreement with the MC result. The removal of fakes via the use of MC
generator information is not something that could be done with data. Instead the fake rate will
have to be estimated based on sample composition and appropriate correction factors deduced and

applied.



Chapter

Leptonic Triggers for SUSY Parameter

Space Scans

This chapter studies the efficiency of the trigger to select leptons in a large number of SUSY
points across scans, or grids, of mSUGRA parameter space simulated using ATLFAST-II. This
study aims to determine if the trigger selection is appropriate for a large variety of SUSY models.

The first section of this chapter introduces electrons and muons as reconstructed by ATLFAST-
II at the SU4 SUSY benchmark point. This is followed by a study of the application of weighted
averages of leptonic trigger efficiency, which are then used to evaluate the leptonic trigger ef-
ficiency at each of the SUSY grid points. Finally, triggering for a representative SUSY search
channel, the trilepton channel, is studied in more detail.

The samples studied in this chapter have been simulated and reconstructed using a later version
of the ATLAS software than the bulk of the preceding studies. As a consequence, slightly different
optimisations of both the offline and the trigger selection are used. The events studied in this
chapter are simulated at a reduced LHC centre of mass energy of 10 TeV, inline with the perceived

LHC operational schedule at the time of writing.

7.1 Leptons in ATLFAST-II

Detailed studies of large areas of SUSY parameter space require the simulation of a large number
of SUSY points. However, due to limited computing resources, it is not feasible to simulate these
using full simulation and yet still produce meaningful event statistics for each point. Therefore
the ATLAS strategy in this context is to use the ATLFAST-II fast simulation instead. ATLFAST-II
(as previously introduced in Section 4.1.2) provides a factor of ten improvement in computing

time relative to full simulation; although this gain is necessarily arrived at by a reduction in the
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completeness of the detector simulation. In order to have confidence in the validity of ATLFAST-
II studies based on leptons, it is important to establish that ATLFAST-II is modelling these leptons
well. This section presents a brief comparison of leptons from the SU4 SUSY benchmark point
sample as simulated by ATLFAST-II and by full simulation. A more complete study of ATLFAST-
II can be found in [73].

Table 7.1: A comparison of the numbers of lepton reconstructed within full simulation and ATLFAST-II
simulations of an SU4 sample. These numbers are weighted to an integrated luminosity of 100 pb~!.

Lepton selection Full simulation ~ATLFAST-1I
Offline electrons 2,640 4 30 2,620 £ 15
Fraction which are prompt 91.3 % 93.0 %
Fraction which are fake or non-prompt 8.7 % 7.0 %
Offline muons 2,620 £ 30 2,680 = 15
Fraction which are prompt 97.4 % 97.5 %
Fraction which are fake or non-prompt 2.6 % 2.5 %

The overall number of leptons reconstructed within SU4 samples simulated by ATLFAST-II
and full simulation weighted to an integrated luminosity of 100pb~! are compared in Table 7.1.
The total number of offline electrons within each sample is seen to be in agreement to within the
statistical errors. Although the fraction of these electrons classified by their truth origin to be fake
or non-prompt is observed to be slightly decreased in the ATLFAST-II sample. Previous studies
have indicated that at low E7 ATLFAST-II overestimates the reconstruction efficiency for prompt
electrons and, at the same time, underestimates the rate of fake electrons arising from jets. The
Er,n and Ercone distributions of prompt electrons identified within each of the samples are
compared in Figure 7.1. The familiar electron E7 and 1 distributions are seen to show complete
agreement between full and fast simulation. However, some discrepancy is observed between the
Ercone present in each sample, with the ATLFAST-II distribution shifted towards slightly higher
values. This discrepancy is not unexpected as Ercone is a calorimeter based isolation variable,
and it is the calorimeter simulation which ATLFAST-II reduces in complexity. Overall it is fair to
say that good agreement is seen in the description of electrons by ATLFAST-II and full simulation.

Up to this point the studies in this thesis have focused exclusively on electrons. However,
muons are also important to SUSY searches. This chapter expands on the studies of the previous
chapters to include studies of muons within SUSY events. As muons are not the main topic of
this thesis a detailed treatment is omitted. Muons are reconstructed using the standard muon

reconstruction procedure as introduced in Section 4.2.2. Table 7.1 summarises the total number of
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Figure 7.1: Comparisons of the (a) E7 , (b) n and (c) Ercone of electrons in full simulation (blue open
squares) and ATLFAST-II (black circles) in an SU4 sample.
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muons reconstructed in each sample. The studies in [73] have shown that although ATLFAST-II
provides a good description of the reconstruction efficiency of muons. Again, the rate of muons
arising due to jets is underestimated. This leads to an overall underestimation of the number of
muons when compared to full simulation. The muon selection criteria applied in this thesis serves
to remove this discrepancy by rejecting the non-isolated muons present in the full simulation due
to jets. Overall, slightly more muons are seen to be present in the ATLFAST-II sample than in the
full simulation sample. The proportions of muons identified to be of fake or non-prompt origin
is seen to be reduced relative to the corresponding electron proportions and to be in agreement
between both simulation methods. The E7, 1 and Epcone distributions of reconstructed prompt
muons in full and ATLFAST-II simulations are compared in Figure 7.2. All studied kinematical
variables are observed to be in good agreement between full and fast simulations.

Detailed studies of the ATLFAST-II performance are beyond the scope of this thesis. Previous
studies, such as [73], have validated ATLFAST-II extensively against full simulation and shown
that it provides a very good description of leptons within ATLAS, which is confirmed by the brief

comparison presented here.

7.1.1 Weighted Averages of Leptonic Trigger Efficiencies

ATLFAST-II lacks any simulation of the trigger system. This renders the direct extraction of MC
trigger efficiency using fast simulation impossible. However, it is still desirable to know how the
trigger will perform in ATLFAST-II events. This section will study the application of the weighted
efficiency average methods developed in the previous chapters to the prompt leptons identified

within ATLFAST-II samples.

Electrons

As in the previous chapter, electron trigger efficiency is estimated using a 3-D measurement of
efficiency in fully simulated Z—e*e™ events. This is then applied to all the prompt electrons
identified in both ATLFAST-II and full simulation events to produce a weighted average of effi-
ciency. The weighted efficiencies of the EF e25i medium trigger as functions of electron E7 and
In|, and the full simulation MC efficiencies are compared in Figure 7.3. The global efficiencies
obtained from the three methods are summarised in Table 7.2. As expected, the weighted full
simulation efficiency is seen to be in agreement, to within statistical errors, with the MC result.
The central value of the ATLFAST-II weighted efficiency is seen to be around 1.5% lower than the
full simulation MC result and 1% lower than the full simulation weighted result. This reduction

in efficiency is most likely to be due to the shift towards higher values of Eycone observed in
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Table 7.2: Integrated trigger efficiencies in the plateau region (35 GeV < Er < 130 GeV) for prompt elec-
trons in SU4 events, expressed in % as obtain from fully simulated MC and 3-D weighted efficiency of both
fully simulated and ATLFAST-II samples.

Sample and method EF e251 medium efficiency
SU4 full simulation Monte Carlo 945+04
SU4 full simulation 3-D weighted average 93.8 £ 1.8
SU4 ATLFAST-II 3-D weighted average 9294+ 0.9

the ATLFAST-II sample. However, the large error margins mean that these results are consistent

between the weighted full and fast simulation.

Muons

Muon triggers were previously introduced in Section 3.2.4. The lower background rates of muons,
when compared to electrons, and the nature of this background, means that the muon trigger
can sustain a lower energy thresholds, not require calorimeter isolation, and yet still maintain
an acceptable pass rate. This section will study the efficiency of the EF mu20 trigger to select
prompt muons in fully simulated SU4, tf and Z—u*u~ samples, and use the results to construct
a weighted average of trigger efficiency analogous to that used for electron triggers previously.
Similarly to the electron trigger EF e25i medium, the muon trigger EF mu20 is intended for use

2g-1 and above.

at instantaneous luminosities of 10°? cm™
The EF mu20 trigger efficiency in the Z—u"u—, tf and SU4 samples as functions of the muon

Er and m is shown in Figure 7.4. The differential selection efficiencies within each sample are seen
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Figure 7.3: The weighted average of the EF e25i medium efficiency in Er X |n| X Eycone applied to full
(blue open squares) and ATLFAST-II (green triangles) simulations of SU4 events, compared against the full
simulation MC efficiency (black circles).
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to be in relatively good agreement. Integrated efficiencies are summarised in Table 7.3. For muons
in the 77 and Z—u" u samples, efficiency is seen to be around 82%, and is in good agreement
between samples. For muons within the SU4 sample, the equivalent efficiency is observed to
be marginally lower (by about 1%). The lower efficiency of the muon trigger, compared to the
electron trigger arises due to to losses in the L1 acceptance from incomplete or degraded trigger
chamber coverage. Details of the efficiency of the muon trigger can be found in [59]. Overall the
muon trigger efficiency for both muons in Z—u"u~ events and in SUSY and ¢ events is seen to
be high.

Unlike the e251 medium electron trigger, mu20 does not apply calorimeter isolation require-
ments to the selected muons. This results in efficiency that is not observed to decrease when
selecting muons in busy environments, leading to relatively good agreement in the observed over-
all trigger efficiencies in each of the studied samples. This lack of dependence on isolation means
that the measure of muon trigger efficiency used to construct the weighted average in other events
need not include an isolation dimension. To confirm this, a Z—u "y~ sample is used to construct
a 2-D measure of trigger efficiency in E7 x [n|. This is then applied to all muons in full and

ATLFAST-II simulations of SU4 events to be contrasted with the MC trigger efficiency in the full

Table 7.3: Integrated EF mu20 trigger efficiencies in the plateau region (Er > 30 GeV), expressed in %, as
obtained from full simulation MC.

Sample EF mu20 efficiency

yANT 82.3+£0.2
1 82.1£0.2
Su4 81.0 £ 0.6
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Table 7.4: Trigger efficiencies in the plateau region (30 GeV < E7 < 130 GeV) for prompt muons, expressed
in % as obtain from MC and 2-D weighted efficiency for samples 7 and SU4.

Sample and method EF mu20 efficiency
SU4 full simulation Monte Carlo 80.9 + 0.7
SU4 full simulation 2-D weighted average 81.6 + 1.4
SU4 ATLFAST-II 2-D weighted average 81.5£0.7

simulation sample. This comparison between the EF mu20 MC efficiency and the 2-D weighted
efficiency constructed from the full simulation and ATLFAST-II samples is shown in Figure 7.5.
As expected, the weighted full simulation efficiency is seen to agree with the MC result. Further-
more, the weighted ATLFAST-II efficiency is seen to agree with both the weighted full simulation
and MC efficiencies. The global efficiencies as obtained from these three methods are summarised

in Table 7.4.

7.2 SUSY Parameter Space Scans

The previous studies in this thesis have shown that leptons at the SU3 and SU4 SUSY benchmark
points are selected with a high efficiency by the lepton trigger. This section will investigate if this
is the case over the wider range of SUSY parameter space. In particular, studies will focus on
two planes of mg by m, /> parameter space, as introduced in Section 1.2.5. These planes are: the
(tan B = 10, Agp = 0, u > 0) plane, and the (tan B = 50, Ag = 400, u > 0) plane.

The kinematics of leptons produced at each SUSY point are expected to vary depending on the

phenomenology of each point. The mean number of reconstructed prompt leptons (i.e. electrons
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and muons) per event for each point in the two planes is shown in Figure 7.6. Similarly, the
mean prompt lepton E7 and Ercone at each point are shown in Figures 7.7 and 7.8 respectively.
The mean number of leptons per event is seen to be close to 0.3 at each grid point in both grids,
although this is typically reduced at very low values of m; , and increased in other regions. The
mean lepton E7 is seen to generally increase with increasing m; /», and to be somewhat reduced at

higher values of mg. Likewise, a similar pattern is seen in the mean lepton Ercone.

7.2.1 Weighted Average Trigger Efficiencies

In order to extract a measure of the leptonic trigger efficiency at each grid point, the trigger re-
sponse is constructed as a weighted average of the full simulation Z— /¢~ efficiency based upon
the kinematics of the leptons present. Similarly to previous studies, these are based on a 3-D
weighted average in E7 x [n| x Ercone for electrons, and a 2-D weighted average in E7 x |n| for
muons.

The weighted average EF €251 medium efficiency for all prompt electrons at each grid point
is shown in Figure 7.9. The efficiency is seen to increase from around 30% to around 80% with
increasing mo and my /. Relatively low efficiencies are seen at high values mg and m /, and, in the
tan B = 10 grid, at low mg for all m; ;. The highest efficiencies are concentrated in the moderate
my region for high m, ;. Similarly, the efficiency for only those electrons with E7 >35 GeV is
shown in Figure 7.10. This is seen to be around 90% and consistent for all grid points, indicating
that the observed losses in efficiency seen previously for all electrons are due to the contributions
of low E7 electrons, rather than intrinsic trigger inefficiencies. This result is further supported
as the efficiency losses observed in Figure 7.9 are inline with the observed lepton Er distribution
shown in Figure 7.7.

Similarly, the weighted average EF mu20 efficiency for prompt muons at each grid point is
shown in Figure 7.11 and the efficiency for only those muons with E7 >30 GeV is shown in
Figure 7.12. A pattern comparable to that for electrons is observed, with the efficiency for all
muons increasing with increasing mg and my ;. In this case, from around 20% to around 70%.
The efficiency for plateau muons is observed to be consistently around 80% for all grid points.

These results indicate that the leptonic triggers will perform well when selecting leptons in
the efficiency plateau regions, regardless of the SUSY scenario. However, drops in efficiency are
observed inline with the observed mean lepton E7 and can lead to low average selection efficien-
cies, especially in the low SUSY mass ranges where the majority of leptons are soft. Generally it
is considered undesirable to implement a trigger selection that has a higher E7 threshold than the

offline object selection. However, this is unavoidable in cases where analyses are used to study
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Figure 7.8: The mean Ercone of reconstructed leptons.

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

[PV I NN Y

Mean Number of Leptons / Event

T

Mean Lepton E_[GeV]

Mean Lepton ETcone4O [GeV]



7.2 SUSY Parameter Space Scans

130

an(B)=10,A =0,u>0
T

2500

2000

M, [GeV]

1500

1000

500

(=)
T T

Figure 7.9: The weighted average EF e251

1 1 1
200 400 600

M,,, [GeV]

tan(B) = 10, A0 =0,u>0
T

2500

2000

M, [GeV]

1500

1000

500

Figure 7.10: The weighted average EF e251

1 1 1
200 400 600

M,, [GeV]

n(B)=10,A =0,u>0

2500

2000

M, [GeV]

1500

1000

500

soft leptons. Although many leptons in SUSY events are observed to be too soft to be selected by
the trigger, such events are expected to contain many other features that may enable them to pass

the trigger. The following section of this chapter will study events typical of a particular SUSY
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Figure 7.11: The weighted average EF mu20 efficiency, for all prompt muons.
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Figure 7.12: The weighted average EF mu20 efficiency, for prompt muons with E7 >30 GeV.

search channel: the trilepton channel, and the ability of the ATLAS trigger to select these events.

7.2.2 Triggering for Trileptonic Signals

ATLAS has developed several, complementary SUSY search strategies based on simulation stud-
ies designed to maximise the discovery potential of ATLAS [83]. Potential SUSY events are se-
lected based on combinations of EX*SS, numerous energetic jets, overall event shapes and a certain

number of leptons, meaning electrons or muons. The main search modes are:

e Zero lepton mode: This requires the presence of multiple jets along with significant E?"‘”.
This is the least model-dependent search mode. Typically four or more jets are required in

order to reduce the significant backgrounds from QCD jets and W/Z+jets.

e One-lepton mode: This requires one lepton in addition to multiple jets and sizeable EXS.
The lepton requirement greatly reduces the QCD multijet background and also gives better

control over the remaining backgrounds (¢f and W-boson+jets production).

o Two-lepton mode: This requires two leptons in addition to multiple jets and sizeable ES.
These leptons can either be same-sign (SS), or opposite-sign (OS). Whilst the expected SS
dilepton rate from the SM is very small, SS dilepton production can be commonplace in

SUSY models.

e Trilepton mode: This requires three leptons and either one or more energetic jets or size-
able E7'S. Trilepton searches are particularly important in SUSY scenarios where coloured

sparticles are heavy and therefore signals are dominated by EW signatures.

Additional modes also search for the presence of hadronically decaying T-leptons and b-jets.
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Figure 7.13: The 1 fb~! discovery reach contours for the 4-jet plus E;’”” analyses with various lepton
requirements for mSUGRA as a function of mg and m;; in the Ap = 0 GeV, tan B = 10, lul > 0
plane, The horizontal and curved grey lines indicate gluino and squark mass contours respectively in steps
of 500 GeV from [83].

The sensitivity of each search mode varies across the SUSY parameter space. The ATLAS
discovery reach with 1 fb~! of data in the Ag = 0 GeV, tan B = 10, |u| > 0 plane for the 4-jet
plus E}”i“"" analyses with various lepton requirements for mSUGRA as a function of mq and m;
are shown in Figure 7.13, from [83]. In general the no-lepton mode is the most sensitive. However
this must account for large backgrounds and complicated systematic sources of systematic error.
Leptonic modes are often more accessible, as the leptons provide a mechanism for triggering on
events and for the suppression of backgrounds.

This section will study the trigger efficiency for events within the SUSY grid points identified
by a single example search mode with which the author had some involvement: the trilepton mode.
Trilepton events are rare, and therefore searches are particularly reliant upon the efficiency of the
trigger system. Trilepton studies are discussed in considerably greater detail in [26] and [84].

In these studies, trilepton events are simply identified by the requirement of three well isolated
leptons selected in the standard manner. The fraction of all SUSY events which contain three
reconstructed leptons is shown in Figure 7.14. This is observed to be typically of the order of 0.8%
of all events, with some variation over the studied parameter space. Although trilepton events only

represent a small fraction of SUSY events, they only have a few sources of SM background.
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Figure 7.15: Weighted average EF e25i medium or EF mu20 efficiency for trilepton events.

The efficiency of trilepton events to be selected by single leptons triggers is based on a logical
OR of either single lepton trigger to select any of the leptons in the event. The weighted average ef-
ficiency of the EF €251 mediumand EF mu20 triggers to select trilepton events is shown in Figure
7.15. This efficiency is seen to vary from around 70% to around 95% across the studied parameter
space. Although the thresholds of these triggers exceed that of the offline lepton selection criteria,
typically at least one lepton in a trilepton event is expected to possess significant E7 [26]. This,
combined with the high lepton multiplicity, results in the selection of the majority of trilepton
events by single lepton triggers. The variation in efficiency is observed to follow similar trends to
the mean lepton E7 shown previously in Figure 7.7, with the regions of lowest efficiency occurring
at low values of mg and m; /, and the in highest moderate m region for high m /.

In addition to single lepton triggers, trilepton events have the potential to be selected by dilep-
ton triggers. Dilepton triggers require that at least two leptons in the event fulfil the lepton se-
lection criteria. This increased multiplicity allows dilepton triggers to use significantly lower

energy thresholds than single lepton triggers, yet maintain acceptable pass rates. The dilepton
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Figure 7.16: Weighted average EF 2e15i medium or EF 2mul0 efficiency for trilepton events.

triggers studied in this section are EF 2e15i1 medium and EF 2mul0. As with the single lep-
ton triggers studied previously, these triggers are both intended for use in the trigger menus for
L ~ 10*2cm~2s~! and above. The weighted average efficiency of the EF 2e15i medium and EF
2mul0 triggers to select trilepton events is shown in Figure 7.16. This efficiency is based on a log-
ical OR of any two leptons in each trilepton event to pass either of the dilepton triggers. Efficiency
is observed to be around 60% across the studied parameter space, without significant variation
between points. The reduced overall efficiency relative to the single lepton triggers is due to the

need for an event to satisfy a dilepton trigger requirement.
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Figure 7.17: Weighted average EF e251 medium or EF mu20 or EF 2el5i medium or EF 2mul0 trigger
efficiency for trilepton events

The weighted average efficiency of trilepton event selection by either single or dilepton triggers
is shown in Figure 7.17. This is observed to be higher than either set of triggers individually.
Trilepton events at all points are seen to be selected by the trigger with an efficiency of above

85%, with the majority of points seen to be selected with an efficiency of above 95%.
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Alternative Triggers for Trilepton Events

Leptonic triggers are not the only way that trilepton events could pass the ATLAS trigger. Inline
with most SUSY events, trilepton events can also contain energetic jets and considerable E}”m
signatures. The following section will briefly study the acceptance of trilepton events by lepton,
jet and EISS triggers.

Acceptance of a trigger is defined as the fraction of events within a sample which contain
offline objects whose kinematics exceed the minimum requirements of the same trigger. For ex-
ample, an event will be accepted by a mu20 trigger if it contains at least one offline muon with
Er >20 GeV. This definition can be viewed as an ideal trigger selection, where all events satis-
fying the minimum requirements pass the trigger. However, as trigger efficiency is not 100%, this
definition in fact represents an upper limit for trigger efficiency. In this section, the acceptance of
trigger selections are studied to estimate the trigger efficiency of the jet triggers 3360 and j260,
and the ES trigger XE60. These trigger selections are comparable to those envisaged for use in

2

the trigger menus for £ ~ 1032¢m=2s~! and above.
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Figure 7.18: The fraction of trilepton events statisfying E}"’“ > 60 GeV.

The acceptance of trilepton events by an E2 minimum threshold cut of 60 GeV is shown in
Figure 7.18. This is shown to vary from around 50% at low values of m ; up to around 100% at
high values. Similarly, the acceptance of trilepton events via the requirement of either a single jet
with Er > 260 GeV or three jets with Er > 60 GeV is shown in Figure 7.19. This acceptance
is observed to vary from around 10% at low values of mg and m; /, to around 60% across most of
the remainder of the grid.

In practice trilepton events will be selected from those which pass any trigger signature. By
combining the acceptance of events by the jet and E?"‘” cuts with the weighted average efficiency

for the remaining events to satisfy either the single or dilepton triggers, the overall efficiency of
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Figure 7.19: The fraction of trilepton events statisfying one jet with Ez > 260 GeV or three jets with
Er > 60 GeV.
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Figure 7.20: The acceptance of trilepton events that satisfy the minimum jet or E’T”iss requirements of the

trigger combined with a weighted average of efficiency for those that do not.

the trigger can be estimated. The results of this are shown in Figure 7.20. This figure illustrates
the potential gain in efficiency over Figure 7.17, by the inclusion of events which satisfy the jet or
Ess requirements. The overall efficiency is seen to be considerably higher than previously, with
efficiency now close to 100% across the entire studied parameter space. The only exceptions are
a few low m, /,, moderate mq points in the tan 3 = 10 grid, where efficiency is seen to be around
90%. This indicates that via the use of jet and EX"S triggers, as well as leptonic triggers, ATLAS

has the potential to trigger on almost every trilepton event expected.

7.3 Conclusions

It has been shown, via the use of weighted average trigger efficiencies, that the ATLAS electron
and muon triggers successfully select energetic leptons with a high efficiency in a wide range of
SUSY scenarios, with little dependence on the choice of model parameters. However, regions of

lower efficiency remain at low SUSY mass scales where the majority of leptons are typically not
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very energetic and therefore fail to meet the energy threshold requirements of the trigger. The need
to maintain acceptable trigger rates means this loss is unavoidable if the triggers are to retain their
current tightness of object selection.

As an example of a specific application of leptonic triggering for a SUSY search, the trilepton
channel has been studied in more detail. The efficiency for such events to pass either the single
or double lepton triggers was shown to be higher than the single lepton triggers alone and around
85% for all points. Yet some events are still seen to fail the trigger, particularly at low SUSY mass
scales. A study of the acceptance of trilepton events by the E7S and jet trigger thresholds has
indicated that the events which fail to pass the leptonic triggers may still be accepted by the other

streams. Such studies would need to be performed in more detail, with realistic trigger efficiency

measurements in order to confirm this result with high accuracy.



Chapter

Electron Triggers for Exotic Dielectron

Signatures

This chapter presents a study of the efficiency of the ATLAS electron trigger to select the very
energetic electrons characteristic of the decays of new neutral heavy resonance particles. Trigger
efficiencies for representative triggers are studied based on fully simulated MC samples of the
Standard Model Z—e*e~ and Drell-Yan processes as well as the dilepton decays of a Randall-

Sundrum Graviton and the Sequential Standard Model Z' .

8.1 Dielectron Resonances at High Masses

High mass neutral resonances are predicted by many extensions to the SM, including grand uni-
fied theories and extra dimensional models. This chapter will consider two examples of well
motivated BSM models which predict the existence of resonances within the discovery reach of
the LHC. These are the SSM Z’ and the RS graviton as introduced in Section 1.3. The decays
of these resonances will be typified by pairs of extremely energetic, opposite sign leptons, for
example electron-positron pairs. This is a clean, low background process and as such represents
a prime candidate for early discovery at the LHC. The potential of ATLAS to discover dielectron
resonances has been extensively studied in [85], showing that unambiguous discovery of a 1 TeV
SSM Z' can be achieved with as little as 50 pb~! of well understood data. Key to this will be the
characterisation of the trigger and detector responses to energetic electrons.

This chapter utilises fully simulated MC samples, produced at an LHC centre of mass energy
of 10 TeV. The samples considered here are: a 300 GeV RS graviton, G, with k/Mp = 0.01, and a
SSM Z' boson of mass 1 TeV and 1.5 TeV. In addition, SM Z and Drell-Yan decays to dielectron

final states are also examined to provide well understood SM reference points. The Drell-Yan
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Figure 8.1: Some kinematic distributions for fully simulated Monte Carlo samples of e™e™ final states from
Z-boson decays (black open circles), Drell-Yan (blue open squares), G [300 GeV] decays (green circles),
Z' [1 TeV] (grey squares) and Z' [1.5 TeV] (magenta triangles) decays. The variables shown are: (a) the
invariant mass of e*e~ pairs; (b) electron Er ; (c) electron |n| and (d) electron Ercone. For comparison
purposes (b), (c) and (d) are normalised to unit area.

process itself constitutes an irreducible background to any dielectron resonance search. As such it
must be well understood in order for any confident statements to be made about new physics in the
very high mass range at ATLAS. Drell-Yan production also provide a source of highly energetic
electrons which can be used for the purpose of determining trigger and detector performance from
data. The DY sample studied here has been filtered to only contain events where both electrons
have E7 >10GeV and || < 2.7. Details of the samples studied can be found in Appendix A.3.
Electrons are reconstructed using the common electron selection detailed previously. The
expected number of events and reconstructed electrons from each of the considered samples nor-
malised to an integrated luminosity of 100 pb~! are shown in Table 8.1. The increase in the
number of electrons reconstructed per event in the DY sample compared to the Z sample, is due to
the filters applied at generator level. Some kinematical variables for the selected offline electrons
are shown in Figure 8.1. In detail, the invariant mass of dielectron pairs present in each of the

samples is shown in Figure 8.1 (a), clearly displaying the exponential tail of the Drell-Yan process
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Table 8.1: Expected numbers of events and reconstructed electrons for an integrated luminosity of 100
pb~!. Only decays to ete™ are considered for each of the samples listed here. The quoted errors are
statistical only.

Sample Z(x10%)  Drell-Yan (x10%) G [300GeV] Z'[l1TeV] Z'[1.5TeV]

Events 109.8 58.0 83.4 24.9 7.6
Electrons 109.0 £ 0.09 77.6 £0.04 1291 £05 304=+£02 8.08=+0.06

and the mass peaks of the resonance processes. The E; of reconstructed electrons is shown in
Figure 8.1 (b). As expected, both the Drell-Yan and Z processes show peaks at relatively low Ep
values followed by a long tails towards high E7 values. Conversely, the BSM resonance parti-
cles show highly energetic electron spectra. The 300 GeV graviton electron spectrum is seen as a
peak at around half the rest mass. Both of the Z’ samples include Drell-Yan production above 500
GeV as well as the resonance, and therefore the E7 spectra for these samples are seen to include
both the resonance peak at around half the rest mass as well as the exponential fall in E7. The |0
spectrum for reconstructed electrons is shown in Figure 8.1 (c), which is seen to be more central
for heavy resonances than for the Z decay or for the Drell-Yan process. The amount of E7 in
a hollow cone around the central electron cluster is shown in Figure 8.1 (d). Electrons from the
heavy resonances are seen to deposit more energy in the area around the central cluster. This is
an effect of the broader showers typical of more energetic electrons. It will be shown later that
this has important consequences for triggering and a detailed discussion of the issue is presented

in Section 8.2.1.

8.2 Trigger Efficiency

In the following section the efficiency of the trigger to select high-E7 electrons is studied. In
particular the triggers e10 medium, €20 loose, €105 loose and €251 medium are examined.
The €10 medium and e20 loose triggers are expected to be the main low threshold triggers

25=1 The low instantaneous

for the collection of data at the early luminosity phase of £ ~ 103! cm™~
luminosity means that these triggers do not have to require particularly strict electron selection
criteria. Most early ATLAS electron data is expected to be collected via these triggers, or triggers
of this form. Whilst the study of high mass resonances is unlikely to begin in earnest during initial
data taking, the evolution of the trigger system will be heavily influenced by the understanding

gained during this time. Therefore it is important to study the behaviour of such low luminosity

triggers and how this behaviour will evolve towards higher luminosity running.
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Figure 8.2: The trigger efficiency for L1 (black circles), L2 (blue squares) and EF (green triangles) in MC
Drell-Yan decays to ete™ , for the trigger e105 loose as a function of offline Er and |n|.
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Figure 8.3: The trigger efficiency in the Z (black open circles), Drell-Yan (blue open squares), G [300
GeV] (green circles), Z' [1 TeV] (grey squares) and Z' [1.5 TeV] (magenta triangles) decays to ee~ MC
samples, for the trigger EF €105 loose as a function of offline E7 and |n|.

25!, at which point the

Instantaneous luminosity is expected to quickly increase to 10°2cm™
rates for both e10 medium and €20 loose are expected to become unacceptably high. As a result
the trigger will have to apply more stringent event selection criteria. The simplest way to reduce
trigger acceptance rates is by increasing the threshold E7 required. The trigger €105 loose is
an example of a trigger which relies almost exclusively on a very high minimum energy threshold

2s~! and above. This trigger

to control rates and is intended for use at luminosities of 1032cm™
will be studied as an example of a trigger that will be used during searches for new high mass
resonances.

The trigger efficiency for each trigger level in the Drell-Yan sample as a function of offline
E7 and |n| for the trigger €105 loose is shown in Figure 8.2. The efficiency is seen to be close

to 100% for all trigger levels with only a small dependency on either E7 or |n|. Similarly, the

dependence of the EF trigger efficiency on E7 and |n| in the Drell-Yan, Z and resonance samples
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Table 8.2: Summary of trigger efficiencies (in %) as measured in the Er plateau region.

Sample EF e10 medium EF 20 loose EF e105 loose
Z—eTe 98.78 £ 0.01  99.52 +£0.01 98.27 +£0.17
Drell-Yan 99.21 £0.03  99.65 +0.02 99.43 £+ 0.03
G [300 GeV] 9941 £0.03 99.76 £0.02 99.05 + 0.04
Z' [1TeV] 99.44 +£0.04 99.74 £ 0.03 99.56 £+ 0.03
7' [1.5 TeV] 99.39 £0.06  99.69 £0.04 99.51 £ 0.06

is shown in Figure 8.3. It should be noted that the errors shown on this figure are Bayesian (as
introduced in Section 5.1), due to the low Z-statistics and high efficiencies at high values of E.
All samples are seen to show the same features as the Drell-Yan sample, with high flat efficiency as
a function of E7 and |n| efficiency that is high in the barrel and drops off slightly in the end-caps.
The fact that observed efficiency is high and consistent for all electrons, regardless of their origin,
is a good indication that the e105 loose trigger is well suited to select energetic electrons.

The EF efficiencies for the e105 loose, e10 medium and €20 loose as measured in the Ep
plateau region are summarised in Table 8.2. Similarly to e105 loose, the efficiencies for e10
medium and e20 loose are observed to be very high for all the studied samples. Searches for
high mass exotic dielectron resonances are, by definition, interested in very high E7 electrons and
it has been shown that the efficiency for unisolated triggers to select these electrons is high with

minimal structure as functions of E7 or [n].

8.2.1 L1 Isolation

Calorimeter isolation at L1 is an alternative method to raising E7 thresholds in order to control
rates as instantaneous luminosity increases. By requiring that the L1 electron candidate cluster is
narrow and well contained in the EM calorimeter, further background rejection can be achieved.
This allows access to a lower E7 regime than is otherwise available using unisolated triggers alone.
Overall L1 isolation is comprised of three separate cuts on as many calorimeter based variables
as introduced previously in Section 3.1.1, the definitions are repeated here for clarity: EM ring
isolation (EMIsol), which requires that the energy deposited in a ring around the central cluster
is < 4 GeV; hadronic core (HadCore), which requires that the energy in the hadronic calorimeter
behind the central cluster is < 2 GeV; hadronic ring isolation (HadIsol), which requires that the
energy in a ring around the HadCore is < 3 GeV. The trigger e251 medium, as studied previously,

is an example of a trigger which includes L1 isolation. A trigger of this form is foreseen to be
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included as a primary low threshold trigger for luminosities of 10*?cm~2s~! and above. This

section will study the efficiency of the €251 medium trigger to select energetic electrons.
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Figure 8.4: The trigger efficiency for L1 (black circles), L2 (blue squares) and EF (green triangles) in MC
Drell-Yan decays to ete™ , for the trigger €251 medium as a function of offline E7 and |n|.
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Figure 8.5: The trigger efficiency in the Z (black open circles), Drell-Yan (blue open squares), G [300
GeV] (green circles), Z' [1 TeV] (grey squares) and Z' [1.5 TeV] (magenta triangles) decays to ee~ MC
samples, for the trigger EF €251 medium as a function of offline E7 and |n|.

The €251 medium efficiency as a function of offline Er for all trigger levels in the Drell-
Yan sample is shown in the left-hand plot of Figure 8.4. This figure shows a significant drop in
efficiency as Er increases. This clear downwards trend is seen to occur at L1, where calorimeter
isolation is being applied. HLT efficiencies are seen to remain high relative to L1. The efficiency
as a function of offline |n| is shown in the right-hand plot of Figure 8.4 and is seen to fall around
the crack region and rise towards the central barrel and outer endcaps. HLT efficiencies are again
shown to remain high relative to L1. The observed fall in efficiency with increasing E7 means that
highly energetic electrons are likely to be rejected by this trigger. As such e25i medium appears

to be not well suited for the collection of high mass physics signals.
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Table 8.3: €251 medium trigger efficiencies (in %) in the plateau region (Er <35 GeV).

Sample L1 Efficiency L2 Efficiency EF Efficiency
Z—eTe” (cumulative) 99.34 £ 0.01 98.08 £0.02 97.70 £+ 0.02
Z—ete  (relative to above level) 98.73 £0.01 99.61 +0.01
DY (cumulative) 83.63 £0.12 8291 +0.12 82.73+£0.12
DY (relative to above level) 99.14 £ 0.03  99.78 + 0.02
G[300 GeV] (cumulative) 96.31 £0.07 95.73 £0.07 95.59 £+ 0.08
G[300 GeV] (relative to above level) 99.40 £0.03 99.85 + 0.01
Z' [1 TeV] (cumulative) 76.83 £0.22 7638 £0.22 76.25 +0.22
Z' [1 TeV] (relative to above level) 9941 £0.05 99.83 + 0.02
7' [1.5 TeV] (cumulative) 80.78 £ 0.31 80.27 +£0.32 80.13 £0.32
Z' [1.5 TeV] (relative to above level) 99.38 £0.07 99.82 + 0.04

The EF e251 medium efficiencies for the Drell-Yan, Z and resonance samples as a function
of offline E7 and |n| are shown in Figure 8.5. The same decreasing efficiency trends and |n|
structures are seen in all samples. Efficiencies are seen to be lower across the || range for the
high mass processes due to the downwards trend in efficiency with increasing E7 resulting in the
samples with more energetic electrons having lower overall efficiencies. These results are sum-
marised in Table 8.3. It is clear from this table that the observed efficiency drop is due exclusively
to L1 with HLT efficiencies relative to L1 remaining high and comparable between samples.

The behaviour of the L1 calorimeter isolation variables, which are the cause of this efficiency
loss, will be investigated in what follows.

In Figure 8.6 four variables that are relevant for isolation are shown for electrons in the Drell-
Yan sample: Ercone, as shown previously; EMIsol; HadIsol and HadCore. All isolation variables
are shown only for electrons with E; > 35 GeV and, in the case of L1 variables, only if they
can be matched to a L1 object. All variables in Figure 8.6 are seen to peak at low energies
with exponential drops towards increasing energy, with EMIsol showing a slower drop than either
HadCore or HadIsol.

The evolution of the mean value and standard deviation of these variables with offline Er is
shown in Figure 8.7. In Figure 8.7 (a) it is shown that as E7 increases so does the amount of
energy in a hollow cone around the electron. This is as the electromagnetic shower produced by
the electron becomes broader as the shower becomes more energetic. A similar trend is shown

in Figure 8.7 (b) that as E7 increases so does the mean value of EMIsol. At Er of around
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Figure 8.6: Offline isolation variables in the Drell-Yan decay to ete~ MC sample. Ercone (black circles);
L1 EMlIsol (blue squares); L1 HadCore (green open triangles); L1 HadIsol (grey open circles).

200GeV the cut value of 4 GeV is seen to fall within one standard deviation of the mean and at Ep
~700 GeV the mean value is compatible with the cut value. A gentle increasing trend is seen for
HadCore in Figure 8.7 (c). The rise with E7 is seen to be much slower than for EMIsol, such that
the mean value does not approach the cut value of 2 GeV within the studied £ range. HadIsol
shown in Figure 8.7 (d) does not show any clear trend with E7 and as such does not approach the
cut value of 3 GeV. From this it is clear that the increasing trend in the amount of energy deposited
around the central energy cluster, which is manifest at L1 as an increase in EMIsol, is causing
isolation cuts to become significantly less efficient at high E7. Therefore, triggers relying on L1

isolation are clearly not very well suited for the selection of highly energetic electrons.

8.3 Data Driven Efficiency Measurement

The TP method, as introduced previously, has been shown to work well in kinematic regions where
there is abundant production of the Z-boson. However, at high-E7 ranges statistics are expected
to become a limiting factor. As a result direct, high granularity measurement of efficiency in this
range will not be feasible, especially in the low statistics limit of early running.

The previous section, Section 8.2, showed that unisolated trigger efficiencies show a consis-
tent, flat dependence on E7. Therefore it seems reasonable that a measurement of the plateau
efficiency in the medium E7 range could be extrapolated to high E7. This would allow for a pre-
cise measure of efficiency to be made using the copious Z statistics in the medium E7 range. The
following section will evaluate the performance of weighted effiency averages for a representative

trigger, EF e10 medium, using simulated Z MC.
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Figure 8.7: The profile of the isolation variables in the Drell-Yan decay to e™e~ MC sample as a function
of offline Er for: (a) Ercone; (b) L1 EMIsol; (c¢) L1 HadCore; (d) L1 HadlIsol. Corresponding L1 cut
values are shown as blue lines.

In order to determine if the efficiency measured using the Z is representative of that seen in the
Drell-Yan and BSM resonance samples, a measurement of efficiency is constructed using electrons
in the Z sample. The resultant efficiency is then applied to all electrons in the other samples and
compared to MC efficiencies.

A 2-D weighted average of the efficiency of EF e10 medium is constructed by measuring the
Z—ete” MC efficiency in eight E7 and nine |n| bins. More precisely the E7 binning consists
of seven bins in the range 0 to 200 GeV and a single bin in the high E7 range above 200 GeV.

A comparison between the EF e10 medium weighted average and MC efficiencies in the
Drell-Yan sample is shown in Figure 8.8 as a function of (a) Er and (b) |n|. Similarly plots
for the Z’ [1 TeV] sample are shown in Figure 8.8 (c) and (d). It is seen that the weighted average
efficiency agrees with the MC result to within errors. Table 8.4 summaries the comparison be-
tween the weighted average efficiency and MC for all samples. In all cases these agree to within
errors. These show that, to within the available precision, it is valid to determine efficiency in 2-D,

and that this can be measured using data driven methods.
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Figure 8.8: Comparisons between EF e10 medium MC (black circles) and 2-D weighted average (blue
squares) efficiencies for the Drell-Yan sample as a function of offline (a) Er and (b) |n|. Analogous
distributions are shown for the Z’ [1 TeV] in (c) and (d).

It is important to note here that the trigger e10 medium will not be used to perform this analysis
with real data, as it is only intended for use at very low luminosities. It is very likely that at the
higher luminosities, where resonance searches will take place, an unisolated trigger suitable for
collection of very energetic electrons will have a very high E7 threshold, such as €105 loose. In
this case direct measurements of this trigger’s efficiency may not be feasible due to the fact that
electrons from the Z control sample mainly occupy the intermediate E7 regime in the range of 100
GeV. In this case it is safe to assume that efficiency will either be measured by extrapolation from
a lower threshold trigger that is run online but with a prescale factor. Alternatively, an unprescaled
trigger that is run offline on data that has already been collected could be used. In either case
careful evaluation of how to define the extrapolation region will be crucial. The final choice will
depend on the value of E7 at which efficiency reaches a flat plateau and the desired accuracy of the
efficiency measurement. Rigorous checks of the evolution of all the trigger variables concerned

will be essential to justify any extrapolation of measured trigger efficiencies to the high E7 range.
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Table 8.4: Comparisons between EF el0 medium efficiencies as obtained from the MC analysis to a 2-D
weighted average efficiency.

Sample MC efficiency 2-D weighted average efficiency
Drell-Yan 99.21 £ 0.03 99.2 + 04
G [300 GeV] 99.41 +0.03 994+ 04
Z' [1 TeV] 99.44 + 0.04 99.3 £ 0.6
Z'[1.5TeV]  99.39 £+ 0.06 99.2 £0.8

8.4 Conclusions

This chapter has studied the efficiency of the ATLAS electron trigger to select the very energetic
electrons characteristic of the decays of new neutral heavy resonance particles. Trigger efficiencies
for representative triggers were shown for MC samples of the SM Z and Drell-Yan to dielectron
processes and the BSM decays of a 300 GeV RS Graviton, a 1 TeV and a 1.5 TeV SSM Z' . These
efficiencies were seen to be consistently high in all samples for unisolated triggers. Conversely,
efficiencies were seen to fall off with increasing E7 for isolated triggers. This was established to
be due to lack of containment of the EM shower at L1. A 2-D weighted average of the Z—e™e™
trigger efficiency, which can be measured from data using the TP method, was shown to reproduce
well the MC efficiencies, but will in practice be limited by statistics. It was shown that, due to
the flat dependence of unisolated trigger efficiency on Er, an extrapolation based on efficiency
measured in the intermediate E7 range, where Z statistics are copious, will correctly reproduce

the trigger efficiencies for very energetic electrons in a sample independent way.



Chapter

Electrons in Early Data

This chapter presents some preliminary results from studies of electrons in early data, performed

using the first LHC collisions at a centre of mass energy of 900 GeV.

9.1 Electrons in Early Data

The first LHC collisions were recorded in late 2009. Beams at the SPS injection energy were cir-
culated in the LHC and used to produce collisions at all four interaction points at a centre of mass
energy of 900 GeV. Between the 6th and the 15th of December a total of approximately 20 ub~!
of collision data (9 ub~! with stable LHC beams and nominal ID voltages) was collected by AT-
LAS. This chapter will present a brief overview of the first results based on such data and which
is relevant for the electron trigger. These results are compared to MC simulations of minimum
bias (MB) events. The work in this chapter was produced in collaboration with other members
of the relevant ATLAS working groups. In-depth studies of this collision period can be found in
[86, 87, 88, 89, 90, 91].

ATLAS data is collected by run, defined as a period of uninterrupted data taking. An ideal
run will begin with the injection of beam into the LHC and end when the beam is lost or dumped.
For the studies in this chapter, events are selected within each run which appear to be produced
by LHC collisions and not by cosmic muons or beam related backgrounds; this was achieved by
using the requirement that a coincidence of signals be detected in either both MBTSs or both EM
endcaps. In addition, only events in a good runs list (GRL) are selected. GRLs are defined by
periods of data collection during which the detector configuration matches the minimum required
state of readiness for a particular analysis. For these studies, in common with those in [91], the
GRL requires that the ID and calorimeter systems are operational, and that the solenoidal field is

at nominal value.
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During this first running period, the maximum instantaneous luminosity was estimated to be
around 5 x 10?6 cm~2s~! [86]. The low luminosity allowed an acceptable event rate to be main-
tained by only a very loose L1 MBTS trigger. This trigger selects events which contain at least
one above-threshold hit in either MBTS system and is designed to select collision events as inclu-
sively as possible. In addition, although they were not required to maintain an acceptable event
rate, L1 EM triggers were also run online, the lowest configured EM threshold being L1 EM3. The
low luminosity meant that HLT rejection was not required. This allowed the HLT to operate in a
pass-through mode, whereby objects were reconstructed but no cuts were imposed.

The collected data set contains 903,309 MBTS triggered events. Of these, 383,827 events pass
the collision candidate requirements and a total of 453 objects pass the L1 EM3 trigger. Within
this dataset, offline candidate electrons are identified by either the standard or the soft electron
algorithms. They are then further required to have deposited more than 30% of their total energy
in the second layer of the EM calorimeter. In addition, candidates are excluded in the low ra-
pidity region ([n| < 0.15) and in the extended crack region between the barrel and the endcap
(1.35 < |n| < 1.55). The low rapidity region was excluded due to known L1 timing problems
in the third layer of the EM calorimeter. The extended crack region was excluded as only the
endcap calorimeter was connected to the L1 trigger tower system. Both these issues have since
been resolved. Only these very loose electron selection criteria were applied due to the limited
statistics available. This selection results in the identification of 730 electron candidates. Table
A.4 in Appendix A.4 shows a breakdown of the number of MBTS triggered events per run, along
with the number of collision candidate events in the GRL.

The total proton-proton cross-section can be divided into elastic and inelastic components
and the inelastic component further subdivided into non-diffractive, and diffractive components.
Elastic and diffractive interactions do not involve the exchange of any internal quantum numbers
between the colliding particles. These are generally soft interactions which result in low mul-
tiplicity final states [92]. Non-diffractive interactions, on the other hand, involve the exchange
of colour charge between colliding particles and subsequently result in the production of more
hadrons in the final state. It is these hard interactions which are likely to give rise to electrons.
The electron sample identified within collision data is compared to a fully reconstructed MB MC
sample generated using a tuned version of PYTHIA. This MB MC sample consists of one million
non-diffractive events and is designed to contain all types of collision events in proportion to the
expected cross section.

Within the MC sample, only a small fraction of events include reconstructed electrons. Anal-

ysis of the truth origins of these electrons indicates that around two thirds are fake electrons to
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Figure 9.1: Kinematic distributions of electrons from data compared to MB MC. The variables shown are:
(a) ET; (b) Ercone; (c) n; and (d) ¢.

which no truth electron can be matched. The majority of the other third are identified as originat-
ing from the conversions of photons, and a small remaining fraction (~ 4%) identified as electrons
produced via the decays of light hadrons.

Some kinematic distributions of the 730 electrons found in data are shown in Figure 9.1 and
compared to the results obtained from MB MC. The uncertainties shown on the distributions reflect
only the statistical uncertainties on the numbers of identified electrons. The MB MC is subdivided
by the truth origin of the reconstructed electrons. The MC distributions in this figure, and all
subsequent figures is this chapter, have been normalised to the number of data entries in order
for shape comparisons to be made. In future, studies such as these will normalise the MC to the
measured integrated luminosity. However, at this very early stage such luminosity measures are
still poorly understood. The observed electrons, both in data and MC, are seen in Figure 9.1 (a) to
be located at very low transverse energies values with an exponential tail towards higher values.
The M and ¢ distributions of these electron are shown in Figures 9.1 (c) and (d) respectively to be
relatively evenly spread across the entire kinematic range. All three of these MC distributions are

seen to be in reasonable agreement with the data, given the large statistical uncertainties. However,
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the Eycone distribution, as shown in Figure 9.1 (b), observed in the data is seen to be systemat-
ically shifted towards slightly higher values than in the MC. Preliminary investigations in [88]
have indicated that this can be partially explained by the lack of modelling of cross talk between
neighbouring calorimeter cells in the simulation, with the remaining discrepancy explainable by
an updated description of the amount of material upstream of the calorimeter in the MC. Overall

good agreement is seen between the data and MC.

9.2 Electron Trigger Efficiency

In order to study the performance of the electron trigger with respect to the offline reconstruction,
offline electrons were matched to L1 EM3 trigger Rols within AR < 0.15. Of the 730 electrons
identified, only 189 are present in events where the L1 EM3 trigger was passed. Of these, 164 can
be matched to L1 Rols, and 162 and 160 to L2 and EF Rols respectively. The low number of
electrons matched to L1 objects is primarily due to the low E7 of these electrons, meaning that no
L1 EM3 Rol was created for many of them. The losses observed in the L1 to HLT object flow are
due to a small number of HLT Rols not being created because their extremely low energy resulted
in the failure of the cluster seed finding algorithm [91].

MC studies indicate that the MBTS trigger selects non-diffractive MB events with 100 +0, —
2% efficiency. This is confirmed by the studies seen in [50], which have measured the efficiency of
the MBTS trigger from data to be above above 99% for events containing at least one track with pr
above 500 MeV. The inclusiveness of this trigger allows an unbiased extraction of the efficiency
of L1 EM3 to be performed simply by studying all the electrons in events selected by the MBTS
trigger and comparing these to the number which are associated to L1 EM3 Rols. The efficiency
of the trigger is determined by the ratio of the number of electrons which have associated L1 EM3
Rols to the total number of electrons.

The efficiency of the L1 EM3 trigger measured in this way as a function of electron E7 is shown
in Figure 9.2. Due to the low statistics the errors shown here are Bayesian. The efficiency curve
displays the typical turn-on structure followed by a flat plateau. The plateau efficiency is seen to
be above 95%, and for energies higher than 14 GeV to be nearly 100%. Good agreement is seen
between the data and MC results. The small “bump” in the MC efficiency curve, observed at very
low energies, has been identified as being the result of a small number of offline electrons having
additional nearby energy deposits [87]. This additional energy has enabled these electrons to pass
the L1 trigger due to the large cluster size utilised at L.1. This feature is not expected to be present
if more stringent electron selection criteria were to be applied, and not observed in the data due to

the small statistics of the considered sample.
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Figure 9.2: The efficiency of the L1 EM3 trigger in /s = 900 GeV data.

Table 9.1: The efficiency of the L1 EM3 trigger to select electrons with Ez > 7GeV as obtained from data
and MC.

Sample L1 EM3 efficiency (%)

Data 93 +£5
MC 95 +2

Table 9.1 shows the efficiency of the L1 EM3 trigger in selecting electrons with Ex > 7GeV as
obtained from data and MC. As in Figure 9.2, the quoted errors are Bayesian and statistical only.
The efficiency from the data is seen to be around 93%, with a large associated error of 5%. Good
agreement is seen between this and the MC efficiency of 95+2%. Overall, the L1 EM3 efficiency

is seen to be high and to be well modelled in the MC.

9.3 Data to MC Comparisons of some Trigger Variables

The following section will examine some properties of electrons reconstructed by the electron
trigger. Representative variables as seen at various trigger levels are compared to MC and to the
corresponding offline variable. These studies are useful in verifying that the trigger is behaving as

expected and that the MC is correctly modelling the real trigger behaviour.
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9.3.1 L1 Variables

This section will present a study of some L1 variables important to the electron trigger selection as

observed in the data, and will compare these to MC distributions and to the offline reconstruction.
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Figure 9.3: Comparisons of the distributions of the L1 E7 (left) and the difference between L1 E7 and
offline E7 (right) for electrons in data and MC.

The electron E7 as reconstructed at L1 is shown in the left-hand plot of Figure 9.3 to fall
exponentially with increasing E7. This is inline with the distribution observed previously for all
offline electrons. The L1 E7 is always above 3 GeV due to the threshold requirements of the
L1 EM3 trigger. The E7 “resolution”, defined as the difference between the energy reconstructed
by L1 and the energy reconstructed offline is shown in the right-hand plot of Figure 9.3. The
mean value of the data points is at -860 MeV with a standard deviation of around 1 GeV. This
indicates that the L1 is systematically underestimating the offline measure of transverse energy.
The difference between the online and offline energies can be attributed to several different factors
including the reduced granularity of L1, the differences in reconstruction algorithm and cluster
size and the calibrations used at the time of processing. Both the observed L1 E7 spectrum and
resolution are seen to be well reproduced by the MC to within the statistical errors. The agreement
between L1 resolution in data and MC indicates that the observed differences in online and offline
energy are well understood and modelled.

In addition to coarse energy resolution, L1 is also restricted in the precision to which the
position of objects can be measured. The L1 1 and ¢ resolutions, defined as the difference
between the L1 and the offline coordinate are shown in Figure 9.4. The L1 1 and ¢ coordinates
are both observed to be systematically offset with respect to the offline by around 0.03. Such an
offset is expected as a result of the methodology used for L1 coordinate determination. Unlike the

HLT and offline algorithms, the determination of shower position at L1 is not based on the cluster



9.3 Data to MC Comparisons of some Trigger Variables

155

a O] B B B I IR I I a I B B B IR ILRL L I I
R £ ® Data 2009 ] = 30 -
) 0F  — e Mean1c: 003£004 - D 3 Mean£16: 0.03£0.03 3
B c 1 = F E
ée 25:_ |:|Fakes _: sce 25: ]
b=} 3 E = o ]
B~ E ] 3~ 20 —
—e 20'_ - _e r ]
< o ] < o 7
E ] 155 3

15 - C ]

10f- 3 1F E

sE 3 St .

r ] n . .. AT 777“‘ _ ]

) 0.2 92015 01 005 0 005 01 0I5 02
L1n- Offlinen L16 - Offline ¢

Figure 9.4: Comparisons of the distributions of the L1 1 (left) and ¢ (right) resolutions for electrons in data
and MC.

barycentre, but rather determined by the centre of the 4 x 4 window of An x A¢ = 0.1 x 0.1
trigger towers which form the Rol. For narrow EM clusters, which are often wholly contained in
a single trigger tower, this results in a systematic offset in the coordinate, since in this case the
active tower will occupy the bottom-left corner of the clustering region. As the electrons studied
here are not very energetic, they are expected to have narrow showers and therefore an offset L1
position as observed. The maximum offset between the L.1 Rol position and the corresponding
offline coordinate is observed to be around 0.1. This indicates that L1 is correctly identifying the
cluster barycentre as an offset larger than 0.1 would not be contained in the Rol window. Overall,

both the 11 and ¢ resolutions are seen to be well modelled by the MC.
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Figure 9.5: Comparisons of the distributions of the L1 isolation variables EMIsol (left) and HadCore (right)
for electrons in data and MC.

During data taking phases with low instantaneous luminosity, an £ cut on L1 EM Rols alone

is expected to be sufficient to control EM trigger rates. However, when instantaneous luminosities
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becomes higher, isolation variables will become increasingly important as a way to accept lower
energy electrons than would otherwise be possible. The distributions of two representative L1
isolation variables, EMIsol and HadCore are shown in Figure 9.5. Similar to E7, both isolation
variables are seen to peak at low energies with exponential tails towards high values. The EMIsol
shows a longer tail towards high energies than HadCore. For both variables agreement is seen be-
tween the data and MC to within the statistical errors. This indicates that, to the limited statistical

precision available, the properties of L1 isolation variables are well understood.

9.3.2 HLT Variables

The HLT benefits from looser timing constraints than L1, as a result much more detailed in-
formation can be accessed and used to provide additional discrimination between electrons and
backgrounds. The following section will present a comparison of some aspects of the HLT recon-
struction in data to MC and to offline.

Both L2 and the EF have access to the full calorimeter granularity and refined calibrations, as

a result each level calculates an increasingly refined measure of transverse energy. The electron
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E7 as reconstructed by L2 is shown in Figure 9.6 (a) and as reconstructed by the EF in Figure 9.6
(b). A slight excess in data points is visible in the L2 energy distribution around 5 GeV. Otherwise,
fair agreement is seen between data and MC to within the statistical uncertainties.

The difference between the electron energy as calculated at HLT and that calculated offline
are shown in Figures 9.6 (c¢) and (d) for L2 and EF respectively. The L2 energy resolution has
a mean value of -470 MeV, with a standard deviation of 760 MeV. This indicates that the L2 is
systematically underestimating the offline E7, although by considerably less than the -860 MeV
seen at L1. The EF resolution has a mean value of -170 MeV and a standard deviation of 560
MeV. This is more consistent with the offline result than either of the previous levels. This is
unsurprising, as the EF energy measurement reuses the offline methodology, although, unlike the
offline reconstruction, the EF cluster size is not allowed to vary. These figures, along with the
corresponding L1 distribution, clearly show the incremental improvement in energy measurement
by the increasingly sophisticated trigger levels. The residual differences between HLT and offline
values can be attributed to differences in calibrations and cluster sizes between online and offline
measurements. In most cases the data is well described by the MC, although some slight deviations
remain, although the limited statistics both in the data and the MC make it hard to make definite
statements.

The 1 and ¢ resolutions defined as the difference between L2 and EF 1 and ¢ coordinates
and those calculated offline are shown in Figure 9.7. Unlike the corresponding L1 distribution,
the HLT angular resolutions are seen to be centred about zero and to show significantly reduced
spreads. In all cases the MC resolution is seen to be in reasonably agreement with the data.

In addition to refining the information on the observed electrons, the HLT will reject non-
electron candidates based on a series of shower shape and tracking variables. One such selection
cut, Ry, is based on the ratio of the energy in the AN x Ap = 3 x 7 to 7 x 7 calorimeter cells
centred on the shower position. This is a measure of the width of the shower and serves to reject
hadronic showers which are typically broader. For electrons, which are commonly well contained
in 3 x 7 cells, this value should peak around one. The distributions of the Ry, variable for electrons
in data and MC are shown in Figure 9.8 at L2 (left) and EF (right). In both cases Ry, is seen to
be centred slightly below one, with the shape of the distribution observed to be very similar at
L2 and EF. This figure shows general agreement in shape between the data and MC, although a
slight shift towards lower values is observed in the data. This shift is also visible in some offline
shower shape variables, such as Ercone (as shown in Figure 9.1 (d)) and is believed to have the
same cause [88].

Another shower variable that describes hadronic leakage, is defined as the amount of energy
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Figure 9.7: Comparisons of the the distributions of the HLT n resolutions relative to offline: L2 (a); EF
(b), and the HLT ¢ for resolutions relative to offline: L2 (c), EF (d) for electrons in data and MC.

deposited in the first layer of the hadronic calorimeter directly behind the electron cluster. A
typical isolated electron is expected to deposit less than 1% of its energy in this layer [57], whilst
hadronic jets will deposit significantly more. The distribution of hadronic leakage for electrons
in data and MC are shown in Figure 9.9 at L2 (left) and EF (right). In both cases the hadronic
leakage is seen to be peak around zero with exponential tails towards higher values. This figure is
seen to show good agreement between data and MC.

As well as calorimeter shower shape variables, the HLT also has access to information on the
tracks of charged particle trajectories in the ID. This information can be used to provide additional
separation between electrons and jets. One variable which utilises tracking information is the ratio
of the cluster E7 to the track py (E/p). For isolated electrons E /p is expected to tend to one, as
these often consist of a single track pointing to an isolated cluster. Conversely, diffuse hadronic
jets will often distribute their pr between many charged and neutral particles, therefore the E/p
of such objects is expected to be lower than one. The distributions of E/p for electrons in data
and MC are shown in Figure 9.10 at L2 (left) and EF (right). In both cases E/p is seen to peak

slightly lower than one. This is expected, as the majority of reconstructed electrons in this sample
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Figure 9.8: Comparisons of the distributions of the shower shapes variables Ry calculated at L2 (left) and
EF (right) for electrons in data and MC.
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are not isolated electrons. The L2 peak is expected to be slightly broader than the EF peak due to
the reduced L2 energy and momentum resolutions. Overall, reasonable agreement is seen between

the data and MC.

9.4 Conclusions

Studies of the electrons in data from collisions at /s = 900 GeV indicate that both the detector
and the trigger system are functioning well and performing as expected. Electrons identified in
the data are seen to be well modelled by the MC, although some small discrepancies are observed
in some shower shape variables. Previous studies in [88] have explained these differences via an
updated material description and the improvement in the modelling of cross talk in the MC. The
turn-on of the lowest threshold EM trigger, L1 EM3, has been extracted from data and agrees well
with the results in MC. An efficiency plateau is observed above 7 GeV within which the efficiency
is similar to 95% and flat as a function of E7. Preliminary studies of trigger level variables in data
have been shown to be in agreement with MC predictions. These results are a good indication
that the electron triggers are robust and well optimised, and therefore in good shape to begin the
rejection of events in 2010. Overall, the ATLAS detector behaved exceptionally well in this very
early phase and the MC simulations are seen to generally be in good agreement with the collected

data.
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Conclusions and Outlook

The Standard Model of particle physics provides an excellent description of three of the four
fundamental forces of nature. However, it is known to be an incomplete theory, as it fails to
offer a description of gravity, a solution to the hierarchy problem or a candidate particle for cold
dark matter. SUSY offers solutions to a number of these outstanding issues by proposing a new
fundamental symmetry relating bosons to fermions. If SUSY is to resolve these issues then it
should also provide observable phenomenology in the TeV energy range accessible at the LHC. If
ATLAS is to witness the signatures of SUSY, then the trigger system must be capable of identifying
potential SUSY events from the overwhelming SM backgrounds.

This thesis has examined the efficiency of the ATLAS trigger to select leptons in a variety of
BSM scenarios, including SUSY and models which propose new neutral resonances. The studies
in Chapter 5 determined from Monte Carlo simulations that the single electron trigger has an
excellent efficiency of above 96% to select isolated electrons such as those expected from the
Z—ete™ process. A Tag and Probe method has been shown to be capable of determining the
efficiencies for these isolated electrons to within a fraction of a percent, both as an overall number
and differentially.

Unlike the Z—eTe™ process, SUSY events are typically rich in energetic hadronic activity. In
events of this kind it is not uncommon for electrons to be produced in proximity to highly energetic
jets. Chapter 6 studied the efficiency of the electron trigger in these busy environments and showed
that energy deposited near electrons results in a degradation in the trigger performance, such that
prompt electrons in a SU4 SUSY benchmark point are only selected with 93% efficiency. It
was shown that the contributions of nearby objects to the efficiency of the electron trigger can
be quantified using the Epcone variable which measures the amount of energy in a hollow cone
surrounding the electron. This result was used to show that the Z—e™e™ trigger efficiency was

representative of electrons in busy events providing the efficiency was modelled differentially in
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the 3-dimensions of Er, 1, and Ercone. However, the inclusion of non-prompt and fake electrons
reduces the accuracy of this description.

Chapter 7 went on to show that both the electron and muon triggers successfully select ener-
getic leptons with a high efficiency across large regions of the model parameter space. However,
some slight inefficiencies remain at low SUSY mass scales where the majority of leptons are typi-
cally not very energetic and therefore fail to meet the energy threshold requirements of the trigger.
It was shown that for trilepton SUSY searches these efficiency losses could be compensated for
by orthogonal trigger streams such as jets or E2S,

Chapter 8 moved away from SUSY, to study the electron trigger efficiency for the very ener-
getic electrons characteristic of heavy BSM neutral resonances. Electron trigger efficiencies were
shown to be consistently high for all studied resonances for triggers that did not require isolation
at L1. Conversely, efficiencies were seen to fall off with increasing E for isolated triggers due to
lack of containment of the EM shower at L1. A 2-dimensional measure of the Z—ete™ trigger
efficiency was shown to well reproduce the efficiencies for non-isolated triggers at high energies,
based on an extrapolation from the intermediate E7 range where Z statistics are copious.

The final chapter of this thesis studied the electrons in early ATLAS data from LHC collisions
at /s = 900 GeV. Electrons identified in the data were generally seen to be well modelled by
the MC, although some small discrepancies were observed in some shower shape variables. The
turn-on of the lowest threshold EM trigger, L1 EM3, was measured from data and seen to agree
well with the MC results. An efficiency plateau was observed above 7 GeV within which the
efficiency is around 93% and flat as a function of Er. Preliminary studies of trigger level variables
in data have shown these to be in agreement with MC predictions. This indicates that the electron
triggers are robust and well optimised, and therefore in good shape to begin the rejection of events
in 2010.

The studies in this thesis have shown that the ATLAS electron (and muon) triggers are capable
of selecting leptons within SUSY and heavy BSM neutral resonance events with a very high effi-
ciency. In all cases these efficiencies can be measured from data using the Tag and Probe method,
thus reducing the consequent reliance on MC. Preliminary studies of the first LHC collisions have
indicated that the electron trigger is behaving as expected and that this behaviour is well modelled

by MC.
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Following the 2009 low energy running period, the LHC was shut down over the winter before
restarting in early 2010. Within a few months, collisions had been achieved at 7 TeV, half the
design energy of the LHC. The current LHC schedule is to maintain stable running and collisions
at 7 TeV throughout 2010 and 2011, with the aim of collecting a total integrated luminosity of
1fb~!. To date, this plan is proceeding well and the understanding of both the LHC and the
ATLAS detector is advancing steadily.

On May 24th 2010, the electron HLT entered rejection mode for the first time. The rate for the
lowest threshold L1 trigger L1 EM2 was observed to be stable at around 300 Hz at an instantaneous
luminosity of around 1.7 x 10?° cm~2s~!. The trigger e3 loose was then enabled at L2 and EF
and was seen to reduce the pass rate to 46 Hz and 17 Hz respectively. On June 3rd 2010 the
first ATLAS results were published describing the observation of W and Z bosons in data [93].
These represent just the first of many important milestones on a journey that will culminate in the

expansion of the understanding of the the field of particle physics.

. . 15 E. (GeV)
Run Number: 154817, Event Number: 968871 i E, (€)= 45GeV E.(e') = 40GeV
Date: 2010-05-09 09:41:40 CEST

M_=89 GeV
Z>ee candidate in 7 TeV collisions
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L] | [ ] [ 1 1]

-
n(e)=0.21 n (e*) =-0.38

Figure 10.1: A Z—ete™ candidate event from /s = 7 TeV running, from [94].




Appendix
Data Samples

A.1 MC Samples for /s = 14 TeV

The following ATLAS MC samples were used for the analysis presented in Chapters 5 and 6 of

this thesis:

Table A.1: The logical file names of the Monte Carlo samples studied in Chapters 5 and 6.

Sample Dataset C [pb™ N

Single e trigl_misall_mc12.007020.singlepart_e_Et7-80.recon.A0D.v13003003 -

trigl_misall_mcl13.007023.singlepart_e_Et80-500.recon.A0OD.v13003003 -

Z—ete” trigl_misall_mcl12.005144.PythiaZee.recon.ESD.v13003004 2069
tr trigl_misall_mc12.005205.AcerMCttbar.recon.ESD.v13003004 436
SU3 trigl_misall_cscl1.005403.SU3_jimmy_susy.recon.ESD.v13003003 27.7
Su4 trigl_misall_mc12.006400.SU4_jimmy_susy.recon.AOD.v13004005 402

These samples were produced centrally by the official ATLAS production team and fully simulated
and analysed using Athena version 13 for a nominal LHC centre of mass energy of 14 TeV. The
MC generators used were PYTHIA for Z—e*e™, AcerMC for ¢f and HERWIG with the Jimmy
underlying event modelling for the SU3 and SU4 samples. The quoted cross sections are at NLO
and taken from [95].
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A.2 MC Samples for /s = 10 TeV

The following ATLAS MC samples were used for the analysis presented in Chapters 6 and 7 of

this thesis:

Table A.2: The logical file names of the Monte Carlo samples studied in Chapters 6 and 7.

Sample Dataset C [pb™ N

Athena version 14 samples

Z—ete™ mc08.106050.Pythiazee_lLepton.recon.A0D.e347_s462_r604/ 1098
Z—>y+y_ mc08.106061.McAtNloZmumu_lLepton.recon.AOD.e349_s462_r635/ 1098
tr mc08.105200.T1_McAtNlo_Jimmy.recon.AOD.e357_s462_r635/ 217
SuU4 mc08.106400.SU4_jimmy_susy.recon.AOD.e352_s462_r635/ 171

Athena version 15 samples

tt mc08.105200.T1_McAtNlo_Jimmy.merge.AOD.e357_s462_s520_r809_r838/ 217

Su4 mc08.106400.SU4_jimmy_susy.merge.AOD.e352_s462_s520_r808_r838/ 171

These samples were produced centrally by the official ATLAS production team and fully simu-
lated, at a nominal LHC centre of mass energy of 10 TeV, and analysed using two different Athena
versions: 14 and 15. The MC generators used were PYTHIA for Z—e*e™, MC@NLO for 7 and
Z—utu, and HERWIG with the Jimmy underlying event modelling for the SU4 samples. The
studies in Section 6.3.2 of Chapter 6 use the version 15 samples, whilst the studies in Chapter 7
use the version 14 samples. The quoted ¢f and SU4 cross sections are at NLO, whilst the Z cross
sections are at LO, all are taken from [95].

In addition, Chapter 7 also studied a large number of SUSY grid points, details of which can be
found in [96]. These were generated using HERWIG with the Jimmy modelling of the underlying

event and the detector response simulated using ATLFAST-II in Athena version 14.



A.3 Dielectron MC Samples

A.3 Dielectron MC Samples

The following ATLAS MC samples were used for the heavy BSM neutral resonances analysis

presented in Chapter 8 of this thesis:

Table A.3: The logical file names of the Monte Carlo samples studied in Chapter 8.

Sample Dataset o [pb!]
Z mc08.106050.PythiaZee_lLepton.recon.AOD.e347_s462_r604 1098
G [300 GeV] mc08.105616.Pythia_Gee_300.recon.AOD.e355_s462_r604 0.834
Z'[1 TeV] mc08.105603.Pythia_Zprime_ee_SSM1000.recon.RAOD.e352_s462_r604 0.249
Z/ [1.5 TeV] mc08.105624.Pythia_Zprime_ee_SSM1500.recon.A0D.e357_s462_r604 0.076
Drell-Yan mc08.105417.Pythia_DYee_75M120.merge.AOD.e447_s495_r635_t53/ 573
mc08.105418.Pythia_DYee_120M250.merge.A0D.e447_s495_r635_t53/ 7.17
mc08.105419.Pythia_DYee_250M400.merge.A0D.e447_s495_r635_t53/ 0.425
mc08.105420.Pythia_DYee_400M600.merge.A0D.e447_s495_r635_t53/ 8.30x 1072
mc08.105421.Pythia_DYee_600M800.merge.AOD.e447_s495_r635_t53/ 1.62x1072
mc08.105422.Pythia_DYee 800M1000.merge.AOD.ed47_s495_r635_t53/ 4.52x 1073
mc08.105423.Pythia_DYee 1000M1250.merge.A0D.e447_s495_r635_t53/ 1.77x1073
mc08.105424.Pythia_DYee_1250M1500.merge.A0D. e447_s495_r635_t53/ 5.51x107%
mc08.105425.Pythia_DYee_1500M1750.merge.A0D. e447_s495_r635_t53/ 1.98x 1074
mc08.105426.Pythia_DYee 1750M2000.merge.A0D. e447_s495_r635_t53/ 7.62x1077
mc08.105427.Pythia_DYee_M2000.merge.AOD.e447_s495_r635_t53/ 5.59%x1073

These samples were produced centrally by the official ATLAS production team and fully simulated

and analysed using Athena version 14 for a nominal LHC centre of mass energy of 10 TeV. The

PYTHIA MC generator was used to produce every sample. The quoted cross sections are at LO

and taken from [95].
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A.4 Data Samples

The following LHC runs were used for the studies of collision data presented in Chapter 9 of this

thesis:

Table A.4: The number of events, L1 EM3 Rols and reconstructed electrons per run studied in Chapter 9.
Only runs in the GRL (as defined in the text), with more than one EM3 object are included.

Run Number Triggered MB events GRL L1 EM3objects Electrons

141749 19,317 8,986 4 18
141811 38,941 13,471 14 26
142149 11,009 1,238 1 0
142154 7,827 2,156 4 5
142165 162,192 62,001 66 109
142166 83,111 39,407 50 75
142174 18,654 12,467 17 23
142191 113,553 59,264 73 105
142193 153,499 91,828 123 183
142195 61,662 47,039 46 110
142383 233,544 45,970 55 76
Total 903,309 383,827 453 730

These samples were collected between the 6th and the 15th of December 2009 at a centre of mass
energy of 900 GeV. They were reconstructed and analysed using Athena version 15. The MB MC

sample to which the data was compared was:

mc09_900GeV.105001.pythia_minbias.recon.A0D.e500_s656_s658_d267_r1029/

which was produced centrally by the official ATLAS production team using the PYTHIA MC

generator at a centre of mass energy of 900 GeV and fully simulated and analysed using Athena

version 15.



Appendix

The Calculation of Errors for Weighted

Average Efficiencies

The efficiency for an electron with values of parameters i and j (8;7 ;) 1s given by:

& =¢ij, (B.1)
where €; ; is the measured efficiency in the bin i, j. Generalising this to give the efficiency of all

electrons N; ; in bin i, j, we get:

€ ;.Nij
g = b (B.2)
5J Ni,j
If we then integrate over one of the dimensions, in this case the dimension of j, we get:
e — L (& Nij) B3)
Ni
The variance (V) on €] is given by:
, 1
Vel = VY Nijeijl, (B.4)
Ni 5
which is equivalent to:
, 1
Vel = —5 Y VINij&i ], (B.5)
where V[N; ;] is given by the binomial distribution across the bins j as shown by:
N; N;
VIN: ;] ==2L(1-=2)N; B.6
Nyl = (= NG (B.6)
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and V[g; ;] is simply the variance on the efficiency. Finally using error propagation we arrive at

the following complete equation for V[g}]:

Vel = ! Y (Ni i)’ (I_NN;'}j) +V[8u] B.7)
i Ni2 - i,j€i,j Ni; 81271_ .
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