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Abstract

A search is conducted in the dielectron channel for beyoa&thndard Model high mass
neutral resonances, such Bs motivatedZ’ states and the Randall-Sundrum Graviton.
The data in this thesis was recorded by the ATLAS detectandyroton-proton colli-
sions in 2011 at/s=7 TeV, provided by the Large Hadron Collider at CERN in Genev
Switzerland. The dataset used constitutes a total integjtatminosity of 2.12 fb* after
data quality checks. The dielectron channel result is pteseand combined with the
equivalent 1.21 fb® dimuon channel result for th&. Additionally these results are com-
bined with the 2.12 fb! diphoton channel result for the RS Graviton. The greatestex
in the dielectron channel is observed at 580 GeV with a sigamifte of 1.34. Therefore
as no significant excess is observed in data above the StaNaalel expectation, exclu-
sion limits are set at 95% confidence level on the cross setitites branching ratio for
various signal scenarios as a function of resonance massnRioed lower mass limit of
1.96 TeV is set on th&gg,, and 1.95 TeV for a Randall-Sundrum Graviton witMigf =
0.10. These limits represent the world’s highest observasisnexclusion for the models

considered, at the time of writing this thesis.
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Preface

At the end of March 2010, the LHC entered the history booksdilyding protons at a
centre of mass energy equal to 7 TeV, more than any human mpeéermaent before it.
This signalled the start of a long journey into the unknowngarticle physics, where
discovery or exclusion of new physical phenomena will beughd into sharp clarity for
the next+20 years. The elusive Higgs boson for which the LHC was arguablt, will
be a flagship analysis not just for a final test of the StandaodeéVlof particle physics,
but also for pointing theorists and experimentalists alikehe direction of what comes
next, physics beyond the Standard Model.

As precise as the Standard Model is at describing three ditiveknown forces of
nature, a GUT scale theory, and a theory that incorporatagif@into our understanding
of the Universe, are still missing. This thesis presentsaackefor possible new physics
beyond the Standard Model, which could be a signature of tegries, via the discovery
of new heavy neutral resonances, which would be eviden&mtyariant mass spectrum

measured by the ATLAS detector.

This thesis is organised in the following way:

e Chapter 1 starts by briefly summarising the Standard Modglaoficle physics,
including electroweak symmetry breaking and the Higgs hodbthen proceeds
to set out the theory and motivation for new physics beyordStandard Model
which could be present at the TeV scale, and thus observatile BHC. The chap-
ter closes by considering the experimental signature higesmesonances would
leave in LHC experiments such as the ATLAS detector, andebech strategy that
will be used in this thesis. Current exclusion limits on thedels considered are

provided from recent experiments, as well as theoreticasraints.

e Chapter 2 details the LHC performance and infrastructe®yding on the ATLAS
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detector, with attention given to the subsystems that ast mportant to the search

of this thesis.

e Chapter 3 provides the relevant information for productiod use of Monte Carlo
simulations in this thesis, paying particular attentiotht® reconstruction and iden-
tification of electrons, due to their importance in the skangalysis. A study of the
ATLAS detector’s electron energy resolution, and diel@ctinvariant mass resolu-
tion, using signal Monte Carlo, is also presented for itsvahce in a narrow width

resonance search.

e Chapter 4 takes the study of electrons in this thesis a st#pefuby considering
high Et electron outliers in early data. This study attempts to ustded the cause
of, and rectify where possible, the rare anomalous calicula&if electron energies,

between different stages of the ATLAS trigger system.

e Chapter 5 details the event selection applied to data talsdar new high mass
neutral resonances in the dielectron channel, using theA&Tdletector. The selec-
tion criteria are motivated, and translated where neededie equivalent criteria
for Monte Carlo simulation, to ensure a precise comparisibh data is achieved.

A study of varying electron identification selection criteis also provided.

e Chapter 6 explains how the Standard Model background egiimabtained using
Monte Carlo simulation, and data-driven methods whereiplessThis is of vital
importance, as any comparison between data and Monte @apidres a high level
of precision to be able to claim a discovery should an excesshserved in the

data.

e Chapter 7 presents the results of the high mass resonancé seahe dielectron
channel, using an integrated luminosity of 2.12%b This dataset was recorded
during proton-proton collisions in 2011 gfs = 7 TeV. Data is compared to the
Standard Model background estimate through a number ofriatie distributions.
The dielectron invariant mass spectrum is used as the sdastcibution, in which
new physics should become evident through a deviation flreStandard Model

prediction.
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e Chapter 8 accounts for the systematic uncertainties praséme analysis, provid-
ing studies for each based on signal and/or backgroundibottms. These studies

are summarised, and then used in the statistical treatniéim cesults.

e Chapter 9 interprets the search results using both Fregtiantl Bayesian statisti-
cal techniques. The dielectron invariant mass spectrursad to quantify the level
of agreement between observed data, and the Standard Medittpn. In the
absence of a significant excess, 95% confidence level emallisiits are set on the
cross section times branching ratio of the signal procesayiieg to two electrons.
The dielectron channel search result is also interpretednmbination with the lat-
est available dimuon and diphoton channel search resotikirlg for the same new

physics phenomena with the ATLAS detector.

e Chapter 10 draws conclusions from the presented searcisa)and looks to the

future prospects of new physics searches at the LHC.

Chapters 1, 2 and 3 are a description of the theoretical aperemental aspects rele-
vant for the topic of this thesis, and were written based oeveew of the relevant liter-
ature (theoretical and experimental papers, and techr@palts). Section 3.5 contains a
study of the electron energy resolution, and dielectroariiant mass resolution (and its
impact on the search for narrow width resonances), whichdgased and carried out by
the author.

The author’s original work is reported in Chapters 4, 5, &ridl 9. The work in Chap-
ter 4 was carried out by the author in the context of the ATLAlgder electron/photon
performance working group, and was included in the TrigggarBEma 2009 Collision
Studies internal note [1]. Chapters 5, 6, 7, and 9, deschibauthor’'s work on Exotic
searches, carried out using methods and procedures whiehdseised in collaboration
with colleagues in the ATLAS Exotics working group, and umbéd in the journal pa-
pers [2, 3, 4].

Chapter 8 presents results that were obtained as part ofither& collaboration with
members of the ATLAS Exotic physics groups, but were not cated by the author
personally; thus only a summary is given, with further detprovided in the Appendix.

All plots and tables in this thesis were produced by the authidess otherwise stated.



Chapter 1

Theory and Motivation

Particle physics is currently experiencing a golden agth thie start of the Large Hadron
Collider (LHC) program and its suite of experiments, thersledor a fundamental under-
standing of the Universe at the TeV scale is finally beginimgecome a reality. The
current Standard Model (SM) of particle physics has stoedeht of time and experiment
remarkably well for over 35 years, but now faces a crossro@lds search for the Higgs
boson, one of the last missing pieces of the SM, will make eabthe model as we know
itin the next few years. Even if the Higgs boson is found hasvgthere are still questions
which the SM can not answer. These questions are left toidteeBeyond the Standard

Model (BSM), many of which should have observable consecenisible at the LHC.

1.1 The Standard Model of Particle Physics

The SM [5, 6] describes the forces and interactions betwkerelementary particles
of nature. Developed throughout the mid-20th century, siched its current form in

the mid-1970’s and has been very successful in its predistiteading engineers and
physicists to build ever more impressive experiments ttiestheory and make precision
measurements. In its current state, the SM incorporatekrbwn elementary particles
generally separated into two distinct groups called fermi(spin%) and bosons (spin-1),
as well as their interactions via the electromagnetic, waak strong, forces (gravity is
yet to be included successfully). The SM fermions are dbedrin Table 1.1, with the

force propagating bosons described in Table 1.2.

For fermions, each matter particle has an antimatter copete The 6 leptons are
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.| Charge Generations
Family
q I \ Il \ I
my = 2.4 MeV me = 1.29 GeV m =1729 GeV
2
3 u C
Quark Up Quark Charm Quark Top Quark
L my = 4.9 MeV ms = 100 MeV m, = 4.19 GeV
"3 S
Down Quark Strange Quark Bottom Quark
me = 0.511 MeV | m, = 10566 MeV | m; = 177682 MeV
-1 u T
Lepton Electron Muon Tau
my, <2 eV m,, <0.19MeV | m, <182 MeV
0 Ve vy V;
Electron Neutring Muon Neutrino Tau Neutrino

Table 1.2: The SM forces and main properties of their cooedmg spin-1 propagator bosons [7].

Table 1.1: Main properties of the SM sp%#ermions [7].

Force | Gauge Bosor) Charge] Mass |
Electromagnetism y 0 0
Photon
Wi +1 |80.4 GeV
Weak W Boson
Z 0 91.2 GeV
Z Boson
Strong 0 0
Gluon
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therefore accompanied by 6 antileptons, with oppositegeharhich all interact via the
electromagnetic and weak force. Alongside this, the 6 qgiark reflected in type by 6
antiquarks, which all feel the electromagnetic, weak, @aneohg force. Quarks are com-
monly denoted so that thequark for example, is mirrored by the equivalent antiquark,
U, and so on. Additionally, quarks have a property calleddaodl, which can take three
values: red, green, or blue. The colour of quarks becomesriiant when attempting to
understand the way in which quarks interact and bind togekineugh the strong force,
to form the composite particles seen in nature. Quark cortgparticles fall into two
categories: Mesons, which are composed of a quark-ankquar, and Baryons, which
consist of three quarks (or antiquarks). The most commombyka quark composite par-
ticles are the proton and neutron, which are baryons of tire foud), and @du) respec-
tively. Without the inclusion of colour, it would seem thaetexistence of baryon states
with three same type quarks was forbidden by applicatioraodi® Exclusion Principle
(which states that no two fermions can exist in the same spébeidentical quantum
states). This is because though the spin projections of tweajuarks could be different
le. +%, % respectively, the third quark would have to match one of thewotwo quarks’
guantum numbers. With the inclusion of colour however, eafcthe three quarks in a
baryon has a different colour and thus do not violate Paakslusion principle. The
only requirement then is that all composite particles amdigrless” as this property is
not directly observed in nature. Therefore, mesons are maadequark-antiquark pair
with respective colour-anticolour making it colourlesgy(eged and antired), and baryons
are made of three coloured quarks (or antiquarks) so thatgregn, and blue (or their
anticolour equivalent) together are deemed colourlesserWih 1962 theQ)~ (ssg was
observed at Fermilab, this was proof that indeed colour weecassary part of the SM.
Each force in the SM has one or more associated mediator lpasticles. For electro-
magnetism this is the photon, for the weak force there is ehgral current-exchanging
Z% boson, and the charged current-exchanyiig bosons, and the strong force is me-
diated via colour-charge exchanging gluons (each gluodshtbo colour charges). If
gravity turns out to be a force of the same ilk as the othertkrewn forces of nature
(and not for instance just an effect of space-time geoméitwn it too should have an
associated mediator particle, called the Graviton. Thessefpropagating particles all

have integer spin, and being bosons (obeying Bose-Einstaiistics) are not subject to
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Pauli’s exclusion principle as was described for fermiamisi¢h obey Fermi-Dirac statis-
tics). It should be noted at this point that composite pesisuch as mesons, which are
made up of an even number of fermions and thereby have insgger are technically
bosons (baryons are not composed of an even number of fesp@od are therefore still
fermions). Bosons like fermions, have antiparticle coypdaes, however, certain bosons
such as the photon, ar#f boson, have the interesting characteristic of being idahti
and indistinguishable from their antiparticle.

Counting the number of elementary particles discussed sthéae are the 12 leptons,
and 12 quarks, that make up the fermionic particles. In addithere is also 1 photon
from electromagnetism, 3 particles from the weak intecac@@®, W+, W™), and 8 glu-
ons from the strong interaction (taking colour-charge peations into account), for the
bosonic particles. These 36 elementary particles of the @Mheoretically joined by at
least one Higgs boson as will be discussed in Section 1.1d8itianal particles beyond
this are not within the scope of the SM, and are thus predicyeBSM theories. Such
particles might arise from BSM theories that predict as ygnown symmetries, like the
Z', which will be discussed in Section 1.2.1, or a new undeditanof gravity, via the

Graviton, which will be discussed in Section 1.2.2.

1.1.1 The Lagrangian and Gauge Invariance

The information contained within the SM can be summarisadgukagrangian me-
chanics, and Hamilton’s principle of stationary action evhstates that physical systems
evolve such that the Actiong, defined in Equation (1.1), is minimisedq = 0). The
LagrangianL, is defined as the kinetic energy of a system, T, minus itsiaiesnergy,

V, and depends on time, as well as the generalised spatial coordingigwherei =
1,2,3,...,n dimensions) and its time derivatige, These conditions make it possible to

obtain a system’s equations of motion using the Euler-LaggeEquation (1.2).

s(@) = [ (@G, d 1.1)
d /oL oL
ii(5) i

These equations are used to describe particles in a logaliag depending on posi-
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tion in space and time. However, in particle physics the SKeiscribed using Quantum
Field Theory (QFT), which uses field variables)(that are a function of the former coor-
dinates givingg (x*) (for a scalar field), wherg* is a space-time 4-vectop:(0 = ct, and
1,2,3...,n spatial dimensions). This transforms the Lagjen into the Lagrangian Den-
sity (also usually called Lagrangian for simplicity) as iman Equation (1.3) and implies
an integration over all space-time to obtain the correspandction in Equation (1.4),

leading to a generalised form of the Euler-Lagrange Eqodfid) [8].

L(ai,q,t) — L, @, 8.@) (1.3)

S(@) = [ L0¢0.8,) d'x (1.4)
oL oL

% <5(5u(ﬂ)) =5 19)

It is possible to describe the entire SM with one Lagrangidmctvis presented in
Equation (1.6) using Yang-Mills theory. This powerful etjaa can be separated into
the specific constituent components of the SM describedéarptbceeding sections of
this chapter. Thesd,GH term describes the field strength of the strong force, while
the termsWi,WH# and B, B", correspond to the weak and electromagnetic force field
strength respectively (see Section 1.1.2 for more detailorces). Other terms in the
Lagrangian denote the gauge covariant derivailyg.and complex Higgs scalar fielg,
where the terrﬁ|Du(p|2 then describes the Higgs kinetic terms (Section 1.1.3) (gl
describes the electromagnetic kinetic terms. Fin¥l[yp) adds the Higgs potential to the

SM andA@iy@ incorporates the mass term for quarks and leptons.

1 1 1
Lo= 4 GG~ JWAW — BB 1 D0 + TD -~V (0) + AT (1.6)

A requirement imposed on the SM Lagrangian is that it be gaoggriant under
global and local transformations. To describe the gaugariance ofLgy, group theory
can be used to form symmetry groups (a Lie group) resultinggoation (1.7). This

describes the gauge transformations under which the s(®dg3)c), weak SU(2).),
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==

Figure 1.1: Fundamental QED interaction vertex betweenqrtsoand fermions.

and electromagnetidJ(1)q) forces are invariant, wherd (n) is a unitary matrix with
n? unitary matrices (generators), astl(n) are special unitary groups with determinant

equal to unity anai® — 1 generators.

SU(3)c x SU(2)L x U (1)g (1.7)

1.1.2 Forces
Quantum Electrodynamics

Quantum Electrodynamics (QED) is the gauge theory of elaewtignetism, and describes
the interactions between charged fermions and the masgles® field associated with
the photon. The photon arises from the conservation ofrédeztiarge under local gauge
transformations of fermions described by thél)g symmetry group, which leads to the
exchange of a massless gauge boson. As QED is an abtiizory with the photon hav-
ing no charge, there are no self interaction terms. The fonetdal vertex interaction be-
tween photons and fermions is displayed in Figure 1.1 usifgymman diagraf Elec-
tromagnetism has an infinite interaction range via the phptopagator. However the
coupling strengthei(r), decreases with distance from a charge according to Cotdomb
law which goes as /%, meaning there is effectively a limited interaction rangelérge

distances.

LAbelian theories are commutative, that is to say, the résuliot dependent on the order in which
operations are applied between two elements.
2All Feynman diagrams in this thesis use the convention faration of time from left to right.
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Figure 1.2: Fundamental vertex for QCD interactions. Thmsuglinteraction with quarks (left),
self-coupling triple gauge (middle), and self-couplingadtuple gauge (right), are all displayed.

Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the gauge theory assdaitk the strong nuclear
force, describing colour interactions between quarks dodng. TheSU(3); symme-
try group withn® — 1 generators, gives rise to 8 massless gluons which conselwer
symmetry under local gauge transformations. This noniatéheory includes self inter-
action terms of the field due to gluons each carrying)(2olour charge. As the gluon is
self-interacting, three fundamental vertex interactiexist involving the gluon: two self-
interacting, and one between gluons and quarks (Figure Th#) strong couplingys(r),
describes the strength of the strong interaction, whiclesagreatly with distance from
a colour charge. With decreasing distance the interacti@mgth between quarks de-
creases, approaching asymptotic freedom. With increaistgnce however, the strength
of the interaction grows steeply, becoming constant aadcss larger than the size of a
hadron. This is called colour confinement, and implies thest mot possible to observe
free quarks, which can be explained by understanding tledfotite between two quarks
at large distances is enough to cregdgairs. The range of the strong force can therefore
be estimated using the mass of the force’s pseudo-medih®pion (because it is the

lightest meson), and Heisenberg’s uncertainty principlgive a range of-1 fm.

The Weak Force and Electroweak Unification

The weak force is the third interaction incorporated in@3M. It is responsible for most
types of radioactive decay, and has the unique propertibgiofy able to change quark
flavour, as well as violate Charge Parity (CP) symmetry. Bhg2), symmetry asso-

ciated with the weak force conserves weak isospinfor fermions under local gauge
transformations (lepton number is also conserved). Thg@aosons arising from this

symmetry are the neutral current interact®hboson, and the charged current interaction
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W= bosons (fundamental vertices for weak interactions irimgliteptons (Figure 1.3),
and quarks (Figure 1.4) are displayed). TWeé bosons are what make quark Flavour
Changing Charge Current (FCCC) interactions possibleplaayito the physical states of
theu, ¢, andt quarks, but importantly the rotated eigenstates’, andb/. The Cabibbo
Kobayashi Maskawa (CKM) matrix [9, 10] (Equation (1.8) fatdst values from [7])
then relates these “weak interactions states” tadth& andb quark physical states, and
describes their relative coupling, controlling the 9 pbksflavour changing transforma-
tions. For example, th@/,q| term takes part in neutron beta decay:— p+ e~ + Vg,
where a down quark from the neutron decays into an up quaekjigg a proton with
the emission of &/~ boson, which subsequently decays ietoandve. CP violation
can be incorporated into the SM by including a complex phagae CKM matrix. So
called Flavour Changing Neutral Current (FCNC) interatsibowever, are not observed

experimentally and forbidden in the SM.

Vud Vus Vb 0.97428+0.00015 02253+0.0007 00034759515

Vekm=| Ved Ves Voo | =] 0.2252+0.0007 097345099012  0.0410700553
Vo Vs Vo )\ 0008628355 00403338} 090915238000%

(1.8)

The difference with the mediating particles of the weaképes opposed to the photon
in QED, and gluons of QCD, is that the associated gauge bam@nmassive. These
masses have been precisely measured (Table 1.2), with tasss estimates for thg?
boson of 91.2 GeV, and 80.4 GeV for thé" bosons. Due to the massive nature of these
gauge bosons, the weak force has an extremely short interaeinge, with the weak
coupling constantpyy, decreasing asl/r)e""™.z" limiting the effective range of the
force to less than 0.1% of the diamater of a proton (much hess ¢ven the strong force).
Being a non-abelian theory like QCD, and unlike QED, the wieake gauge bosons also
have self-interaction terms as shown in Figure 1.5.

In 1979, Glashow [11], Weinberg [12], and Salam [13], wonNlodel prize in physics
for their work on the unification of the weak and electromagniateractions under one
theory called the electroweak interaction. At low energy $tJ(2). andU (1)g sym-
metries of the weak and electromagnetic forces are efeethigories, however they can

be considered as one force above the electroweak unificatiergy of~246 GeV. This
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Figure 1.3: Fundamental vertices for weak interactionslirikg leptons.
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Figure 1.4: Fundamental vertices for weak interactionslinag quarks.
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Figure 1.5: Fundamental vertices for electroweak gaugerbsslf interactions.
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interaction has the symmet§U(2). x U (1)y, with SU(2)_ conservingls, andU (1)y
conserving weak hyperchargé, under local gauge transformations. These quantities
are then related to a patrticle’s charge given Equation (W8)ch is thereby indirectly
conserved. Under electroweak theory, left handed fermiimesact viaSU(2). x U (1)y,

whereas right handed fermions only interact through)y.

Q=I3+Y (1.9)

The conserved symmetries of electroweak theory give riseotio gauge bosons,
namely: WO, W1, W2 from SU(2)., andB° from U(1)y. The W* bosons then arise
from the mixing ofw! andw? as shown in Equation (1.10). The photon &fdboson
are generated from the mixing B andw?° as shown in Equation (1.11) and (1.12) re-
spectively, wherd,, is the weak mixing angle. This angle is an electroweak pai@me
depending on the ratio @y andmz as shown in Equation (1.13).

The problem with electroweak theory is that the four gaughe associated with the
conserved symmetry, should be massless. This does not eff@rimental observations
as the weak gauge bosons are known to be massive. Therefgeméoate their mass,

electroweak symmetry must be broken.

W4 iw?
wWH=——— 1.10
NG, (1.10)
y = sinBy,W3 + co,,B° (1.11)
70 = coB, W3 — sing,,B° (1.12)
cody = % (1.13)

1.1.3 Electroweak Symmetry Breaking and the Higgs Mechanm

The gauge bosons arising from the symmetries of the SM arerestjto have zero mass.
This is not a problem for the photon in QED, or the gluons of Q@Mich are indeed

massless. However, the weak gauge bosons are experingestiaftrved to have mass,
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which implies that electroweak symmetry must be broken. gossible explanation put
forward by Peter Higgs in 1964 [14], predicts the existerfca mew complex doublet of
scalar fields with the form shown in Equation (1.14), calleel iiggs field.

_ ot
o= ¢ , where o= Hie (1.14)
¢ P=d+i¢

Unlike other fields mentioned so far, the Higgs field has a peno- vacuum expecta-
tion value (vev), evident by the form of the Higgs potenti&l¢p), in Equation (1.15) and
graphically displayed in Figure 1.6. In the early Universédoe the energy scale at which
electroweak symmetry is broken, all gauge bosons are nsasaledSU(2). x U (1)y
holds. This is because the Higgs field can be in many posdialesswith an average
value of zero @ = 0). As the local potential decreased over time with the egjzam
of the Universe and subsequent cooling temperatures, ty@estf the Higgs potential
means that it can no longer have an average value of zero. Wadwncal potential meets
the Higgs potential a(p = 0 (see Figure 1.6), the Higgs field must choose a direction
away from@ = 0 to reach its non-zero vev gt= v, the local potential minimuf This
spontaneously breaks electroweak symmetry as local gearggfdrmations are no longer
invariant in the plane of the direction away fropn= 0. This represents a breaking of
SU(2)L xU(1)y toU (1)q (as there is still a symmetry at the vev about the potentia) ax
The subsequent fields and their interactions lead to theimeassak gauge bosons, mass-
less photon, and massive scalar Higgs boson, which areabéeitnderstood by counting
the available Degrees Of Freedom (DOF) before and aftertapeaus Electroweak Sym-

metry Breaking (EWSB) as presented in Table 1.3.

V() = —1P¢” +Ag'* (1.15)

To give all quarks and leptons their masses, terms of theXyjdep are added td.sy,
so that the fermion field), interacts with the Higgs field through a Yukawa couplingwit
an unknown coupling strength, Each fermion has an associated coupling to the Higgs
field which determines the individual particle mass.

Unfortunately the Higgs boson has not yet been observedastite exact massy,

is not predicted by the theory, it will have to be determingdezimentally. Constraints

3The position of the vev is determined by the parameiesd) through,< @ >= 1/ ‘T“Z =V
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Figure 1.6: Graph displaying the form of the Higgs potertiizjuation (1.15)) fop? < 0, A > 0.
Electroweak symmetry is spontaneously broken when the dHiigdd must move away from its
non-zero vev to reach a minima [15].

Before EWSB
Field Boson Type | DOF
WhZ  |WT W~ | Massles§ 4
wo, B 70y | Masslesg 4
¢, @, Scalar | 2
Key B4 @, Scalar | 2
MTyp(_a DSF\ Total | | 12 |
M:sssslgss 2 _ After EWSB
Scalar | 1 Field Boson | Type |DOF
W2 @, |WF, W™ | Massive| 6
WO, ¢ Z0 Massive| 3
BY Y Masslesg 2
& HO Scalar | 1
Total ‘ ‘ 12 ‘

Table 1.3: Counting degrees of freedom before and aftetrelgeak symmetry breaking. Before
EWSB, all gauge bosons are required to be massless whicmdbesflect experimental results.
After EWSB, the weak gauge bosons have “eaten” degreeseaatdra from the Higgs field, gen-
erating their mass and leaving a single scalar partice, which is associated with the Higgs
boson.
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can be placed omy both by using observed data from experiment, and theorytiants
on unitarity fromwW™W~ — WW~ longitudinal scattering, which sets an upper limit of
my ~ 1 TeV [16, 17]. The latest official constraints on the Higgsdo mass at time of
writing this thesis, come from the LHC which has an ATLAS conda channel result
using 4.9 fb'! of integrated luminosity [18]. This search excludes mosigsi boson
masses at 95% confidence level, leaving only small windoves dpm 115.5 GeV to
131 GeV, and 237 GeV to 251 GeV. Furthermore, tantalisingshmave been seen by
both the ATLAS and CMS experiments atl26 GeV, which within one year could lead
to the discovery of the Higgs boson, if it indeed exists at thass.

If the Higgs boson is found, as well as completing the SM it éllp BSM searches.
The mass of the Higgs boson can be an indicator for the scalniah new physics is
needed. Considering a purely SM Higgs boson at the currestlikely mass of 126 GeV
in Figure 1.7, and extrapolating conservatively, new ptg/& expected to manifest itself
at or before the energy scale~= 10,000 TeV. This does mean that new physics might not
be visible at the LHC (which has a maximuys = 14 TeV) given a SM Higgs boson at
this mass, but certainly does not indicate the so calledeidtescenario for new physics
which a Higgs boson mass arourd 60 GeV would predict. Higgs boson or no Higgs
boson, this is an exciting time in particle physics, and teetisection will deal with the

theory and motivation for possible new physics BSM.

1.2 Neutral Resonances Beyond the Standard Model

Many BSM theories predict new neutrally charged resonaat#dse TeV scale as a con-
sequence. Various Grand Unified Theories (GUT), as well a& sugppersymmetric mod-
els, and some varieties of string theory, all contain a new-§particle often called the
Z' [20]. The source and implications of such a particle will liecdssed in Section 1.2.1.
Other BSM theories seeking to answer questions such as tballed “hierarchy prob-
lem”, through supersymmetry or extra spatial dimensiamglve the addition of a new
spin-2 tensor boson attributed to the Gravit@&i), The topic of Extra Dimensional Mod-
els (EDM), with specific focus on the Randall-Sundrum (RSHeiavill be dealt with in
Section 1.2.2. Both of these new physical phenomena wouddaas high mass neutral

resonances in the invariant mass spectrum measured by th&SAdetector at the LHC,
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Figure 1.7: SM Higgs boson mass versus new physics enerlgy Aca he upper limit comes from
upper theoretical constraints @n and the lower limit describes the vacuum stability coldifi
requiringA > 0. Dark bands show the impact of various uncertainties [19].

possibly ushering in a new era of discovery for particle jp¢g/sand a deeper understand-

ing of the Universe.

1.2.1 Heavy Gauge Bosons

One of the best motivated extensions to the SM is the addifiert) (1)’ symmetry, with
an associated’ gauge boson. This is because it appears as a useful consedioen
extension in the case of supersymmetry) of many other tegosuch as the breaking of
non-abelian factors in an extended gauge group GUT, extnamsional propagation of
the SMZ°, or a balancing of the supersymmetric Higgs boson mass i soodels. An
initial problem is that there is no a priori reason to sugdikeat theZ’ mass should be
at the TeV scale, and thus visible at the LHC. However, in thetext of string theory,
supersymmetry, and GUTS, the breaking of this ekifd)’ symmetry is often linked
to the electroweak or soft supersymmetry breaking scaléchmvould imply that the
Z' could indeed have a mass around the TeV scale. Furthernmtie imotivation of
this search, the implications of 2 gauge boson go far beyond the discovery of a new
U (1)’ symmetry. It would predict an extended Higgs sector as theHgdds boson does

not couple taZ’, possibly an extended neutrino sector in symmetric models, exotic
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fermions for anomaly cancellations, possible FCNC intiéoas in string derived models
with non-universal family charge, not to mention being petfto study for its decay
properties in the search for other heavy exotic or supersgtmerparticles.

Extending the neutral current sector would imply mass andtié mixings between
the SMZ° and BSMZ', due to on mass shell renormalisation and the extra abelian
terms [21]. Equation (1.16) shows the relation between e@snstateZ;, Zo, and asso-
ciated gauge bosons. The gauge boson masses, and throagia@ss the weak mixing
angleByy, are then related to the gauge boson mixing afglehrough Equation (1.17).
With large datasets a?(100 fb~1), deviations from the SM predicted M and6y, would
then be indicative of @'. ForZ’ models considered in this thesis, the lifdig: > Mo is
used so thaZ®-Z’ mixing is suppressed, implying?2 ~ M2, andM3 ~ M3,. Interference
terms betweey-Z°-Z’ would also arise from the cross terms of process amplituules,

are deemed negligible in an early search such as this.

z codHy simd Z0
)= M M (1.16)
Z; —SinBy coPDy Z

2 2
M2, — M3

tarffy = —%———
M2 — M2,

(1.17)

The Sequential Standard Model (SSM) [20] is used as a ben&madel for thez’
and has the main feature of predicting the same coupling tde3Mions as th&°. In
this model the SM gauge grouBU(3)c x SU(2). x U(1)y, is extended by arbitrarily
adding an extr&) (1)’ gauge symmetry, the breaking of which results inZheHowever,
in this simplified model there are many problems which woukl/pnt thez’ from being
a part of nature, unless it had different couplings to extgrmions, or was the extra
dimensional excitation of the SM°. Nevertheless, as an entry point model e, is
often used as a benchmark for comparison between expesmamd will therefore be
included in the search of this thesis.

One of the simplest well motivated models involving'as the Left-Right Symmetric
Model (LRM) [20], where a right-handed gauge group is addetthé¢ electroweak sector
of the SM, restoring parity at high energy by replac®id(2), with SU(2),. x SU(2)g,
andU (1)y with U (1)g_. This model comes from the decomposition of 8&10) GUT
such that:SQ(10) — SU(3)¢ x SU(2). x SU(2)r X U(1)g_L, whereSU(2), is the SM,
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andSU(2)r x U (1)g__ gives rise to th&V'*, W'~, andZ’, additional gauge bosohs

In a similar way, alternative LRMs can arise naturally aslagsaup ofEg GUT mod-
els [20, 22, 23, 24] which involve two extt&(1)’ that occur through the decomposition
Es — SQ(10) x U (1)y — SU(5) x U (1)y x U (1)y (whereSU(5) is the gauge group con-
taining the SM suggested by Georgi and Glashow in 1974 [2%i¢ mixing of these extra
U (1) symmetries lead to th#’ as shown in Equation (1.18), where the mixing arfgle
determines the coupling to fermions and results in varimssile models with specific
Z' states (see Table 1.4). TheBgmotivated states, namely,, Zy, Z;,, Z{, ZgandZ;,

are included in the search of this thesis.

Z'(8) = Z,coB + Z;sind (1.18)

State[ Z, [ 24 | 2, | Z | 25 | Z
0(°) | 0 | 75.5] 127.8] 37.8] 23.3] 90

Table 1.4: Variougks motivatedZ’ models where the coupling to SM fermions depends on mixing
angle®. The models from left to right ready model, neutral modely model, inert model,
secluded sector model, agdnodel.

The Z' cross section is inversely proportional to its width, tliere if exotic decay
modes are kinematically possible as well as the SM decaynetstheZ’ width will be-
come larger, and more significantly, the branching rati@®twentional fermions smaller.
This fact would be less important at ahe™ or epcollider where the process would pro-
ceed via virtualZ’ particles, however at the LHC this becomes important as itieab
relies on Drell-Yan production of rea’ particles. The theoretical dependence on the
cross sectiong, times branching ratio, B, fas(pp— Z’)-B(Z’ — e*e™) as a function of
Z' mass at the LHC is shown in Figure 1.8, forAlmodels considered in this thesis. Bear
in mind that in reality the lepton (g, T) branching ratio fractiorB =T (Z' — 1717) /T ot
is model dependent and as previously noted will depend orcdhé&ibution of exotic
fermions and supersymmetric partners to Zhavidth. In general th&’ coupling to SM
fermions is assumed to be generation independent, and gaulge couplings often not
quoted as they strongly depend on both the model and deggseigé mixing.

Previous direct searches for tAeinclude those done by CDF and DO at the Tevatron,

4U(1)g_L has Baryon minus Lepton number conservation. This is rlaiehypercharge viaY =
TgL+ Tar, WhereTsg occurs in LRM models and symmetry breakindt¢l)y occurs at a scaley: >> myo.
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Figure 1.8: The expected cross section times branching (@B) to e"e, as a function oz’
mass, for theZgg), and variousEes motivatedZ’ states at the LHC\('s = 7 TeV). Cross sections
were calculated using¥®HIA, with 10,000 events per mass point @émodel.

and more recently dominated by the ATLAS and CMS experimahthe LHC. The
current lower mass limits on vario® models from these experiments can be found in

Table 1.5.

1.2.2 Extra Dimensional Models

It is only within perhaps the last 10 years that theories B&Wblving extra dimensions
have started to be taken seriously. The pioneering work bgekani, Dimopoulos, and

Dvali (ADD) [30] showed that the inclusion of extra dimenssan a Universe which we
currently understand to only have 1 time and 3 spatial dim@sscan beautifully resolve
some of the outstanding problems in particle physics toddgnswered by the SM. This
sparked many others to start using extra dimensions intiadels, often with surprising
and exciting results. A few selected examples [31] of thelitagions that extra spatial
dimensions could have on our understanding of physics asalution of the hierarchy
problem [30, 32], EWSB without a Higgs boson [33], an underding of the SM fermion

mass hierarchy [34], a TeV scale GUT that also suppressésmpdecay [35], new dark

matter candidates [36], and possible black hole produetideV scale experiments [37].
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Observed Exclusion Limit (TeV)

Model ATLAS CMS CDF DO Highest
ee eefHy| ee eeHu| ee eeHU| ee eeHu| ee eetp
Zsgy | 170 183173 194|096 0.97|1.02 - CMS CMS
Z,, - 149 | 144 162|085 0.85|0.89 - CMS CMS
N - 1.52 - - 0.84 0.84)0.87 - DO ATLAS
Z; - 1.54 - - 0.88 0.93|0.92 - DO ATLAS
Z| - 1.56 - - 0.74 0.74|0.77 - DO ATLAS
Zg - 1.60 - - 0.79 0.80|0.82 - DO ATLAS
Z - 1.64 - - 0.86 0.840.90 - DO ATLAS

Table 1.5: Observed lower mass exclusion limits f&' aesonance, published by recent experi-
ments. Limits are set at 95% confidence level for the modeisidered in this thesis. Results are
the latest available at time of writing from: ATLAS [3], CM26], CDF [27, 28], and DO [29].

The models concentrated on in this thesis are those thatseeldress the so called
hierarchy problem, introducing the ADD model and procegdmsearch for high mass
resonances in the RS model context. The hierarchy problegmates from the fact that
the two known fundamental scales of nature are so differganely the electroweak
scale,mgw ~ 10% GeV, and the (reducéjiPlanck scaleMp, ~ 10'® GeV. This apparent
0O(15) scale difference seems “unnatural”, how so much of physesivolve interac-
tions up to the TeV scale, with no other interesting phenamgnuntil the Planck scale
where the coupling strength of gravity is theoreticallyfigd with the other forces (and
the GUT scale is somewhere in between). One mechanism thatedp explain this
apparent hierarchy however, are models which involve thsgrce of extra dimensions.

To understand the concept of extra dimensions, the 4D ntetnsor that is currently
used to describe our Universe, can be arbitrarily extendesDt (see Equation(1.19))
while still requiring the invariant intervatls” = —At? + Ax? = gagdX*dxE, where A and B
are summed over all dimensions. The sign of this added dimeisthe 5D metric tensor
determines whether it is time-like (-), or space-like (+hotigh both time-like and space-
like extra dimensions are equally valid, for the want of avog causality complications
due to negative mass particles (Tachyons), the extra diow(s$ is usually restricted to

being space-like, and will therefore be considered as sucalifmodels hence forth.

SReduced Planck mass is often used as it simplifies a lot oftemsain general relativity:Mp; =

Mpi/+/81L
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-1 0 0 0 ©
0O +1 0 0 O

ga=| 0O O +1 0 O (1.19)
0 0 0 +1 O
0 0 0 0 =1

One can then instead consider a real massless scalar fiefthtrb® space, which is
a solution of the 5D Klein-Gordon equatiofdad*)® = (5,8" — &7)®(x,y) = 0 (where
y represents the extra dimension). The result is a seeminfyiyjte set of equations for
a distinct collection of 4D scalar fieldg,, with massesy,, called a Kaluza-Klein (KK)
tower (see Figure 1.9 for an example from the RS model). Ttogsers can be understood
as the quantised 4D excitations of a 5th dimensional paldichomentum, witm = 0
being a massless mode (the general relati@ty, while n > 0 are massivé&* states,
obtaining their mass in a manner similar to the Higgs-Galdstmechanism. In most
working models the extra dimension is “compact”, i.e. oftérsize (which is considered
for all cases here) so that<Qy < 1L, and the wavefunctions have boundary conditions
pertaining to the size of the extra dimension which in turacgpthe KK tower masses as
my, = n/L. It turns out that there are no such solutions as describededlor flat extra
dimensions, however there do exist solutions for curledximaalimensions with radius,
R, so that there would now be periodic boundary conditionshefform: 0<y < TR,
wherey = 0, andy = TR, are the same points on a circle, and the KK masses are simply
given bym, = n/Rinstead. This geometry is most simply described IS} & orbifold.

The ADD model describes exactly this situation, witbxtra compact spatial dimen-
sions of radiusR(n). In their model, they set thedn dimensional Planck scalllp; 4. n),
to be themgyy scale, enforcing this by requiring theﬁa ~ ME,T(E‘H”) R", which fixes the
size of the extra dimensions. It then follows that for twa tesisses within a distance
r < R, the gravitational potential experienced follows Gausasis in 4+ n dimensions
(Equation (1.20)), whereas the same test massessaR, no longer have gravitational
flux lines penetrating into the extra dimensions, and so titergial is returned to the
expected 1r relation (Equation (1.21)).

mm 1
V(r) ~ 2 P r<R) (1.20)

Pl(4+n)
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Figure 1.9: Differential cross section for a 1.5 TeV KK and its subsequent tower states in the
RS model context, decaying to leptons at the LHC. From upplemter, the curves show the effect
of increasing extra dimensional size on the width and distion of tower states [38].

Vi)~ —mime 1R (1.21)
Mg R

Considering the cases of= 1, 2, and 3, extra dimensional sizesRf- 10! m,
103 m, and 10°m, are obtained respectivelyg.= 1 is therefore already excluded as it
predicts deviations from general relativity on large schdétances which are not observed
in experiment.n = 2 is on the scale at which experiments have recently stastpdobe
with some considerable precision [39], setting exclusiomt$ close to ruling ouh = 2
as a possibility. Fon > 2, the size of the extra dimensions shrink to such small scale
that they are currently impossible to directly probe. Homreexperiments at the LHC
are continually setting constraints on ADD model paranseti@oking forG* emissions
which would show up in the missingy spectrum, as the strength of the coupling to
SM fermions in this model are suppressed byMd/scale factor (Equation(1.22)). One
problem with the ADD model is that it does not, in fact, trubhge the hierarchy problem,
as much as it replaces it with another, iRMp)(4,n) ~ (M§|/M§,l(4+n))1/”, which for
small values oh, gives very large values. A model that boasts an attempttp $olve

the hierarchy problem, the RS model, will next be explored.

1
Mpi ; n "W
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The RS model starts with the invocation of only one extraiapdimension, compact-
ified on aSl/Zz orbifold like the ADD model. In this setup there are two 4Drea at each
of the end points of the orbifold, oneyt= O (called the Planck brane), and ong at R
(called the TeV brane), with SM processes restricted to #\ Qrane, whilst gravity is
free to propagate in the bulk. The main feature of this maglalehange to the higher di-
mensional invariant interval metric that was describedlierADD model, so that there is
now an exponential factor which warps the known 4D space-afong the extra spatial
dimension (Equation (1.23)), depending on an initially mokn parameteo(y). This
is vastly different from the ADD scenario, as even the 4D pabse of the overall 5D
metric isy dependent because of the parameteOther features of the model include a
cosmological constant in the 5D bulk, and distinct tensiondoth branes, which along
with the parameteo, provide a unique solution to the 5D Einstein equationss found
from this solution that = k|y|, wherek is a dimensional parameter arising from the cal-
culation of the Ricci curvature invariant for the 5D spaff&s( = —20k?) that describes
the constant curvature of the extra dimen8iofs naturalness dictates that there should
be no hierarchies present, the quantitiesMp;, and 5D Planck scaléV,), should all
be of comparable magnituleTaking the Action using the solutions of the 5D Einstein

equations and integrating overy, yields the relation deedrin Equation (1.24).

d = e 20V g, dx'dx’ — dy? (1.23)
3
M3, = MT (1—e 2R (1.24)

From this it is evident that if the curvature paramekehecomes too large, i.e. greater
thanM.,. so that through the relatido~ 1/R, the radius of curvature becomes very small,
then quantum gravity effects can dominate and the whole RBasm breaks down (be-
cause it is considered in the classical context). ImposRgg< M2, avoids this situation
and implies a rough bound onMp; < 0.1, where the ratio Mp, is known as theG*
coupling constant, and is of order one. The beauty of the R&eiris that due to the ex-

ponentially warped nature of the extra dimension, mas&seak also warped depending

5The sign in this relation indicates that the curvature isatigg, meaning the space is described as an
Anti-de-Sitter spaceAdS).
In the ADD context there walslpj(44n), however nown = 1 is specified, this becomédps) = M...
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on their position iry. This is a powerful feature as it explains the ratio betwee and
Mp, with no fine tuning, allowing a mass of order’#@eV on the Planck brane to appear
at the TeV scale on our SM brane. To get this rescaling fattteronly hierarchy iR~
11-12, which is vastly more natural than the origio’lL5) disparity. Furthermore, it has
been shown by Goldberger and Wise [40, 41] tklRt~ 11-12 is a physical possibility,
hence the RS model provides a true possible solution to #rartchy problem.

To determine the coupling of the K&* masses to SM fermions in the RS context,
examination of the Lagrangian term (Equation (1.25)) showg the massless zero mode
G* couples to the SM fermions in the same way as the ADD modelredaseall higher
KK modes have exponentially larger couplings due to the viacpor. This means that
the G* on the SM brane should appear with weak/TeV scale mass arglings, able
to be produced as a spin-2 resonance at collider experimérperimentally, due to the
spacing of the KK states, the first non-zero mdafeis generally searched for, with the
width of the resonance depending on the mass and growirg &4Vip|)2. Figure 1.10
shows the expectedB at the LHC for an RS5* decaying to two electrons for various
possible values of Kp,. This thesis will search for (or set exclusion limits on)tbthte

mass and IMp| parameters of interest in the RS model.

L=— ﬁ+ G’ Tw , where A= Mpje ™R~ 1 Tev (1.25)
= MP| nZo Are V) = WVIPI .

Theoretical constraints on the RS model come from the rements thaRs| < M2
(limiting k/Mp; < 0.10), andA; = Mpje ™R ~ 1 TeV, whereAy is the new physics en-
ergy scale (so that approximately, < 10 TeV, essentially limits IMp; > 0.01). These
theoretical constraints along with oblique parameter waimgs from electroweak pre-
cision data are displayed in Figure 1.11. The current oleseexperimental exclusion
limits from direct searches for an RS modg#i, are presented in Table 1.6 from recent

experiments.

1.2.3 Search Strategy at the Large Hadron Collider

To determine if there are new physical phenomena such asnégis resonances at the
TeV scale, seen via their decay into dielectrons within ti&AS detector, one has to

know to a very high accuracy both the response of the detestdrthe expected number
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Figure 1.10: The expected cross section times branchiig(B) for an RSG* decaying to two
electrons at the LHC\(s = 7 TeV). Various possible values & coupling constant, Mp,, are
displayed.
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Figure 1.11: Allowed region for the RS model in theoreticatgmeter space as described in
the text. The dashed (solid) red line shows the expectedhrefithe LHC with an integrated
luminosity of 10 (100) fb* at\/s= 14 TeV [31, 38].
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RS Model Observed Exclusion Limit (TeV)
k/Mp| ATLAS CMS CDF DO Highest
ee eeHptyy| ee eeHyu| ee eeyy|ee eeyy ee eeHtyy
0.01 | 0.71 0.76 - - 0.36 0.61| - 0.56 || ATLAS ATLAS
0.03 | 1.03 1.32 - - 0.63 0.82] - 0.80 || ATLAS ATLAS
0.05 | 1.33 147 | 130 145|069 094| - 0.94 | ATLAS ATLAS
0.10 | 1.63 190 |[159 178|085 1.06| - 1.05| ATLAS ATLAS

Table 1.6: Observed lower mass exclusion limits for a ®Sresonance, published by recent
experiments. Limits are set at 95% confidence level for wariealues of Wip. Results are the
latest available at time of writing from: ATLAS [3, 4], CMS§242], CDF [27, 43], and DO [44].

of events along with their distribution compared to the SNewtation. The response of
the ATLAS detector to particles relevant to this search gldiscussed in Chapter 2, with
simulation of SM and BSM processes detailed in Chapter 3.n&aephysical phenomena
being searched for can decay in a variety of ways as predistéide theory (see branch-
ing fractions to SM particles in Figure 1.12). Leptons arddnthe cleanest channel for
a resonance search, dealing with well defined objects andelsls of SM background,
which compensates for the relatively low branching fractié-or the RS Graviton, ad-
vantage can also be taken by using the possibility of dipihdexay, which has twice the
branching fraction compared to dileptons due to spin factor this thesis the “Signal”
process is defined as the decay @& &r G* to two electrons (Figure 1.13). Physical phe-
nomena from the SM, not deemed of interest to this searchybigch are able to decay
to, or mimic, the same signature of the signal process, ave/kras “Background” pro-
cesses. The background processes considered for this BSatton resonance search
are presented at Leading Order (LO) in Figure 1.14, alonly thi2 QCD dijet background
which will be described in Chapter 6.

Some of these background phenomena are reducible, thatosigh different types
of analysis can be reduced to almost negligible levels bkifmpat variables which eas-
ily separate the nature of the background phenomena fromiginal. However, certain
backgrounds are at some level irreducible to a search, mg&mat in every respect the
background looks like the signal process. The only way tleedigtinguish the two, is
in the number of events seen, with the observation of moratevtban the SM predicts
being determined as an excess, which needs to be quantifieddble to reject the SM
hypothesis in favour of a given new physics hypothesis. Tdraidant irreducible back-

ground for a dielectron resonance search is the Drell-Yangss (see (a) in Figure 1.14)
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Figure 1.12:Z'/G* decay branching fractions into SM particlds; (upper left) and LRM (upper
right) motivatedZ’ models as a function of thzﬂ.x—Z(IJ mixing parameter cds and LRM parameter
a, respectively, from [45]. Also shown (lower) is the RS mo@&lfor narrow width resonances
as a function of5* mass, from [46].



1.2. Theory and Motivation 34

q
P g q
Z.’
p q
q
q
P . q
G *
p q
q
& -
P TEEEEEeTT” 2,
Py <y
O
S
, GEGUTOT0", &
(
g

Figure 1.13: Feynman diagrams showing (left) the LHC préidacprocess of interest (without
proton remnants) for (right) the leading order BSM procssgepper)qq production, ancete~
decay, of aZ’ gauge boson, and (middlej production, (lower)gg production, and associated
ete  decay, for the R&".



1.2. Theory and Motivation 35

q = q g
66"
665
VA
q
727 e
_ e+ a e+
d (a) d (b)
q g
66666666
q
W e
g i
d (d)
e q e
Z[J f}‘* e+ Z[J M e+
q q
w e Z0mp e
Ve g e

() (g)

Figure 1.14: Feynman diagrams showing the leading order Bidegses that are considered a
background to an exotic high mass dielectron resonancetseline dominant process is Drell-Yan
(a), which is added with the Drell-Yan plus jets backgroumyd Qther non-negligible backgrounds
that can mimic the signal process come frtanc), W + jets (d), and dibosons: WW (e), WZ (f),
or ZZ (Q).
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Figure 1.15: Cross sections for the SM background processesidered in this search (except
QCD dijets) at,/s= 7 TeV. Expected cross sections for a 1.5 T&\,,and RSG* (k/Mp; = 0.10)
are also shown. A full list of cross sections is provided irpApdix B.

which is thes-channel process wherelgg fusion creates @° boson or virtual photon,
which subsequently decays into two electrons. The difficuitseparating this type of
event from that of the signal, is due to the processes beingsmnilar, whereas other
backgrounds such d@sandW + jets (see (c) and (d) of Figure 1.14 respectively) are re-
ducible to an extent, as they are innately different praeesgich happen to have decay
characteristics that can mimic the new physics signatuiis.for this reason that despite
theW + jets background having a larger cross section (see Figigg,Drell-Yan is the
dominant background in this search.

If a new gauge boson like th& or G* is found, then the next immediate aim would
be to determine its properties such as: the spin of the reserta differentiate between
the observation of @’ (spin-1), andG* (spin-2);Z'/G* couplings to SM quarks and lep-
tons;Z'/G* couplings to exotic particles. It would also be desirablerimbe the relative
strength of thez’ gauge couplings, and th&* coupling constant lMp,. While each of
these tasks would require large amounts of data to studytail ddae spin of a new reso-

nance is particularly interesting for its use in determjnivhether the particle is#@, G*,
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Figure 1.16: The cd¥ distribution for az’ (spin-1), and R&* (spin-2) particle, decaying to two

electrons.qq andgg production terms for th&* are separated, as thg/qq fraction depends on
G* mass. Distributions are from [48]

or otherwise. The angular distribution of events is usedfteréntiate between these pos-
sibilities, specifically the cds spectrum, wher@* is the angle of the outgoing electron
from theZ'/G* decay in the Collins-Sope&t’/G* rest framé&. The predicted cd distri-
bution for az’/G* is presented in Figure 1.16. Note that becausé&xhieas agqg and agg
production component, these are plotted separately, Wwiftombination of the two not
shown as thgg/qq fraction depends 06" mass as presented in Figure 1.17. A measure-
ment of the asymmetry between forward (@0s- 0), and background (c8s < 0) events,
denotedArg, is quantified in Equation (1.26). A shift ibgg from that predicted by the
vector and axial-vector couplings of electroweak bosor&Mdermions [47] through the
Drell-Yan process at the LHC, would be an indication of newsits, and so provides yet
more fertile ground in which to search foiZYG* resonance. Unfortunately, the size of
the dataset available for this thesis means that th&*adistribution andAgg would not
yield a statistically significant deviation should a BSM Higpass resonance be present.
Therefore the search is only conducted using the dielectnaariant mass distribution,

although coB* plots will be provided.

8The Collins-Soper frame has theaxis aligned with the direction bisecting the incomingtpas’
momentum, and-axis perpendicular to the partons’ momentum plane.
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Figure 1.17: The contributions frogg andqg, for RSG* production at the LHC, using available
Monte Carlo samples as listed in Appendix B.1, generategdsat 7 TeV. The points are fitted
with a 1st degree polynomial.

A _ do(cod" > 0) —do(cod” <0) _ (NGps— Nayg) — (Nops— Nayg) (1.26)
" do(co®* > 0) +do(coB* <0)  (Npe— Nag) + (Nops— Naig) '




Chapter 2

The ATLAS Experiment at the Large
Hadron Collider

In this section the experimental apparatus used to prodwecessults for this thesis will

be discussed in detalil.

2.1 The Large Hadron Collider

The LHC is currently the world’s highest energy particle elecator, capable of accel-
erating proton bunches up to an energy of 7 TeV, giving it aimar centre of mass
collision energy of,/s = 14 TeV. Located at the European Organisation for Nuclear Re
search (CERN) site in Geneva, Switzerland, the LHC tunn2FFig&m in circumference
and lies approximately 100 m below the surface near (indeesbing) the Franco-Swiss
border (see Figure 2.1). Originally constructed for thegeaElectron-Positron Collider
(LEP) between 1983 and 1988 (and operated from 1989-2000)..HHC inherited the
tunnel and began dismantling the 30,000 tonnes of LEP eqnpm 2001 to make way
for the new accelerator. An equally large task was to exeavaverns for the four new
LHC experiments; ALICE (A Large lon Collider Experiment@which was designed to
study very high energy density environments with heavy,i®f&AS (A Toroidal LHC
ApparatuS) [50], and CMS (Compact Muon Solenoid) [51] whagck general purpose
detectors aiming to study a broad range of physics and be lcoemgary to each other,
as well as LHCb (LHC beauty) [52] which was designed to looB atesons and search

for CP-Violation. Excavation for the experiments began 8 and was completed by
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Figure 2.1: An artists illustration of the LHC showing the R7 tunnel which houses the beam
pipe and magnets, as well as the location of the 4 main LHCrexpats; ATLAS, CMS, LHCD,
and ALICE [56].

2001, with construction of the detectors themselves beggnin 2003, and proton beams
first successfully circulated around the LHC on the 10th gftSaber 2008. The LHC
is a synchrotron machine and makes use of Nb-Ti superconguctagnets to control
the beam, able to produce up to a 8.33 T field at a temperatukr®df. The LHC was
designed to achieve proton injection/collision energiets® and 7000 GeV respectively
with up to 1.5¢<10 particles per bunch and 2808 bunches per beam, giving a peak |
nosity of 1x10** cm~?s ! and a circulating beam current of 0.582 A (with a stored energ
of 362 MJ per beam) [53]. As well as the four main detectorselaee two smaller ex-
periments that are part of the LHC, namely; TOTEM (TOTal Etaand diffractive cross
section Measurement) [54], and LHCf (LHC forward) [55]. Theexperiments have very
specific purposes that are useful to the detector and aat@léeams, as well as other par-
ticle physics experiments worldwide. TOTEM does a rangdudiss including in depth
studies of the proton structure, but importantly for theeotxperiments it can accurately
monitor the LHC’s luminosity. LHCf uses forward particlesiin the LHC as a source to
simulate cosmic rays in laboratory conditions, which calp e interpret and calibrate

large scale cosmic ray experiments.



2.1. The ATLAS Experiment at the Large Hadron Collider 41

2.1.1 Operation

The protons collided at the LHC must first be obtained andlacated through a suc-
cession of injection stages, before they reach their déginergy, intensity, and bunch
structure. All protons accelerated at the LHC start theirpey being produced by a
duo-plasmatron which accelerates electrons into a hydréthed chamber, ionising the
gas. The resulting ions are accelerated through two highdyged grids, producing an
ion beam which is then injected into the first LHC accelerastage called Linac2. Here
the proton beam is accelerated up to 50 MeV before beingtegeato the Proton Syn-
chrotron Booster (PSB) which further accelerates the beain4 GeV. From the PSB
the beam is passed to the Proton Synchrotron (PS), whichitsitarger radius, accepts
the 1.4 GeV proton beam and provides acceleration up to 25&3eMell as the desired
proton train bunching and spacing using Radio Frequency fRFmonics. Due to the
very high energy final proton beam required by the LHC, thetlfe® passes the beam to
the Super Proton Synchrotron (SPS) which accelerates @ be to its final injection
energy of 450 GeV. When a flat top energy of 450 GeV has beeraathi the beam is
injected into the 27 km circumference LHC main ring where ltkam is accelerated to
its final collision energy of 3.5 TeV per beam [57] (for 2010/nning, with a maxi-
mum achievable 7 TeV per beam). The whole acceleration dhamm first injection to
ramped beam energy takes approximately 20 minutes; a fodrsatic overview of the

LHC acceleration complex is illustrated in Figure 2.2.

Incident in September 2008

On the 19th of September 2008, during commissioning of se@e4 up to a current
of 9.4 kA for 5.5 TeV beam energy running, a resistive zonestiged in the electrical
bus between two of the magnets in the sector causing a qué&udording to the offi-
cial report covering the incident [59], the quench detetctiwower converter, and energy
discharge systems, all behaved as expected, but withinrgteséicond an electrical arc
developed and punctured one of the helium enclosures gpaginessure rise above the
nominal 0.13 MPa. In the next few seconds, vacuum conditvegr® lost in the beam
pipe, and within 20 seconds approximately 100 magnets dueehm the surrounding
sectors. The quench relief valves on the helium enclosyresex at their set point of

1.7 MPa, and the spring-loaded relief discs on the vacuurtogme opened when the
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Figure 2.2: An artists illustration of the LHC acceleratongplex. The main injection structure
for protons is: Linac2~ PSB— PS— SPS— Main Ring. The accelerating structure for other
LHC use is also shown, along with a pictorial key at the bottdrthe figure [58].

pressure exceeded atmospheric, releasidgonnes of helium into the tunnel. However,
in subsectors 23-25 the vacuum enclosure was unable toicdh&apressure rise above
the nominal, causing large pressure forces to act on the etsgnd their housing. This
caused damage and movement to those systems, even marmgnegk the anchors in
the concrete floor at some locations, bringing the totalunelioss to approximately 6
tonnes. Postmortem of the incident diagnosed the needgairr® 5 quadrupole and 24
dipole magnets, with extensive beam pipe cleaning. Recordat®mns made by the report
into the incident tried to address two goals; firstly to prévenother occurrence of the
incident, and secondly to mitigate its consequences shibbhlppen again. As a result,
an improvement of the quench detection system was ordemdwale early warnings of
such a type of event and to cover a wider range of systems.tidscelief devices on the
cryostat vacuum vessels were increased both in dischapgeitaand in number, so as
to contain a possible pressure rise above 0.15 MPa even présence of an electrical
arc, as well as the floor anchoring being reinforced to guesamechanical stability. The
repairs to the LHC took almost one year, not becoming opmratiagain until the 20th

of November 2009, when low energy beams were circulatedhi®fitst time since the
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incident, marking the restart of the physics program. Betfbe winter shutdown, initial
studies were done witky/s = 900 GeV collision energy (achieved on 23rd November),
giving both the accelerator and physics teams a chancedy and understand the now
operational LHC and its experiments. On the 30th of Novemiher LHC became the
world’s highest energy particle accelerator achieving mergy of 1.18 TeV per beam,
beating the Tevatron’s previous record of 0.98 TeV. After winter shutdown, physics
data taking restarted with the LHC setting the world recardhigh-energy collisions on
the 30th of March 2010 with a centre of mass energy/sf= 7 TeV, truly starting the

exploration of an uncharted energy regime in particle pisysi

2.1.2 Performance during data taking 2010/11

The performance of the LHC during 2010/11 exceeded all gapeas, with various
technical stops between data taking periods refining beaamypers which enabled the
collection of nearly an order of magnitude more integratedihosity than was first pre-
dicted. This enabled physics analysis teams to explore kgas of theoretical parameter
space, despite being limited {¢s = 7 TeV. Proton collision data taking in 2010 took place
between the 30th of March and 31st October, in which time Z88 1 of data was de-
livered to the experiments at a peak stable luminosity o7 210%? cm2s1. After a
successful start at the end of March, the accelerator tearkeddhroughout the year
to understand and optimise the operational machine. Onbkeointportant parameters
worked on wag*, which is the distance from the Interaction Point (IP) ateftthe emit-
tance of the beam is double its size at the IP. The snmilley, the larger the proton-proton
beam cross section at the IP proportionally, wifsi af 2 m corresponding to a beam size
of just 45um at the IP. This process of reducifigis known as “squeezing” and uses the
quadrupole magnets next to the experiments’ IP to tighttyifothe proton bunches. On
the other side of the IP accordingfto, the bunches quickly become defocused due to the
squeeze, making it difficult yet very important to contra thost IP beam to avoid losses.
In September of 2010, commissioning of the bunch trainsesed the maximum num-
ber of bunches per beam from 50 to 368, with the number ofdintiibunches increasing
relatively from 35 to 348. By October 20103} at ATLAS and CMS had been reduced
from 33=11 m, ;=10 m tof;=3.5 m,y=3.5 m, meaning that between the squeezing and

the bunch train commissioning, the luminosity was incrddseover an order of magni-
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Figure 2.3: The total integrated luminosity, delivered aedorded by ATLAS during the 2010
(left) [60], and 2011 (right) [61], pp physics data takingipd, with a centre of mass energys
=7 TeV.

tude. Of the 48.87 pbt delivered to experiments in 2010, 40% was in the last week of
data taking, with over 60% being delivered in the last moRitoton physics data taking

in 2011 took place between the 12th of March and 22nd of Noegnaelivering a total
integrated luminosity of 5.61 fb' to the experiments. This astounding amount of data
was taken due to the dedication and expertise of the acteiéeam, who continued to
optimise the machine actively during data taking, as wethageted technical stops. By
November the number of bunches per beam was up to 1380 withddllding bunches

at ATLAS and CMS producing an instantaneous peak luminasi®.1x 1033cm2s 1.

The 2011 dataset up to the end of August (constituting 2.55 éelivered to ATLAS)

will be predominantly used for this thesis as it is the latgie¢aset available at the time of
writing with a constant collision energy, and can be usedkae a significant portion

of Z'/G* theoretical parameter space not previously accessibl@ plats showing the
total integrated luminosity for ATLAS during 2010 and 204dtaltaking are displayed in
Figure 2.3.

2.2 A Toroidal LHC ApparatuS

2.2.1 Overview and Nomenclature

The ATLAS Detector is one of the four main experiments bwilt the LHC at CERN.
It was designed to be a general purpose physics detectdyisgucollisions from the
LHC to search for new physics BSM as well as make precisionsoreanents of SM

parameters. The structural design of ATLAS pushed the dimoftcurrent engineering
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Figure 2.4: An overview of the ATLAS detector design, inchgldimensions, magnet systems
and main detector components [62].

ability in an effort to provide a detector that fulfilled thé@ysics program specification.
Standing at 44 m in length, 25 m in diameter, and weighing @adprately 7000 tonnes,

ATLAS consists of many different detecting technologiesesd over the main barrel
and endcap sections, as well as the forward region and eedemndon chamber endcap
wheels. The main components of the ATLAS detector are showdgure 2.4. The Inner

Detector (ID) and electromagnetic calorimetry are of diiegportance to this thesis as
the aim is to search for new physics in the high mass dieleahannel, therefore these
parts of the detector are described in the greatest detdukifollowing subsections, and
elaborated on for their identification and reconstructibalectrons in Chapter 3.5.

The coordinate system used in ATLAS is defined to have itsiro@ag) the nominal
interaction point, with the beam line direction defining thaxis, and thex—y plane
being perpendicular to this. The positixeaxis points towards the centre of the LHC
ring, with positivey-axis vertically upwards, and positizeaxis in the direction of LHCb.
The transverse radius from the beam line is denate@igdditional parameters are defined
for their use with respect to interactions rather than detegeometry. The azimuthal
angleq, is measured around the z-axis clockwise for positjvieom x=0, with the polar
angle®, being the angle from the beam axis. A dimensionless meadgiecalled the

pseudo-rapidity), is further defined in Equation (2.1).

n= —In[tan(g)] (2.1)



2.2. The ATLAS Experiment at the Large Hadron Collider 46

Detector Component Energy Resolution Measurement Range Trigger Range
Tracking Op/pr = 0.05%pr ®© 1% Inl <2.5 -
EM Calorimetry Og/E = 10%A/E & 0.7% In| < 3.2 In| < 2.5
Hadronic Calorimetry;]
Barrel and Endcap Og/E = 50%A/E @ 3% In| < 3.2 In| < 3.2
Forward Og/E = 100%4/E & 10% 31<n<49 |31<|n|<4.9
Muon Spectrometer | op./pr = 10% atpr = 1 TeV Inl < 2.7 Inl < 2.4

Table 2.1: They coverage and resolution, of the ATLAS detector subsyst&2s [

The pseudo-rapidity is more often usedrpdifferences are invariant under Lorentz
boosts to the-axis for massless particles. Togetheandgare used to define the distance

AR, which is the pseudo-rapidity-azimuthal angle space sudgfined in Equation (2.2).

AR = y/ANn2 + AR (2.2)

The transverse momentum ptransverse energytk and missing transverse energy
EMsSare defined in the—y plane unless otherwise stated [62].

Covering the maximum possible solid angle around the intema point is essential
for a general purpose detector, as well as providing highggneesolution and precise
tracking over the full coverage. ATLAS was designed to tind with details summarised
in Table 2.1 showing the detector’s ability to accuratelyaswge the position and energy
of leptons and hadrons coming from collisions, over a clos&ttrange. To complement
the hardware achievements of the physics and engineemmngstean equally important
requirement for ATLAS was a robust and versatile softwargtesy. The Trigger and
Data Acquisition systems (TDAQ) were designed to effickeqitocess the events be-
ing detected by ATLAS, with the trigger reducing the numbkmteresting events to a
recordable level, and the Data Acquisition (DAQ) system iooimg the data flow as well

as recording events to storage disk.

2.2.2 Magnet System

The ATLAS detector’'s magnet system consists of one soleaaditthree toroidal super-
conducting magnets extending 22 m in diameter and 26 m irthefigne system provides
a magnetic field¥ 50 mT) over a volume 0f-12,000 n? with a stored energy of 1.6 GJ.
A strong magnetic field throughout the detector is imporganit enables measurements

of particle momentum. Charged particles traversing a miagfield feel a force perpen-
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Figure 2.5: The ATLAS magnet system. Left: The magnet sysidim the centre solenoid sur-
rounded by eight barrel toroid coils, and two endcap toreidsh with eight coils. Right: The
central solenoid in isolation after completion of the coihding [63].

dicular to their direction of motion called the Lorentz fer(Equation (2.3)), which is
proportional to the strength of the magnetic fiegand electric fieldE, electric charge,
g, and velocity of the particle). This enables the determination of a particle’s momentum
from the deflection of the track as it travels through the clete(this is especially impor-
tant for muons as they are not stopped in the detector). A wiethe ATLAS magnet

system is given in Figure 2.5.

F =q[E+ (Vx B)] (2.3)

The solenoid was designed to minimise radiative thickne$&®nt of the barrel Elec-
tromagnetic Calorimeter (ECAL), contributing only 0.63li@ion lengths at normal in-
cidence. Itis aligned to the beam axis providing a 2 T axiajnaic field for the ID and
calorimetry systems, with a nominal current of 7.7 kA andpenature of 4.5 K [64]. To
achieve the low radiative thickness, the solenoid windiaigd ECAL share a common
vacuum vessel to avoid the need for two vacuum walls. Thensalas 5.8 m in length
with an inner/outer diameter of 2.46/2.56 m respectivelg weighs just 5.4 tonnes with
a stored energy of 40 MJ. This is surrounded by the barreld@od two endcap toroids
which produce a toroidal magnetic field of approximately D.&nd 1 T respectively for
the muon spectrometer system. The barrel toroid is 25.3 rerigth with inner/outer

diameters of 9.4/20.1 m respectively, and a cold mass weigaver 360 tonnes. The
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nominal operating temperature is 4.6 K with a current of 20805 but extensive testing
was done before installation to demonstrate the systerhisstaess during slow and fast
guenches as well as a current of up to 500 A above nominal. ftleap toroids are
similar in design to the barrel toroid, using the same cotidganaterial (Al-stabilised
Nb/Ti/Cu) and coil winding technology. These toroids weesidned to provide an op-
timal magnetic field in the endcap regions of the muon spewter system to maintain

bending power. Each endcap toroid weighis40 tonnes (cold mass) [63].

2.2.3 Inner Detector

Particle tracks are reconstructed by the ATLAS DetectoheID which covers a range
of In| < 2.5, and consists of 3 main detecting technologies: at smedlii (1) Pixel
Detectors (PD) consisting of silicon pixel layers, (2) S&dainductor Trackers (SCT)
consisting of stereo pairs of silicon micro-strip layensgdd3) at larger radii, Transition
Radiation Trackers (TRT) comprising of many layers of gasesiraw tube elements, in-
terleaved with transition radiation material (Figure 2.B)is combination gives the ID an
overall momentum resolution af,, /pr = 0.05%pr @© 1% with the combination of pre-
cision trackers at small radii, and TRTs at larger radii éinglrobust pattern recognition,
and high spatial resolution of both primary and secondartioces [65]. The ID system
was designed to provide precision measurements for chargeks above a nomingy
theshold of 0.5 GeV (although measurements as low as 0.1 @e&lteen achieved) up
to ~150 GeV within its coverage, which complements the measenésnof the barrel
and endcap EM calorimeters [65]. The ID also provides endduetectron identification
within the coverage of the TRT{| < 2.0), with the ability to distinguish between elec-
trons and pions by the detection of high threshold transitaaliation photons in the gas
mixture within the straw tubes (electrons will on averageduce more numerous high

threshold hits than pions).

2.2.3.1 Pixel Detector

The PD is the closest subdetector to the beam line, meanhmegsithe least amount of
material between it and the interaction point, but also tighdst particle flux and thus
need for radiation hardness. For the PD to maintain a goodjelallection efficiency

over the predicted lifetime of the LHC, as well as providindfigiently high resolution
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Figure 2.6: The Inner Tracking of the ATLAS Detector [62].

measurements of charged tracks, the design specificatobiohiae leading edge. The
PD consists of 1744 modules, arranged into one barrel ancetwlocap sections, each
with three layers. Each module is 288 thick with an area of 63424.4 mnt, and a
sensor made up of 47232 silicon pixels (each pixel is$00 um?) [65]. The long term
effects of irradiation to the PD had to be well understooflyencing the design to ensure

a continued optimal performance. The sensor characteyigiat are most sensitive to

radiation are [66]:

1. The effective doping concentration. This is importanbasr time acceptor-like

defects will cause an inversion of the conductor type fror p.t

2. The charge collection efficiency. This would subseqydmlaffected by (1) due to

an increase in the depletion voltage with time.

3. Radiation induced leakage current. This causes an sen@anoise and power

consumption if the PD is not adequately cooled.

To address these issues, firstly the sensors use oxygengtpd wafers with n-type
implants, bump bonded to the front-end electronics whi¢bmathem to be operated
partially depleted, and give increased radiation tolegatoccharged hadrons [65]. To
reduce leakage current, the sensors are operated withi€ae510 C temperature range,
and the sensor’s n-side external to the active area is abv®rean n~ implant that is

grounded externally [66]. Lastly due to the use of tHeimplants, a p-spray was used to
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Figure 2.7: A barrel module from the ATLAS semi-conduct@cker with photograph (left) and
drawing (right) showing the main components [65].

cover the n-side, providing high resistance between neighibg cells. Extensive testing
of the constructed pixel modules ranked them in order ofiguab that the best were
used in the layers closest to the interaction point (whet@&ti@n flux is highest), and the
poorest kept as spares. The spatial resolution of indiVigixal modules was measured
with a test beam in both non-irradiated and fully irradiastates, showing an optimal
resolution of 4.7um before, and 6.0m after irradiation, in rpat incidence angles 10-15

(at normal incidence the spatial resolution was measured t®um) [65].

2.2.3.2 Semi-Conductor Tracker

The SCT uses the same sensor technology as the PD, excepawittimodule composed
of two sensors glued back-to-back around a thermally canduspine with a total nom-
inal thickness of 9(um (Figure 2.7). The spine was designed to transport heat aiavay
the sensors to cooling and mounting points at the ends of mactule, while providing
support and the readout connector. The two micro-stripageria each module have a
strip pitch of 80um, and while glued back-to-back, are at a relative rotatfof120 mrad
which helps achieve the nominal resolution of | in r-¢ (tested with a beam at nor-
mal incidence). The SCT consists of 4088 modules, whicHdie cylindrical layers in
the barrel, and nine disk layers in each of the two endcajpsjging almost full cover-
age over the range of the ID. The nominal SCT operating teatper is -7C to reduce

leakage current due to radiation damage [65].



2.2. The ATLAS Experiment at the Large Hadron Collider 51

2.2.3.3 Transition Radiation Tracker

The TRT makes use of (cathode) polyimide straw tubes (4 mnameiter and 144/37 cms
in length, for the barrel/endcap respectively), each goimg a 31um diameter, gold
plated tungsten wire (anode). These straws are interleaitbdpolypropylene fibres in
the barrel and foils in the endcap, which act as the tramsradiation material. The gas
used as the detecting medium in the straw tubes is a mixtur@%fXe, 26% CQ, and
3% O, at an overpressure of 5-10 mbar. Stable TRT operation regjaire-circulating
gas system with continuous monitoring and a filter to mamgas quality. To avoid
contamination due to gas permeating through the straw fudenvelope of C®is
used, as well as the option to operate with an Arf(@P, gas mixture for a few days of
operation to clean Si-based deposits from the anode wire.Cki» envelope also serves
as the method for which heat dissipation can be conductey o the straw tubes to
two cooling tubes located in the corners of each module. Tiasvs are arranged into
modules, with 73/160 straw layers per module, and 96/20 mesdn the barrel/endcaps
respectively. This provides a nominal36 straw hits for traversing charged particles with
pt > 0.5 GeV andn| < 2.0, lowering to a minimum of 22 straw hits in the barrel-eayulc
transition region (0.& |n| < 1.0). The TRT is designed to operate at room temperature,

and has a nominal tracking resolution of 188 in r-.

2.2.4 Calorimeters

The ATLAS calorimetry system consists of a number of sangptiatectors with fulkp-
symmetry andn | coverage up to 4.9 [67]. The system was designed to provistggion
measurements of electrons, photons, jets, gMtfEs well as their associated triggering)
in the high luminosity and extreme energy density condgiproduced by the LHC [68].
The calorimeter geometry closest to the beam line (rad2.2 m) is housed in three
cryostats (one barrel, and two endcaps). The central @yoshtains the barrel ECAL,
as well as the superconducting solenoid. Each endcap etyasitains one Electromag-
netic Endcap Calorimeter (EMEC), two Hadronic Endcap Gadeter (HEC) wheels, and
a Forward Calorimeter (FCal). All of the inner calorimetese Liquid Argon (LAr) as
their detecting medium because of its intrinsic linear beha and response stability over
time, even in high radiation environments [67]. The cal@ter geometry at larger radii

(where there is a lower radiation level), consists of onedbaand two extended barrel,
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Figure 2.8: A cut-away view of the ATLAS calorimetry systeshowing the main compo-
nents [67].

Component Barrel Endcap
Coveragerf) | Thickness| Coveragelf) Thickness
EM Calorimeter In| <1.475 | 22X, |1.375<|n|<3.2| 24X,
LAr Hadronic Endcap - - 1.5<|n| < 3.2 10A
LAr Forward Calorimeter - - 31<|n|<4.9 10A
Tile Calorimeter In| <1.0 9.7\ 08<|n| <17 10A

Table 2.2: Then coverage and radiative thickness for different componentthe ATLAS
calorimetry system [67]. The radiation lengtlg ¥/cn?), is used to describe high-energy electro-
magnetic cascades as it is the mean distance at which higlyeglectrons lose 1/e((1/3) of their
energy due to bremsstrahlung/pair production. For hadrsimbwers a more appropriate measure
is the interaction length (g/cn?), which is the mean path length required to reduce the number
of relativistically charged particles to 1/e.

tile calorimeters, also known as Hadronic Calorimeters AHCwhich use steel as the
absorber material and scintillators as the active detgectiadium. An important require-
ment of the ATLAS calorimetry was to provide adequate camtant of electromagnetic
and hadronic showers, while limiting leakage into the mupectrometer, and this was
taken into account when considering the radiative deptih@fchlorimeter systems. An
illustrative overview of the ATLAS calorimetry system isgsented in Figure 2.8, with

then coverage and radiative thicknesses for the main compotstad in Table 2.2.

2.2.4.1 Electromagnetic Calorimeters

The Electromagnetic Calorimetry of the ATLAS detector isigaed to stop electromag-
netic showers within its volume, making precise measuresneithe energy deposited

and facilitating the triggering of interesting events. dtantirely contained within three
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Figure 2.9: Schematic illustration of a barrel ECAL modut&]l The accordion structure is
clearly visible with the three module layers shown with agsted cell granularity im ande.

cryostat vessels, divided into one barrel and two endcappooents. As the supercon-
ducting solenoid is located in front of the ECAL, it is alsoused in the central cryostat
section to optimise material in front of the ECAL. By remayithe need for two separate
vacuum walls, the system is optimised for performance withgdolenoid amounting to
a contribution of 0.63 X [68]. The barrel ECAL is split into two half-barrels sepamet
by a 4 mm gap at = 0, while each EMEC is split into two coaxial wheels sepatdig

3 mm at|n| = 2.5. The ATLAS EM calorimetry system uses LAr as the actieedt-
ing medium, with lead accordion-shaped absorbers. Ther@diocogeometry ensures a
uniform performance in terms of linearity and resolutiomiofull ¢ coverage, and allows
for multiple active layers (three in the precision regign < 2.5, and two in the range
2.5<|n| < 8.2). A schematic illustration of one of the barrel ECAL mtsguis shown
in Figure 2.9, with the layout, dimensions, and accordioangetry. Extra coverage is
provided at the highesf range by the FCal, whereas presamplers (an instrumented LAr
layer) at|n| < 1.8 provide complementary measurements of energy losbint ff the
barrel and endcap EM calorimetry. A summary of the overadirgy resolution for the

EM calorimetry system is listed in Table 2.1.
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2.2.4.2 Hadronic Calorimeters

The ATLAS hadronic calorimeter was designed to contain lyighergetic hadron show-
ers, preventing them from leaking into the muon spectronagter having already passed
through the ID, and EM calorimetry system. The hadronic rialetry system is made
up of three different components: The tile calorimeter (HEALAr hadronic endcap
calorimeter (HEC), and the hadronic component of the FCale flle calorimeter uses
steel absorbers and scintillating tiles as the active nmadilt is located immediately
outside of the EM calorimetry envelope, and comprises ofreeb§n| < 1.0), and two
extended barrels (0.8 |n| < 1.7), each segmented into three layers. Each HEC consists
of two (back-to-back) wheels, placed directly behind theEEBA As the HECs are located
inside the LAr cryostat vessel, they use a different teabgpplo the tile calorimeter to
optimise their performance. Each wheel consists of tworkayeade of parallel copper
plates interleaved with 8.5 mm LAr gaps which provide thévaanedium. The HECs are
also designed to bridge the material density drops betwsetile calorimeter, endcap,
and FCal by extending out tg| = 3.2. Similarly to the HECs, each endcap cryostat also
houses an FCal. The FCal is made up of three modules, withrsthéfiade of copper) op-
timised for electromagnetic measurements, and the otleemade of tungsten optimised
for the measurement of hadronic interactions. Each modui¢ams a metal matrix of
channels filled with the readout electrode structure and which acts as the detecting
medium [62].

2.2.5 Muon Spectrometer

The muon spectrometer makes use of the large superconglaatinore toroids to con-
tinue deflecting muons trajectories in the outer reacheBeAT LAS detector. The sys-
tem provides triggering of muons and high precision measargs within a coverage|

< 2.7, and consists of 4 main components: Monitor Drift Tudd®T), Cathode Strip
Chambers (CSC), Resistive Plate Chambers (RPC), and TigrC8ambers (TGC). The
MDTs provide precision tracking for muons over the full sppemeter coverage, com-
plemented by the CSCs at ranges 2.0n| < 2.7, which were designed with higher
granularity and better performance/hardness in higheéatiad environments. The RPCs
and TGCs were designed to handle the triggering of muons etisaw secondary track

measurements. RPCs are used in the barrel region coveemanigeln| < 1.05, with
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the TGCs located in the endcap regions triggering in thegdn@5< |n| < 2.4 (2.7 for

tracking). These trigger systems also serve to provide tinetb crossing identification,
and well defined p thresholds for the muon spectrometer. One of the greateirfa
affecting the overall performance of the muon spectrom&gstem is the alignment of
the muon chambers with respect to each other and the ovetelttdr. The tolerance of
the relative alignment for the muon chambers is necess#ilyn to provide the required

muon momentum measurement accuracy [62].

2.2.6 The Trigger and Data Acquisition System

The TDAQ system collectively handles the triggering andloed/storage of interesting
physics events. The ATLAS trigger consists of three distiecels of event selection:
Level-1 (L1), Level-2 (L2), and Event Filter (EF). Togethitwe L2 and EF form the
High-Level Trigger (HLT) which is based on commercially dable computing, where
as the L1 trigger is implemented with custom made electtasatisfy ATLAS specifi-

cations [69].

2.2.6.1 The Level-1 Trigger

The L1 trigger is designed to be sensitive to signatures fiyh pr leptons, photons, and
jets, as well as events with large Br E’T“iss. High pr muons are triggered using the RPC
and TGC subdetectors. The L1 trigger has|iafter each associated bunch crossing to
reach its decision with a maximum accept rate of 75 kHz (upaée to 100 kHz) [69].

To be able to make the most efficient L1 decision given the tiesg&aints, the L1 trigger

uses reduced granularity information from both the muoncatdrimeter subsystems.

2.2.6.2 The Level-2 Trigger

The L2 trigger is seeded by Regions of Interest (ROIs), whighregions of the detector
designated by the L1 trigger to possibly contain triggereotyg from the event. The L2
trigger reduces the event rate to below 3.5 kHz with a decisioe per bunch crossing
of ~40 ms [69]. The time constraints on the L2 decision meansahatith L1, limited

information is read out from the detector to reach a decisidns process is optimised
by using the L1 ROI location, energy, and signature typeraodfer data from selected

parts of the detector at full granularity, as well as usimgkrmatching from the ID.
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2.2.6.3 The Event Filter

The EF is the final stage of the ATLAS trigger system, and isphes] to reduce the event
rate down to the recordable rate of 200 Hz, with an averageegsing time of-4 s [69].

The EF uses offline algorithms and analysis procedures Iy fietonstruct events that
are accepted at L2, using information from the whole detdctonake the final decision

whether to write the event to permanent storage for offlirsdyasis.

2.2.6.4 Data Acquisition

The ATLAS DAQ system is multi-functional in its design. It$¢éhe ability to receive

and buffer event data at the L1 rate, transferring relevdotimation from the detector to
the trigger system as required to enable each trigger levekich its decision. The DAQ
system also writes the selected event data to permaneagstéor offline analysis, as
well as continually controlling and monitoring the ATLAStdetor systems during data

taking.



Chapter 3

Event Simulation and Reconstruction

To perform a detailed search analysis in this thesis, ittsl ¥© have an accurate sim-
ulation of events at the LHC, and an understanding of howat®jare reconstructed in
ATLAS as they traverse the detector medium and its variouspaments. To this end,
the ATLAS collaboration has created the ATHENA frameworR][7which can create
and analyse simulated data called Monte Carlo (MC) sampéesying events from their
generation through to output in a format which is identioahiat of the true detector. The
simulation chain will be discussed in this chapter with jgatir focus on the reconstruc-
tion of electrons. Generally the chain can be divided inted¢hstages: event generation,
detector simulation and physics interactions, and dafitis of readout. Structuring the
ATLAS event simulation in this way is an effective use of nesxes, and simplifies soft-
ware validation. For example, as each stage has an outpoafavhich is in turn input
to the next, a large dataset of generated events can be uéagach with different detector

conditions or software version, without having to re-getethe events.

3.1 Simulation Chain

Event Generation

The generators used by the ATLAS collaboration are gereFIRTRAN based, pro-
ducing events in standard HepMC format [71], and are resplen®r the generation of
particles as well as handling prompt decays from partidles sis th&Vv* andz® boson.
This information, along with any particle which is “stable@®e. does not promptly decay

and so travels through the detector medium, is stored inuastgeneration record. A
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filter can be applied to the event generation stage, onlyngtanformation relevant to
a certain process or decay channel. For example in thisstidstn generating th&*
andZ’ MC samples, these were created independently for each ehdiftering out all
decays of the signal process that were not directly to theraaf interest. As this stage
handles particle generation and only prompt decays, tlsare need to simulate any de-
tector geometry information, which allows for a faster gatien time. A history of the

particles and their interactions is also stored at thisestligown as “truth” information.

Detector Simulation

The simulation stage retains a record of all particles pcediby the generator, to which
cuts can be applied, limiting simulation to only certaintdes if required. For all MC
samples in this thesis, full detector simulation was useith WAEEANT 4 [72]. For the
various signal samples, validation was first required keetbe full simulation sample
was run, to ensure the target processes were being corgeigrated and processing
time was not wasted. For this validation step the fast sitrariggrogram ATLFAST-I was

used.

Full Simulation

For full simulation, each patrticle is propagated throughftil ATLAS detector descrip-
tion by GEANT 4, with the ability to set variable detector information Bus configura-
tion and/or misalignment at run time. During the simulatstage, information such as
Y E, position, and time, are stored for energy deposits in §easietector components.
These deposits are known as “hits”, and output from the tatesanulation stage is in a
hit-file format. The detector simulation stage also storeswn truth information, in the

form of truth tracks, decays, and location of conversions.

ATLFAST-I Simulation

Because of the complex physics description provided Bp& 4, and the detailed de-
tector description, full simulation is not always a viablgtion for processes such as
QCD dijets faking electrons which would require literallylibns of simulated events to

statistically describe the background expected i &@son like analysis with-1fb~1.
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This can also be applicable for SUSY/Exotic searches in wthere are many theoret-
ical parameters to test, meaning a large number of highsstagamples are required.
In full simulation, over 75% of the processing time is spaniidating electromagnetic
particles [70], whereas ATLFAST-I performs a fast simuwatbf the detector using pa-
rameterisations of detector and simulation effects, ssaleeonstructed energy smearing
for electrons which is taken from fully simulated eventsderrease overall processing
time by a factor of 1000 compared to full simulation [70]. ATAST-I takes the same

HepMC input and produces the same hits file format outputlasifaulation.

Digitisation

The digitisation stage of event simulation at ATLAS firstatiess Simulation Data Objects
(SDO), which are maps linking the hit-file deposit infornaattito the particles in the
simulation truth record. This stage also handles the rdtearticular types of events such
as: beam halo, beam gas, and pile-up, which help reprodatistiedetector conditions.
Pile-up is particularly important, as it describes the nembf interactions per bunch
crossing (In-Time Pile-up), and residual energy depasitiothe calorimeter (Out-Of-
Time Pile-up). Also incorporated at this stage is the harévimased L1 trigger (albeit in
a pass through mode) and any detector noise simulation. igitesation uses all of this
information to generate the detector signal, i.e. voltaayes time responses, proceeded
by simulation of the Read Out Drivers (RODs), and finally trepan output in Raw
Data Object (RDO) format. The ATLAS detector itself has aglsyteam output format,
however this is easily converted to and from RDO format, Wharms the basis for all

subsequent analysis formats.

3.2 Data Samples

The data storage infrastructure of the ATLAS collaborasibows physics analysis groups
to have great flexibility in their choice of analysis procegluT he data taken by the detec-
tor is first stored in RDO format, subsequently being writieinalysis Object Dataset
(AOD) and Event Summary Dataset (ESD) format which can tleended for data anal-
ysis, containing nearly all of the variables recorded iraddts individual analyses often

only require a subset of these variables itis sometimesat#sito have a data format with
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only the variables relevant to the given analysis storeds fdduced data format is based
on flat ROOT ntuples called DnPD (Derived nth Physics Dajasétvhich this analysis
uses the n=3 derivation, and is generally favoured as tlesdasize is smaller than that
of the AOD/ESD format, leading to faster analysis times. slsometimes required to
further reduce the D3PD format in size, to give the final forosed for analyses, called
D3PD skims. As D3PDs are generally created on a per physiegpdrasis, there is still
a degree of generality in the choice of variables, which castipped away for a spe-
cific search channel (called slimming). On top of this thera ilevel of basic analysis
which is unlikely to change over time for a search, such asireq at least two electrons
with a minimumpr requirement (this process is called thinning). Therefore prudent
to apply this slimming and thinning process to the D3PD fdfrpeoducing highly spe-
cialised D3PD skims for a specific search channel which taélers of magnitude less
time to analyse, while producing the same results. The auththis thesis produced
skims for all 2010/11 data in the electron channel, from D8PBDginally produced for
the ey group. For approximately 1fd of data in 2011, the total unskimmed D3PD
format dataset size was 2738 GB, with an average size of 25 &Ryent; after slim-
ming/thinning the skimmed D3PD format size was just 109 G8%4Yeduction), with
an average event size of 4.5 KB. These skims were used by l#p@ah exotic physics
group to do the entire analysis in the dielectron channehd010/11, while colleagues
produced similar skims based on dimuon and diphoton cha@aeth requirements. In
the author’s role as data manager for the dilepton exotmsmin 2010/11, it was impor-
tant to validate the data format chain from AGB D3PD — Skim, checking that at each
format level the number of candidate events passing thet eabection as described in
Chapter 5, were identical, and thus no analysis specifienmition was lost during the
reduction process.

The dataset used for this thesis was collected from the 2B8Maoch to 22nd of
August 2011 at a centre of mass enetgy= 7 TeV. The physics data collected totalled
an integrated luminosity of 2.12 f3. A list of the runs that make up this dataset can be

found in Appendix A.
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3.3 Monte Carlo Samples

The MC samples used in this thesis are in the same format asthesamples, processed
into D3PD format from AOD, but without the requirement of #aera skimming stage
due to the relatively short analysis time for MC samples. ML was generated using
GEANT 4 full simulation in ATHENA release 16; the production vensused was MC10b
which importantly simulates an LHC proton bunch spacing®h§, which was the most
appropriate for 2011 data taking, requiring the minimal amaf MC pileup reweight-
ing. The MC samples analysed fall into two distinct categgiriSignal, and Background.
The MC signal samples used represent the processes whidh iaterest to the search
analysis, with MC background samples consisting of any ¢emknd process which is
not negligible with respect to the signal. The signal preeef interest to this thesis are
Z'—ete” andG*—e'e~ which were generated usingPHIA with the MRST2007LO*
PDF set, at various masses (and couplings®). A list of the signal MC samples used
in this thesis is provided in Appendix B.1. MC samples wesoaroduced for the SM
backgrounds not deemed negligible to this search, usingietyaf generators at Next-
to-Leading Order (NLO) accuracy. TIZ/y* background was generated with 1A
using the MRST2007LO* PDF set as was done for the signal sssnpheN + jets back-
ground was generated withLRGEN for the matrix elementsMMY to describe multiple
parton interactions, and#kwiG for the remaining underlying event and parton shower.
Thett sample was generated in a similar mannaite- jets but with MC@NLO for the
matrix elements. The diboson samples were generated ugrw/ kb, with a single lep-
ton filter applied. All background MC samples are suppliedppendix B.2. A list of

the relevant software and versions used for MC10b generatishown in Table 3.3.

Program | Version| Reference
ATHENA 16 [70]
PYTHIA 6.421 [74]
ALPGEN 2.1.3 [75]
CompHEP| 4.4.3 [76]
MC@NLO | 3.41 [77]
JmMmyY [78]
HERWIG 6.510 | [79, 80]

Table 3.1: List of the important simulation/generationtaafre used for MC10b production.

1LO* denotes the use of a LO PDF set, with theoretical NLO cimgpand scale factor corrections [73]
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To increase the precision of tZ8 /y* estimate further, as well as that 7G* where
applicable, QCD and EW K-factors were used to improve cres8an calculations from
LO* to Next-to-Next-to-Leading Order (NNLO) accuracy. Agmlix B.3 provides the
details of the QCD K-factor NNLO calculations usirgiozPR[81], resulting in an in-
variant mass dependent QCD K-factor that is applied to MCroewent by event basis.
Similarly, Appendix B.4 details the EW K-factor NNLO calatilons obtained usingo-
RACE [82]. Table 3.3 summarises some representative valueg ohéiss dependent QCD

and EW K-factors used in this search.

Mass [GeV] | 500 | 750 | 1000 | 1250 | 1500 | 1750 | 2000
KECchNNLO 1.131| 1.109| 1.080| 1.041| 0.990| 0.929| 0.860

OLOx«

KEy = SMNLo 11.032| 1.016| 1.000| 0.986| 0.971| 0.956| 0.941

01 0«

Table 3.2: Representative values of the mass dependenttétgaapplied to Drell-Yan back-
ground, andZ’/G* signal, where applicable.

In the case of setting exclusion limits on a signal processas identified that a dis-
crete number of mass points as provided by the individual Ei@es listed for th&’
(Table B.1) ands* (Table B.2), would lead to a limit with large interpolatedji@ns be-
tween mass points. To avoid this for tAg a template sample was used (tBetemplate
was not yet available) when setting limits on the signal pssg(shown as the first entry
in Table B.1). A template sample is one that is made by maagfyjRy THIA to produce
a “flat” sample where the Breit-Wigner resonance terms haenlyemoved in the gen-
eration, along with parton luminosity effects, and in theecaf theG*, mass dependent
factors accounting for the mixegtyqq production terms. This leads to a very broad sig-
nal mass distribution (colloquially called “flat”), with ewts populating the whole spec-
trum from low to high mass (see Figure 3.1 (left)). The refevy@sonance terms and
effects removed from the generation can then be re-addethtdrastage of the analysis
using the flat sample to produce a resonance at any mass (@mgywesired (see Fig-
ure 3.1 (right)), using the theoretical dependence of theadiprocess parameters. This
allowed limits to be set on mass points every 40 GeV in theckeaggion, producing a
far smoother exclusion limit, without the need for prodantand validation of numerous
individual mass point samples. The author of this thesipdtlalidate th&’ template
sample for the mass range 130 GeV to 3 TeV, which was substyguead in the ATLAS
dilepton 2010/11 analyses [83, 84]. The author also dedignd validated &* template
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Figure 3.1: An example of the template sample productiorhoteshowing the “flat’Z’ truth
mass spectrum (left), and the result of reweighting to werid masses (right). For limit setting
mass points are generated every 40 GeV (displayed here @&sgV) from 130-3000 GeV.

sample, taking into account the extra complication dugotqq production terms, but this
sample was not available in MC10b at the time of writing thiesis. However, th&*
template is currently being used in MC11c by the ATLAS ditepand diphoton analyses
for 2011/12. Validation of the template sample was underaky comparing dedicated
production at a range of mass points (and couplings in trealS*) with the reweighted
template, checking for any discrepancies in the line shap@agreement close to within

statistical error.

3.4 Analysis Software Versions

A summary of the software and versions used for the dielactesonance search in
this thesis are presented in Table 3.4. AOD analysis wa®ipeed entirely within the
ATHENA framework, using PYTHON as an object orientated gong and interpreter
language to configure and load the required C++ librariesohtrast, the D3PD analysis
used C++ compiled ROOT code, which linked to specific ATHEN&ages as needed.
The specific ATHENA packages used are listed in the lattar@eof Table 3.4.

3.5 Electron Reconstruction and Identification

As the main focus of this thesis is to search for the decayatiekeavy resonances to two
electrons, it is important to understand the process ardtsfbf electron reconstruction
in the ATLAS detector. The unprecedented level of QCD prees<reated at the LHC

mean that efficient and precise reconstruction/identioaif electrons is a difficult task,
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Purpose Version/Package Reference
ATHENA 16.6.5 [70] [85]
PYTHON 2.6.5 -

ROOT 15.28/00c [86]
Analysis AnalysisExamples-00-22-00  [87]

Pileup Reweighting PileupReweighting-00-00-1P  [88]
Good Runs Lists |  GoodRunsLists-00-00-89 [89]

Table 3.3: Software and versions used for the analysis peae in this thesis.

with the expected ratio of electron/jetsl0° at pr = 40 GeV [90]. This section will
describe the performance and calibration of the ID and ECAth vespect to electrons,

as well as their electron reconstruction and identificapimocedures.

Electron Algorithms

Each of the two ATLAS subdetector systems important fortedecreconstruction and
identification, namely the ID and ECAL, use separate recanosbn algorithms which are
combined using a likelihood ratio to make best possible Giskeotracking and electron
identification capabilities of the TRT in the ID, as well ag tyranularity of the ECAL.

Both of these algorithms are discussed here.

Inner Detector

The inner detector measures charged particles witk 9.5 GeV andn| < 2.5, playing

a central role in electron identification at ATLAS below egies of 25 GeV. To create
tracks, raw information is first taken from the PD and SCT gatesms, with hits on
adjacent strips merged to form clusters. The clusters aredksociated with each other
and transformed into space points. Track-finding seedsrasgad from a combination
of these space points using the three PD layers and first S, land extended into
the outer SCT layers to form a track candidate. Next the cites are fitted using a
suite of track-fitting tools, with outlying clusters remavand fake tracks rejected. These
selected tracks are further extended into the TRT which te&giming information to
construct calibrated drift circles. If a given candidataecl is associated with a TRT
drift circle, then the track is refitted using all three suledéor systems. Dedicated post

processing tools are used for primary and secondary vertdingj, which is associated



3.5. Event Simulation and Reconstruction 65

to the reconstructed tracks. At energie25 GeV, flexibility in the electron track fitter
allows for compensation for effects like bremsstrahlunigichy is especially important for
electrons that have radiated a large fraction of their gner$0%) in the silicon layer, and
enables significant improvements for reconstructed tracirpeters and electron energies
in this energy region [90]. The TRT is of particular importarfor electron identification
as it checks for electron tracks from photon conversionschvls vital considering on

average 10-50% of photons convert toedre™ pair within the ID at energies: 25 GeV.

Electromagnetic Calorimeter

Electron and photon reconstruction in the ECAL is seedeaaiyusibx5 ) x @) cell sliding
window algorithm in the middle layer. A cluster of fixed ceits is then reconstructed
around the seed with 3x7 cells used in the barrel ECAL forted@s and converted pho-
tons, and a 3x5 cell cluster size for photons. In the end-egjn a 5x5 cell cluster size
is used for both electron and photons. The most importamectons to the calculated
cluster energy are the dependent weights, which simultaneously optimise theggner
resolution and response linearity of the ECAL. Four digtimeights are used: g, an
overall scale factor; ¢y), an offset weight; \w(n), to correct for energy losses upstream
of the presampler; andifn), to correct for longitudinal leakage. The incorporatidn o
these weights into the total cluster energy calculatiom@ag in Equation (3.1), where
Eps, Estrips Emiddie; @and Eack are the energies calculated from the Presampler, Strip,
Middle, and Back, calorimeter layers respectively (seaifdd2.9). The weights were
initially determined using simulated single particle eigewith energies in the range 5-
200 GeV, however with the advent of real data these maps egrdarly calibrated and
tuned. As disclosed in Chapter 4, some outlying electromgee® were due to over cali-
brations in these weight maps, and information from theystuas given as feedback to

further improve the maps.

E =s(n)[c(n) +wWo(n).Eps+ Estrips+ Emiddie +W3(N).Egacy (3.1)

Standard Electron Reconstruction and lIdentification

Standard electron reconstruction and identification wieh ATLAS detector makes use

of both the ID and ECAL electron algorithms. A calorimeteeddidentified using a
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5x5 cell, sliding-window algorithm in the middle layer of th€€BL) is loosely matched

to a reconstructed track, and a flag set if it matches a phaiowecsion reconstructed
from the ID. Electron identification requires that the ECAded is associated to a track
with no conversion flagged. All electron shower shape végmhbre calculated using the
ECAL, with some combined reconstruction properties sud&/psvhich is the ratio of the
calorimeter energy and the ID measured momentumAanadg, which is the difference
between the ID extrapolated value into the calorimeter,theccluster value, compared
at the first layer of the calorimeter. These shower shapeahi@s are used to identify
isolated electrons and reject fake signals such as those@®GD dijets, on a cut based
approach. Low p electrons< 25 GeV rely more on the ID subsystems, whereas high
pr electrons (above 25 GeV) solely use the ECAL for energy ¢aticuns, and the ID for
direction information such agande. This is because at lower energies a greater fraction
of the electron energy is lost before leaving the ID, givingader weight to the use of tools
such as bremsstrahlung recovery, whereas at higher energlyahthe electron energy
is contained within the ECAL, but the direction is still mgueecisely measured by the
ID. Another useful combined reconstruction property fantification of electrons is the
ratio of high threshold TRT hits to low threshold track hidyich distinguishes electrons
from pions, thus helping to reject the charged QCD dijet gamknd.

Inner Detector and Electromagnetic Calorimeter Performarce

Due to the large volume of the ATLAS detector, material éfeare of great importance
to the performance of its subdetectors. The material intfobthe ECAL and its presam-
plers, including the ID itself (which in turn has losses doenaterial thickness), require
a high level of calibration to ensure performance is maxathiand true electron ener-
gies/directions are preserved. Figure 3.2 shows the enesgyy electrons before the
ECAL (left) and from the ID material (right), as a function lof|. The left plot in Fig-
ure 3.2 demonstrates that extra material due to cablingarctack region between the
barrel and endcap sections of the ECAL seriously affect @mopmance of the calorime-
try in that region. It is for this reason that in Chapter 5, thack region (1.3% |n| <
1.52) is excluded from the search analysis.

It is also important to consider the ATLAS detector’s elentenergy, and dielectron

invariant mass, resolution. This is to understand the iotigins when observing high
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Figure 3.2: The average energy loss for (left) 100 GeV adastbefore the ECAL/presamplers,
and (right) fractionally for electrons withrp= 25 GeV from the ID. Both results are displayed as
a function of|n|. The fraction of energy lost from the ID is not found to be @sty function of
the electron energy above 25 GeV [90].

mass resonances of sufficiently narrow width (such & avith low k/Mp; value), and
study the expected response of the detector in cases wleesgythal width is resolution
dominated. The expected form of the energy resolution isseho Equation (3.2), where

a corresponds to a stochastic term [6@]describes the contamination due to electronic
noise and pile-up [91], and is a constant term reflecting local non-uniformities in the
response of the calorimeter [67]. The general performaone¢sgf the ATLAS detector
for these parameters, as described in Table 2.1 from [6@][@], are 10%, 0.5 GeV, and
0.7% respectively foa, b, andc, across tha and energy ranges relevant to this search
(these example values are used for comparison purposethith@obarrel and endcap).

A resolution study performed by the author of this thesisig&’ MC is presented
here. Figure 3.3 shows the electron energy resolution ir{upper) barrel and (lower)
endcap. Figure 3.4 shows the dielectron invariant massuteso for (upper) Barrel-
Barrel (BB), and (lower) Barrel-Endcap (BE) / Endcap-Ergl@&E) events. This study
usesZ’ events that pass the MC event selection described in Chagteand requires that
the two candidate electrons are matched to respectivedteittrons originating from the
Z'. For electrons that meet these requirements, the resoligticalculated ag%'i“ﬂh
and stored in bins dyth (or Mig,o and M5,,,)- A Gaussian is then fitted to the resolution
distributions in eacli;h bin, in a rangetRMS from the mean of the distribution. For
eachE;h bin, the width ¢) of the Gaussian fit is then plotted versus Bg:n central

bin value, and a line fitted through the values of the form showEquation 3.2.

b
— - = g_-ac (3.2)
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The electron energy resolution is shown to be well modelfeBigure 3.4, and al-
though the result is slightly worse than the target resoiytit is in approximate agree-
ment with other studies [91]. Above 1000 GeV the energy regm becomes essentially
constant at 0.84% for the barrel and 0.85% for the endcap diEhectron invariant mass
resolution is shown to be in close agreement with the targgbpmance with a constant
component of 0.67%/0.88% for BB and BE/EE events respdytiviehe difference be-
tween the barrel and endcap resolutions in both cases isodine £CAL regionn| >
2, where the strip granularity of the endcap becomes preyedy coarser than the bar-
rel. The increase in mass resolution compared to the efeetnergy is due to the added
information provided by the ID which gives track and openamgle information to the
electrons used in the invariant mass calculation (Equ&ti8h A further study by the au-
thor of this thesis was designed to investigate the effettit®ATLAS detector resolution
on observed signal resonance widths. The upper plot in €8 shows the resonance
width versus MC truth mass fdfsg,, and RSG* with various kMp; values. The data
points represent the resolving width of the ATLAS detectafculated as the difference
between the true and reconstructed mass width #ggy, MC. At the point where the
theoretical (truth) width for a given resonance falls bekne resolving width, the sig-
nal is deemed to have become resolution dominated which sitearobserved invariant
mass distribution will effectively be smeared out to theoheimg width. It is presented
here that at low invariant masses @00 GeV) mosiZ’/G* resonances would become
resolution dominated, whereas at higher invariant masse200 GeV) theZsg,, width
could be resolved by the ATLAS detector. For the &Sit is evident from this plot that
at some value of Mp, the resonance would become resolution dominated at allesass
Therefore by parameterising the RS theory lines on the upper plot of Figure 3.5 and
scanning through in steps of\Wp; = 0.001, the lower plot of Figure 3.5 presents the mass
below which a RSG* resonance becomes resolution dominated verdds,ktoupling
value. It is shown that for an RG* with k/Mp; < 0.073, the resonance would always be
resolution dominated below a mass of 3 TeV. These restnstinean that any observed
signal resonance with detector resolution width could elyan upper limit on Mp, of
0.073. A variation of the observed signal cross sectionctbel used to infer couplings
below this value, however varying ti&* coupling to SM particles could also give this

effect meaning the result would be inconclusive in this eesp
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Figure 3.3: Electron energy resolution for (upper) bamek (lower) endcap electrons 2 MC.
The blue line shows the target design energy resolutioneffrLAS detector [67, 91]Eih IS
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Chapter 4

High Er Electron Outlier Study

4.1 Motivation

This study was performed to ascertain how consistentlytrele&r is reconstructed be-
tween different trigger levels of the ATLAS trigger systelaM objects will be mentioned
instead of specifically electrons from now on as at L1 objectsnot yet defined). The
study will investigate any inter-trigger level outliersufad to feedback and improve per-
formance, or identify defects in the detector which reqdiinreher understanding. An
initial study was done with early data afs = 900 GeV during the commissioning phase,

and then followed up with a re-assessment studyst 7 TeV.

4.2 High Et Electrons and the ATLAS Trigger System

The three trigger levels of the ATLAS trigger system (L1, bad EF) use different sub-
sets of detector components to make their decision on whedleecept or reject a given
event. The number of systems available to the trigger lsvebnstrained by the amount
of time each level is allowed to make its decision. The L1lgeigdecision is based on
reduced granularity information from the ECAL, giving o1V resolution estimates of
Er. The L2 trigger looks at ROIs, identified by the informatioorh L1 (such as position
in n andq, as well asEr estimates of the candidate). The L2 trigger makes its detisi
using the ROIs with full precision and granularity of thearaheter, along with track in-
formation from the ID, and the TRT if required. This enables L2 trigger to give MeV

resolution estimates of obje&r. The last stage of the trigger system is the EF. After
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an event has passed the L2 trigger it is evaluated by the EEhwhihile online, uses
offline algorithms and methods to make its decision baseth®@miost accurate informa-
tion available. The EF uses offline calibration and alignthanwell as a magnetic field
map that accurately represents the online environmenedirtte. The EF confirms and
then uses the L2 information to run more refined and complgarathms which were not
possible at L2 due to time constraints [69]. While the eneggpplution may be the same
as at L2, theet of the object is recalculated with the more complex methausyding
bremsstrahlung recovery for electrons), meaning that stienate can be different from

that at L2.

4.3 Inter-Trigger Level Study at \/s= 900 GeV

An outlier study was initially performed af's = 900 GeV as part of the commissioning
of the ATLAS detector. It was aimed at investigating the leigiET inter-trigger level
outliers found in early data to help understand how the deteesponds to high energy
collisions, and so that as the centre of mass energy wassexethe collaboration could
go forward with knowledge of how discrepancies seen at l@mergies might manifest
themselves in the new energy regime. The study also servadthannel for feedback
to enable re-calibration of detector components if necgsaad to identify defects if a
solution to an outlier could not be found.

This study was performed on a list of runs contained withia ohthe first so called
“Good Runs Lists” (a list released by performance groupsiticate which luminosity
blocks' during any given run, had stable beam conditions where allréiguired sub-
systems to do with an analysis have been judged to be worlongnally). The data
constituted an integrated luminosity of a fewHband was recorded between the 6th
and 15th of December 2009. The only other requirement madlease events were that
they passed the lowest electron trigger in the trigger ménheatime, LLEM3, which
resulted in 1136 events that were suitable for this initiatlg. The EM objects within
these events, then underwent a series of selection criteaily to assess the suitability
of the objects. A fiducial cut ofn| < 2.5 was applied to select barrel and endcap EM

objects, with a spatial matching cut&R < 0.15 applied between the same object at the

LLuminosity blocks contain roughly 2 minutes of data takiogg, can vary depending on run conditions.
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two trigger levels being compared. Thg of the EM objects passing these cuts were
then compared at the different trigger levels in detailyd@ag for outliers. A lowelEt
threshold of 4 GeV was also applied to avoid low energy nom@hinterest to this study.
The definition of an outlier for the study was based on the ditoaking at the high-
est energy outliers, as these are of most interest to thessthend also because the soft-
ware/hardware being used was (or in the near future wouldbessing a new, higher
energy regime that had not previously been experienced. niéan of the energy res-
olution distribution between the two trigger levels beirggmpared was used to set the
nominal difference expected (Resolution A={-Bg;)/Bg;, whereA andB are the two
trigger levels to be compared [1]), and a Gaussian fitted) esents found to be-2 o
from the mean of the distribution being classified as owglierthis study. Degeneracy in
the EM object combinations (at different trigger levels)ysvedso considered, as for each
event multiple EM objects could be accepted; sometimes tharel10 objects at a trigger
level would pass the cuts. However, each object was onlyhedt(@f possible) once, and
then taken out of the selection, leaving only those objdzshad not yet been matched
to be selected from upon the next iteration, until no morecimeg were possible. A sum-
mary of the EM objects studied, and the number of outliersifpat each trigger level

for the ,/s=900 GeV study can be found in Table 4.1.

Comparison L1vsL2 | L1vsEF| L2 vs EF
EM Objects| 620 585 591
Ouitliers 67 53 42

Table 4.1: Summary of/s = 900 GeV study to find and identify higer EM outliers during the
commissioning stage of the ATLAS detector.

Level-1 versus Level-2 Study

This section describes the results of the L1 vs L2, EM objectgarison. In Figure 4.1 the
distribution of the resolution vs gl is shown (upper left), with a dashed line representing
the mean resolution, bounded by two solid lines denoting+#tBeo outlier boundary.
The upper right plot of Figure 4.1 indicates the remainingdidates after those objects
determined not to be outliers were removed from the samie.lGwer two plots mirror
the above by showing the E2 vs L1g, before (lower left), and after (lower right), non-

outlier subtraction from the plots.
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Figure 4.1: Level-1 vs Level-2 object comparison from upleérclockwise; Resolution vs Lg

of all objects passing cuts; Resolution vsgl.Iof object comparisons determined to be outliers;
L2k, vs L1g, of object matches determined to be outliersg2s L1g, matches for all objects
that pass cuts.
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Figure 4.2: Level-1 vs Level-2 object comparison for outlidjects from upper left clockwise;
L2g; vs L1g, L2, vs L1, with dashed lines highlighting the crack regidR between objects at
Lland L2, L2 vs L1,

Once the outlying EM objects were selected, basic kinemati@ables were inves-
tigated. Figure 4.2 shows, @ andAR inter-trigger level comparisons for the outlying
EM objects. Two of the objects are clearly in the crack redietween the barrel and the
endcap (see upper right plot of Figure 4.2), and offer thetiilady cause of their outlier
status. Interestingly all of the outliers can be seen to gaweelin andg matching between
trigger levels, and most are far away from the cufBf < 0.15. In the discussion section
of this study, the cause of these remaining outliers willhsestigated further, along with

those found in the other inter-trigger level studies.

Level-1 versus Event Filter Study

The same study was performed with L1 and EF objects. Thiyssuaf particular impor-
tance because the EF is the final trigger level before eveats@tten out and stored for

physics analysis. In this study for brevity the inter-tiegdevel resolution plot (as Fig-
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Figure 4.3: Level-1 vs Event Filter object comparison fatlieuobjects from upper left clockwise;
EFg; vs L1g,, EFR, vs L1, with dashed lines highlighting the crack regi&fR between objects at
L1 and EF, Efvs L1y,

ure 4.1 was to the L1 vs L2 study) has been moved to AppendixdDelto the principle
and procedure being exactly the same as was done previtusligure 4.3 the L1 vs EF
outlying objects are displayed in further detail, with keswf the investigation into the

cause of the outliers given in the discussion section.

Level-2 versus Event Filter Study

For completeness in this thesis, a study of L2 and EF objeatsalso undertaken, even
though there is some degeneracy in this after the previoasstudies. The final study
therefore serves as a robust cross check, to ensure thatlievowere missed. Informa-
tion on the resulting outliers from L2 vs EF comparisons aesented in Figure 4.4, and
a summary of the investigation into the cause of all of therittigger level comparison

outliers is presented and discussed in the next subsection.
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Figure 4.4: Level-2 vs Event Filter object comparison fatlieuobjects from upper left clockwise;
EFg, vs L2, EFR, vs L2, with dashed lines highlighting the crack regi&fR between objects at
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Discussion on Cause and Implications of Outliers at/s= 900 GeV

The cause of outliers found in this study were investigased] in collaboration with

both detector component and software experts, categassddscribed in Table 4.2. The

association of the outliers to the classes described ineTéal can be seen in Table 4.3.

Here it is evident that a large fraction of the outliers weyarfd to have no discernible

cause as far as non-nominal software or hardware behaviasicencerned, and so were

deemed “miscellaneous” outliers. However, many of thigtgpoutlier can be attributed

to the natural tails of the energy resolution distributiand none of those without known

cause indicated severe problems that required immediagstigation.

Outlier Category

Description

Crack If the object falls in the crack region (1.37 n < 1.52),
some variables may not be reconstructed properly and
this is considered an outlier category.

Bad Channel | Some outlier cases where g1> L2g; are due to a mistimr

thus

ing of the L1Calo readout pulse, which are linked to known

bad channels.

Nearby Clusters

Arises when there are many L2 or EF clusters close
gether, sometimes causing the wrong cluster to be matg

f3

f3 is defined as the fraction of energy in the third layer
the EM Calorimeter. Some outlier events were found {
seemed to have a patrticularly high f3.

False EF Cluster

Caused when no true EF cluster for that object exists,
the nearest EF cluster has been taken. This is a mis-n
in clusters, givinger values that are not expected to be ¢
related.

Bad Calibration

Some events were found with very large calibration val
because they happen to fall into specifidins that have
been determined to need improved calibrations when
plied to fakes. In newer versions of these calibration &
produced in part with the help of this study, the values w
corrected.

to-
hed.
of
hat

but
natch
or-

ues

ap-
hle
ere

L1 Summing

These outliers arise because the cell size sometimes ¢
a nearby ROI to be included into the energy calculat

giving a L1, that is effectively the sum of two different

objects.

auses
on,

Hot L1 Spot

A small number of events showed some noisy hot spo
L1 possibly leading to the erroneous energy values.

[S at

Table 4.2: Summary of outlier classes identified to be péssiauses of discrepancies between
different trigger levels estimation of electr&s in the commissioning phase of the ATLAS detec-
tor with \/s=900 GeV data [1].

As a final check that the outlier objects were real, and noexample, all found in a
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| Outlier Category |L1vsL2| L1vsEF| L2 vs EF|
Crack (1.37< n < 1.52) 1 1 0
Known Bad Channel (L1Caloj 1 0 1
Nearby Clusters 2 0 0
f3 1 2 4
False EF Cluster 1 3 1
Bad Calibration (Bin Factors 0 0 3
L1 Summing 2 1 0
Hot L1 Spot 1 0 0
Miscellaneous 10 15 18
Total 19 22 27

Table 4.3: A summary of the causes attributed to outliereadan the,/s= 900 GeV study [1].

particular run with specific beam conditions, the resulthefstudy are also presented by
run number in Table 4.4, from which it is shown that there igpadicular clustering of
outliers in any given run used in this study. The results isfstudy were written up as part
of an Extrigger study [1], and one particular outcome was to idgritiait the calorimeter
calibration map which is dependent on bgtAndEr, needed adjustments where objects
found in certain specifig bins were receiving a disproportionate scale factor, cautie

object’s outlier status (this is the “bad calibration” das outlier in Table 4.2).

| Run | #Events| Total Outliers | L1vsL2 | L1vsEF|L2vsEF|

141749 12 0 0 0 0
141811 34 5(14.71%) 3 1 1
142149 8 1 (12.50%) 1 0 0
142154 8 0 0 0 0
142165| 153 15 (9.80%) 4 6 5
142166 82 8 (9.76%) 2 1 5
142171 71 6 (8.45%) 1 3 2
142174 21 1 (4.76%) 1 0 0
142189 55 3 (5.45%) 0 2 1
142193| 162 21 (12.96%) 5 6 10
142195 50 6 (12.00%) 2 2 2
142383 159 2 (1.26%) 0 1 1

Total 815 68 (65 Unique) 19 22 27

Table 4.4: Summary of outliers ifs = 900 GeV study by run number [1].
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4.4 Inter-Trigger Level Study at \/s=7 TeV

Once the LHC began running with pp collisions.g@é = 7 TeV, the outlier study first
performed at,/s =900 GeV was repeated, both to check that fixes implemenbed the
first study were still effective, and to provide feedbackfiother detector recalibration,
while checking that the ATLAS detector was performing noatiyin this new energy
regime. The difference in the volume of data between the twdiss was the first chal-
lenge encountered, with the first study looking at data witbtal integrated luminosity
of a few inverse nanobarns, compared to this study which asedbset of the data with a
integrated luminosity of order 15 pb. The solution to this problem was to focus on the
highest energy EM objects, with those that were the mosyimgtlof greatest interest to
the purpose of the study. For this reasonEanthreshold cut was applied to only select
EM objects above 100 GeV at each trigger level, comparedetd iGeV threshold cut of
the previous study. The definition of an outlier was alsorgligchanged, with resolution

= (Ag; - Be;) / (Ag; + Bg;), to avoid cases seen in the previous study where resoution
could be greater thaji00%. The threshold deviation from the mean of the energy reso-
lution distribution to be considered an outlier was alsong®a from+ 20 — + 30 to
ensure the study selected only the most outlying EM objddtss study was performed
on data taken between the 30th of June and 7th of October 2{@iying the runs were
in the respective good runs list and that events minimalspd the L2220 medium and
EF_e2Qmedium triggers, which constituted an integrated lumityasii ~15 pb 1. Again

a fiducial cut of|n| < 2.5 was used, anfiR < 0.15 required between the two respective
trigger level objects being compared. Applying these neguents to the data sample
resulted in~2.5 million events being suitable for the second study, atwi328 EM ob-
jects were determined to be outliers, selected by the uddiggnition. The breakdown
of the 328 outlying objects into trigger level comparisosss follows; L1 vs L2: 123,
L1 vs EF: 79, L2 vs EF: 126. All of the plots related to this stud \/s= 7 TeV can be
found in Appendix A.2, and follow a very similar form to tRgs = 900 GeV study, albeit

with orders of magnitude higher numbers of events.
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Figure 4.5: Level-1 vs Level-2 object comparison from upleéirclockwise; Resolution vs Lg

of all objects passing cuts; Resolution vsel. If object comparisons determined to be outliers;
L2g, vs L1, object matches determined to be outliersgL2s L1, matches for all objects that
pass cuts.

Discussion on Cause and Implications of Outliers at/s= 7 TeV

The sources of outliers found in this study were a subsetadetseen in the previous
study (referring again to Table 4.2). To this degree, thdystmas successful in confirm-
ing the general type of rare discrepancies that can be sdabrregpect to inter-trigger
level Er estimation comparisons with EM objects, and that no newso# or hardware
defects had become apparent with a change of centre of maggyeft is worth noting
an interesting side effect of this study in the form of obs®g\the known L%, saturation
at~250 GeV (see Figure 4.5). Though at this stage in data takimgelative number of
events with LE, > 250 GeV was low, this would be a continued small source of know
“false” outliers in the study, termed as such because ifBh®f the object was higher
than 250 GeV, this would not be seen at L1 making it more likelge deemed an outlier

despite the detector behaving as expected.
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4.5 Conclusions of Outlier Study

The highEt electron outlier study was designed to look at higghobjects in early data
with the ATLAS detector. During this commissioning phagayas important to check
that the detector was working nominally, and that any defeeen (if any) were under-
stood and accounted for. The first study dong/at= 900 GeV, was a first look at how
the detector was performing, and despite a few rare disnoéps, the detector performed
above and beyond expectations. The feedback from this furdy ded to improvements
in the calibration maps for the calorimeter, and seem to baea effective as only a few
“Bad Calibration” type outliers were seen in the follow updy at\/s= 7 TeV (which

is significant considering the relative size of the datasstl in the two studies). The
second study was performed as a follow up check for the ATL&®aor, once the LHC
had reached its initial physics data taking beam energysoT@V per beam\(/s=7 TeV).
The experience gained from the first study enabled the sestadg to quickly target any
sources of outliers seen, and designate the outlying euwgntthese classes, to see if any
new sources of outlier could be found. All the outliers seethe second study had previ-
ously been identified by the first, with the exception of the L4aturation at-250 GeV,
which had not been seen in the first study but was expected raowirk Fewer outliers
were seen at highdfr in the second study proportionally when compared to the first
study. This is especially important for this thesis, as thpartance is on accurately iden-
tifying the highesEr objects available in data. A way that this study is contityuaging
used to benefit the collaboration, is when very high invdmaass objects are observed in
data, one can go back and check the inter-trigger level casgues of the objects that go
into the combination, as a sanity check that these objeetseat, and not outliers caused

by an effect as found and defined by this study.



Chapter 5

High Mass Dielectron Event Selection

5.1 Data Selection

The criteria used to select possible high mass dielectreon@nce candidates from data
were chosen to provide the highest signal efficiency, whiteutaneously minimising
background contributions (see signal/background effaemnin Section 5.2). The selec-
tion criteria require that an event has at least two “goo@tebns to be considered a
candidate event, where a good electron is one that passesittiflew as will be moti-
vated/described in this section, and summarised in Talile 5.

Firstly, the events must have occurred during a period irclvkine ATLAS detector
was discerned to be working optimally for an electron analysThis is achieved by
requiring that events are present in thg@obod Runs List (GRL), which comprises of the
luminosity blocks in data where detector components vitahfgiven analysis, such as the
inner detector and electromagnetic calorimetry in the cdskis search, were operating
nominally. Table 5.2 lists full details of they\eGRL requirements.

After the GRL requirement, the number of primary verticeghe event is taken
into account, ensuring that there is at least one PrimarieXgPV) with greater than
2 tracks in the event, to be confident that the detector isewihg a cosmic event or, an
out of time pile-up effect. The event also has to have trigdehe EFe2Q medium or
EF_e22medium trigger (depending on the run number), which is sgdgelL1 EM14
(note that “medium” here does not pertain to the iISEM ideg@tfon but a trigger based
measure, also named medium [93]). The justification for gisirese triggers, despite

their relatively lowEr threshold given a high mass resonance search, is that teelear
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| Criterion | Description |

GRL Event must be in the gf§ood runs list (Table 5.2).
PV Event has at least one primary vertex wit? tracks.

Trigger Event passes the EE2Qmedium trigger for runs before
182873, and EE22medium trigger from that run on-
wards.

Author Each electron has Author 1 or 3.

n Each electron must pass a fiducial cutrpf< 2.47, and not
be located in the crack region 1.87|n| < 1.52.
Er Each electron must have &t > 25 GeV.
0oQ The cluster associated to each electron must pass calorime-

ter quality requirements. Each electron must not be located
in a region of the calorimeter that shows a LAr error. To-
gether these requirements are denoted as the OQ cut [92].

isEM Id Each electron must pass at least isEddiumdentification
requirements (Table 5.3).
B-layer Each electron must have a b-layer hit, if one is expected.

Isolation The two highesEr electrons passing the above cuts, form a
pair. The leading electron of this pair, must have calorenet
isolation< 7 GeV.

Invariant Mass The dielectron pair must have an invariant masg0 GeV.

Table 5.1: Summary of the dielectron resonance event smlectiteria. The first section (delin-
eated by double lines) shows the event level selectionrieritthe next section summarises the
electron level cuts, and the final section presents the nemeints made on selected dielectron
pairs.
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GRL Requirement | Description
Ready for physics | Accelerating beams are stable and ready for physics

Solenoid on Solenoid is turned on
ATLGL DQ status green: Runs where DQ information was reviewed
ATLSOL DQ status green: Solenoid on and stable
L1CTP DQ status green: No clock or data header problems
L1CAL DQ status green: Level 1 calorimeter working
TRELE DQ status green: Electron trigger operating normally
TRGAM DQ status green: Photon trigger operating normally

cp eg electron barre| Include barrel region of the detector for electrons
cp eg electron endcapinclude endcap region of the detector for electrons
IDVX DQ status green: ID vertexing quality
LUMI DQ status green: Offline luminosity OK

Table 5.2: Data quality requirements included in thegalod runs list.

highestET single electron triggers that are unprescaled and presiee# peak, which

is used as the control region for data/MC normalisation.s€heggers are also well doc-
umented/supported by theyglerformance group, who provide accurate trigger efficiency
measurements which were also studied as part of the 20 dtahl@nalysis using the tag
and probe method [83]. If a trigger such as_EF50 was used, which might appear to
be a more natural choice of trigger for a search of this kintth\aihighEr threshold, it
would in fact be much more difficult to obtain an accurate &fficy measurement and
normalisation, because of the implied cut on Meegion. The higheEr threshold trig-
gers are also not currently supported by theperformance group to the level required
by this search analysis.

If an event passes the trigger requirement, then individiegkron criteria are applied
within the event to search for at least two good electron€wpass all of the proceeding
requirements. At each stage, if an electron fails a criteriiois excluded from the list of
candidate good electrons. If the number of candidate elestin the event falls below
two, the event is rejected from the analysis. The first gdteeach electron must pass
is the Author cut, requiring the electron has been recoasduby either a calorimeter
seed (Author = 1) or, a calorimeter seed and the track algor{Author = 3). The next
electron criterion is a fiducial cut i, which checks both that electrons are located in the
barrel and/or endcap electromagnetic calorimetry sys{éms< 2.47), and that they do
not fall into the crack region between the barrel and endé&a®/(< |n| < 1.52). This

requirement specifically implies that electrons are noated in the FCal which has not
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currently been studied to a high enough precision to be ustdg search analysis.

An Er > 25 GeV cut is applied to all electrons to ensure that EBwelectrons most
likely originating from QCD dijets, are minimised while perving thez® peak and any
BSM high mass resonances. In electron and photon analysesnportant to check the
quality of the clusters associated with candidate EM objdotreject bad quality or fake
clusters due to calorimeter problems. The two criteria @eoling theet cut focus on this
aspect, rejecting bad clusters using calorimetry infoimmatand checking for LAr noise
bursts or data integrity errors, stored from data on an ebgravent basis. Following
these Object Quality (OQ) criteria, the analysis appliesealiumelectron identification
requirement (wherenediumis described in Table 5.3 and all isEM identification charac-
teristics are described in [94]). The last criterion apgplie all electrons is the b-layer
requirement, which checks if the innermost layer of the lpdetector contains a track
hit from the associated cluster if one is expected. This swery effective at rejecting
converted photons from the analysis that would otherwisadoepted. If at least two
electrons in an event satisfy the cut flow conditions describove, the two higheEf
electrons are selected to form a pair. Two final criteria beatapplied: firstly the highest
Er electron of the pair is required to paspgcorrected isolation cut 7 GeV in a cone
of AR= 0.2, and secondly the invariant mass of the pair must @@ GeV. The isolation
requirement is made to further remove QCD events (see FigG@ram Chapter 7), and is
only made on the leading electron, as requiring isolatiomath provided little further
gain in signal purity at the cost of statistics. The invariarass cut is invoked as the
search analysis is aimed at high mass resonances but peservation of thE® peak
for normalisation and extrapolation purposes. If both @stncriteria are met then the
event is accepted as a candidate event and stored, othergsejected. It should be
noted that no opposite charge requirement is made on thetfwatandidate electrons
because of possible charge mis-identification due to etfensstrahlung or, limited mo-
mentum resolution of the inner detector at very high While a study of the charge
mis-id rate was not performed for this thesis, a check onélexged number of candidate
events in the 2.12 fo! dataset finds that 1.8% are apparently same sign pairs.

Studies carried out by performance groups within ATLASjgiesd to understand the
response of the detector to the underlying events it recsmaetimes lead to modifica-

tions of the variables recorded from data. For instancegAhgerformance group’s study
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iISEM mediunxriteria

Description

Clustern Range

Fiducial requirement to check cluster is within deteg
range.

tor

Cluster Hadronic Leakage

Ratio of clusteler leakage into the HCAL to clustétr.

Cluster Middle Energy

Energy in the 2nd sampling layer of the ECAL in a windg

to deposit most of their energy.

of 7x7 cells (E277). This is where electrons are expe¢

DW
ted

Cluster Middle Energy Ratio 3

¥ Energy ratio in the 2nd sampling layer of the ECAL in wi
dow sizes X7/7x7 cells (E237/E277). Electrons are €
pected to show a peak near unity in this variable, du
small lateral leakage.

n_
X_
e {0

Cluster Middle Width

The lateral width calculated with a window ofx3 cells
using the energy weighted sum over all cells, which
pends on the particle impact point inside the cell: we
> Ein?
(SE)-(5E)?

wherekE; is the energy of the i-th cell.

de-
ta2

Cluster StripAE

SE
As pions are often found to give two maxima, a cutis m
on the differenc&yaxe — Emin Of the energy associated wi

the strip with the minimal value between the first and sec
maximum Emin).

Cluster Strip@AEpaxe

To ensure insensitivity to fluctuation&pax has to be
greater than a threshold which depends linearl¥Epn

Cluster Strip3Mot

Shower width in first sampling layer, determined in a w
dow AR corresponding typically to 40 strips m: Wt =

\/%Eiim‘“)z, where i is the strip number angay is the
strip number of the first local maximum.

Cluster Strips Fracm (Fside)

Shower shape in the shower core : [E(+/-3)-E(+/-1)]/E
1), where E(+/-n) is the energy in n strips around the g
with highest energy.

Cluster Strips Wetalc

Shower width weighted by distance from the maximum.

Cluster StripfAEpmaxg

Difference between maximum and 2nd maximum rec
structed energy in the strips.

Track Matchn

n difference between cluster and extrapolated track in
1st sampling.

Track Pixel

Number of pixel hits.

Track Silicon

Number of pixel and semi-conductor tracker hits.

Track AO

Transverse impact parameter. Distance of closest appr
to the beam-line.

the 2nd maximumHEyax) and the energy reconstructed|i

ade
h

ond

in-

trip

on-

the

oach

Table 5.3: List of requirements to pass isEMdiumidentification [94]. The specific cuts on each
of the variables are not shown as they Breandn dependent, but matrices of the values exist in

the reference.
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of the electron cluster energy recorded by the ATLAS deteatingZ® — eeevents as a
standard candle with-420 pb ! of data, showed that an energy scale correction needed
to be applied depending on the cluster locatiom iand@. The full study that made the
recommendations on this correction can be found in [92],vaasltaken into account for
the data selection presented here, as well as an equivaleetton applied to MC to
ensure a meaningful data/MC comparison. The correctioninvpsrtant for this search

as the calculation d&t (Equation (5.1)) angbt (Equation (5.2)) rely on accurate energy
values, along with the dielectron invariant mass calcatatEquation (5.3)). Itis assumed
here that the electron mass is negligible compared to itggrad momentum, meaning

Er ~ pr, and the invariant mass can be written in the form of EquaioB).

Er =/ P} +n% (5.1)

__ Ecluster for NSCT+Pier hits< 4

pT = Cozm']cluster) (5_2)
cluster 1
7005}{“;@ otherwise
Mee= \/2(E1E2— P1-P,) (5.3)

When considering the OQ check made on electrons, itis irapbtd understand what
effect this has on the final distributions in data. The OQ klessesses whether a cluster
has passed through a non-nominal/dead high voltage regiqrads of the calorimeter
that have non-functioning LAr Front End Boards (FEBs). Dgrthe data taking period
between runs 180614 and 185352 (43% of the data in this Jhédt=Bs became unus-
able due to hardware failure of the optical transmitters tbanect to the readout boards.
This covered a regioAp = 0.2,An = 1.4, centred ap=-0.7,n = 0.7, and corresponds to
a 0.8% loss in the ECAL coverage over the precision regioh [88 n-¢ map showing
electrons that pass the event selection is presented imeFigl, with the missing FEB
hole clearly visible. This effect causes a slight asymmaetrshen and distributions,
which is not modelled in MC but can be accounted for using ewanghts as described

in Section 5.2.
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Figure 5.1:n-@map of electrons passing the event selection cut flow usit@y®* of 2011 data.
The crack and missing FEB regions are clearly visible.

5.2 Monte Carlo Selection

The MC simulation analysis uses the same procedures whes#mas those performed
for the data analysis. However, in certain instances a oes dot apply to MC, or quan-
tities are not simulated sufficiently when compared to dateaning that compensation
methods have to be employed to achieve the closest possiblgezison between data and
MC. The same cut flow as presented in the previous sectioreis ias MC, except the
GRL criterion, which does not apply to MC due to its genematimder nominal detector
and beam conditions. There are however additional Scalofsa(SF) and reweight-
ing applied to MC objects/events to ensure complete coiifigtiwith data, which are
summarised in Table 5.4. These corrections to MC are stuhddsupported by theye/

performance group [92].

Signal Efficiencies

The signal process efficiencies using the MC event selectonbe found in Table 5.5,
based on a 1.5 Te¥(g,, and RSG* (k/Mp| = 0.10). Figure 5.2 shows the final event
selection efficiency versus signal truth mass using theesponding template samples

from the limit setting procedure. All signal samples candend in Appendix B.1.
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Correction

Description

Pile-up

Reweighting of MC events depending on the number of

pri-

mary vertices is done to ensure the in-time and out-of-time
pile-up conditions present in data are accurately simdlate
This reweighting is done on a per event basis.
To account for the efficiency of the trigger in data. The
correction depends on tmelocation of both electrons, and
is applied on a per event basis.
This scale factor accounts for the identification efficiency
of the reconstruction algorithms. It g andn dependent
applied on a per electron basis.

Corrections to the electron cluster energy are applied,
equivalent to that described previously for data. It is gp-
plied on a per electron basis and is dependent on energy, as
well as position im and.

Trigger SF

ld SF

Energy Correctior

0Q To account for the FEB holes in data, a map is applied to
a fraction of MC events corresponding to the fraction| of
corrupted data. The correctionjspdependent and applied
on a per electron basis.
K-factor To account for NNLO QCD and EW loop corrections, a

K-factor is applied to the Drell-Yan background, afidG*

signal MC (which are generated at LO* witlyPHIA ). This
is done on a per event basis, and in the case of signal
cesses, depends on the truth mass of the resonance.

pro-

Table 5.4: The corrections applied to MC, to accurately seudata conditions in 2011 during
pp collisions.

Criterion Z' Efficiency [%] G* Efficiency [%0]
Relative Total Relative Total

Primary Vertex| 100.00+ 0.00 99.82+ 0.03 | 100.00+ 0.00 99.75+ 0.05
Trigger 98.50+ 0.09 98.32+0.09| 97.91+0.15 97.66+ 0.16
Author 98.12+ 0.10 96.474 0.13| 98.08+£0.15 95.79+0.21
n 95.73+£0.15 92.35+0.19| 97.13+£0.18 93.04+ 0.27
Er 93.42+ 0.18 86.2H 0.24| 95.23+0.23 88.60f 0.34
Object Quality| 99.14+ 0.07 85.53+ 0.25| 99.04+ 0.11 87.75-0.35
iSEM Id 85.96+ 0.27 73.52+0.31| 87.08+£0.38 76.414+ 0.45
B-Layer 97.13+£0.14 71.41+0.32| 98.01+£0.17 74.89+ 0.46
Isolation 98.55+0.10 70.3A40.32| 98.73+0.14 73.94+ 0.46
Invariant Mass| 100.00+ 0.00 70.37+ 0.32| 100.00+ 0.00 73.94+ 0.46
After Weights | 95.79+0.17 67.41+ 0.33| 96.36+ 0.23 71.25+ 0.48

Table 5.5: Relative and total, signal efficiencies using M€n¢ selection criteria, for an example
signal resonance mass of 1.5 TeV (andlk/ = 0.10 forG*). The samples used here are listed in
Appendix B.1.
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Figure 5.2: The total efficiency versus signal truth massraipplying the MC event selection
criteria to theZ’ template (left), and availablé* mass points (right) respectively.

Background Efficiencies

The event selection criterion efficiencies for backgrouratpsses considered in this the-
sis to be relevant to a high mass dielectron resonance seargcpresented in Table 5.6
using the MC samples as listed in Appendix B.2. The Drell-geocess returns the high-
est efficiency due to its irreducible nature with respectidgignal signature. All other
backgrounds (except) have vastly lower efficiencies, showing strong backgrotegjec-
tion within the analysis. Comparing the relative cut efingies for signal (Table 5.5) and
background (Table 5.6), it is observed that the and iSEM Identification (Id) criteria
have the largest effect on the cut flow. TRe > 25 GeV criterion is relatively fixed as
preservation of the Zpeak is required in this search for normalisation purpofasthe
effect of the iSEM Id criteria is large, a study is providedhe next subsection to justify
the use of isEMmedium over the other options that were considered, nartealgeand

tight [94].

ISEM Identification Study

A study was carried out in this thesis to compare the signalackground efficiencies
using the MC event selection, while varying the iSEM Id cutweenloose medium
andtight. The results of this study are presented in Figure 5.3, aod shat while the
diboson andV + jets backgrounds are relatively unaffected by the changsEdi cut,

the signal, Drell-Yan, antt processes have a notable change in efficiency. In the case of
bothlooseandtight cuts, the signal and Drell-Yan background have compardfitgen-

cies, whereasnediumshows a higher signal efficiency. As both of these processes a
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Cut Drell-Yan Efficiency [%] tt Efficiency [%0]

Relative Total Relative Total

Primary Vertex| 100.00+ 0.00 99.7%+ 0.01| 100.00+ 0.00 80.02+ 0.14

Trigger 94.48+ 0.05 94.28+ 0.05| 94.77+0.09 75.84t 0.15

Author 93.86+ 0.05 88.49+0.07| 99.94+ 0.01 75.79+ 0.15

n 94.424+ 0.05 83.55+-0.08| 99.66+ 0.02 75.53+ 0.15

Er 89.71+ 0.07 74.95+-0.10| 85.71+0.14 64.74+0.17

Object Quality| 99.19+ 0.02 74.35+ 0.10| 99.42+ 0.03 64.37+0.17

isEM Id 85.83+ 0.09 63.814+0.11| 60.81+ 0.22 39.15+ 0.17

B-Layer 96.55+0.05 61.61+0.11| 94.35+ 0.13 36.93+ 0.17

Isolation 98.854+ 0.03 60.90+ 0.11| 98.21+ 0.08 36.27+0.17

Invariant Mass| 99.974+ 0.01 60.88+0.11| 97.194+ 0.10 35.25+0.17

After Weights | 97.93+ 0.04 59.62+ 0.11| 97.41+ 0.09 34.34+0.17
Cut W + jets Efficiency [%)] Diboson Efficiency [%0]
Relative Total Relative Total

Primary Vertex| 100.00+ 0.00 99.7/4 0.00| 100.00+ 0.00 99.80+ 0.01

Trigger 53.32+ 0.02 53.204+-0.02| 34.21+0.05 34.14+ 0.05

Author 66.83+ 0.02 35.55+0.02| 87.82+0.06 29.98t 0.05

n 96.21+ 0.01 34.20+ 0.02| 96.73+ 0.04 29.00f 0.05

Er 15.80+£0.02 5.40+0.01 | 37.57+0.10 10.89+0.04

Object Quality| 99.18+0.01 5.36+0.01 | 99.22+ 0.03 10.81t 0.04

isEM Id 0.93+0.01 0.05+0.00 | 53.38+0.18 5.77+0.03

B-Layer 50.39+ 0.74 0.03+ 0.00 | 92.87+0.12 5.36+ 0.03

Isolation 83.99+0.77 0.02+0.00 | 99.58+ 0.03 5.34+ 0.03

Invariant Mass| 72.064+1.03 0.02+0.00 | 95.91+ 0.10 5.124+0.03

After Weights | 97.19+ 0.45 0.01+£0.00 | 97.184+0.08 4.97+0.03

Table 5.6: Relative and total, background process effi@snasing the MC event selection crite-
ria, on samples as listed in Appendix B.2.
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Figure 5.3: Comparison of signal (1.5 TeX,, and background efficiencies, using MC event
selection with varying isEM Id cuts. The absolute efficiescifor each process are presented for
iSEM loose medium andtight. The subplot shows the corresponding ratio of backgrousdteal
efficiency in each case. A Total background efficiency is plswided, where each background is
weighted by its cross section proportionally as listed irp&pdix B.

inherently the same, in similar mass regions one finds tleaetts no actual difference
in efficiency. However, the comparison shown is for signal background selected by
the search criteria, and so essentially compares low masdsYan to high mass signal,
which results in an overall efficiency difference, as welkhape differences in the elec-
tron identification criteria.tt rejection increases with tightness of Id cut, but the ratio
subplot reveals this is nullified by a correlated increassignal rejection. Therefore as
mediumprovides the highest background rejection while relagiykserving the signal,
mediumwas the optimal choice for this search. This is backed umegiumresulting

in the highest signal significance with respect to the bamkgds considered, in a mass
window +30 of the signal resonance mass.

For completeness, a MC study showing the applicable iskdiumcriteria variable
distributions, with cut thresholds displayed, was condddor this thesis. Here a 1 TeV
Zsgy and all relevant MC backgrounds, were analysed with thec8etecriteria up to
but not including the iISEM Id cut. A data-driven method wasdi$or the QCD dijet
background, which will be described in Section 6.1. The Itasy distributions were
normalised to unity for each contributing process and diggd together so that propor-

tionally the cut threshold effect could be observed. Nog&t the thresholds displayed on



5.2. High Mass Dielectron Event Selection 95

2 S I I M AU I
0 C \S=7Tev Vo ziy* .
_LI; 10tk R Diboson _
3 = — W-+Jets E
'® C —i ]
% B --QCD i
Z 10%°F --M, =1.00TeV
10°
C :
i ! s T
RN i A T L R L 1Y OO LI

103
=0.15 -0.1  -0.05 0 0.05 0.1 0.15
Cluster Hadronic Leakage

Figure 5.4: Process normalised Cluster Hadronic Leakagigliition. The red dashed line shows
the minimum cut value.

these plots by the red dashed line, show only the most strirge value for electrons
relevant to this search, where in reality the cut threshaldes vary depending on elec-
tronn andEy. The 4 variables with cut thresholds showing greatest effiexdisplayed
here, namely: Cluster Hadronic Leakage (Figure 5.4), €hustiddle Energy Ratio 37
(Figure 5.5), Cluster Strip8Emaxg (Figure 5.6), and Cluster Stripo; (Figure 5.7). All
other applicable isENnediumcriteria variable distributions are provided in Appendix E
A further study to investigate the optimisation of a subgesBM mediumid criteria
thresholds was undertaken with a Toolkit for Multivariatat® Analysis (TMVA). Using
a 1 TeVZgg,, signal sample, and relevant background MC, the isdtliumcriteria as
listed in Table 5.3 were used as differentiating variabhea genetic algorithm analysed
with TMVA. Correlations between the variables were takeio eccount so that only the
most essential cuts were made (see Figure 5.8 for signél @dedl background (right)
correlation matrices). After optimising the variable cfdsa Z’ search (rather thanzP
analysis, for which the isEM criteria were originally tunethis resulted in anediunt++
definition which provided the signal acceptancarediumand background rejection of
tight. However, as only the standard isEM Id cuts are supportetidéey performance
group at the time of writing this thesis, and the acceptaapgtion increase was not

significant, the standanmmediuncriteria were used for this search analysis.
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Chapter 6

Standard Model Background

Estimation

In order to search for new physics at the TeV scale, it is i@per to understand the
physical phenomena that are already a part of the SM. It ig onte an accurate SM
background estimate has been compared to data that one sanebiéthere is the pres-
ence of new physics. In this chapter the procedure for estighéhe SM background
shape will be explained. Most background processes canfbeiently well modelled
with MC, however in the case of the QCD dijet background it feasd that MC did not
accurately model some variables, and was severely lackistatistics, therefore a Data-

Driven (DD) QCD estimation method was used to provide theireq level of precision.

6.1 Data-Driven QCD Estimate

The QCD dijet background is defined as any candidate eventawath of the selected
electrons are either a fake from a misidentified hadron, orisolated from a hadronic
decay, as opposed to one of the other backgrounds or sighalDD QCD estimation
method was designed to obtain a sample which was mutualljsxe of the signal
selection and based on “reverse identification” cuts thigics@ QCD enriched sample
from events in data, estimating the shape of QCD contansinati the signal sample.
This method was developed for the 2040G* analysis [95, 2] and minimally updated
for the 2011 analysis [83, 3]. The QCD selection is the sanferasignal but for a few

key differences. Firstly, the trigger cut is looser, reqrEF 2g2Qloose instead of a
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medium-based trigger to reduce the identification separdietween isolated electrons
and jets faking electrons. Secondly, the Id cut is alterecetpire that both electrons
pass isEMoosebut fail at least one of two specific strip cuts from isiEhdium Passing
iISEMloosemaintains some prerequisites of thediuncut integral to the signal selection,
such as hadronic leakage, and passing of certain showee sfaajbles in the second
layer of the calorimeter, as well as having an associatet.trRequiring that electrons
fail either AEpvaxg, or Wt (described in Table 5.3) in addition to this, then prefaediyt
selects non-isolated electrons that would usually be eledby these cuts in the first
precision layer of the calorimeter, and would have a sinslaped distribution in the
signal sample. The isolation requirement made at the enldeo$ignal selection is still
applied in the QCD selection; this is to ensure the most adike contamination in
the signal sample is obtained. A dijet function similar tearsed by the dijet resonance
group [96] (Equation (6.1)) is fitted to the resulting reetd invariant mass spectrum
(wherex is Mge, andpy, p1, po, are fit parameters) around tA8 peak from 70-200 GeV.
This is to obtain a parameterisation of the QCD dijet masgiligion from data, that
can be extrapolated into the high mass region. In the 201diliépton analyses [2, 3],
two other methods were also used to estimate the QCD dijet dissibution, namely an
isolation method (similar to reverse Id, but performs a fingshe isolation distribution),
and a fake rate measurement using inclusive jet samplethr&lt methods showed good

agreement, with the reverse Id method subsequently usée aetault method [95, 83].

f(x) = poxP1xPz109x (6.1)

The reversing of other possible iISEM cuts was also explavadhtlerstand the sys-
tematic uncertainty due to cut choice. This is presentedgarE 6.1, with the maximum
difference between cut choices propagated to the nomin&l §8l=ction as a systematic.
The systematic uncertainty due to a varying fit range aroted? peak was negligi-
ble. For completeness the DD QCD selection was also perfbonell other MC back-
grounds, to assess the level of their contamination in thB @g&imate. The total level of
MC background passing the DD QCD selection was found te 8e05% and so deemed
negligible. The statistical uncertainty on the fit was chdted using the fit parameter
uncertainty for p, p1, and p. The nominal reverse Id mass distribution using 2.12 fb

together with the dijet function fit and all uncertaintiese aresented in Figure 6.2.
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6.2 Background Normalisation

The procedure for estimating the contribution from backgib processes in this thesis
relied on using the distributions resulting from the aphlMC selection described in
Chapter 5.2 and the DD QCD estimate as described in SectlorTBe MC background
processes considered, namely: Drell-Y@hy-jets, tt, and dibosons (Figure 1.14), were
analysed and normalised relatively to each other using ttweresponding sample size
and cross section as listed in Appendix B.2. The MC templatre then added together
to create an overall MC background template and combinddtivé DD QCD template,
normalising to data in a control region around #fepeak from 70-200 GeV, allowing
both the MC and DD QCD template components to vary in the fittHeumore, as this
search is only concerned with the normalisation scale irztheegion (and not the exact
shape of thez® peak), a single binned approach was used for the range irateddi
around thez® peak from 70-110 GeV. The integral of the fit in the controlioegis
used to calculate the normalisation factor for each teraglaimponent. The result of the
normalisation procedure is shown in Figure 6.3.

The Z° peak was chosen for the normalisation region as it is thedsigmass dielec-
tron resonance that can be used as a standard candle frorsltinetlds search. Normal-
ising the background estimate in this way provides immuingyn luminosity uncertainty

as well as any mass independent uncertainties. Cruciai$ydbes not bias the search as
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Figure 6.4: The Drell-Yan estimate sample stitching re@etft), andW + jets loose sample selec-
tion normalisation to the standavd -+ jets selection (right).

it scales the background to a well known resonance whichtishaterest to the search
analysis, allowing an unbiased extrapolation into theregjion to look for signal.

To accurately estimate the Drell-Yan background a comhmnaif MC samples was
used. The firsz®/y* — eesample listed in Table B.4 refers to a dedicated high sisist
Z° pole sample, but lacks statistics at high mass. The otheplsantisted in Table B.4
are samples dedicated to Drell-Yan production in specifisanans, extending out to
beyond 2 TeV. These samples have adequate statistics ingihenlass region but could
be improved in the low mass region which the high statistesage covers. Therefore
a sample stitching procedure was used when considering k& Yan background in
this search, with the shape at masses below 250 GeV comingtfie high statistics
sample, and above 250 GeV from the combined binned samptdugmormalised (using
the integral from 180 GeV to 300 GeV) to the high statistic pknat the stitch point.
Figure 6.4 (left) shows the result of this procedure.

For this search th&/ + jets sample was found to lack statistics in the tail of the in-
variant mass distribution. To rectify this issue, a lodAkt-jets selection was applied in
parallel to the standard MC selection to obtaiWat jets distribution shape which ex-
tended into the search region. The loo®ér- jets selection consisted of removing the
ISEM Id, b-layer, and isolation cut from the standard MC sets. The resulting dis-
tribution was normalised to the stand&ktH- jets result after data/MC normalisation, in
the control region 70-110 GeV, and used as\tfie- jets estimate in this search analy-
sis. Figure 6.4 (right) shows the comparison between thedata and loos&V + jets

selection.



Chapter 7

Results

During pp physics data taking in 2011 more than 5%f data was recorded by the
ATLAS detector at a centre of mass energg = 7 TeV. The dataset for this thesis is
based on the data collected between the 23rd of March and &2~dgust 2011. This
amounts to an integrated luminosity of 2.52 #with stable beam conditions, 2.12th
of which was deemed to be suitable for analysis in the eleathmnnel after GRL. The
results for this dataset after event selection as desciib&hapter 5.1, are shown in
Table 7.1, with 529,874 candidate events accepted out dabab258,002,456. As data
taking is spread over a period of time, it is also interestmgepresent the results of the
data cut flow as a yield plot across each individual run, tHamcombined make up the
complete dataset. One would expect the distribution ofytlekl plot (Figure 7.1) to be
relatively flat across all runs when normalised to run iraggpl luminosity, and indeed
this is the case apart from runs 182013 and 185353 which shapjarent higher than
average yield due to low statistics in those runs. For cotapéss it should be noted that
the event selection was also run over the debug stream famaliin this dataset, returning
zero events. The debug stream contains events that formreasch as system timeout
were not included in the physics stream.

The equivalent selection was applied to MC simulation (G&&p.2), enabling a com-
parison between observed data and the expected SM resthitamy discrepancy to be
quantified in Chapter 9. Details of the comparison procedigne explained in Chapter 6
along with the determination of the data-driven QCD estendthe main backgrounds
to aZ'/G* signal are: Drell-Yan, W+Jetst, QCD dijets, and Dibosons. All of these

backgrounds are taken into account for the comparison, Dighl-Yan being by far the
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Cut Number of Eventg Relative Efficiency [%]| Total Efficiency [%]
Total 258,002,456 1 1

GRL 224,696,451 87.09 87.09
Primary Vertex 224,566,313 99.94 87.04
Trigger 115,285,581 51.34 44.68
Author 76,194,882 66.09 29.53
n 69,194,762 90.81 26.82
Er 3,463,877 5.01 1.34
Object Quality 3,413,843 98.56 1.32
iISEM Id 595,732 17.45 0.23
B-Layer 546,515 91.74 0.21
Isolation 544,422 99.62 0.21
Invariant Mass 529,874 97.33 0.21

Table 7.1: Event selection cut flow summary for the high masigctron resonance search analy-
sis, using 2.12 fb! of ATLAS data taken during the 2011 pp physics run/= 7 TeV. Poisson
errors on the efficiencies were calculated, but are not stasaall are below 0.05%.
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Figure 7.1: Yield plot showing the results of the high masdeatitron resonance search analysis
with 2.12 fo~! at\/s= 7 TeV. Results are displayed as events per run, pet.pb
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most dominant component. Table 7.2 presents a binned ncetheamparison of the data

and SM background estimate, followed by kinematic plotsafeisual comparison with

various possibl&’ /G* signal scenarios displayed with the observed data and Skt bac

ground predictionEr distributions of the leading and subleading electrons laogva in

Figure 7.2, with subsequent isolation spectra in Figure Tt&n and distributions of

both electrons are displayed in Figure 7.4, followed by ##M mediumvariable distri-

butions that were used in the DD QCD estimate, presentecgur&i7.6 (All applicable

ISEM mediumvariable distributions not shown, are provided with dat@/bbmparison in

Appendix F.1). Lastly, the dielectron invariant mass speutis presented in Figure 7.7,

and the co8* distribution of both electrons, as described in Chapter31.i8 displayed

in Figure 7.8. All of the presented plots include the expeciariable shape shouldzi

signal be present, with all equivaleB@t plots provided in Appendix F.2 (except invariant

mass and cds, which are displayed here). Note that in the case of th@*adistribution,

aZ' signal with increased cross section by a factor of 1000,@nby a factor 100, are

plotted, as the expected observable deviation due to a nggigshsignal above the SM

background would require a large dataset0§100 fb1), and would otherwise not be

clearly visible in the 2.12 fb! dataset of this thesis.

Mee [GeV] 70-110 110-130 130-150 150-170 170-200
Drell-Yan | 512917.0+ 716.7 | 6270.0+ 79.7 | 2267.6+ 48.1 | 1203.94+ 35.2 | 908.4+ 30.6
QCD 1497.6+ 39.2 330.7+18.7 | 194.1+14.4 | 115.1+11.2 | 93.0+ 10.2
Diboson 669.1+ 26.4 53.6+ 7.8 41.3+ 6.9 25.6+5.6 25.3+5.5
W+Jets 293.24+-17.6 110.64+11.0 77.9+9.3 53.3+7.8 51.6+ 7.7
tt 452,14+ 21.8 167.0+13.4 | 120.94+ 115 | 99.6+10.5 | 102.74+ 10.6
Total 515829.0+ 718.7 | 6931.84+ 83.8 | 2701.84+ 52.5| 1497.44+ 39.2 | 1181.0+ 34.9
Observed 515829 6880 2739 1476 1200
Difference 0.0 -51.8 37.2 -21.4 19.0
Mee [GeV] 200-240 240-300 300-400 400-800 800-3000
Drell-Yan 595.24+24.9 389.24+-20.2 | 213.4+15.1 | 110.24+11.0 6.2+ 3.0
QCD 54.3+7.9 27.6+5.8 10.1+ 3.7 214+2.0 0.0+ 0.0
Diboson 22.2+5.2 12.3+4.0 1254+ 4.1 554+2.9 04+1.2
W+Jets 38.2+ 6.7 27.9+5.8 17.6+ 4.7 9.0+ 35 04+1.2
tt 72.3+£9.0 58.8+ 8.2 28.7+5.9 10.64+ 3.8 0.2+1.1
Total 782.24+ 28.5 515.9423.2 | 282.3+17.3 | 137.3+12.2 7.1+3.2
Observed 785 521 304 132 8
Difference 2.8 5.1 21.7 -5.3 0.9

Table 7.2: Numerical Data/MC comparison for the 2.12fbearch analysis, using the dielectron
invariant mass spectrum. The table binning is more coareeitail of the distribution to account
for the low number of observed/expected events. The eriees gre Poisson statistical.
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The observed data shows good agreement with the SM predatimss the invari-
ant mass range 70-3000 GeV, with only a few regions showitigeeil slight excess
or deficit of observed events. All invariant mass bins in €abl2 agree between data
and SM background within Poisson statistical errors, eixtepbin 300-400 GeV which
shows a small excess. Other variable distributions alsw gfund agreement between
MC and data, with the slight asymmetry in thedistribution, and deficit around 0.8 in
¢ (Figure 7.4), understood by accounting for the missing FEdlans in the ECAL as
discussed in Chapter 5.1 and illustrated in Figure 5.1. $bkaiion spectrum for leading
and subleading electrons in Figure 7.3, shows some minowvkmoismodelling issues
in MC, also accounted for by the relatively low statisticghe tail of thew + jets anctt
backgrounds. The leading electron isolation distributsatisplayed without the: 7 GeV
criterion applied, so that the effect of making this requneat is clear. If the selected re-
gion of the leading electron isolation distribution is colesed, it is evident that a large
fraction of the QCD dijet background is removed, as well asngorovement observed
in the data/MC comparison. Th; distribution shown in the lower plot of Figure 7.6
shows an apparent discrepancy. However, apart from somer i€ mismodelling in
the shape causing a small shift\M.;, the disagreement seen at large values is due to
the nature of the reverse Id method, in whidf: was specifically chosen as one of the
variables to select the QCD dijet background from data. Tgpaeent over estimation
in QCD at high values is therefore due to few events passiagitmal event selection
because of th®\{; criterion, and conversely a large amount of QCD selecteah tbe
reversing of this criterion. The cBsdistribution appears to have a small excess around
co$* = 0, however the effect from &/G* resonance with this dataset is not expected to
be visible. To investigate whether this excess appears sabal like in nature, th&'/G*
signals were scaled by a factor of 1000/100 respectively.thten evident that this excess
does not immediately correlate tazdG* signal (Figure 1.16). Though a high mas$
signal viaqq production would show a centrally peaked distribution is&othere would
be an even greater excess in the distribution tails whiclmarebserved in this result.

The three highest invariant mass candidate dielectromess® events, selected in the
2.12 fb! search, are listed with detailed kinematic informational€ 7.3. The highest
invariant mass event is displayed using Atlantis [97], igUfe 7.9, with the other two

high invariant mass events displayed in Appendix G.
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Figure 7.2: Er distribution for the leading (left) and sub-leading (rigktectron after event se-
lection. The comparison is between 2011 data and all reldxackground processes, as well as
various possibl&gg,, resonance signals.
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Figure 7.3: Isolation distribution for the leading electr@ieft) with event selection excluding
the isolation requirement (vertical blue line indicates thGeV cut value). Also shown is the
subleading electron (right) after full event selection.eTdomparison is between the 2.12°fb
dataset and all relevant background processes, as weltiasv@ossibleZgg,, resonance signals
(barely visible due to dataset size).
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Figure 7.4: Distributions off (upper) andp (lower), for both electrons in candidate events selected
by the search analysis. The comparison is between the 2:12d#itaset and all relevant back-
ground processes, as well as various possiilg, resonance signals (not visible due to dataset

size).



7.0. Results 109

% 107 :E T T T T T T T | T -.- Datal T %
- Vs=7TeV Dz* |
o 10°e 0JQcD E
105k J' Ldt=2.12f" [IDiboson ]
: Ew+Jets E
4 [ i N
10 —M,=075TeV
3 — M, =1.00TeV _]
10 —M,=1.25TeV E
10° &
10
10*
-2
10 30 40 5060 100 200 300 400
Electron E; Spectrum [GeV]
w | T T T T T T T T | T T T T | T T T T | T T T T
I= 6 -e-Data
Q 10 EE Vs=7TeV Oziy* é
L 5[ (Jocbp i
10°¢ J' Ldt=2.12%" [CDiboson E
10° L =:{EV+Jets 4
s —M,, =0.75TeV A
10" ¢ —M,=1.00Tev
,F —M,=125TeV 7
10°g E

-10 0 10 20 30 40
Electron Isolation Spectrum [GeV]

Figure 7.5: Distribution for both electrons in candidaterm$ showing th&r spectrum (upper)
and Isolation spectrum (lower), after event selection. bmparison is between the 2.12 b
dataset and all relevant background processes, as welliasvaossibleZgg,, resonance signals.
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Figure 7.6: Distribution for both electrons in candidaterag showing the Cluster Strigdyaxa
spectrum (upper) and Cluster Stripk,; spectrum (lower), after event selection. The comparison
is between the 2.12 fi dataset and all relevant background processes, as welliaas/possible
Zgg) resonance signals.
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Figure 7.7: Dielectron invariant mass distribution for dilate events selected by the search cri-
teria. The comparison is between the 2.12llataset and all relevant background processes,
as well as various high-mass resonance signals forghg (upper) and RE* (lower). TheG*
resonances shown are for a couplindvlk/ = 0.10.
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Figure 7.8: co8* distribution for both electrons in candidate events afedection criteria. The

comparison is between the 2.12 fbdataset and all relevant background processes, as well as

high-mass resonance signals for #ig,, (upper) and R&* (lower). TheG* resonances shown

are for a coupling, WMp; = 0.10. TheZ'/G* signal cross sections are increased by a factor of
1000/100 respectively, to make the distribution obseesglten the relatively small dataset size.



Run Event Mee Et n (0] q do V4s) Calolso| Had | FSide| Pixel | SCT | TRT | isEM
Number| Number | [GeV] | [GeV] [rad] [mMm] | [mm] | [GeV] | Leak Hits | Hits | Hits | Id
183462 | 48979599 | 993.29 | 256.64| -0.76| 1.14 | -1 | 0.53 | 1.01 3.54 |-0.001| 0.26 3 8 26 | Tight
206.61| 2.05|-2.05|+1| -0.61| 3.79 3.79 | 0.004| 0.18 10 | 12 | Tight
186721 | 111269544 1213.94| 459.13| -0.42| 2.51 | +1 | -0.78 | 100.16| -0.45 | 0.006 | 0.20 10 | 37 | Tight

W WwWwww

44522| 1.18 | -0.73| -1 | 0.73 | 100.93] 0.33 | 0.001| 0.29 8 34 | Tight
187811 | 12520737 | 1068.25| 507.87| 0.62 | 1.43 | +1 | 0.20 | -48.01| -2.73 | -0.001| 0.23 10 | 36 | Tight
460.13| 1.54 | -1.72| -1 | -0.24| -45.13| -1.34 | 0.004 | 0.23 8 39 | Tight

Table 7.3: Kinematic information for the three highest iamt mass events from the 2011 dataset used for this thesiprising of 2.12 fbl. For each event,
the first three columns show: the run number, event numberjraariant mass of the event. For the columns proceedinggthe first line represents the
kinematic information of the leading electron in the evamitl the second line represents that of the subleading@tedhese electron columns from left to right
present: k, n, @ charge, transverse impact paramekg(distance of closest approach to logalxis), longitudinal impact parametay (z-value at the perigee),
calorimeter isolation (pt corrected in a cone/d®® = 0.2), hadronic leakage, fraction of energy outside theveh@ore (FSide), number of pixel hits, number of
SCT hits, number of TRT hits, and isEM identification status.
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Figure 7.9: Atlantis event display showing the highest irarst mass dielectron event selected by the 2.12 #inalysis presented in this thesis, recorded by the
ATLAS detector in 2011. This event has an invariant mass 8124 GeV. Views inX-Y (upper left), pz (lower left), and ECAL lego plot (upper right) are

shown.




Chapter 8

Systematic Uncertainties

The systematic uncertainties in this analysis are redugedalthe normalisation of MC

to data in a control region around td€ peak as described in Chapter 6. This procedure
removes any luminosity uncertainty as the fit provides theessary normalisation scale
without the use of an integrated luminosity estimate. Anssniadependent systematic
uncertainties are also removed as they are folded into #ie poovided by the normalisa-
tion procedure. It is important therefore to understandtlass dependent normalisation
systematic uncertainties which are summarised for a 1.5sigival search in Table 8.1.
Any systematic uncertainty that after investigation isrfduo contribute less than 1.5%
uncertainty, is deemed negligible and therefore not iretlid the final estimate (individ-
ual systematics are added in quadrature). The applicableragtics are displayed across

the full invariant mass range in Figure 8.1.

Source Z' Signal| G* Signal | Background
Normalisation 5% 5% N/A
PDFhig 10% 12% 10%
QCD K-factor 3% N/A 3%
Weak K-factor N/A N/A 4.5%
Efficiency 1.5% 1.5% 1.5%
Resolution - - -
QCD Background N/A N/A 1.5%
Total 12% 13% 12%

Table 8.1: Summary of the mass dependent systematic uimtiextaconsidered in this analysis.
Values given are examples for a 1.5 T&Y,, and 1.5 TeV RSG* with k/Mp; = 0.10. “N/A’
indicates that the uncertainty is not applicable, and “tiates sources with a negligible contribu-
tion (below 1.5%). The individual uncertainties are addeduadrature to give the total estimated
systematic uncertainty.
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Figure 8.1: All mass dependent systematic uncertaintiksntanto account for the 2.12

dielectron channel search analysis, which were derivedaasgh the 2010/11 dilepton analy-
ses [83, 84]. These values are used as nuisance paramdtezdimit setting procedure.

The systematic uncertainties presented, are consideredriasated between signal
and background processes across all invariant mass bihe search region, except for
the weak K-factor which is only applied to the Drell-Yan bgobund. The uncertainties
are incorporated into the limit setting procedure as nwiegrarameters, integrating over
the variation, for the computation of the likelihood furaetias described in Chapter 9.

The systematic uncertainty estimation methods and restdtsented here, were stud-
ied as part of the 2010/11 dilepton analyses [83, 84]. The @EBctor uncertainty is
obtained by varying the renormalisation and factorisasicaies by a factor of two around
the nominal scale, adding linearly the largest K-factofedénce (this study is presented
in Appendix B.3). The QCD K-factor is not applied to tk& signal as no estimate at
\/S=7 TeV is currently available [98, 99]. The weak K-factor artainty was studied
by incorporating the electroweak scheme difference betWw®aHIA andHORACE, as
well as accounting for real W/Z emission and higher orderagtions, as presented in
Appendix B.4. This K-factor is only applied to the Drell-Yéackground as the weak
K-factor does not apply to the other background<s6y and cannot be directly applied

to theZ’ as the triple gauge couplings vanish in contrast to theZ8MThe Parton Dis-
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tribution Function (PDF) andis uncertainties are obtained by varying the MSTW2008
eigenvector PDF sets, and the PDF sets corresponding ttigas ofas, both at 90%
CL (this study is described in Appendix C). A mass indepen&ét uncertainty on the
ZO/y* cross section [100] is included for the signal, as lumirnpséaling was achieved
using thez® peak instead of a luminosity estimate.

The experimental systematic uncertainties on efficier@sglution, and the QCD dijet
background were also considered. The efficiency unceytaas estimated by studying
the mass dependence of adding the calorimeter isolatiéerion. This resulted in a
1.5% systematic uncertainty at 1.5 TeV for the electronmstroiction and identification
efficiency. The resolution uncertainty was assessed byubkaresolution smearing cor-
rection uncertainty recommended by thewobrking group study [92], and was found to
be negligible. The calorimeter energy calibration ungetyas between 0.5% and 1.5%,
depending orpt andn, with the non-linearity of the calorimeter response beiagligi-
ble according to test beam data and MC studies [101]. All e#hresolution effects have
a minimal impact on the sensitivity of this search, as themeéfiect would be to shift any
potential peak in the dielectron invariant mass spectruihout greatly affecting the line
shape. The DD QCD background estimate was assigned a systaneertainty of 1.5%.
This was calculated by taking the ratio of total backgrowadere the QCD background
estimate was increased bg,land the nominal case. The effect of using a non-nominal
DD QCD selection was also studied, comparing the ratio @fl tsbckground where the
QCD estimate was taken as the maximum systematic, to thavabozise (see Figure 6.2).

This had a negligible effect after the normalisation praged~0.01%).



Chapter 9

Statistical Interpretation of Results

To quantify the level of agreement between observed dat&Sihdredictions (as well as
any BSM prediction), a statistical treatment of the resislissed. The broad regimes of
statistical methodology fall into two categories: Fredistnand Bayesian. In this thesis
both approaches will be used to interpret the results, vighRrequentist method used
as a benchmark for the Bayesian treatment which will be ptesleas the main statisti-
cal result. The Bayesian result is obtained using a softwackage called the Bayesian
Analysis Toolkit (BAT) [102], which offers ease of incor@aing multiple channels into
the analysis, as well as marginalisation of nuisance paemstrough integration using
Markov Chain Monte Carlo (MCMC). A two dimensional signakscis performed to
search for &’ resonance with unknown mass and production ratealues are evaluated
for the background only hypothesis, and in the absence ofrafisiant excess, exclu-
sion limits are set at 95% Confidence Level (CL) on the crosti@etimes branching
ratio (0B) of the signal process for vario® models, and R&* k/Mp, couplings. The
2.12 fb1 dielectron result of this thesis is then combined with theieajent 1.21 fb!
dimuon channel [3], and 2.12 B diphoton channel [4] search results, to set stringent

mass exclusion limits on the models considered.

9.1 Methodology

Frequentist Approach

The Frequentist methodology defines probability as thaivelérequency of the occur-

rence of an event, in a number of repetitions of the experiniéns was a paradigm shift
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from the approach taken before the mid-19th century, whiated that the probability of
an event was equal among all possible outcomes. This sestibemploy Frequentist

methods to interpret the 2.12fbdielectron analysis result.

Single Binned Counting Experiment

A single binned counting experiment was used to analysedsalts and set limits on
Z'/G* models at a number of test mass points, counting observeekmetted events in a
single bin above a given threshold. In this analysis the togrnhreshold was set to 70%
of the resonance test mass point, i.e. for a 1 TeV resonamnesi{eare counted above a
mass of 700 GeV, and so on. This boundary was chosen to takadnbunt the varying
width of resonances in this search.

The expected number of events,is the sum of the expected backgroupg)(and
signal ). Using Poisson statistics, the likelihood to obsemevents is:

we ™
L(n|p) = = , where p= pp+ Ms (9.1)

Uncertainty in any of the free parameters of the likelihoos iacluded as nuisance pa-
rameters by multiplying by the probability density functi¢pdf) characterising that un-
certainty. IfNsyssuch nuisance parameté¥s ..., By, are identified (collectively denoted
by the vectorﬁ), then the likelihood becomes:

= ekl

L(n|y,8) = o _r!G(ei,O,l) , Where H:ZUj(l—‘rzeiEji) (9.2)
Y= ] I

G(6;,0,1) is the pdf for nuisance paramet&rand is chosen to be a unit Gaussian centred
at zero. gj is then the relative change in normalisation of procgésr each source of

systematic uncertainty which controls the width of the nuisance parameter.

CLs Method

TheCLgs method [103] is a Modified Frequentist technique that useg éikelihood ratio

(LLR) test statisticQ, to quantify agreement between observed and expectedsesul

L(n|p)

— 2]
Q=21 (i)

(9.3)
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A Modified Frequentist technique is used to avoid excludindiscovering a signal that
the search analysis is not sensitive to, and is a consciaisiale not to insist on the
classical Frequentist concept of full coverhg&here a small number of signal events
are expected, there is the possibility of an observatiorsd than the mean number of
background events due to a downward fluctuation, resultihignits on the signal process
that effectively exclude even zero signal events at greager 95% CL. Though this is a
valid result, it has been argued [103] that in these limitages there is not enough in-
formation to clearly distinguish between signal and sighatkground hypotheses. The
CLs method addresses this issue by normalising the observeal sitgackground hypoth-
esis confidence leveCLs. p, to the background only confidence levEl,. This is a
generalisation of the modified classical calculation offmnce limits for single chan-
nel counting experiments as presented in [104]. The resatdonservative limit on the
signal hypothesis, that remains sensible in the limit of igoa events and a downward
fluctuation of the background.

The CLs method involves computing thp-values ofCLs,, andCLy, which corre-
spond to the confidence level for the test hypothegisand null hypothesislg, respec-
tively. These confidence levels are evaluated by integydhe LLR distributions popu-
lated using MCMC to simulate 100,000 pseudo-experiméedits, , andCLy, are defined

as below:
1-ClLp = p(Q < QobgHo) (9.4)

Clstb = P(Q > Qobs/H1) (9.5)

Here Qqps is the value of the test statistic observed in data—- ALy is the probabil-
ity that an upward fluctuation of the background providd4;dike outcome, giverHp.
CLs.p corresponds to the probability of a downward fluctuationhie total signal plus
background, givei;. A small value ofCLs,p would therefore show inconsistency with
the H; hypothesis. One then defines tGés result as the ratio op-values obtained in
Equations (9.4) and (9.5) such that:

Cls= (9.6)

LFull coverage guarantees that the confidence interval doimciude the true parameter value for a
fixed fraction of experiments
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The exclusion limitis determined by increasing the sigmass section untCLs=1—aq,

therefore settingt = 0.05 defines the signal cross section excluded at 95% CL.

Bayesian Approach

The Bayesian branch of statistics uses a subjective irgfpoon of probability, repre-

senting a measure of belief in a given hypothesis [105]. Trieguéentist approach can be
incorporated into this methodology by making a hypothdsas & measurement will have
a given fractional outcome. The strength of a Bayesian ambras in its ability to also

assign a degree of belief to the value of unknown parametetsas the mass of an exotic
resonance. One can set for example a 95% credibility interva given parameter value.
This is not meaningful in the Frequentist interpretationclhassumes an exact value
of the parameter that does not change with repetition of tperment. Bayes theorem

applied to the analysis of a new theory BSM given the obsetiata can be expressed as:

P(dataltheoryP(theory)

P(theorydata) = P(data)

(9.7)

WhereP(datdtheory) is the probability of observing the data given that the théstrue,
P(theory) is the prior probability that the theory is true, aR@data) is the prior prob-
ability of observing the data which by constructiBfdata) # 0, and through Bayesian
inference is assumed to be constd®(theorydata) is then the posterior probability that

the theory is true given the observed data, and can be wagten

P(theorydata) [0 P(datdtheory)P(theory) (9.8)

The prior probabilityP(theory) is the subjective part of this interpretation, and is assime
to be a uniform positive prior iwB for this analysis, such that(oB) = 1 (rtdenotes a
prior distribution), foroB > 0, and 0 otherwise. Other possible priors such as a uniform
prior depending on the expected theoreticBl versus resonance mass could have been
used, however for simplicity and to make the statisticatireent as general as possible

for high mass resonancagoB) = 1 was used.
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Template Method

A template method was used for the Bayesian interpretatidheoresults. This has an
advantage over the simple counting method shown in Sectibra® the signal shape
from MC is used as a template to include bin by bin kinematiorimation that is lost
when simply looking for an excess of events above a cut tlitdglsing the dielectron
invariant mass spectrum. In this way the method is sensithan distinguishing between
an excess due to resonant signatures of new physics, assgpjoosiodels which predict
broad non-resonant excesses such as the ADD [30] or contacaction [106] model,
which could also manifest in the dielectron channel sholdy texist. Furthermore this
method is resilient to false positive signal excesses dagferimental bias or background
prediction mismodelling/normalisation, as any effect Wdoave to appear resonant in
nature to fake the signal.

Signal templates for’ andG* resonances (as described in Chapter 3.3) are used to
test the consistency of the SM with observed data across #ss mange 130 GeV to
2.5 TeV, in 40 GeV steps for th#, and at the 9 available test masses for@&fe The
template method is essentially a counting experiment inynfans of the observable
distribution (in this case the dielectron invariant masscsémm), meaning the likelihood
function can be represented as the product of the singletdioounting experiment from
Equation (9.1) over all bins in the distributiddin. Bin by bin systematic variations )
of the template shapegjt) modify the expected number of events in each bin for the tota
background [ = 1) and signal [ = 2) components of the likelihood function. As the main
parameter of interest to test at each mass point is morefspdlgithe potential signadB,

a substitution is made to convert frqmusing the relatiom; = (0B);jAjL, whereA; is the
template acceptance (Figure 5.2) dni the luminosity/normalisation factor. This then
finally leads to the expression for the likelihood shown iru&ipn (9.9).
_ Noin uEke*Uk Nsys
£(n|oB,0) = I(|:|1 ~ iE!G(Gi,O, 1) , where W= ;(GB),-A,- LTjk(1+I29iajik)
(9.9)

To account for systematic uncertainties and remove nugssaacameters to reduce the

likelihood function to only one parameter of interesB{, 6; are treated as Gaussian

priors and integrated out through marginalisation using.BFne resulting marginalised
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likelihood function is given in Equation (9.10).

£/(n|oB) = / £(n|oB,6)d6 (9.10)

This is converted into a posterior probability density gsBayes theorem from Equa-
tion (9.7), treating P(theory) as a uniform positive prioraB so thatm(oB)=1. The
maximum of P(theorijgata) i.e. P§B|n) then corresponds to the most likely signal excess
in data, with 95% CL extracted for the upper limit@B by integrating the posterior prob-
ability density as shown in Equation (9.11). TéB limits are converted into mass limits
using the theoretical dependences® versus resonance mass for each signal model con-

sidered.

J&B9s 1/(0B)T(0B)d(0B)

0.95= o’ £'(0B)(0B)d(0B)

(9.11)

9.2 Signal Discovery Scan

In this section the template method will be used to perfornbas@nal scan, searching
for aZ’ signal of unknown mass araB, with the 2.12 fb! dielectron channel result. The
significance of any excess can be interpreted througtvalue of the background only
hypothesis, which is the probability of observing an ex@ddsast as extreme as the one
observed, given that the null hypothesis is true. The contyremteptedo-value for evi-
dence of a signal is 1.35102 (30), with a p-value of 2.8 10~/ (50) required to claim
a discovery. The Neyman-Pearson lemma [107] states that pdrorming a hypothesis
test between two point hypotheddg (background only) andéi; (signal + background),
a LLR test is favoured for rejectingtdy hypothesis in place dfi;. The likelihood used
is similar to that of Equation (9.3), however as the massaBaf the theoretical’ is
not known a priori, the LLR test for this 2D search is perfochsgmultaneously for the
best fit number of signal events £Nland mass () to account for the so called “look
elsewhere effec?. Systematic uncertainties are also taken into accounaigiirauisance
parameters leading to the log likelihood ratio shown in Higua(9.12), where\, and

M are the best fit values for the numberZfevents and mass respectively. The nui-

2The look elsewhere effect describes the increased pratyabilobserving an apparent signal from
statistical fluctuations, the more places in parameterestieat are tested.
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sance parameteé;andé represent the values which maximigseassuming thé4; and

Ho hypothesis respectively.

(9.12)

The likelihood is reduced through marginalisation usingrB® that it only depends on
the parameters of interefy; andM.. The posterior probability density as a function of
N, (converted taB) andM, for the 2.12 fb'! result is presented in Figure 9.1. “Hot”
regions in this 2D plane represent valueZbmass anaB which are favoured for &,
like hypothesis, with the colour axis normalised to the obse test statisticQops) of the
greatest excess. 1,500 pseudo experiments each conta00r@00 events, were used to
simulate the expected LLR distribution assuming ltehypothesis, taking into account
all sources of systematic uncertainty-values were evaluated by taking the integral of
the LLR distribution for values belo®y,s as a fraction of the overall distribution so that
p = p(Q < QopgHo) as in Equation (9.4). The expected LLR distribution &, for
the greatest excess in the 2.12 fdielectron channel search, are presented in Figure 9.2,
corresponding to @-value of 9% at 580 GeV. In terms of statistical signifianca ase

sided integral of a Gaussian distribution, this represarit84c excess.

9.3 Limit Setting

As no significant excess is observed in the dataset of thsssHewer mass exclusion lim-
its are proceeded to be set at 95% CL, using both the Modifieguentist, and Bayesian,

approaches as described in Section 9.1.

9.3.1 Modified Frequentist Result

The 95% CL exclusion limit from th€Ls interpretation of the 2.12 fb* dielectron chan-
nel search result, is presented in Figures 9.3 and 9.4 fiougZ’ models and RSG*
k/Mp| couplings respectively. A tabulation of the lower mass @sicln limits is provided
in Table 9.1.

These lower mass limits are conservative due to the Modifreduentist approach

used. While this interpretation is useful for quantifying everall excess or deficit in
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Figure 9.1: 2D signal scan of the 2.12 fbdielectron channel resultL is simultaneously max-
imised forNz andMz against the SM expectation. Hot scale units are normalsétetobserved
test statistic. The white marker points to the greatestexobserved in this dataset.
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Figure 9.2: LLR distribution for the greatest excess obmseifin the 2.12 fb! dielectron channel
resonance search. 1,500 pseudo-experiments each wilB0D0€yents, were run to simulate the
SM expectation. The distribution is integrated over valess than the observed test statisQgps
(shown by the vertical arrow), to yield@value of 9% for the background only hypothesis.



9.3. Statistical Interpretation of Results 126

E _| T T TI\T T LI | L | L | LI | L | L | L | T |_
k=" B --- Expected limit
EJ: . s =7TeV I Expected+ 10
= - Expected + 2 03
1TE Ldt=2.12fb" XPECIEn 2 93
N - — Observed limit]
LS = — Z'ssm .
10t — 2 _
= —Zy -
10% =
10°
:I | I | | 11 1 | 11 1 | | I | | 11 1 | 11 1 | 111 | 11 1 | 11

|
0.2 04 06 0.8 1 12 14 16 18 2
m,. [TeV]

Figure 9.3: Expected and observed 95% CL upper limitsB(Z’'—ee) as a function a2’ mass,
using the Cls method. TheZggy, theory curve is overlaid, along with a selection efrotivated
Z' models.
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Figure 9.4: Expected and observed 95% CL upper limitsB(G*—ee) as a function d&* mass,
using the Cls method. Theory curves for a RS resonance with various Mp, coupling values
are overlaid.
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Es Z' Models Zy | In | Zy | 4 | Zs | Zy | Zssu
Expected Mass Limit [TeV] 1.42| 1.44| 1.46| 1.49| 1.53| 1.58| 1.83
Observed Mass Limit [TeV] 1.34| 1.38| 1.41| 1.48| 1.53| 1.58| 1.83

RS Graviton Coupling [fp] | 0.01| 0.03| 0.05| 0.10
Expected Mass Limit [TeV] | 0.56| 1.02| 1.28| 1.65
Observed Mass Limit [TeV] | 0.54| 1.02| 1.19| 1.65

Table 9.1: Expected and observed 95% CL lower mass limitsddousZ’ models and R&*
k/Mp couplings. Limits were determined from the 2.12 fudielectron channel result of this
thesis, using th€Ls method.

data, it neglects the signal resonance shape which addd eséfa kinematic informa-
tion. Therefore a template method was also used, and ingmbinto the Bayesian

interpretation of the results in the following section.

9.3.2 Bayesian Result

The results of the Bayesian approach are presented in ttisrsewith 95% CL upper
oB exclusion limits set on vario& models and R&* k/Mp| couplings in the dielectron
channel. The upparB exclusion limits are presented in Figures 9.5 and 9.6 feZttand
G* respectively. The corresponding mass exclusion values/érted using the theoret-
ical dependence aiB on resonance mass) are listed in Table 9.2. No significazessx
is observed in data that would correspond to a dielectroon@gsce signal, however the
most significant test mass, identified by the 2D signal scadgiarly visible at 580 GeV.
Note that due to th&* MC template not being available at the time of writing this-th
sis, only the available dedicated samples could be useckitirthit setting. This leads
to larger interpolated regions between points on@hdimits, and thus explains why the

fluctuations seen in th# limits are not visible foiG*.

Es Z' Models Zy | In | Zy | 4 | Zs | Zy | Zssu
Expected Mass Limit [TeV] 1.53| 1.55| 1.58| 1.60| 1.63| 1.68| 1.88
Observed Mass Limit[TeV] 1.54| 1.56| 1.58| 1.61| 1.64| 1.68| 1.88

RS Graviton Coupling [fp|] | 0.01| 0.03| 0.05| 0.10
Expected Mass Limit [TeV] | 0.73| 1.13| 1.35| 1.66
Observed Mass Limit [TeV] | 0.78| 1.08| 1.31| 1.66

Table 9.2: Expected and observed 95% CL lower mass limitsddousZ’ models and R&*
k/Mp couplings. Limits were determined from the 2.12 fdielectron channel result of this
thesis, using BAT.
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Figure 9.5: Expected and observed 95% CL upper limitsB(Z’'—ee) as a function a2’ mass,
using BAT. TheZgg,, theory curve is overlaid, along with a selection gfrBotivatedZ’ models.
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Figure 9.6: Expected and observed 95% CL upper limiteB(G*—ee) as a function d&* mass,
using BAT. Theory curves for a RS* resonance with variousM/p| coupling values are overlaid.
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Combined Channel Result

To set the strongest exclusion limits possible, for modelssaered in this thesis given
the dataset available, individual search channel restdte@mbined using BAT. This is
achieved by modifying Equation (9.9) to account for mu#tipearch channels, taking the
product for each channel across all bins in the distributg@® Equation (9.13)). For the
Z' search, the 2.12 fit dielectron channel result from this thesis is combined it
latest 1.21 fb! dimuon channel result [3]. For the RS search, the dielectron channel
result from this thesis is combined with both the latest ddamahannel result [3], and the
latest 2.12 fo! diphoton channel result [4].

_ NchannelNbin Hnlk —Mk Nsys

£(n|0B,8) = r! rlc;(ei,o, 1) (9.13)
= =

k=1 ik

The systematic uncertainties for each channel are takeragdount for both signal and
background, combining those that are correlated wheralgeds reduce the number of
degrees of freedom that have to be analysed in the margitialis For thez’ search, the
normalisation, PDFfs, and QCD/Weak K-factor, uncertainties were correlateavben
the dielectron and dimuon channel. For the®Ssearch, the normalisation, and PDE/
uncertainties were correlated across all three channéts,tiie QCD background sys-
tematic correlated between the dielectron and diphotonratiaadditionally.

Equation (9.13) is used to obtain the marginalised likalthoand Bayes theorem
applied. Solving for ¢B)gs, the 95% CL uppeoB exclusion limits are extracted for
Z' —eepandG*—eeHutyy as displayed in Figures 9.7 and 9.8 respectively. Table 9.3

lists the numerical values of the corresponding lower masss.

Es Z Models Zy | 2y | 25 | Z | Zs | Z | Zssu
Expected Mass Limit [TeV] 1.60| 1.61| 1.64| 1.66| 1.70| 1.74| 1.95
Observed Mass Limit [TeV] 1.61| 1.63| 1.66| 1.67 | 1.71| 1.75| 1.96

RS Graviton Coupling [Klp] | 0.01| 0.03| 0.05| 0.10
Expected Mass Limit [TeV] | 0.87| 1.35| 1.60| 1.95
Observed Mass Limit [TeV] | 0.80| 1.32| 1.50| 1.95

Table 9.3: Expected and observed 95% CL lower mass limityddousZ’ models and R&*
k/Mp; couplings. Limits were determined from combined dielectrdimuon (and diphoton for
G*) channel search results, using BAT.

These results represent the world’s current highest obdanass exclusion limits for
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Figure 9.7: Expected and observed 95% CL upper limiteB(Z'—ee+i) as a function oz’
mass. The Zg),theory curve is overlaid along with a selection gfrRotivatedZ’ models.
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Figure 9.9: 95% CIG* exclusion limits in the K| versus resonance mass plane. The dielectron
and combined results are displayed, as well as latest semtdilable from other experiments [44,
43].

the Zg), Es motivatedZ’ models, and RS mod@*, at the time of writing this thesis.
It is interesting to display the R&* combined results as exclusion limits in thévig,
coupling versus resonance mass plane (Figure 9.9). Thisspbwerlaid with exclusion
regions from precision electroweak measurements andahealrrestrictions on the new
physics energy scald; (Figure 9.10). This yields the most complete current petur

available for the R&*.

9.4 Near Future Discovery Potential

At the end of pp collisions in 2011, an integrated luminositymore than 5 fb! had
been recorded by the ATLAS detector@s = 7 TeV. This dataset combined across var-
ious search channels, in a similar manner to the methodsrshothis thesis, would
considerably improve the lower mass exclusion limits pnes#, should a significant res-
onant excess not be present. Furthermore, as of March 2GhzIvei planned restart of
the LHC and its experiments, an average of 500'bweek is expected gts= 8 TeV. If

data taking proceeds at this rate, within one year it shoalddssible to either discover,



9.4. Statistical Interpretation of Results 132

z 0.1
I=
=
0.08
0.06 <
004 \
0.02 NN
S5 06 0.7 O:8 1 1.2 14 1618 2 2.4
Mg [TeV]

Figure 9.10: Exclusion region for the RS mo@lin the kMp, versus resonance mass plane. The
combined observed limit of this thesis is displayed, as agkxcluded regions from electroweak
precision measurements and theoretical restrictionsendiv physics scall;..

or completely rule out, the RS modél (see Figure 1.11 in Chapter 1). TEemodels
discussed will also come into contention if exclusion lsnmgach above 3 TeV [20].

With a dataset as large as the one predicted by the end of #0df&uld then be
possible to also conduct meaningful searches for new phgsich as th&’ andG* using
angular distribution methods such as@oandArg.

Using feedback from the physics community in 2010/11, egfigovhat theorists
would like to see from new physics searches, results with skart to be displayed in
more model independent ways. One such method foZtheould be to display results
in the so calledC, — Cq plane, where the coupling of the new resonance tauthadd
quark respectively, contains the information for the dejesice of theZ’ coupling to all
quarks and leptons. A contour exclusion plot in this planéddthen be populated with
the Zgg), andEs models for example, also allowing for varying parameterinithese
models (which affect the couplings) to be displayed, whieging them distinct from

other models.



Chapter 10

Conclusions

The Standard Model of particle physics has proved to be agllext theory for describing
three of the four known forces of nature, standing the testreé for more than 35 years.
But ultimately there must be more, even if the Higgs bosooismi within the next year
around 126 GeV by the LHC, a GUT scale theory, and a theoryiticatporates gravity
into our understanding of the Universe, must exist.

This thesis has presented a search for new heavy partielgsnt the Standard Model
of particle physics, which may indicate the presence of a Gtéle theory through ob-
servation of &’ gauge boson, and/or a paradigm shift in our understandiggawefty and
the hierarchy problem, via extra spatial dimensions andbservation of an RS model
G*.

Both of these particles would appear as resonances in thaarnt mass spectrum as
measured by the ATLAS detector, and would be clearly visgéiieve SM background
processes. An overview of the ATLAS detector, and subsystemportant for a neu-
tral heavy resonance search in the dielectron channel, isceissed in Chapter 2. In
Chapter 3, the MC simulation used to estimate relevant SMdracnd contributions to
this search were presented, as well as a study of the MC ssgngbles with an empha-
sis on electron reconstruction, identification, and resmhy using the ATLAS detector.
Investigating electrons from data, and in the same kinemagime as those important
to the search analysis, Chapter 4 considered Eiglelectron outliers, providing feed-
back to reduce the number of misidentified electron enemitse 2.12 fb'! dataset used
in this thesis. Chapter 5 motivated and presented the eeddtt®on applied to data in

search of &'/G* resonance, including how this translated to cuts made on ivh@la-
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tion. Given these selection criteria, Chapter 6 then laidtbe procedure by which an
accurate SM background estimation was obtained, dealitiglwith the MC simulation,
and data-driven QCD dijet background components to formvematl SM background
template. Applying the event selection criteria to datal aanstructing the SM back-
ground estimate, Chapter 7 proceeded to present the 2:12ifelectron channel search
results, comparing data and MC for a number of kinematiaitigions that would in-
dicate if new physics was present. Chapter 9 then used betjuEntist and Bayesian
techniques to interpret the 2.12 fhdielectron channel result, using the invariant mass
spectrum as the kinematic variable of interest. A 2D sigoahsvas performed to find the
most significant excess in data, maximising both the numb&f events, and the most
likely Z' mass to control the look elsewhere effect. The greatestsxnehis dataset is
located at 580 GeV, with p-value of 9%, which corresponds to a significance of 1134
As no significant excess was observed, upper limits werersétecross section of the
signal processes, times branching ratio into two elec{ran85% CL. These limits were
then converted into lower mass limits on variaisnodels and R&* k/Mp; couplings.
Finally the results of the 2.12 fi3 dielectron channel search were combined with the
1.21 fb~! dimuon channel, and 2.12 b diphoton channel, search results. This enabled
lower mass limits to be set on ti#g,,, Es motivatedZ’ models, and RS mod&*, that

are at the time of writing this thesis, currently the moshggent from any particle physics
experiment in the world.

Despite the fact that no evidence for new physics was obdémtae dataset presented
in this thesis, by the end of pp collisions in 2011, 5¥wf data had been collected by the
ATLAS detector, more than doubling the data in each chanmes$idered here. Add to
that the realisation that CMS also collected a similar amhofidata, and it soon becomes
apparent that with the overall 2011 dataset, new physicklaary quickly become ap-
parent should it be hiding just beyond the reach of the segamebented here. Equally,
if no new physics exists at the TeV scale, then with the 20t4sdd, and furthermore
the coming 2012 dataset which is expected to achieve monelthélo ! at /s = 8 TeV
(possibly up to 9 TeV) if predictions are to be believed (afdRfar exceeded the initial
estimate of 1-2 fol), then searches such as this will start to exclude modedstii&Eg
motivatedZ’, and RS modeBG*, pointing theorists in new directions to try and understand

the Universe in which we live.



Appendix A

Dataset 2011

Table A.1: Data runs comprising the dataset used for thisithdRuns listed here amount to an
integrated luminosity of 2.12 fit taken between the 23rd of March and 22nd of August 2011.
The columns from left to right list the run number, data peyiohysics stream, and 3 data formats

used for the analysis.

Run | # | Stream| AOD | D3PD | Skim Run | # | Stream| AOD | D3PD | Skim
177986| B EN v v v 179940| D Ely v v v
178020| B EN v v v 180122| D Ely v v v
178021| B El v v v 180124| D El v v v
178026| B El v v v 180139| D El v v v
178044 | B EN v v v 180144| D Ely v v v
178047 | B El v v v 180149| D El v v v
178109| B El v v v 180153| D El v v v
179710| D EN v v v 180164| D Ely v v v
179725| D El v v v 180212| D El v v v
179739| D El v v v 180224| D El v v v
179771 D EN v v v 180225| D Ely v v v
179804| D El v v v 180241| D El v v v
179938 D | Ek v v v 180242| D | Ekl v v v
179939| D EN v v v 180309| D Ely v v v
180400| D EN v v v 182879| G Ely v v v
180448| D | EN v v v 182886| G | Ely v v v
180481| D EN v v v 182997| G El v v v

Continued on next page
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Run | # | Stream| AOD | D3PD | Skim Run | # | Stream| AOD | D3PD | Skim
180614| E EN v v v 183003| G El v v v
180636| E EN v v v 183021| G Ely v v v
180664| E | Ek v v v 183038| G | Ely v v v
180710| E EN v v v 183045| G Ely v v v
180776| E EN v v v 183054| G Ely v v v
182013| F | EN v v v || 183079| G| EN v v v
182161| F EN v v v 183081 G Ely v v v
182284 | F EN v v v 183127| G El v v v
182346| F El v v v 183129| G El v v v
182372| F EN v v v 183130| G Ely v v v
182424 | F EN v v v 183216| G El v v v
182449 | F El v v v 183272| G El v v v
182450| F | EN v v v 183286| G | Ely v v v
182454 | F EN v v v 183347| G Ely v v v
182455| F | EN v v v || 183391| G| EN v v v
182456 | F El v v v 183407| G El v v v
182486 | F EN v v v 183412| G Ely v v v
182516| F | EN v v v 183426| G | El v v v
182518| F | EN v v v 183462| G | El v v v
182519| F EN v v v 183544 | H Ely v v v
182726| G El v v v 183580| H El v v v
182747 G El v v v 183581| H El v v v
182766| G EN v v v 183602| H Ely v v v
182787 G EN v v v 183780| H Ely v v v
182796| G | Ek v v v 183963| H | Ely v v v
183078| G EN v v v 184022| H Ely v v v
184066| H EN v v v 186361| | Ely v v v
184072\ H | EN v v v 186399 | Ely v v v
184074 | H EN v v v 186456 | Ely v v v
184088 | H EN v v v 186493| | Ely v v v
184130| H | EN v v v || 186516| J | EN v v v
184169| H | EN v v v || 186532 J | EN v v v

Continued on next pag
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Run Stream| AOD | D3PD | Skim Run | # | Stream| AOD | D3PD | Skim
185353 Ely v v v || 186533| J | EN v v v
185518 EN v v v 186669| J Ely v v v
185536 EN v v v 186673| J El v v v
185644 El v v v 186721| J El v v v
185649 EN v v v 186729| J El v v v
185731 EN v v v 186753| J Ely v v v
185747 El v v v 186755| J El v v v
185761 EN v v v 186873| K Ely v v v
185823 EN v v v 186877| K Ely v v v
185856 El v v v || 186878| K | EN v v v
185976 Ely v v v 186923| K | Ely v v v
185998 EN v v v 186933| K Ely v v v
186049 Ely v v v 186934 K | Ely v v v
186156 El v v v || 186965| K | EN v v v
186169 EN v v v 187014| K Ely v v v
186178 El v v v 187196| K El v v v
186179 El v v v 187219| K El v v v
186180 EN v v v 187552| K Ely v v v
186182 El v v v 187763| K El v v v
186216 El v v v 187811| K El v v v
186217 EN v v v 187812| K Ely v v v
186275 EN v v v 187815| K Ely v v v




Appendix B

Monte Carlo: Samples, Cross Sections,

and Corrections

B.1 Signal samples

Relevant properties of the MC signal samples used for tlesishcan be found in this sec-
tion. Table B.1 lists th&ggy, MC properties which are all generated with 1A using
MRST2007LO*. The individual mass poi@ samples include Drell-Yan interference
above a mass threshold of 0.5 times the pole mass. For thesktting, a flat template
covering 130-3000 GeV was created from the 1 T&\,, sample, without Drell-Yan
interference.

Table B.2 lists the properties of tli& MC samples used in this thesis for a range of
masses and couplings kj\

Table B.3 displays the leading ordércross sections used in the limit calculation as
theory curves, for various masses. These samples like thg@dée sample, were gener-
ated without the Drell-Yan production interference, meagrthe cross sections shown are

for Z' production only. The actual mass spacing used in the linéutation is 40 GeV.

B.2 Background samples

Tables B.4 to B.6 list the background samples used in th&gshe
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Mass Threshold T B(Z —ete) Run oB [fb] Nevt | Lint
[GeV] [GeV] [GeV] [%] Number| Generated Calculated [k] | [fb~1]
130-3000 - - - 115494 - - 400 -
250 125 6.87 3.36 115272 | 36447.8 41878.5| 20 | 0.478
500 250 14.56 3.20 115273 | 2625.3 2969.2 | 20 | 6.736
750 375 22.64 3.10 115274 | 481.026 533.5 | 20 | 37.49
1000 500 30.64 3.06 105603 | 129.074 1394 | 20 | 1435
1250 625 38.60 3.05 105549 | 40.9309 42.6 20 | 469.5
1500 750 46.55 3.04 105624 | 15.3947 1524 | 20 | 1312
1750 875 54.49 3.03 105554 | 5.9892 5.56 20 | 3597
2000 1000 62.43 3.03 105409 | 2.5528 2.20 20 | 9091

Table B.1: MCZgg,, samples. The columns from left to right give the: mass, massshold,
width, electron branching fraction, and MC run number. Thisllowed by the cross section times
branching fraction calculated by the generator, and ther applying a QCD NNLO correction
factor. The last two columns give the number of generatedts\vend corresponding integrated
luminosity using the modified cross section. The integrdtedinosity of these MC samples
provide a good statistical sample for use with the 2.12 fATLAS dataset.

Mass k/My r B(G* —efe) Run oB[fb] | Newt | Lint

[GeV] [GeV] [%0] Number| Generated [k] | [fo~!]
300 0.01 0.041 2.1 105298 | 521.6 10 | 19.17
500 0.01 0.069 2.1 105586| 40.46 10 | 247.2
800 0.01 0.113 2.1 105299| 2.996 10 | 3337
1000 0.01 0.142 2.0 105587| 0.7839 | 10 | 12756
500 0.03 0.625 2.1 105562 | 369.5 10 | 27.06
800 0.03 1.016 2.0 105563| 26.98 10 | 370.6
1000 0.03 1.274 2.0 105564 | 6.925 10 | 1444
700 0.05 2482 2.1 105898 | 163.7 10 | 61.09
1000 0.05 3.565 2.0 105982 | 19.42 10 | 514.9
1250 0.05 4.463 2.0 105983 | 4.567 10 | 2190
1500 0.05 5.360 2.0 105984| 1.324 10 | 7553
800 0.1 11.377 2.1 105937 | 298.2 10 | 33.53
1000 0.1 14.261 2.0 105588| 77.34 10 | 129.3
1250 0.1 17.854 2.0 105938 18.38 10 | 544.1
1500 0.1 21.440 2.0 105939| 5.288 10 | 1891

Table B.2: MCG* samples. The columns from left to right show: mass, j/Midth, electron
branching fraction, and MC run number. This is followed bg tiross section times branching
fraction from the generator. The last two columns give thalper of generated events, and corre-
sponding integrated luminosity. Again it can be seen, tiegé MC samples comprise a statistical
dataset that is appropriate for use with the 2.1 fATLAS dataset taken during 2011.

B.3 QCD Corrections

The work presented in this section was undertaken by the A E&otics working group

for the 2011 dilepton analysis [83]. The Drell-Yan procas8lC10b is simulated using



B.3. Monte Carlo: Samples, Cross Sections, and Corrections 140
Mass | 0B(Zgsy) oB(Zg) oB(Z}) oB(Z,) oB(Z)) oB(Z)) oB(Z))
[GeV] [fb] [fb] [fb] [fb] [fb] [fb] [fb]
250 | 2.735e+04| 1.471e+04| 9.223e+03| 8.132e+03| 1.589e+04| 9.566e+03| 1.330e+04
500 | 2.038e+03| 1.080e+03| 683.0 596.8 | 1.163e+03] 694.6 951.8
750 366.8 188.5 119.7 106.9 210.1 123.2 170.0
1000 94.77 46.90 30.32 26.90 51.83 31.40 41.51
1250 29.60 13.63 9.069 8.171 15.56 9.704 11.87
1500 10.33 4.310 3.003 2.732 5.064 3.229 3.741
1750 3.876 1.440 1.037 9.833e-01 1.747 1.195 1.219
2000 1.579 5.090e-01| 3.793e-01| 3.706e-01| 6.410e-01| 4.550e-01| 4.221e-01
2250 | 6.935e-01| 1.911e-01| 1.440e-01| 1.422e-01| 2.493e-01| 1.775e-01| 1.571e-01
2500 | 3.296e-01| 8.032e-02| 5.754e-02| 5.668e-02| 1.044e-01| 7.255e-02| 6.530e-02

Table B.3: Leading order cross sections used in the limédutation for allZ’ models

Process Mass Run oB [pb] Nevt Lint
[GeV] Number| Generated Calculated [K] [fb~1]

Z%/y* — ee 91.2 106046 856 989 5000| 5.056
Z%/y* —ee 70-120 | 105466| 819.921 948 20 0.021
Z0/y* —ee 120-250 | 105467| 8.711 9.99 20 2.002
Z0/y* —ee 250-400 | 105468| 0.416 0.461 20 43.38
Z%/y* —ee 400-600 | 105469| 0.0671 0.0729 | 20 274.3
Z°/y+ —ee 600-800 | 105470| 0.0111 0.0118 | 20 1695
Z%/y* — ee 800-1000| 105471| 0.00275 0.0028 | 20 7143
Z%/y* — ee 1000-1250 105472| 0.000919 0.000912 20 21930
Z0/y* — ee 1250-1500 105473 | 0.000249 0.000235 20 85106
Z0/y* — ee 1500-1750 105474 | 0.000077 0.000068} 20 | 291121
Z0/y* — ee 1750-2000 105475| 0.000026 0.000021} 20 | 921659
Z0/y* —ee 2000+ 105476 | 0.000015 0.0000178 20 | 1156069

Table B.4: MC Drell-Yan samples used in this thesis. The molsi from left to read give the:
physical process, mass, MC run number, cross section timaastting ratio given by the generator,
followed by the calculated value after applying a QCD NNLQreotion factor. The last two
columns list the number of generated events and the comdspp integrated luminosity of the

sample.

the PrTHIA LO generator and MRST2007LO* PDFs. The Drell-Yan crossisedtas

been calculated at NNLO using tireiozPR[81] program with various PDF sets. These

results can be used to correct theTRIA data sets to NNLO precision by applying a

K-factor to the FFTHIA cross section. The ATLAS Standard Model group has performed

extensive studies of the Drell-Yan cross section and aagmtuncertainties. The results

of their study [108] for the differential production crosctionM2,donnLo/dMZ, calcu-

lated at NNLO using the MSTW2008NNLO PDF for dilepton maskeé$eV< My, <
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Process Run oB [pb] Nevt Lint

Number| Generated Calculated [k] [pb~1]

W — ev + 0 parton | 107680| 6913.3 8296 | 3456.5| 416.6
W — ev + 1 parton| 107681 1293.0 1551.6 | 632.5| 407.6
W — ev + 2 partons| 107682 377.1 452.5 756 1671
W — ev + 3 partons| 107683 100.9 121.1 202 1668
W — ev + 4 partons| 107684 25.3 30.4 52 1711
W — ev + 5 partons| 107685 6.9 8.3 14 1687
WWwW 105985 11.49 17.46 250 14318

Wz 105987 3.481 5.543 250 | 45102

27 105986| 0.976 1.261 250 | 198255

Table B.5: MCW/Z background samples used in this thesis. The columns froimdeight
give the: physical process, MC run number, and cross setities branching ratio given by the
generator, followed by the calculated value after NNLO ection factors have been applied. The
last two columns list the number of generated events andaittesponding integrated luminosity
of the sample.

Process  Mee Run oB [pb] Nevt Lint
[GeV] | Number| Generated Calculated [K] [pb~4
tt — eeX 105200 80.2 89.4 1000| 11200

tt —eeX 30-150 | 115400| 2.7104 3.0240 | 20 6490
tt — eeX 150-300| 115401 | 0.31148 0.34669| 20 57300
tt — eeX 300-450| 115402 | 0.025219 0.028065 20 | 713000
tt —eeX 450+ | 115403| 0.004321 0.00481| 20 | 4160000

Table B.6: MCtt background samples used in this thesis. The columns frdrtolefyht give the:
physical process, mass, MC run number, and cross secti@s timanching fraction given by the
generator, followed by the calculated value after NNLO ection factors have been applied. The
last two columns list the number of generated events andaiiesponding integrated luminosity.

3000 GeV are provided in Table B.7. The mass dependent azogersratios KLo(My),
KnnLo(Mee), and K'nneo(My) are also provided. The equivalent iy oz (M) is
shown in Table B.8. As the MRST2007LO* PDF is used in ATLAS MiBlproduc-
tion, K*nnLo(Myr) defines an event specific weight for Drell-Yan events gerdraith a
LO event generator (i.e.YAWHIA and HERWIG) to obtain a normalisation and a dilepton
invariant mass shape which is accurate to NNLO (Figure Blhg following uncertain-
ties on the NNLO cross section for the productiorZ8fy* (Table B.7) orZ’ (Table B.8)
can be interpreted as uncertainties on the QCD K-factor. dihend PDF uncertainties
are evaluated using the MSTWNNLOZ2008 eigenvector PDF setsltee PDF sets cor-
responding to variations ads, both at the 68% and 90% CL. Tlg uncertainties at
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Figure B.1: Cross section ratios (QCD K-factors) for Diédin lepton-pair production as a func-
tion of dilepton invariant mass M[83], calculated wittPHOZPR

68%/90% CL are within 1.5% (4%) up to 1.75 TeV, and are comainlg smaller than
the PDF uncertainties. Therefore the combingdnd PDF uncertainties which are ob-
tained by adding the contributions in quadrature, are ohgjhsy larger than the PDF

uncertainties.

B.4 Electroweak Corrections

The work presented in this section was undertaken by the A EAotics working group
for the 2011 dilepton analysis [83]. Electroweak correwsido theZ®%y*—I*1~ and
Z'—I171~ cross sections also need to be considered in addition toighermorder QCD
corrections described in the previous section. These doores include those coming
from initial/final state radiation photons, and electrowksp corrections. The final state
radiation can be accurately simulated ushgpTOS[109] and full detector simulation.
To evaluate the other electroweak corrections, H®RACE event generator v3.1 [110]
is used. Cross section correction factors are defined ascéidarof the [~ invariant

mass with further details of the electroweak correctiorrination in this thesis found



My [GeV] MZ%yo [pp]  Shio CNNLO ENRLO A [%] A% O [%] A% AT (%] A [%]

o am?, OLo OLo OLo
MSTW MSTW MSTW MSTW/MRST PDF uncert. PDF uncert.
2008NNLO 2008NLO/LO  2008NNLO/LO  2008NNLO/2007LO* 68% C.L 90% C.L.

10 0.465E+01 1.022 1.081 1.166 55 7.5 -4.5 9.3 12.2 -8.8

20 0.917E+00 1.088 1.133 1.138 2.3 3.1 -2.0 45 55 -4.3

30 0.327E+00 1.124 1.166 1.142 1.8 2.1 -1.8 3.7 4.0 -3.7

40 0.154E+00 1.150 1.191 1.146 1.7 1.8 -1.7 3.5 3.6 -3.5

50 0.884E-01 1.171 1.212 1.149 1.7 1.7 -1.7 3.4 3.5 -3.3

60 0.633E-01 1.190 1.231 1.148 1.7 1.7 -1.6 3.3 3.5 -3.2

70 0.665E-01 1.208 1.248 1.144 1.7 1.7 -1.6 3.3 3.5 -3.2

80 0.155E+00 1.225 1.262 1.138 1.7 1.7 -1.6 3.3 3.5 -3.2
91.12 0.113E+02 1.239 1.275 1.136 1.6 1.7 -1.6 3.3 3.5 -3.1
100 0.236E+00 1.246 1.282 1.138 1.6 1.7 -1.6 3.2 3.5 -3.1
125 0.207E-01 1.263 1.299 1.145 1.6 1.7 -1.5 3.2 3.5 -3.0
150 0.784E-02 1.277 1.312 1.149 1.6 1.7 -1.5 3.1 3.5 -3.0
175 0.405E-02 1.287 1.323 1.151 1.6 1.7 -1.5 3.2 3.5 -2.9
200 0.239E-02 1.296 1.331 1.151 1.6 1.7 -1.5 3.2 3.6 -2.9
250 0.104E-02 1.308 1.342 1.149 1.6 1.8 -1.4 3.3 3.7 -3.0
300 0.528E-03 1.316 1.349 1.146 1.6 1.8 -1.5 3.4 3.9 -3.1
400 0.179E-03 1.322 1.354 1.139 1.7 2.0 -1.5 3.6 4.2 -3.3
500 0.750E-04 1.321 1.352 1.131 1.8 2.1 -1.6 3.9 4.5 -3.5
600 0.357E-04 1.316 1.347 1.123 1.9 2.3 -1.7 4.1 4.8 -3.7
700 0.185E-04 1.310 1.339 1.114 2.0 2.5 -1.7 4.4 51 -3.8
800 0.101E-04 1.302 1.332 1.104 2.2 2.7 -1.8 4.6 55 -4.0
900 0.582E-05 1.295 1.324 1.093 2.3 2.9 -1.8 5.0 6.0 -4.1
1000 0.346E-05 1.288 1.316 1.080 2.5 3.2 -1.9 54 6.6 -4.3
1250 0.105E-05 1.271 1.300 1.041 3.2 4.1 -2.3 6.7 8.4 -5.3
1500 0.353E-06 1.257 1.290 0.990 4.2 54 -3.2 8.8 11.0 -7.0
1750 0.127E-06 1.247 1.286 0.929 55 7.1 -4.4 11.6 14.5 -9.3
2000 0.473E-07 1.241 1.288 0.860 7.3 9.2 -6.1 15.3 19.1 -12.3
2500 0.687E-08 1.230 1.300 0.712 11.9 14.5 -10.7 24.8 30.80.3-2
3000 0.949E-09 1.199 1.295 0.563 17.2 20.3 -16.2 35.4 43.79.6-2

Table B.7: NNLO Drell-Yan to lepton-pair production crosscson MfedoNNLo/deg as function of dilepton mashkl,, calculated withPrHOzPR [81] and
the MSTW2008NNLO PDF set, cross section ratios (K-factbeed on the MSTW2008 LO, NLO, and NNLO and MRST2007* PDF, sgtssmetric and
asymmetric PDF uncertainties for the NNLO cross sectior8& &nd 90% CL, respectively.
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My Kinoz OKgzoyz  scaleunc.  68% C.L. uncertainties 90% C.L. uncertainties

Os PDF ostPDF Os PDF ast+PDF
AR AT AT AT A AT A A A A A AN A A A A

[GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [ %] [%]

10 1.160 -0.5 25 98 17 -15 55 75 45 77 -47 39 -383 9122 -88 128 -95
20 1.123 -1.3 16 -39 15 -15 23 31 -20 34 -25 35 -375 455 -43 65 57
30 1.123 -1.6 13 -24 14 -14 18 21 -18 25 -23 32 -357 340 -37 51 51
40 1.126 -1.8 i1 -1v 13 -13 17 18 -17 22 -22 30 -335 336 -35 47 -48
50 1.129 -1.8 09 -13 12 -12 17 17 -17 21 -21 28 -314 335 -33 45 -46
60 1.131 -1.5 o8 -11 12 -12 17 17 -16 21 -20 27 -3.03 335 -32 44 -44
70 1.133 -1.0 v -09 11 -11 17 17 -16 21 -20 25 -283 335 -32 43 -43
80 1.135 -0.3 o6 -08 11 -11 17 17 -16 20 -19 24 -273 335 -32 42 -42
91 1.136 -0.0 05 -0 10 -10 16 17 -16 20 -19 23 -263 335 -31 42 -41
100 1.137 -0.1 o4 06 10 -10 16 17 -16 20 -19 22 -252 335 -31 41 -40
125 1.139 -0.5 03 -05 09 -09 16 17 -15 19 -18 20 -232 335 -30 40 -38
150 1.140 -0.8 03 -04 08 -08 16 17 -15 19 -17 17 -211 335 -30 39 -36
175 1.140 -0.9 02 -03 0v -07v 16 17 -15 18 -16 16 -192 335 -29 38 -35
200 1.140 -0.9 02 -03 06 -07v 16 17 -15 18 -16 14 -172 336 -29 38 -34
250 1.139 -0.9 02 04 05 06 16 18 -14 18 -15 11 -143 337 -30 39 -33
300 1.137 -0.8 03 04 04 -04 16 18 -15 19 -15 08 -124 339 -31 39 -33
400 1.132 -0.6 03 05 02 -02 17 20 -15 20 -15 03 -0.76 342 -33 42 -34
500 1.127 -0.4 o4 -06 00 -01 18 21 -16 21 -16 0.0 -0.29 345 -35 45 -35
600 1.120 -0.2 05 -0 01 -02 19 23 -17 23 -17 02 -0.61 448 -37 48 -3.7
700 1.113 -0.1 05 -08 02 -04 20 25 -17 25 -17 06 -094 451 -38 52 -40
800 1.104 -0.0 06 09 04 -05 22 27 -18 27 -18 10 -1.36 455 -40 56 -42
900 1.093 0.0 0 -10 05 -06 23 29 -18 30 -19 13 -160 560 -41 6.2 -44
1000 1.081 0.1 07 -11 07 -08 25 32 -19 33 -20 17 -194 566 -43 6.8 -47
1250 1.041 0.0 09 -14 10 -10 32 41 -23 42 -25 25 -247 684 -53 88 -58
1500 0.988 -0.2 1.1 -16 13 -12 42 54 -32 55 -34 33 -288 110 -70 115 -75
1750 0.923 -0.7 13 -19 15 -13 55 71 -44 72 -46 40 -216 145 -93 151 -97
2000 0.850 -1.2 15 -21 17 -12 73 92 -61 94 -62 46 -283 191 -123 19.7 -125
2500 0.696 -2.2 19 -27 19 -09 119 145 -10.7 146 -10.74 503 248 308 -203 31.2 -20.3
3000 0.549 -2.5 24 -34 19 -01 172 203 -16.2 20.3 -16.9 50.0 354 437 -29.6 441 -29.6

Table B.8: Kiy.oz for Z' production as function of dilepton mab, calculated with Zverop and the MSTW2008NNLO and MRST2007E®DF sets,

its relative difference td<g,, o 2 . for Z0/y* production, and the relative uncertainties on the NNLO rssction due to variations of factorisation and
renormalisation scaless, PDF, andis and PDF added in quadrature, at 68% and 90% CL, respectively.
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Figure B.2: Electoweak K-factor fa£%/y*—I*1~ production as a function of the dilepton mass

taking into account corrections due to processes withainghotons, electroweak loops, and real
radiation of W and Z bosons [83].

in [83]. The finally derived combined electroweak K-factarmction for the dielectron
channel is presented in Figure B.2. A systematic unceytainthe electroweak K-factor
of 4.5% is estimated by taking into account the individuatentainties for the calculation
of the real boson radiation (1%), potential contributiaesf O(a) corrections (1%) [82],
higher order electroweak corrections (1.5%) [111], an esbuncertainty of 10% on the
contribution from photon induced processes (1%), and ariffce in the definition of the
electroweak scheme used in the event generation wittHRA and in the calculation of
the electrweak corrections withoRACE (3%). This electroweak K-factor is not applied
to theZ' signal, although it is expected to have a similar correctibhis is because the
calculation cannot be directly applied as the triple gaumeptingZ’'W W~ vanishes (or

is at least model dependent) in contrast to the ZW+W— coupling.



Appendix C

Signal Cross-Section Parton

Distribution Function Uncertainties

The method and results presented in this section are thagerastudied by the ATLAS
Exotics working group for the 2010 dilepton analysis [84jdaused unchanged in the
2011 dilepton analysis for EPS [83].

The variation of the signal PDF has an effect on the crosssseas a function of mass.
Each PDF has a set of independent parameters associatat kmitlwn as eigenvectors.
These eigenvectors can be varied orthogonally to quarttéysystematic uncertainty of
a given PDF variation. For each eigenvector, W&* cross section was calculated as a
function of mass by generating 100,000 events per simuati®yTHIA. The asymmet-

ric uncertainty at each mass point was then calculated vgthaions (C.1) and (C.2).

Aot = \/_i(ma)(cri+ — 00,0, —0p,0))? (C.1)

Ao~ = \/.i(ma)(co—ci—i_,ﬁo—o'i,()))z (CZ)

Wheren is the number of PDF eigenvectors; is the cross section for the higher
value of the ' PDF eigenvectorg; is the cross section for the lower value of tfe i
PDF eigenvector, andy is the cross section for the central value PDF. The largehef t
positive and negative variation is taken as the systemateniainty on theZ’G* cross
section.

As PYTHIA is a LO generator, LO PDF sets have to be used as input. Howéver
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LAS makes use of a modified LO PDF set called MRST2007LO* wligattors in the
theoretical expected difference between LO and NLO crosBosecalculations. Since
only the central value is available for the modified LO PDF, ¢bé closest LO set:
MSTW2008L0O90cl, is used to estimate the PDF uncertaindieper the MC group rec-
ommendations [112]. This set has 1 central PDF and 20 ortrad@igenvector variations
with a high and low value for each eigenvector. Further imfation on MSTW2008 can
be found in reference [113]. Th& results are shown in Table C.1. The spiG2has the
additional complication due production proceeding thtogg annihilation as well as gg
fusion. The PDF uncertainty for the spin-2 &S production is given in Table C.2 as a

function of theG* mass. These are slightly larger compared to the uncesgaiobtained

for theZ'.

Z' mass| MRST2007lomod MSTW2008l090cl

[GeV] | Cross section [fb]| Cross section [fb]  Uncertainty
100 641000 556000 +3.0% -2.1%
200 69700 58800 +2.6% -2.6%
500 2380 2040 +4.4% -3.7%
1000 114.6 94.8 +5.5% -7.1%
1500 13.2 10.3 +8.0% -9.8%
2000 2.18 1.58 +8.5% -13.3%

Table C.1:Z' LO(mod) cross sections and their fractional uncertaintg tuPDF variation (at
90% C.L.).

As an additional tesZ’ cross sections calculated with CTEQ and MSTW sets of PDFs
are compared. This comparison is shown in Table C.3. Therdifice between the two
is always smaller than the uncertainty within a given setl{is case MSTW). Following
official recommendations [112], the predictions from diffiet PDFs are not combined to

determine the PDF error contribution.
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Table C.2: Uncertainty on G* cross-sections due to PDF trarigat 90% C.L.).

G* Mass| k/Mp; | MSTW2008l090cl
[GeV] Uncertainty
100 0.01 +4.2% -2.9%
200 0.01 +4.6% -3.6%
500 0.01 +6.5% -5.8%
1000 0.01 +7.5% -8.5%
1500 0.01 +9.6% -11.1%
2000 0.01 | +12.2% -16.3%
100 0.1 +3.8% -3.6%
200 0.1 +4.9% -4.0%
500 0.1 +5.8% -6.1%
1000 0.1 +7.5% -8.6%
1500 0.1 +9.0% -11.2%
2000 0.1 +13.1% -15.2%

Z' mass CTEQGLL MSTW?2008|090cl GMSTW/GCTEQ_ 1
[GeV] o [fb] o [fb] [%0]
100 541 000 556 000 +2.7%
200 58 100 58 800 +1.2%
500 2010 2040 +1.5%
1000 92.4 94.8 +2.5%
1500 9.98 10.3 +3.1%
2000 1.52 1.58 +3.8%

Table C.3: Difference i’ LO cross sections between CTEQ and MSTW PDF sets.



Appendix D

Outlier Study

D.1 Inter-Trigger Level Study at /s= 900 GeV

Figures D.1 and D.2, present the inter-trigger level stuldyspat/s = 900 GeV, not
displayed in Chapter 4.3.

D.2 Inter-Trigger Level Study at /s=7 TeV

Figures D.3-D.8, present the inter-trigger level studytpht/s = 7 TeV, not displayed
in Chapter 4.4.
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Figure D.1: Level-1 vs Event Filter object comparison fropper left clockwise; Resolution
vs L1g, of all objects passing cuts; Resolution v&:, of object comparisons determined to be
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objects that pass cuts.

L2 vs EF Energy Resolution Interesting Events L2vsEF E Resolution
=100 =100
B £ - _ Resolution2E B C - _ Resolution2ECut
= sl Entries 591 U = sl Entries 42
3 80— 3 80
[ E Mean x 5.21 [ C Meanx 3.367
= _ - - Meany -4.705 12 = _ - - Meany -16.07
s _ _ RMSx 2025 5 L _ _ RMSx 2178
W o0 - _ RMSy 16.39 W 40 - _ RMSy 58.75
. £ - 10 ' C -
5,0 F . — S onlb
g 20— ; . g 20 E
5 o T - 5 o
i 3 f
3 20 6 5 20
g § aof
® A0 o =— _ 4 ¢ 40— __ = _ -
o0F - - 60F - -
E - -~ 2 E - -~
B0 80
-100 E 1 L L L L L L L 0 -100, E 1 L Il L L L L L L
2 4 6 8 10 12 16 18 20 2 6 8 10 12 14 16 18 20
L2 E, (GeV) L2 E, (GeV)
L2 vs EF Et L2 vs EF Et
s 2 s
° ®
C 18 60 C 18
ur [ ur [
w 16F w165
w o - 50 w C
14 14—
F - c
12 — 40 12—
10 - = 10
E 30 E
8- = 8
F - - c
6F mm ™ 20 6 L2EFetCUT
Fm i E = Entries 42
4 = 4 Meanx 3.542
= Meany 5441 10 E Meany 3.985
2 = RMSx 2032 25 u = RMSx  2.193
E - RMSy 2139 E RMSy 3276
1 1 H | L | 0 0 1 1 1 | | | |
N 2 4 6 8 10 12 16 2 4 6 8 10 12 4 16

Figure D.2:

18 20
L2E, (GeV)

18 20
L2 E, (GeV)

Level-2 vs Event Filter object comparison fropper left clockwise;

Resolution

vs L2, of all objects passing cuts; Resolution M2, of object comparisons determined to be
outliers; EFg, vs L2, object matches determined to be outlieEfe, vs L2z, matches for all

objects that pass cuts.



D.2. Outlier Study

151

[ L1 ws L2 Energy Resolution |

L2 L L2 )

1
L]
-

Resalution (L

1 1

250 300
L1E, [GeV)

250 3
L1E, [GeV)

25010

[ Interesting Events L1vsL2 E Rasolution |

2 =8

LA LN RN LR AR RLRI RN AN LARR RN
i

=
=

SL2, LTt} + L2} (%)
-
5

al

Resalution (L1
E &k R .

L L L L L
0 250 300
L1 E, [GeW)

L1wvs L2 Et
S.‘!M

ul” 350

200

a L I - : L L L
250 300
L1E, [BeV]

Figure D.3: Level-1 vs Level-2 object comparison from upleérclockwise; Resolution vE1g,
of all objects passing cuts; Resolution &, of object comparisons determined to be outliers;
L2, vsL1g, object matches determined to be outlidr8;, vs L1g, matches for all objects that

pass cuts.

L1 vs L2 Qutlier E,

= F ” B
i F -
ar' 280~ 3o
200 -
o OOTLICZE
o - Entries 123
C Mean x 5.6
180~
o Meany 1225
o RMSx 7574
1o RMSy  86.2
sef-
r .-
r - .
0 Lo 1 Lo L 1 L
a 50 104 150 200 250 300
L1E, [GeV)
L1 vs L2 Qutlier Phi
= 5
£ E -
3 4 -
3 E "
E A
F1=. L
E o
= =
E o
L= A
E -
AE- o
E -~
2B -~
E -
S -
s
E L L L L L L L L L
5 4 3 -2 4 q 1 2 4

L2 vs EF Outlier Eta

EF Eta

...........................

5
4
3
2

1
L]
-1
2
-3
4

AL LN LI LR LR L

a.dn

L1vslLZ Outlier Delta R l

OUTL1L2DR
Entries. 123
Mean  0.05381
RMS

.03281

L L L L 1 1 L 1
L] 01 02 0¥ 04 05 Q& 07 0F 09 1
LivsL2 Defta R

Figure D.4: Level-1 vs Level-2 object comparison for outlidjects from upper left clockwise;
L2, vsL1g,, L2, vsL1, with dashed lines highlighting the crack regidR between objects at

L1 and L2,L2, vsL1,



D.2. Outlier Study 152

L1 vs EF Energy Resolution | Interesting Events L1vsEF E Resclution |
— 100 —
£ 1 — - 3000 g = 2
o= o= B 18
H =0 9 wfE 18
-F =
:n_‘ - :i = 14
A W o20fE 12
:‘ [] SRR TRV _ 1800 3‘ L= 1
T aff : T af 08
ERET 100l 2w 0.6
n e n F
= af e % HME 0.4
0 B0 0.2
E ] A00 E L 1 1 1 1 a
50 100 180 E 250 ]
L1 E, [Ge¥)
L1 vs EF Et
300 1
w2 L
g 0.3
il ~
3000 B 250 C 0.8
2800 08l 0.7
£ ]
2000 o
180 0.5
1501 E 0.4
1
1000 F 0.3
E 0.2
S0 sof-
F 0.1
ot SR . e 1 it I I
] 50 100 150 200 0 % 50 100 180 200 N

2’:1 E, rc;.\!r] 2B"|i1 E, ;a.i;

Figure D.5: Level-1 vs Event Filter object comparison fropper left clockwise; Resolution
vs L1g, of all objects passing cuts; Resolution v&:, of object comparisons determined to be
outliers; EFg, vs L1g, object matches determined to be outlieEfe, vs L1g, matches for all
objects that pass cuts.

LT v EF Ouller

s M — -1’ 8 °E
3 F s i " " - 10
ul’ z50F ) ¢ E
e E .
'ﬁ o 0.8 3 ;— i
200 - or 2 R I S
I . OUTLIEFe F----sscssssiccaanoooooooes
r L e 0.5 i E X
- Mean x 1074 E
18- Meany 1017 0.5 e
F RMSx 7635 E
C RMSy 8816 o4 '1=:::::::::::::: B 4
00— . 03 2E i T SOTCTEReia
- } E Lt " " Entries. =
r E Mean x -0.1443
F 0.2 S
sof— E L " T | Mean y 01488 2
r . 9.1 aF .7 N o |mmsx 147
F - R . E .- " N RMSy 1175
n-’ L Pt L ol L o 'S_F L L L el L Lot L 1 1 o
L] 50 100 1580 200 280 300 5 4 3 2 A a 1 2 3 4 5
L1E, [GeV] L1 Eta
L1 vs EF Outlier Phi [ L1vsEF Outlier Delta R |
= Sp 4
£ F - 12
m E
a 4F - EX]
I 10
E 3
2B
F &
1B 2.5
o e [
E e
AE- - 15
2f -~ 4
F "4 1 OUTLIEFDR )
BE 2 Enaries T
E 0.5 Moan QU723
“E RMS 004132
E- L L L L L L L L L o [ L L L L L L L L
-5 -4 -3 -2 -1 a 1 2 4 H L] 01 02 0.3 0.4 0.5 08 oy 08 09 1
L1 Phi L1vsEF Dela R

Figure D.6: Level-1 vs Event Filter object comparison fotlieu objects from upper left clock-
wise; EFg; vs L1g;, ER, vs L1, with dashed lines highlighting the crack regiakR between
objects at L1 and EFEFy vs L1,



D.2. Outlier Study 153

LZ vs EF Energy Resolution | Interesting Events LZvsEF E Resclution |
— 100 —
7 1 - - = z 1[!1: 2
- N . 180 = E
2 s i & mf 18
+ & T 1400 4+ Ii[l:— 1.6
A ] R 3 E
3 B 2 O a0 1.4
m‘ - - 1000 hi 20 1.2
E o e = w E
o =, T S B0 o a E 1
T = LX)
= &0 2 E
3 - 3 YE 0.
= & sl 0.4
2000 B0 0.2
] A00 E L 1 1 1 1 a
1] 100 160 200 250 300
L2E, (Be¥)
L2 vs EF Et
= 300 n 2
w4 ¢ 18
T TV o
h 280 = 18
1800 E
1480 200 14
E 12
120 C
1000 180 :— 1
500 E 0.8
6001 e 0.6
4001 50 :_ 0.4
2004 - 0.2
B L EYur i o oz 1 [ il I o
L] 50 108 168 208 L] 11 104 160 200

HE!E.rG-Er] ﬂfzﬁ.raea]

Figure D.7: Level-2 vs Event Filter object comparison fropper left clockwise; Resolution
vs L2g, of all objects passing cuts; Resolution M2, of object comparisons determined to be
outliers; EFRg, vs L2, object matches determined to be outlieEfe, vs L2z, matches for all
objects that pass cuts.

L2 vs EF Qutlier E, LZ vs EF Outlier Eta

[iTi] 2

wl’ 250
..

w

200

..........................

Enaries 6

Meanx 006143

Meany 006737

RMEx 1139

RMSy 1442
I 1

GeV)
= 2 £ g
TTTT [ TTT T [ TTT T[T T[T ITT[TTTT
-
-
|
.
B k]
s
.
e 2 B B B 2 4 = = =
L - -3 o ke - [ o
EF Eta
A& & A A =® o b w d
III|IIII|IIII|III|IIII|IIII|III|IIII|IIII|IIII
-
u ks
-
-
.
- .
.
.
-
"
[ \
“
B EEEE EEEEEEE  LEEEEEEE
L -
~
L
-
-
-
-
.
L\
.
|
' “
S S S
= =3 - — 3 B =3
i n o

L] 50 100 1580 200 280 300 'er 4 3 2 A a 1 2 3 4 5
L2E, [GeV) L2Em
L2 vs EF Outlier Phi [ L2vsEF Outlier Delta R |
= = s E
s LE -
G 4 E L 4.5 a0
I 4
E 284
F] = 35
1B pr” 3 FI
E .
[]=3 - 25
E ,l” 18-
A i B
E ~ ."" OUTLZEFDR
2F -“-" 15 10 Entries. 126
E & Mean 009369
3 o 1 005719
E S
A 0.8
E- L L L L L L L L L o [ v I L L L L L L L L
-5 -4 -3 -2 -1 a 1 2 3 4 H L] 01 02 0.3 0.4 0.5 08 oy 08 09 1
L2 Phi L2vsEF Delta R

Figure D.8: Level-2 vs Event Filter object comparison fotlieu objects from upper left clock-
wise; EFg; vs L2g,, ER, vs L2, with dashed lines highlighting the crack regiakR between
objects at L2 and EFEFy vs L2,



Appendix E

ISEM Study Extra Plots

This section presents the applicable remaining isEddliuncriteria variable distributions
not displayed in Chapter 5.2. A full description of the meth@and MC used to produce
these plots can be found in the text of Chapter 5. All plotssi/@wvn with a potential

/ .
1 TeV Zgg,, signal.
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Appendix F

Extra Data/MC Kinematic Plots

F.1 isEM medium Kinematic Plots

Figures F.1-F.10 present the applicable isEEdiumvariable distribution data/MC plots,
which were not displayed in Chapter 7. All plots presenteuirstiarious possibl@sg,,
resonance signals. RS equivalent plots are not provided in the next section, astdue

the relatively small dataset size, no expected BSM deviasi@isible.

F.2 G* Kinematic Plots

Figures F.11-F.14 present the RS equivalent plots to those found in Chapter 7 for a

) :
Zi) resonance signal.
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Figure F.1: Cluster Hadronic Leakage distribu~igure F.2: Cluster Middle Energy Ratio 37 dis-
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Figure F.12: Distributions af (left) ande (right) for the electrons that are paired in the candidate
event after selection. The comparison is between 2011 ddtalbrelevant background processes,
as well as various possibe* resonance signals forMj; = 0.10.
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Appendix G

Atlantis Event Displays

This section presents the Atlantis event displays for tiersé and third highest invariant
mass dielectron events selected by the analysis presenthis ithesis with 2.12fb! of
data recorded by the ATLAS detector in 2011.
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Figure G.1: Atlantis event display showing the second hsginevariant mass dielectron event selected by the anglysiented in this thesis with 2.12fbof
data recorded by the ATLAS detector in 2011. This event haswamiant mass of 1068.25 GeV. ViewsxzY (upper left),pz (lower left), and ECAL lego plot
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