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Abstract

We present measurements of the ¢ production cross section obtained using the ATLAS detector at the LHC
with pp collisions at /s = 7 TeV in dilepton final states, from a data sample of £L=698 pb~! taken in
2011. For dilepton pair selection we have used a ‘Lepton+Track’ approach, where selection requirements
on one lepton leg are reduced to a requirement of only a high quality Inner Detector track. This proce-
dure, while allowing more background in the selected sample, enhances the sensitivity to 7-leptonic decays
of the W* and increases the tt acceptance by 20% over the conventional dilepton analysis (where each
lepton is identified as an electron or muon). Two modes of the I+track analysis were studied: the inclu-
sive and the exclusive mode. The measured tf cross sections in the inclusive eTL and puTL channels are
182.949.3 (stat.) 16 - 2 (syst. ) (lum ) pband 171.0£8.5 (stat.)ﬁg'g (syst. ) (lum ) pb, respectively. The
inclusive eTL and pTL combined ¢t cross section is 177.4 4 6.3 (stat. )ﬂg;l (syst.) £ 7.6 (lum.) pb. The mea-
sured ¢t cross sections in the exclusive eTL and pTL channels are 160.8 +22.6 (syst. ) 33 1 (syst ) (lum.) pb
and 168.3 =+ 23.9 (syst.)" 39'0 (syst. ) (lum) pb, respectively. The exclusive ¢TL and pTL combined ¢t
cross section is 164.5 =+ 16.4 (syst) 30'5 (syst) (lum.) pb. These ¢t cross section measurements are

consistent with each other and are in good agreement with the Standard Model prediction of 164.671%3 pb.
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Chapter 1

Introduction: The Standard Model
and Top Quarks

1.1 Introduction
The main quest of particle physics is to answer the following three questions:

e What are the elementary constituents of matter ?
e What are the laws governing the interactions of the elementary constituents ?

e What is the true nature of the microscopic vacuum?

The answer to these questions has evolved throughout the whole history of mankind. Ancient Greeks
knew that matter was made up of atomos (atoms). The electron was discovered in 1897. Immediately
after the discovery of the neutron in 1932, the elementary constituents of matter were identified as protons,
neutrons and electrons. Point-like protons and neutrons were the building blocks for nuclei, which combined
with electrons, formed the atoms. Atoms bind together to form molecules. Nonetheless, this neat model for
elementary particles failed to describe several new particles that were discovered shortly after the neutron.
In addition, the proton and the neutron were subsequently found to contain internal structure representing
compound states of yet more elementary objects.

The current understanding of particle physics claims that all matter consists of leptons and quarks, which
interact via the strong, electromagnetic, weak and gravitational forces. The characteristics of fundamental
interactions (e.g. relative strength, range, etc.) and masses for leptons and quarks vary in a wide range with
the top quark (t) being the most massive known fundamental particle m; = 172.6 + 1.4 GeV [1].

This dissertation is dedicated to the measurement of the top anti-top pair production cross section
measurement using experimental data collected with the ATLAS detector [2]. The ATLAS detector is
located at one interaction region of the Large Hadron Collider (LHC) at CERN in Geneva, Switzerland [2].

The dissertation is organized as follows:

e Chapter 1 presents an introduction to the Standard Model of particle physics with an emphasis on the



top quark sector. A brief description of the role of the top quark in the so-called Beyond the Standard

Model theories is also provided.

e Chapter 2 discusses the general definition of a process cross section, and provides the physics motivation
for the tt cross section measurement. It also lists earlier ¢ pair production cross section measurements

by Tevatron experiments.
e Chapter 3 describes the LHC and ATLAS detector.

e Chapter 4 discusses the pp instantaneous luminosity measurement at the ATLAS detector and describes

the data sample used in the scope of this dissertation.
e Chapter 5 describes the Monte Carlo simulations we used to model the physics processes under study.

e Chapter 6 describes the analysis objects used in this study: electrons, muons, jets and ERss. Tt
also provides the definition of the track-lepton object used for dilepton event selection. This includes
the discussion of track-lepton efficiency and Scale Factor measurements performed by UIUC gradu-
ate student Austin Basye and special treatment of the transverse missing energy studies by James

Coggeshall.

e Chapter 7 provides the detailed description of the Lepton+Track approach to dilepton event selection.
It also discusses the methods used to calculate the Standard Model background contamination to
tt production. This chapter presents the data-driven technique for fake track lepton background

estimation done by Arely Cortes.
e Chapter 8 discusses the systematic uncertainties associated with the tf cross section measurements.

e Chapter 9 presents the ¢t cross section measurement per analysis channel and the combination technique

used to merge information from orthogonal channels.

e Chapter 10 summarizes our conclusions and outlook for future measurements of the ¢f cross section at

the LHC.

1.2 The Standard Model

The Standard Model (SM) of particle physics is the most successful theory that describes the fundamental
particles and the nature of the interactions between them. According to the SM, the fundamental matter

particles are spin-% fermions - the leptons and the quarks, and spin-1 bosons which mediate the interactions



between the fundamental fermions. While most of the particles in the lepton family were discovered long
before the SM was formulated, the experimental evidence for the existence of quarks was achieved later
giving a great deal of credence to the quark model, which subsequently was incorporated into the SM. Recall
the discovery of the J/U particle in 1974 [3-5], the discovery of the 7-lepton in 1975 [6] followed by the
discovery of the heavy bb meson Y in 1977 [7], the top quark in 1995 by CDF [8] and DO collaborations [9]
and the tau neutrino in 2000 [10]. Table 1.1 summarizes some of the fundamental properties of leptons
and quarks. For each fermion, the SM predicts the existence of an anti-fermion with the same mass but
opposite charge. The existence of anti-fermions with properties in compliance with the SM predictions is well
tested experimentally, adding to the credence of the theory. Currently, active research efforts are on-going
to investigate the problem of neutrino mass and whether the neutrino and anti-neutrino are indeed different
particles (Dirac scenario) or the same (Majorana scenario). We note that recent measurements of solar,
atmospheric, reactor and accelerator neutrino oscillations provide compelling evidence that the neutrinos
are massive.

The SM is remarkably successful in describing the the strong, electromagnetic and weak interactions!
where the gauge theory for each is derived from a local gauge invariance principle. The field quanta are
the spin-1 gauge bosons that mediate the interaction. Table 1.2 summarizes some of the features of the
fundamental interactions. It is important to note that while leptons participate only in electromagnetic and
weak interactions by virtue of possessing electromagnetic and weak charge, quarks also have color charge?
and hence interact via the strong interaction as well. Similarly, due to the lack of electric charge, neutrinos
do not participate in the electromagnetic interaction. The quoted values for coupling constants are those
measured at low energies (~ 1 GeV). The following sections provide more details of the SM gauge theories

describing these fundamental interactions.

Table 1.1: The leptons and quarks in the Standard Model.

1st Generation 2nd Generation 3rd Generation
Charge Mass [MeV/c?] Mass [MeV/c?] Mass [MeV/c?]
T 1731 ¢ | (117-1.34)10° | t | (172.9 £1.5)-10°
Quarks 3 3
=2 |4 41-5.7 s 80 - 130 b | (4.13- 4.37)-10
Lentons -1 e” 0.51 w 105.7 T 1776.8
P ve | <3107 |, <0.19 v, <182

1One of the shortcomings of the SM is that it does not incorporate gravity as described in the theory of General Relativity.
Nonetheless, gravity is extremely weak compared to the other forces (see Table 1.2) and can be neglected at the energy scales
currently probed by particle physics experiments.

2The color charge was introduced to explain how 3 spin—% quarks coexist in baryons in otherwise identical quantum states
without violating the Pauli exclusion principle.



Table 1.2: The gauge bosons in the Standard Model.

Interaction Mediator | Coupling Strength (o)) | Range (fm) Mass [GeV/c?]
Strong gluon (g) ~1 ~1 0
Electromagnetic | photon () ~ 1072 00 0
Weak w*, 70 ~ 10—6 102 mw = 804, my = 91.2

1.3 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the quantum field theory of electromagnetic interactions derived using
gauge or phase invariance of the electromagnetic interactions [11]. In this section, we will take a closer look
at how local gauge invariance necessitates the introduction of a massless gauge field and restricts the possible
interactions of electromagnetic radiation with matter.

Let us start the discussion by looking at the Dirac Lagrangian density describing free spin-} particles.

Efree = “/_W“auw - qu@[] (11)

Note that £fce is invariant under a global gauge transformation v (z) — "¢ (z). Noether’s theorem
then states a conservation law corresponding to global gauge invariance. Using the Euler-Lagrange equations

one can readily show the conservation of the charged current:

i = qytap. (1.2)

Under a local gauge transformation® the matter field will transform as:

Yx) = 4 y(a) (1.3)
d(x) = e () (1.4)

The second term in the above Lagrangian density, known as a mass term is apparently invariant under
the local gauge transformation. Let’s examine how the first term behaves under this transformation. Start

by looking at :

o(z) = et (®) [Outh(x) + iq(Opc)h(x)] (1.5)

3Gauge transformations 1.3 and 1.4 define transformations of the U(1) group.




As expression 1.5 suggests the first term is not invariant under a local phase transformation. Impose the

invariance by substituting the partial derivative with the gauge-covariant derivative

D, =0, +iqA,(x) (1.6)

Provided that the vector field A, (x) transforms as:

Au(x) = Ay(@) — duo(a) (1.7)

the covariant derivative then simply undergoes the same phase rotation as the matter field ¥ (x):

Dyp = €@ D, 1) (1.8)

Expression 1.8 then implies local gauge invariance for the Dirac Lagrangian 1.1. Hence, we see how the
local gauge invariance requirement necessitates the introduction of a massless gauge field — the photon field
A, (z) and restricts the possible interactions of radiation with matter.

In order to arrive at the complete Lagrangian for QED one only needs to add a kinetic term for the
photon field. This term describes the propagation of free photons and must respect the local U(1) gauge

invariance of QED. Define:

Fuy = 0,A, —8,A, = [Dy,, D] (1.9)

One can readily show that the kinetic term of the form F},, F#* is gauge invariant under transformation

1.7. Hence, one arrives at the following expression for the QED Lagrangian:

. S T
EQED = “b'YHIDu"/J —myp — ZFHVFM (1'10)

Note that the photon mass term £, ~ A*A, is not allowed by local U(1) gauge invariance, implying
massless photons.

In classical electrodynamics, a test charge placed in a dielectric substance polarizes the medium which
results in a reduction of the magnitude of the effective charge as seen from a distance greater than the
molecular size of the dielectric. This effect is known as charge screening. A similar effect is present in QED
where the vacuum acts as a polarizable medium in which virtual charged fermion-anti-fermion and W+W
pairs are polarized by the test charge. The associated lowest-order corrections occur in one-loop corrections

to Coulomb scattering. A convenient way to account for these corrections is to introduce a so-called running



coupling constant, which is to say an effective coupling strength of the interaction. The Coulomb coupling

constant o = % will be modified as in expression 1.11 to account for one-loop corrections in QED:

aR(m2) _ 2

anl(?) = ar(m?)[1 + log(—5) + Oa)] (1.11)

We see that to this approximation, the effective electric charge increases logarithmically with increasing

—q? or equivalently, decreasing distance.

1.4 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory that describes the strong interactions of
quarks [11]. As for the case of QED, the theory for the strong interactions is derived by imposing local
gauge invariance that both requires the introduction of massless vector gauge bosons and prescribes the form
of the interactions of these gauge bosons with quarks?, hence the theory of QCD shares many structural
similarities with QED. Nonetheless, there are several significant differences. First, consider the quantum
number responsible for the strong interactions of quarks — the color charge. Three types of color charge
(say Red, Blue, Green) are introduced to describe the spectrum of baryons as bound states of three quarks
that coexist inside baryons in otherwise identical quantum states without violating the Pauli exclusion
principle. Other experimental pieces of evidence include the magnitude of the cross section for electron-
positron annihilation into hadrons, the branching ratios for 7—decays, and the 7 lifetime [11]. Hence, for
the strong interactions, the U(1) symmetry group of QED is replaced by the SU(3)¢ color gauge symmetry

group. Under SU(3)¢ the matter field transformations will take the form:

v — Ut (1.12)
v — Uty (1.13)

where
U(z) = expli®? (x)T4] (1.14)

4 As will be shown in this section, local gauge invariance also defines the interactions among the gauge bosons that arise due
to the non-Abelian nature of the imposed gauge symmetry group.



and T4 =1 A are the non-commuting, Hermitian Gell-Man matrices with A = 1,...,8. Following
the same prescription as for the case of QED, one can construct the SU(3)¢ local color gauge invariant

Lagrangian density for QCD of the form:

.7 . 7 1 v
Locp = iy (0, +igs TAGL )Y — mipnp — 5Tr(FH F.) (1.15)
Similar to the case of QED, the local SU(3)¢ gauge invariance requirement necessitates the introduction
of the massless gauge field — the gluon field Gﬁ (), and restricts the possible interactions of gluons with
matter. It also imposes the following transformation rule for the gluon field:

TAGA  UTAGAUT + gi(auU)UT (1.16)

In analogy with the expression 1.9 the gluon field-strength tensor is defined as:

1
F, = H[D#,Dy] (1.17)
= TY0.G) —0,Gp)) +igs[TP, TC|1GIGY (1.18)

While the first term of 1.18 is similar to its QED counterpart 1.9, the second term arises due to the
non-Abelian nature of the SU(3)¢ symmetry group. The important consequence of this is the emergence of
the three-gluon and four-gluon interaction vertices.

The expression for the running coupling constant for QCD takes the form:

an(d?) = a1 + 20, 50 t0g(CL) - 3350 og(CL) + O (1.19)

with ns being the number of quark flavors appearing in the loop and —u? being a spacelike renormalization
point.

It is important to note that the second term in 1.19 arises due to gluon-quark interactions and tends to
decrease the effective coupling constant at longer distances (i.e. smaller values of —¢?) thus screening the

color charge, while the third term emerges due to the gluon-gluon interaction and has the opposite effect



i.e. it tends to increase the effective as(q?) with increasing distance or equivalently decreasing energy hence
anti-screening the color charge. Thus, as long as 2ny < 33, the anti-screening contribution dominates and
the running strong coupling constant becomes larger at larger distances resulting in the so called effect of
Strong Color Confinement due to which quarks can never be observed in a free state, and can only exist
in colorless bound states — the hadrons. On the other hand, the expression 1.19 implies the existence of a
high energy regime® when a,(q?) < 1 allowing the application of QCD perturbation theory. This property
of non-Abelian gauge theories is known as asymptotic freedom. Figure 1.1 shows the measured value of ag

as a function of energy.

0.5 July 2009
agQ)
S( s a Deep Inelastic Scattering
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Figure 1.1: Summary of measurements of as as a function of the respective energy scale Q [12].

1.5 The Weak Interactions

The strong, the electromagnetic and the weak® interactions are all renormalizable gauge theories and as
such share a number of structural similarities. Nonetheless, there are remarkable differences as well, some
of which are summarized in Table 1.2, indicating that at low energies (~ 1 GeV), the weak interactions are
much weaker than the other two fundamental types of interactions. A nice illustration of the latter is readily

available from a comparison of the 7° lifetime 7,0 = (8.4 4 0.6) - 10717 sec to that of the much longer living

5The scale of QCD is set by Agcp ~ 200 MeV .
6 As we will see below, the latter two interactions are unified in the theory of electroweak interactions.



7t 7.+ = (2.603340.0005) - 1078 sec. The reason for this substantial difference is that 7° decays into a pair
of photons via the electromagnetic interaction, while the 7+ cannot undergo a similar decay due to charge
conservation and decays predominantly to a l-v pair via the weak charged current interaction. Table 1.2 also
indicates that the range of the weak interactions is only ~ 10~!"m due to massive mediators of the weak
force - the W+, Z° bosons (which were discovered in 1983 at CERN by UA1 and UA2 collaborations [13,14]).
Hence, the theory of the weak interactions should provide a mechanism that endows the gauge bosons of
the weak interactions with non-zero masses. We will discuss this mechanism in more detail in the next
section(s).

Another fundamental difference of the weak interactions from QED and QCD has to do with the fact
that the weak interactions maximally violate parity, and only left handed fermions (i.e. ¥ = (1 — %)W)
participate in weak interactions. In other words, the left and right handed components of the fermion fields
have different ‘weak charges’ . Based on this latter fact, as well as several other experimental observa-
tions Marshak and Sudarshan proposed the so-called V—A (vector minus axial vector) form for the weak
interactions [11].

A few important remarks regarding the weak interaction are in order:

e W+ bosons only couple to leptons within the same generation e.g. vueT — U Ve

e W bosons couple to same generation and different generation quarks. However, inter-generational
coupling is suppressed compared to intra-generational decays (see CKM matrix in section 1.5.5). For
example, the decay D° — K~ X occurs 53% of the time, while D° — KX occurs only 3% of the
time. The decays D° — K* 7T are shown in Figure 1.2. In the case D° — K~7" the ¢ quark decays
to an s quark (same generation) while for the case of D — K*7~ the ¢ quark decays to a d quark

(different generation).

e The neutral Z° boson couples to all leptons and quarks. The flavor of the leptons and quarks is

conserved, i.e. no evidence of flavor-changing neutral currents has been observed.

1.5.1 Spontaneous Symmetry Breaking

As previously discussed, the local gauge invariance requirement for QED and QCD theories restricts the
possible interactions of radiation with matter and necessitates the introduction of massless gauge boson(s)
in agreement with respective experimental measurements. However, the mediators of the weak interactions

are observed to have mass. Hence, the gauge theory of the weak interactions should answer that fundamental
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Figure 1.2: The Feynman diagram for the decays D° — K*r¥.

question, i.e. what endows the weak bosons (W*, Z%) with mass? The answer (in the context of the SM) is
the mechanism of spontaneous symmetry breaking.

Before diving into the details of how spontaneous symmetry breaking enables the existence of massive
weak bosons, let us make a detour and discuss various types of symmetries in nature that are associated with
conservation laws and their implications on the construction of interacting field theories. The physical world
manifests a number of apparently exact conservations laws, which reflect the operation of exact symmetries

of Nature. The Lagrangian £ is invariant under the symmetry in question if

1. 6£ = 0 under the appropriate transformation

2. the unique physical vacuum is invariant under the symmetry transformation

While some of the fundamental symmetries of nature are exact and result in fundamental laws, such
as conservation of energy, momentum, angular momentum etc., many symmetries hold only approximately.
This can happen if the Lagrangian is exactly invariant under some symmetry (i.e. £ = 0 holds). However,
the dynamics determined by £ implies a degenerate set of vacuum states, which are not invariant under the
symmetry.

Let us now turn to the discussion of the Spontaneous Symmetry Breaking mechanism for a simple example

of a complex scalar field Lagrangian density:

L=0,0"0"¢ = V(9) = 0" 06 —m*¢"d — \(¢" ) (1.20)

which is invariant under a global gauge transformation:

10



6 — g

(1.21)

In order to identify the vacuum state of the field most easily, let us construct the Hamiltonian for the

field ¢ and determine its minimum. The Hamiltonian (density) is given by:

where

and the canonical momentum is

‘We therefore have:

¢ = o

T=0L/0p = &

™ =0L/8¢* = ¢

Tp+ 7P — L
20°¢ — [§*¢" — Vo - Vo —m?¢* 6 — \(¢*6)?]
P b+ V" - Vo +m?p o+ Ao ¢)?]

(1.22)

(1.23)

(1.24)

(1.25)

(1.26)
(1.27)

(1.28)

The state of lowest energy (the ground state) would thus be one for which the value of the field ¢ is

a constant < ¢ >¢, the value of which is determined by requiring that the potential energy V(¢) is at its

minimum. If the parameter m? > 0 then < ¢ >¢= 0, whereas for the case m? < 0 the potential V(¢) takes

the form of the ‘Mexican Hat’ potential as depicted in Figure 1.3 and the ground state is described by:

11



-m2
|0 = £\ =5 :iﬁ (1.29)

which corresponds to degenerate lowest-energy states, either of which may be chosen to be the ground state.

We arbitrarily choose:

ml
Re = — 1.30
Im(p) = 0 (1.31)
Hence, the ground state takes the form:
m|
< P >o=—= 1.32

Figure 1.3: The Higgs potential. The neutral component of the Higgs field acquires a vacuum-expectation
value (¢°) = v/y/2 = 174 GeV on the circle of minima in Higgs-field space.

Consider oscillations about the ground state:

(h(x) + v)e T/ (1.33)

Sl

where h(z) and 7(z) are fields with:

12



<h> = 0 (1.34)

<m>p = 0 (1.35)

Substituting the expression 1.33 for ¢ into 1.20 one obtains:

1 1 1 1
L= (0hd"h+ (h+ v)2ﬁaﬂauw) - m2§(h + )% — A7(h+ v)* (1.36)
= %(@Lha*‘h + 8, ot T) + iz(h2 + 2hv)0, w7 — %mZ(hQ + 2hv + v?)
v

1
— ZA(h‘l + 4h3v + 6h%v? + 4hv® + ) (1.37)

Noting that v2 = |m|/v/A, expression 1.37 can be simplified to:

1 1 1
L = ~(8,h0"h + 0, mO"T) + U—2(h2 + 2h0)0, T — A?*h? — ZA(h4 + 4h3v) + ZAU‘* (1.38)

——

Vacuum energy

N =

The result 1.38 tells us that due to spontaneous symmetry breaking, there are 2 particle fields in the
spectrum; the h(x)-particle associated with radial oscillations has a mass m? = 2\v? and the massless 7(x)
particle. The massive h(x) particle may be viewed as a consequence of the restoring force of the potential
against radial oscillations. In contrast, the masslessness of the 7m(x) particle may be viewed as a consequence
of the U(1) invariance of the Lagrangian, meaning that there is no restoring force against angular oscillations.
The appearance of the massless particle is known as the Goldstone phenomenon. The massless particles
(called Goldstone bosons) are the zero-energy excitations that connect possible vacua. More generally, The
Goldstone Theorem claims: Every broken generator” of the original symmetry group has a corresponding
massless spin-zero boson. In this example, the symmetry group is the U(1) transformation ¢*@? with the

generator Q. Let us explicitly show that the generator ) is broken, i.e. it does not annihilate the vacuum:

Q<> # 0 (1.39)

Indeed, for a small angle 8 one would have:

7A broken generator is the one that does not annihilate the vacuum.
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e < p>y = (1+4iQ) < ¢ >0 # < b >0 (1.40)

Q<op>#0 (1.41)
Hence, indeed the generator () does not annihilate the vacuum.

1.5.2 The Higgs Mechanism

The questions to address now is how the Goldstone boson endows gauge bosons with mass. As we will see
the answer to this is provided by the Higgs Mechanism, due to which an unexpected cooperation between
massless gauge fields and the massless Goldstone bosons arises.

Let us promote the Lagrangian 1.20 to possess local gauge invariance:

L =Dyu¢* D¢~ V(¢) = Do D¢ — m*¢* ¢ — N6 ) (1.42)

Since the Lagrangian 1.42 is locally gauge invariant we can set the phase to:

o) = - @) (1.43)

due to which the expression 1.33 then takes the form:

¢ =—(h(z) +v) (1.44)

On the one hand, fixing the gauge eliminates the m(x) particle. On the other hand, the kinetic term for

the h(x) particle takes the following form:
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(Dud)’ (D'6) = 50 — ieQA)((x) +v)(D" +ieQA")(h(x) +v) (1.45)
= %(@Lha*‘h +e2Q*A, AP (h + v)?) (1.46)
= %@Lha"h + %eQQ2v2 A AP+ %8@2(112 + 2hv) A, A" (1.47)
N——
=M?

Thus, the gauge field A(x) has acquired a mass My = eQu, suggesting that the Goldstone boson 7(x) was
‘eaten’ by the gauge field A(x) in order to acquire mass. Also note that the number of degrees of freedom of
the system is preserved. Before the spontaneous symmetry breaking, the system had 2 scalar fields (¢ and
¢*) and the 2 helicity states of the massless gauge field A(x). After the spontaneous symmetry breaking, a

scalar field h(x) and 3 helicity states of the massive gauge boson A(x) exist.

1.5.3 Electroweak Interactions

The theory of electroweak interactions with the simplest scalar sector was developed by Glashow, Weinberg
and Salam. Firstly, let us define the spectrum of fundamental fermions of the theory. In order to account
for the fact that the weak interaction couples only to left-handed fermions, these are grouped into doublets

under the gauge group SU(2):

w2, (), (0, (), €),.0), e

While right-handed fermions are represented by SU(2)g singlets:

R; = Vf{ueuV}%uuay}—%aTauRudR7cRuSRutRubR (149)

In order to incorporate electromagnetic interactions, we must introduce a U(1)y symmetry group with

the generator hypercharge Y defined as follows:

Q=T>+Y (1.50)

Here, Q is the electric charge, T3 = %03 is the third generator of the SU(2). group with o representing the
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usual Pauli matrices. Knowing the values of the electric charge of fundamental fermions, one may deduce

their hypercharge assignments.

Table 1.3: First generation fermion representation under SU(2);, and their hypercharge. The same hyper-
charge assignment holds for the second and the third generations.

SU(2)1, Representation | Hypercharge
(l;e) L _%
VR 0
eRr -1
(D)o +3
UR +§
dr -1

The gauge group SU(2)r ® U(1)y is adopted as the group of transformations for the gauge theory of

electroweak interactions. Introducing gauge bosons as follows:

AL, A2 AS

B, for U(1)y group

The Lagrangian of the theory will be:

> Liiy" (0 +igT* A% +ig'Y Bu)Li + Y Riin* (9, +ig'Y By) R

for SU(2);, group

Lfermions

1 1 .
+ —-F! Fl“”—szf“

4 1

L:gauge

(1.51)

Here, g is the coupling constant for the so-called weak isospin group SU(2)r, and ¢ is the coupling for the

weak hypercharge group U(1)y. In analogy with the expressions 1.9 and 1.18, the field-strength tensor takes

the form:
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fuu = 6MBU - aI/BH (152)

Fl, = 0,A,—0,A, + geju Al A} (1.53)

So far the theory contains 4 massless gauge bosons whereas Nature has only one massless mediator
for the electroweak interactions — the photon. In addition, the global SU(2), invariance forbids mass
terms for fermions which again disagrees with the experimental observations. Therefore, the theory needs
a modification that retains only one massless gauge boson associated with the conserved electric charge
(Q =T3+Y ), and also endows fermions with mass.

Introducing a complex doublet of scalar fields:

(‘é’;) (1.54)

which transforms as a SU(2)1, doublet and must therefore have Yy = +3.

Add to the Lagrangian 1.51 a term:

Lscatar = (8 + igT* Ay, + ig'Y B)¢|' (0, + igT* A, + ig'Y B)g] — V(6'9) (1.55)

where the potential energy is defined as in 1.20. Following the procedure of spontaneous symmetry breaking
as described in Section 1.5.1; the continuum of vacuum states is described by (¢f¢) = _2—";2 = % Choose

as the vacuum state:

(8o = ( " ) (1.56)

V2

The expression 1.56 for the vacuum state readily suggests that the symmetries associated with all 4
generators of the SU(2)r, @ U(1)y group (i.e. T!,T? T3)Y) are broken. However, one can see that the
combined generator T3 +Y is not broken, which according to 1.50 corresponds to conserved electric charge.

Expanding the field ¢ about the chosen vacuum state, one gets:
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¢ = %(h +v)exp [iT'r! +iT?r* +i(T° — Y)n*] (?) (1.57)

Here 7!, 72, 73 are the Goldstone bosons corresponding to the broken generators mentioned above. Following

the Higgs mechanism and gauging away the Goldstone bosons, one may readily convince oneself that the
gauge boson spectrum contains A, A2 fields that have acquired mass ma = ;g?v? by ‘eating up’ the

Goldstone bosons. The linear combinations:

1

+ _ 1 242
Wi = _\/i(AH T ’LAH) (1.58)
with the mass:
mé _lpp (1.59)
w= 39 :

are identified with the W bosons, the mediators of the weak charged current. Using the weak decay

i — vyev, one can determine v = 246 GeV. The third massive gauge boson is:

1
o__ - 3
7= s 04 ') (1.60)
with the mass:
2 1, 5 2y, .2
mzo = 7(9"+ g% (1.61)

which is the carrier of the weak neutral current Z°. The massless gauge boson representing the photon field

is orthogonal to Z°:
A, = 79(9,@ +¢'B,) (1.62)
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Hence, due to spontaneous symmetry breaking, the initial symmetry group SU(2); ® U(1)y is reduced
to U(1)ga. The associated Goldstone bosons 7 were ‘eaten’ by W+, Z9 fields to acquire mass.

One can alternately express the equations 1.60 and 1.62 in matrix form as:

22 cosf, —sinb, Ai
A, sinf, cosf, B,
where:
2 2
29 _ 9 29 _ 9
COSs Hw = W, sSin Hw = W, (164)

The angle 6, is known as the weak mixing angle, which at tree level relates the masses of the weak

charged current carrier W+ to the neutral one Z°:

M3, = M3 cos? 0, (1.65)

We also note the relation between the weak and electromagnetic coupling strengths:

2
aEM e
p— p— 1 -66
sin260,,  4mwsin20, ( )

Qo

Experimental measurements of the masses of weak interaction carriers are My = 80.4 GeV and My =
91.2 GeV. The weak mixing angle is measured to be sin? 6, ~ 0.24. Lastly, the field h(z) is the remnant of
the Higgs doublet field - the radial oscillations about the minimum. The particle associated with it is the
Higgs boson. As we have seen, experimentally the W and Z are massive, hence there must be a field to
which the longitudinal components of W, Z bosons couple. Whether it is the Higgs field or not is currently

under intensive experimental investigation.

1.5.4 Yukawa Interactions

As mentioned earlier, SU(2)y, invariance forbids a mass term for the fermions minp = m (1/7L1/)R — 1/_)R¢L).

In order to overcome this and also generate fermion masses, we introduce the Yukawa Interaction which
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couples the Higgs field to the fermion fields. For simplicity, let us consider the first generation of quarks and

express the Yukawa Lagrangian as follows:

Ly ukawa = ~Yu (qLd)T) UR — Yd (qL¢) dr + H.C. (167)

where y,, yq are the Yukawa coupling constants for u and d quarks. Appealing to the Higgs mechanism, the

scalar doublet ¢ will take the form:

¢ = (H@ng) (1.68)
V2

Upon substitution of 1.68 into 1.67, one deduces that m,, = %yuv and myg = %ydv. It is instructive to
estimate the value for y, 4. As we know g ~ %, My ~ 80 GeV and v = 246 GeV. But m, 4 ~ 1 MeV, so
Yu.a ~ 107° and only for the top quark y; ~ 1 implying that due to its strong coupling to the H(z) field,

the top quark could be a good probe of the Higgs sector of the SM electroweak theory.

1.5.5 The Cabibbo Kobayashi Maskawa (CKM) Matrix

We now generalize the Yukawa Lagrangian 1.67 to include all three generations of quarks. Note that along
with intra-generational terms, this Lagrangian may include inter-generational terms as well. The most

general expression for the Lagrangian would be:

L=-TY (qLo") ul — T (qL¢) df + H.C. (1.69)

ij

where the Yukawa couplings I'% " are in general complex numbers.

After symmetry breaking the Lagrangian 1.69 takes the form:

L =—Mauly, — Midydy, + H.C. (1.70)

where:
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MY = (1.71)

v
e —
72

a4 v

d _
ME = F”’ﬁ

(1.72)

The mass matrices M*, M? in the basis of weak flavor eigenstates ur, g,dr r are not real and are non-
diagonal, suggesting that the quark flavor eigenstates are different from real particle mass eigenstates (we
denote those as uf, p,d} g). However, the two bases are related to each other via a unitary transformation.
One may readily show that these transformations do not affect the electromagnetic and weak neutral currents.
The weak charged currents are affected by this change of basis. The ‘strength’ of the change is described by
the Cabibbo Kobayashi Maskawa (CKM) Matriz:

d/ Vud Vus Vub d
s | = | Vea Ves V| X | s (1.73)
b Vie Vis Vi b

The CKM matrix is a unitary matrix with 4 free parameters. To 90% confidence level, the experimentally

measured values of the magnitudes of the CKM matrix elements V;; are the following:

0.9739 to 0.9751  0.221 to 0.227  0.0029 to 0.0045
0.221 to 0.227  0.9730 to 0.9744  0.039 to 0.044 (1.74)
0.0048 to 0.014  0.037 to 0.043  0.9990 to 0.9992

The quasi-diagonal structure of the CKM matrix explains the dominance of the same generation charged-

current decays over different generation charged-current decays.

1.6 Top Quark Production and Decay

1.6.1 Top Production

In hadron colliders, most of the top quarks are produced in pairs via light quark-antiquark annihilation
- q¢ — tt and guon-gluon fusion - gg — tf processes. Tree level Feynman diagrams for these processes

are shown in Figure 1.4. At the Tevatron, tf pairs are predominantly produced via light quark-antiquark
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Figure 1.4: Top-quark production via the strong interaction at hadron colliders proceeds through quark-
antiquark annihilation (upper diagram) and gluon fusion (lower diagrams).

annihilation (~ 85% of the time), while at the LHC the main production mechanism is gluon-gluon fusion
(~ 90% of the time). In order to understand the reason behind this let us recall the parton® model of the
proton. Figure 1.5 shows schematically ¢t production in pp collisions at the LHC via the quark annihilation
sub-process where each of the quarks carries a fraction x of the proton momentum. Interacting partons at

a minimum must have total momentum /3 such that:

§= (LL'lPl + LL‘2P2)2 ~ 2x 129 P1 Py = x1225 > 4mf (175)

where 1/ is the center-of-mass energy of the collider.

Py t
%P1
GGGGE0T
X2P2 -
P, t

Figure 1.5: The parton-model description of top-quark pair production. A quark carrying fraction x; of the
proton’s momentum P; annihilates with an antiquark carrying fraction o of the antiproton’s momentum
Ps.

Assuming for simplicity that the typical value for x1xs is near the threshold of ¢ production and that

2my

V'S
that for the Tevatron (v/S = 1.96 TeV), typically the momentum fraction is z = 0.18, while for the LHC

T1 & T3, one can deduce that the threshold value for the parton momentum fraction is z ~ . This implies

8Parton is the collective name for quarks and gluons.
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Figure 1.6: Proton parton distribution functions at the scale u = my, relevant for top-quark production.

(\/§ = 7 TeV) typically = 0.05. The distribution of proton momentum among the constituent partons
inside the proton is given by the parton distribution functions (PDFs), which are shown in Figure 1.6 as
a function of momentum fraction z, for the scale 1 = m;. One can clearly see that the u(x)-distribution
function is larger than the g(z)-distribution and that the d(x)-distribution is comparable to u(z) for x = 0.18.
On the other hand, for z = 0.05 where partons are energetic enough for top pair production at the LHC, the
gluon distribution function dominates that of quarks and therefore tf pairs are mostly produced through gg
fusion at the LHC.

Another source for top quark production is the electroweak single-top production mechanism, tree level
Feynman diagrams of which are shown in Figure 1.7. Single-top production suffers both a smaller production
rate (compared to that for ¢¢ pair production) and also has significantly larger backgrounds. Because of this,
the experimental observation of this production mechanism was reported only recently by the CDF [15] and
DO [16] collaborations at the Tevatron and the ATLAS [17] and CMS [18] collaborations at the LHC. Within

this dissertation, I will focus solely on the ¢t pair production processes.

1.6.2 Top Decay

As discussed earlier, the CKM matrix in Equations 1.73 and 1.74 has a quasi-diagonal structure, hence the
heavy top quark almost exclusively decays via the ¢ — Wb channel. The SM prediction for the decay width

of the top quark at next-to-leading order is:
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Figure 1.7: Single-top-quark production via the weak interaction. The first diagram corresponds to the

s-channel subprocess, the second to the t-channel subprocess, and the third to Wt associated production
(only one of the two contributing diagrams is shown).

Gpm? M2\ ? M2, 2a, (272 5
r, = 1— 1429 ) 11— = 2 1.76
YN m? e 3t \ 3 3 (1.76)

where terms of the order m?/m?, a2 and (a;/m)? M3, /m? have been neglected. Assuming m; = 171 GeV /c?,
the top decay width is I'y = 1.29 GeV /c? implying that 74 = 0.5 x 10724 sec. The latter is much shorter than
the minimal time of ~ 10722 sec needed for hadron production, which is the reason behind non-observation
of top-flavored bound-state hadrons. On the contrary, due to its very short life time, top is the only quark
that can be measured in a ‘bare’ state.

Following the t — Wb decay, the b quarks then hadronize to B mesons or hadrons inside jets. The W+
boson in turn decays into a quark pair 2/3 of the time and into a charged lepton and its associated neutrino
1/3 of the time. Thus, depending on the W decay mode, the following final state categorization for ¢ pair

production process emerges:

1. tt — WHbW b — q¢'b ¢"¢"'b (all-hadronic 46.2%)
2. tt — WHbW b — qq'blinb + lvbgq'b (semi-leptonic 43.5%)
3. tt — WHbW b — lyb lyb (dilepton 10.3%)

A detailed description of ¢ pair decay final states and corresponding branching ratios is shown in Fig-
ure 1.8.

In the scope of this dissertation I will focus on the dilepton final state of the tf pair decays, which
although it suffers from a relatively low branching ratio of 10.3%, represents a rather clean signature due to
two charged lepton identification requirements that experimentally enables keeping backgrounds well under
control. The ¢ dilepton analyses with stringent lepton identification requirements are most sensitive to e*

and p* decays of the W and less so for W — 7v, decays. In contrast to a tf dilepton analysis that requires
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2 identified charged leptons (2ID analysis) and in order to enhance analysis sensitivity to 7-leptonic decays
of W* and restore tf signal events lost due to charged lepton identification inefficiencies, I utilized a so-called
lepton+track (14+track analysis) selection in dilepton events, where the selection requirements on one charged
lepton leg are relaxed to require only a high quality inner detector track. I will describe two types of 1+track
analysis; the Inclusive analysis, where the 14+track selection is applied on the totality of the accumulated
data sample, and the Ezxclusive analysis, where tf candidate events selected by the conventional dilepton
analysis are explicitly discarded, facilitating the combination of the exclusive I+track and 2ID analysis. It is
also important to note that the analysis using the 14-track approach is exposed to a different set of systematic

uncertainties than that using the 2ID analysis.

Top Pair Decay Channels Top Pair Branching Fractions
ol et o
Cl E ) alljets™ 46%
2,
T
(8|3
-~ 1 0,
E % 1= THjets 15%
'v & tau+jets 1%
! % +iet: e 2%
= & muon+jets v 2k
o | electron+jets 1"5\) '\"é%,o [Hets 15%
- \)\)ww A
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¢ "dileptons" "lepton+jets"

Figure 1.8: The ¢t decay channels (left) and the branching ratios (right).

1.7 The Top quark as a Window to Physics Beyond the

Standard Model

We start with the disclaimer stating that the Standard Model of particle physics is a theory which reflects
our best current theoretical explanation of observed experimental phenomena and as such it continuously
undergoes refinements to account for the ‘new physics’ processes as soon as the underlying theory behind it
is understood.

Let us make a detour on the empirical and philosophical reasons that argue the need for theories beyond
the current SM. In the past few decades, various experiments have obtained results that are not possible to

explain within the scope of the SM [19]. A brief listing of these includes:
e Dark matter
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e Dark energy
e Neutrino masses

e Matter anti-matter asymmetry of the universe

In addition to the above empirical reasons, there are several philosophical aesthetic desires that demand

physics beyond the SM. Some of these include:

e The Hierarchy problem, i.e. the non-applicability of the SM beyond the scale rz < 10~ m
e Why there are apparently exactly 3 generations of quarks and leptons

e Why the Yukawa coupling for the top quark (and hence the top quark mass) is so much larger than

that of the other fundamental fermions, and the pattern of fermion masses, in general.

e The Higgs sector of the SM Lagrangian does not arise from a first principle theory but rather is

introduced ‘by hand’ to generate the fermion masses.

Another aspect that is presently in the focus of the high energy physics community is the search for
the Higgs boson, where the SM prefers a relatively light mass Higgs boson. In December 2011, the ATLAS
collaboration presented updated results on the Higgs search using up to 4.9 fb=! of LHC data, where
a statistically insignificant excess of events around mpy ~ 126 GeV was observed [20]. The excess was
characterized by local significance of 3.60 with contributions from H — vy, H — ZZ* — 4] and H —
WW?* — [vlv analyses. The measured global significance, taking into account the Look-Elsewhere-Effect
(LEE) was ~ 2.3 0. The updated CMS results using the same final states also claimed an observation of
an event excess around ~124 GeV with 2.6 ¢ local significance and 1.9 o global after correcting for the
LEE in the low mass region [21]. Figure 1.9 (a) and (b) summarize the most recent results on the limits
of o/ogn obtained by the ATLAS and CMS collaborations. In addition, the new W mass measurement
by CDF and the latest precision determination of the mass of the top quark from Fermilab triangulate
the location of the Higgs particle and restrict its mass to less than 145 GeV. Moreover, as Figure 1.11
illustrates the updated Tevatron result on direct searches for the SM Higgs boson in pp collisions reported
an excess of data events with respect to background estimation in the mass range 115 < mpy < 135 GeV. At
mpy = 125 GeV, the local significance of the event excess is 2.7, while the global significance corrected for
the LEE is 2.20 [22]. This is in excellent agreement with the latest direct Higgs boson searches at the LHC
as shown in Figure 1.10 [23]. The entire high energy physics community is looking forward to 2012 when a

definitive answer to the existence/non-existence of the SM Higgs boson is expected.
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Let us now discuss the top quark in the context of BSM physics. We showed in section 1.5.4 that the top
quark has the largest Yukawa coupling to the Higgs sector (y: ~ 1) making it the most massive fundamental
particle. Due to its large mass, top has been exploited in a number of BSM theories. Examples include
the top color model, where top is responsible for triggering electroweak symmetry breaking (EWSB) or the
MSSM model where top allows the Higgs mass to survive the LEP bound [24]. Several models rely on top
as a facilitator for an alternative EWSB mechanism, where the top quark is responsible for the generation
of boson and/or fermion masses. Examples of such theories are Topcolor [25-28], and top see-saw [29-31].
More recent models use the top as means to compensate for the large radiative corrections to the Higgs mass.
In SUSY such a mechanism entails the existence of top scalar partners; the Little Higgs theory introduces
fermion partners instead. Hence, many rich and theoretically motivated BSM theories predict new physics
in connection with the top quark, which motivates in-depth studies of top quark production and decay

properties [32-39].
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Figure 1.9: The combined 95% C.L. upper limits on the signal strength parameter u = o/osar, as a function
of the SM Higgs boson mass in the range 110 — 600 GeV/c? obtained by ATLAS (left) [20] and CMS
(right) [21] collaborations. The observed limits are shown by solid symbols. The dashed line indicates the
median expected 95% CL value for the background-only hypothesis, while the green (yellow) band indicates
the range expected to contain 68% (95%) of all observed limit excursions from the median, respectively.
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Figure 1.10: The new CDF result for the W boson mass, combined with the world’s best value for the top
quark mass, restricts the Higgs mass to the green area, requiring it to be less than 145 GeV.
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Figure 1.11: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits
on the ratios to the SM cross section, as a function of the Higgs boson mass for the combined CDF and
DO analyses. The limits are expressed as a multiple of the SM prediction for test masses (every 5 GeV)
for which both experiments have performed dedicated searches in different channels. The points are joined
by straight lines for better readability. The bands indicate the 68% and 95% probability regions where the
limits can fluctuate, in the absence of a signal. The limits displayed in this figure are obtained with Bayesian
calculation.
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Chapter 2

tt Cross Section Measurement

2.1 Introduction

One needs to work with a quantitative measure of t¢ pair production that both has a sound theoretical
prediction and can be measured experimentally with reasonable precision. Such a quantitative measure is
the tf pair production cross section that, as we will see has an interpretation of the production probability?
for a tf pair in a pp collision event. The ¢ cross section is measured in barns and has units of a cross sectional
area (1b = 107?%cm?). Hence, the tf cross section can also be intuitively interpreted as the effective cross
sectional area over which two protons interact to produce a tt pair.

The cross section for top pair production is related to the invariant amplitude M of the pp — tf process

via the expression:

./\/l 2
doyi = | F' do, (2.1)

where dQ is the Lorentz invariant phase space factor and F' is the incident flux, which measures the number
of protons per beam passing through unit area of overlapping beams per unit time (for more details see [41]).

As discussed in Section 1.6.1, in pp collision events most of the top quarks are produced in pairs through
quark annihilation - q7 — ## and guon-gluon fusion - gg — tt parton subprocesses. Hence, the total cross
section for the tt pair production cross section can be expressed as the convolution of these sub-processes

with the corresponding parton distribution functions of the proton:

o = Z/d“?idxjfi,p(il?, Q) fip(xj, Q%)6i;(if — 1) (22)
i

IStrictly speaking one needs to normalize the tf cross section by the one for total pp interaction to get the top pair production
probability. For pp LHC collisions at /s = 7 TeV the total cross section is oyota1 = 98 mb [40]. Hence, the probability for t¢
pair production at LHC is 1.68 x 109.
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Figure 2.1: The NLO tt production cross section as a function of the top quark mass m; including scale
dependence at the Tevatron (a) and the LHC (b) [42].

where x;(z;) is the momentum fraction carried by the parton ¢ (j) in the proton that belongs to the first
(second) beam, respectively.

One also expects the top pair production cross section to be dependent on the top quark mass, since
the heavier the t-quark, the harder it is to produce it. Figure 2.1 shows the tf production cross section
dependence on the top quark mass. The bottom line is that a 1 GeV increase in m; corresponds to a 0.25
pb (25 pb) decrease in the tf cross section at the Tevatron (LHC), respectively. Note that Figure 2.1(b)
shows the ¢t cross section dependence on m; for the case of nominal /s = 14 TeV center-of-mass energy of
the LHC.

The most recent calculation of the ¢ pair production cross section at NLO (next-to-leading-log soft
gluon resummation), for the case of /s = 1.96 TeV center of mass collision at the Tevatron assuming
my = 171 GeV/c? with CTEQ6.5 PDFs, predicts a value of 7.61703) (scales) T05% (PDFs) pb [43-46].
Experimental measurements of this quantity by CDF and DO collaborations are: oopr = 7.54+0.31 (stat) +
0.34 (syst) & 0.15 (theory) pb [47], and opo = 7.5670:%% (stat + syst + lumi) pb [48], both of which are in
good agreement with the SM prediction. Figure 2.2 summarizes the most recent results of ¢ pair production
cross section measurements from Tevatron experiments.

For the case of the center of mass energy of /s = 7 TeV, characteristic for present day LHC pp collisions,
the SM prediction for the ¢f cross section production at approximate NNLO, using CTEQ6.6 PDFs and
assuming m; = 172.5 GeV is ogp = 164.57ﬂ%:§g pb [43-46], approximately 20 times larger than that for
the Tevatron collider. In this dissertation, I will present the result of the top pair production cross section

measurement using 7 TeV, £ = [ Ldt = 698 pb~* of pp collision data collected with the ATLAS detector.
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Figure 2.2: The ¢t production cross section measurement results for Tevatron experiment: CDF (a) [47] and

DO (b) [48].

One can express the total number of produced ¢t pairs over some period of time T as:

number of pp collisions over the time period T'. Since there are detector geometrical acceptance limitations
and signal selection requirement inefficiencies, some of the tt events are not detected. The fraction of detected
signal events is determined using Monte Carlo simulation and is introduced into the Equation 2.3 as a factor
A. Further, the fraction A is corrected by a factor € to account for the mis-modeling of lepton reconstruction,

finite lepton identification and lepton trigger efficiency in data and Monte Carlo simulation, thus yielding

thzotg-/
T

where £ = [ Ldt is the integrated luminosity associated with the colliding beams and is proportional to the

the following expression that we used to measure the ¢ pair production cross section:

Ott

_ N%bs
A- ef Ldt
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2.2 Physics Motivation for ¢t Pair Production Cross Section
Measurement

In this section, I summarize the reasons that motivate the significance of the measurement of the top quark
pair production cross section in the dilepton channel using the l4track approach, especially noting that
the ATLAS detector as of December 2011 has completed its first year of operation and both the detector
commissioning program and establishing ‘benchmark’ SM signals in the new 7 TeV center-of-mass energy
regime are the primary focus of the ATLAS collaboration. Although some of the incentives to perform this

measurement were already mentioned in this text, I will repeat those in the compilation below:

e Due to its very short lifetime of 7, = 0.5 x 10724 sec, the top quark decays before top-flavored hadron
formation, thus enabling direct measurements of the properties of an otherwise strong color confined

quark.

e Uncertainties on the theoretical £ cross section prediction are currently at the 10% level and a com-

parison with experimental measurement is an excellent test for perturbative QCD predictions.

e The top quark has the largest Yukawa coupling y; ~ 1, hence top is characterized as the strongest
coupling to the Higgs sector, and as such serves as source of inspiration for many alternative BSM

theories.

e A significant excess of the measured tt cross section from the predicted SM value would imply a BSM
top production mechanism, while a significant deficit suggests alternative top decay channels (e.g.
t — H'b), different from ¢t — Wb which according to the CKM matrix must occur very nearly 100%

of the time.

e An abundant tf data sample is well-suited for the use as in-situ calibration tool for jet, lepton, b-tagging

algorithms.
e t{ pair production is a major background for many new BSM physics scenarios.

e The tt dilepton final state represents a rather clean signature due to two lepton identification require-

ments that enables backgrounds to be kept well under control.

e The tf cross section measurement in dilepton channel enables performing an explicit check of the lepton

universality principle.
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e The l4+track approach to dilepton event selection enhances the analysis sensitivity to 7-leptonic decays

of the W# boson and restores signal events lost due to lepton identification inefficiencies.

All of the above items motivate the importance of an in-depth understanding and thorough research of
the top quark sector, where a precise measurement of the top quark pair production cross section is a key

descriptive quantity.
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Chapter 3

CERN: The Large Hadron Collider
and the ATLAS Detector

3.1 Introduction

The European Organization for Nuclear Research (CERN) is an international laboratory for particle physics
research operating the world’s largest accelerator facility. Founded in September of 1954, CERN was the
cradle for the number of fundamental discoveries that shaped, changed and expanded the knowledge of
mankind about Nature and the Universe. Some of those include: the discovery of neutral weak currents
in 1973, the discovery of W and Z° bosons in 1983, the discovery of direct CP-violation in 1999 and the
invention of the World Wide Web in 1990. More than 10,000 scientists and engineers from all over the world

rely on CERN facilities in their quest for an understanding of the fundamental laws of Nature.

3.2 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring-superconducting-hadron accelerator and is the largest and
highest-energy collider in the world. The collider is located ~ 100 m underground in a 27 km circular tunnel
initially built for the Large Electron-Positron Collider (LEP) [49]. The LHC was designed to provide pp
collisions at a 14 TeV! center-of-mass energy with an instantaneous luminosity of 103 cm=2s=2 [2]. The
LHC is part of the CERN accelerator complex system that prepares the protons (or heavy ions) for injection

into the LHC. More specifically:

1. The protons are obtained by stripping off electrons from hydrogen atoms, accelerated to 50 MeV by

the LINAC (linear particle accelerator) and fed to the Proton Synchrotron Booster (PSB).
2. The PSB accelerates protons to 1.4 GeV and injects them into the Proton Synchrotron (PS).

3. The PS further accelerates protons to 26 GeV and injects them into the Super Proton Synchrotron
(SPS).

LAt the initial stage (i.e. 2009 - 2012) of the LHC operations it was decided to limit the center-of-mass energy for the pp
collisions to 7 TeV.
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4. The SPS brings the proton energy to 450 GeV and prepares them for the injection into the LHC.

Figure 3.1 gives the schematic view of CERN accelerator facility complex.
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Figure 3.1: The schematic view on accelerator facility complex at CERN.

Proton beams at the LHC are organized as a train of 2808 proton bunches, where each bunch contains
1.15 x 10*! protons at nominal proton fill, is a few cm in length and has ~ 1 mm transverse dimension. At
the collision point, bunches receive an extra squeeze from quadrupole magnet pairs and become ~ 16 um
transversely. At the entrance into the LHC, the protons are split into two beams that are brought to collision
at four points around the LHC ring. At each of the collision points large detectors have been constructed to
study various phenomena. The detectors and corresponding collaborations are: ALICE, LHCb, CMS and

ATLAS. Details of the ATLAS detector are provided in the next section.

3.3 The ATLAS Detector

ATLAS is a general-purpose experiment designed to exploit the full extent of the exciting particle physics
opportunities for fundamental discoveries at LHC [2]. A schematic view of the ATLAS detector is shown
in Figure 3.2. Some of the aspects of the rich physics potential of the LHC include:

e Precision measurement of QCD, electroweak and flavour physics processes due to high luminosity and
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Figure 3.2: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in height and
44 m in length. The overall weight of the detector is approximately 7000 tonnes.

large cross section values at the LHC.

e A vast physics program in the top sector (cross section, mass, spin, couplings etc.) due to the remark-

able top production rate at the LHC.

e Searches for the Higgs boson. The ATLAS detector subsystems were designed to maximize the perfor-
mance characteristics of the detector in searches for the Higgs boson, which remains the only undis-
covered mediator of interactions as predicted by the SM. The excellent characteristics of the ATLAS

detector enable successful Higgs searches in a number of decay scenarios.

e Searches for heavy W’ and Z’ bosons with masses up to ~ 6 TeV. In order to study their leptonic
decays, high-resolution lepton Pr measurement and charge identification are needed in the pp- range

of a few TeV.
e Quark compositeness, as probed through high pr jet cross section measurements.

e Searches for supersymmetric particles (squarks, gluinos) and low to intermediate scale gravity/higher

dimensions through reliable EI** measurement.

The above mentioned physics research goals define those requirements that the ATLAS detector system
must meet in order to successfully carry out these physics programs. Table 3.1 summarizes the general

performance goals for each of the ATLAS detector subsystems.
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Table 3.1: General performance goals of the ATLAS detector. Note that for high pr muons, the muon
spectrometer performance is independent of the inner-detector system. The units for £ and pr are in GeV.

Detector Subsystem Required resolution 7 coverage
Measurement Trigger
Tracking Opr /07 = 0.05% pr © 1 % +2.5 R
EM Calorimetry op/E=10% /VE ® 0.7 % +3.2 +2.5
Hadronic calorimetry (jets)

barrel and end-cap opg/E =50% /VE © 3 % +3.2 +3.2
forward op/E =100% /VE ©10% | 3.1<n <49 | 3.1<n <49

Muon spectrometer opr /P = 10% at pr = 1 TeV +2.7 +2.4

A right-handed coordinate system is used to describe the ATLAS detector and the particles emerging
from pp collisions, and is defined as follows: the nominal interaction point is taken as the origin, the beam
direction defines the z-axis, the positive x-axis is defined as pointing from the interaction point to the
center of the LHC ring, and the positive y-axis is defined as pointing upwards. The azimuthal angle ¢ is
measured around the beam axis, and the polar angle 6 is the angle from the beam axis. The pseudorapidity
n = —In (tan (6/2)) is frequently used instead of the polar angle 6. In this thesis I will refer to the transverse

miss

momentum pr =, /p2 + pfj, transverse energy Er = E'sin 6, and missing transverse energy E7'**® which are
defined as projections of corresponding variables in the transverse plane.

The magnet configuration of the ATLAS detector consists of a thin superconducting solenoid surrounding
the tracker cavity, and three large superconducting toroids (one barrel and two end-caps) arranged with an

eight-fold azimuthal symmetry around the calorimeters. This fundamental choice has dictated the design of

the rest of the detector.

3.3.1 The Inner Detector

The Inner Detector (ID) is the innermost part of the ATLAS detector. The ID is immersed in a solenoidal
magnetic field of 2.0 T. It consists of independent, yet complementary charged particle tracking sub-detectors.
At the inner-most radii, high-resolution charged track pattern recognition capabilities are available using
discrete space-points from silicon pixel layers (typically three pixel layers are traversed by a charged particle)
and stereo pairs of silicon microstrip (SCT) layers. For the SCT, eight strip layers are traversed by each
track. The precision tracking sub-detectors (Pixel and SCT) cover the pseudorapidity region || < 2.5. In the
barrel region, they are arranged in concentric cylinders around the beam axis, while in the end-cap regions
they consist of disks perpendicular to the beam axis. The total number of pixel detector read out channels

is 80.4 million and for the SCT the tracking information has 6.3 million read out channels. At larger radii,
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the transition radiation tracker (TRT) consists of many layers of gaseous straw tube elements interleaved
with transition radiation material. The typical TRT yield per track is approximately 36 hits, which enables
continuous tracking to enhance the pattern recognition and improve charged particle momentum resolution
over |n| < 2.0 and electron identification complementary to that of the calorimeter over a wide range of
energies. In the barrel region, the 144 cm long TRT straws are parallel to the beam axis. In the end-
cap region the TRT straws are arranged radially and are 37 cm long. The total number of TRT readout
channels is ~ 350, 000. The tracker accounts for 0.5Xy to 2Xq of the material in front of the calorimeters up

to |n| = 2.5. A cut-away view of the ATLAS Inner Detector is shown in Figure 3.3.

End-cap semiconductor tracker

Figure 3.3: Cut-away view of the ATLAS Inner Detector.

3.3.2 Calorimetry

Calorimeters cover the range |n| < 4.9, using different techniques suited to the widely varying requirements
of the physics processes of interest. Over the n-region matched to the ID, the fine granularity of the EM
calorimeter is ideally suited for precision measurement of electrons and photons. The coarser granularity of
the rest of the calorimeter is sufficient to satisfy the physics requirements for jet reconstruction and EFss
measurements. It is also important to note that the calorimeter depth is designed and constructed such that
the calorimeter provides good containment of electromagnetic and hadronic showers, ensuring the precision
measurement requirements summarized in Table 3.1. Figure 3.4 depicts ATLAS subdetectors that constitute

the ATLAS calorimetry.
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Figure 3.4: Cut-away view of the ATLAS calorimeter system.

Liquid Argon Electromagnetic Calorimeter

The EM calorimeter is divided into a barrel part (|n| < 1.475) and two end-cap components (1.375 < |n| <
3.2), each located in individual cryostats. The EM calorimeter is lead-LAr detector with accordion-shaped
kapton electrodes and lead absorber plates over its full coverage. The accordion geometry for the absorbers
and electrodes is chosen as such in order to provide full ¢-coverage without any cracks and fast extraction of
the EM shower signal at the rear and at the front of the electrodes. This enables a very uniform performance

in terms of linearity and resolution as a function of ¢.

Tile Hadronic Calorimeter

The Scintillating Tile Hadronic Calorimeter (TileCal) is composed of a Long Barrel (LB) and two Extended
Barrel (EB) cylindrical structures spanning the pseudorapidity region |n| < 1.7. Azimuthally, the barrel and
extended barrels are divided into 64 modules, each spanning 27/64 azimuthal angle. In the radial direction,
the TileCal extends from an inner radius of 2280 mm to an outer radius of 4230 mm. Each of the TileCal
modules is composed of a grid of alternating layers of steel plates (absorber) and scintillator tiles (active
material) with period of 18 mm (Fig. 3.5(a)). Tiles are oriented perpendicular to the colliding beams and
are radially staggered in depth. The Tile calorimeter contains 11 different sizes of trapezoidal shaped tiles,
ranging from about 200 mm to 350 mm in length and 97 mm to 187 mm in radial width. All tiles are 3

mm thick. Fig. 3.5(b) and Table 3.2 give details on the tile characteristics. Each tile has two holes 9 mm in
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diameter always placed 13.5 mm away from the tile extremity (Fig. 3.5(b)). Typically, the tile inner radius
hole is used for metal fixing rods and the tile outer radius hole is used for the 37C's calibration tubes. In
tile row 7 of EB modules both holes serve for C's'37y-source passage purposes. The scintillating tiles are
read out via wavelength shifting (WLS) fibers on both sides of the tile into two separate PMTs. In the LB
eight WLS fibers of different lengths are used per period per side to achieve the 3 longitudinal (i.e. depth)
samplings, while in the EB six WLS fibers of different lengths are used, as summarized in Table 3.2. The
TileCal is segmented longitudinally into three depth layers, which are about 1.4 (sampling A), 4.0 (sampling
BC) and 1.8 (sampling D) interaction lengths thick at n=0 for Long Barrel modules. In the Extended
Barrel, the second depth layer is thinner, whereas the third depth layer is thicker compared to LB modules
as shown in Fig. 3.6. The quasiprojective read out cells are formed by grouping the WLS fibers into different
PMTs. Cells are organized in pseudo-projective towers oriented towards the interaction point. The cell
division of the 3 samplings of the Tile Calorimeter is shown in Fig. 3.6. The resulting cell granularity is:

An x A¢ =0.1 x0.1 (0.2 x 0.1 in the last longitudinal layer). A schematic drawing is given in Fig. 3.6.

Table 3.2: Tile Dimensions and Cell Structure. The labeling of the dimensions corresponds to the drawing
of the tile shown in Fig. 3.5(b)

Tile Size | Amm | Bmm | Hmm | E mm | Sampling Fiber
LB | EB | LB | EB
1 231.0 | 221.3 97 70 A A 1 1
2 240.8 | 231.3 97 70 A A 2 2
3 250.6 | 241.0 97 70 A A 1 1
4 262.0 | 249.5 127 100 B B 3 3
5 274.8 | 262.3 127 100 B B 4 4
6 287.5 | 275.0 127 100 B B 3 3
7 302.3 | 287.8 147 120 C B 5 4
8 317.0 | 302.6 147 120 C D 6 5
9 331.7 | 3173 147 120 C D 5 6
10 350.4 | 332.0 187 160 D D 7 5
11 369.0 | 350.7 187 160 D D 8 6

LAr Hadronic End-cap Calorimeter

The Hadronic End-Cap Calorimeter (HEC) consists of two independent wheels per end-cap. Each of the
wheels is located behind the end-cap electromagnetic calorimeter and share the same LAr cryostat. Each
wheel is built from 32 identical wedge-shaped modules, assembled with fixtures at the periphery and at the
central bore. Each wheel is divided into two segments in depth, for a total of four layers per end-cap. Copper

plates are interleaved with 8.5 mm LAr gaps, providing the active medium for this sampling calorimeter.
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LAr Forward Calorimeter

The Forward Calorimeter (FCAL) is integrated into the end-cap cryostats, as this facilitates uniform calori-
metric coverage and reduced radiation background levels in the muon spectrometer. The FCal is ~ 10
interaction lengths deep, and consists of three modules in each end-cap; the first module is made of copper
and is optimized for electromagnetic measurements, the second and the third are made of tungsten and
measure predominantly the energy of hadronic interactions. Each module consists of a metal matrix, with
regularly spaced longitudinal channels filled with an electrode structure consisting of concentric rods and
tubes parallel to the beam axis. The LAr in the gap between the rod and the tube is the sensitive ionaziation

medium.

3.3.3 Muon Spectrometer

Muons are minimum ionizing particles and will typically pass through the ATLAS detector without deposit-
ing a substantial portion of their kinetic energy in the calorimeter. The muon spectrometer (MS) is used for
muon momentum reconstruction. The muon system identifies tracks in the region |n| < 2.7 with precision
measurements up to |n| = 2.5. Special transition regions in the MS lie in || < 0.1 and 1.0 < || < 1.3.
The MS comprises four main components: Muon Drift Tubes (MDT), Cathode Strip Chambers (CSC),
Resistive Plate Chambers (RPC), and Thin Gap Chambers (TGC)2. Over most of the n-range, a precision
measurement of the track coordinate in the principal bend direction of the magnetic field is provided by
MDTs. In order to ensure reliable operation of the MDTSs, the sense wires are mechanically isolated in each
drift tube. In the larger n-region, track coordinates are measured with the Cathode Strip Chambers (CSCs’
are multi-wire proportional chambers with their cathodes segmented into strips). The MS trigger system
covers the region up to |n| < 2.4. Resistive Plate Chambers (RPC) are used in the barrel region, while
Thin Gap Chambers (TGC) in the end-cap regions. The MS trigger system has three main functions: pp
bunch-crossing identification, provide well-defined muon Pr thresholds, and independent measurement the

of muon coordinate in the direction orthogonal to that determined by the ID precision-tracking chambers.

3.3.4 Luminosity Detectors

The Beam Condition Monitor (BCM) detector is used to monitor beam losses and to provide fast feedback
to the accelerator operations team. It is a core component of the detector protection system, in that it
provides a fast accelerator abort signal in the event of substantial beam loss. The BCM consists of two arms

of diamond sensors located at z = £184 cm and r = 5.5 cm and uses programable front-end electronics to

2Chambers are also used for triggering.
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histogram the single-sided and coincidence rates as a function of Bunch Crossing Identifier (BCID). Thus,
bunch-by-bunch rates are available for luminosity determination and monitoring.

At £17 m from the interaction point lies the LUCID (LUminosity measurement using Cerenkov Integrat-
ing Detector) is specifically designed for measuring the pp instantaneous luminosity at ATLAS. It consists of
16 optically reflecting aluminum tubes filled with CyFy¢ (perfluorobutane) gas surrounding the beam pipe
on each side of the interaction point. Cerenkov photons created by charged particles in the gas are reflected
by the tube walls until they reach PMTs situated at the back end of the tubes. The PMT signal further
amplified and digitized with 80 samplings. If the pulse height of the signal is larger than the discriminator

threshold a tube counts a ‘hit’.

3.3.5 Magnet System

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

magnet system is shown in Figure 3.7 and includes:

Figure 3.7: Geometry of magnet windings and tile calorimeter steel. The eight barrel toroid coils, with the
end-cap coils interleaved are visible. The solenoid winding lies inside the calorimeter volume. For the sake
of clarity the forward shielding disk is not displayed.

e a solenoid aligned on the beam axis that provides a 2.0 T axial magnetic field for the ID. It also

minimizes the radiation thickness in front of the barrel EM calorimeter

e a barrel and two end-cap toroid magnets, which produce magnetic fields of ~ 0.5 T and 1 T respectively

for the muon trajectory bending and subsequent momentum measurement.

Due to the above described structure of the ATLAS magnets, charged particle tracks are bent in the

r — ¢ plane while traversing the ID immersed in the solenoidal magnetic field and bent in the r — z plane in
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the MS. The bend parameters are further used to measure particle descriptive parameters such as charge,

momentum, mass, etc.

3.3.6 Trigger

At the design luminosity of 1034 cm~2 s~! the pp collision rate at LHC is ~ 1 GHz, while the overall ATLAS
event data recording rate is limited to 200 Hz, due to technology and resource limitations. Hence, the
ATLAS detector needs a robust trigger system that provides an overall rejection factor of 5 x 10% against
minimum-bias processes and maintains maximum efficiency for the new physics. The ATLAS trigger system
is organized in three levels LEVEL 1 (L1), LEVEL 2 (L2), and Event Filter (EF).

The L1 trigger searches for events with high pr muons, electrons, photons, jets, 3-prong 7 decays,
substantial missing and high total transverse energy. The L1 trigger decision is based only on a subset of
detector information, reducing the L1 trigger rate to 75 kHz, limited by the current bandwidth of the readout
system (upgradable to 100 kHz). High pr muons are identified using TGCs and CSCs as described above.
Reduced-granularity information from all calorimeters provides the input for the L1 trigger calorimeter
information. In each event, the L1 trigger also defines one or more Regions-of-Interest (Rol), i.e. the  and
¢ coordinates of those regions of the detector where the selection process has identified interesting features.

Rol information provided by the L1 trigger is further used to seed the L2 trigger which uses full granularity
and precision detector data within the Rol in its selection process. The L2 trigger reduces the rate to ~
3.5 kHz with an event processing time of about 40 ms averaged over all events. The last stage of the event
selection is carried out by the Event Filter, which reduces the trigger rate to 200 Hz. The EF selection
requirements are implemented using a computer farm with offline analysis procedures, with an average event
processing time of the order of a few seconds. Figure 3.8 shows the schematic summary view of the ATLAS

trigger system.
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Figure 3.8: Schematic diagram of ATLAS trigger system.

46



Chapter 4

Luminosity Measurement and Data
Sample

4.1 Introduction

As discussed earlier in Section 2.1, we use Equation 2.4 to measure the ¢ pair production cross section. Hence,
an accurate determination of the integrated luminosity f Ldt is of central importance for the precision of the
measurement. Below, we briefly discuss the ATLAS strategy for measuring and calibrating the instantaneous
luminosity as well as describe the detectors used for instantaneous luminosity determination.

The instantaneous luminosity for pp collisions can be expressed as:

R.
L= o2t (4.1)
Oinel
where R;ne; is the instantaneous rate of inelastic pp collisions and oy, is the pp inelastic cross section.
If the beam revolution frequency is f,, the number of proton bunches per beam (assuming that all bunches
cross at the interaction point) is my, and the average number of inelastic interactions per bunch crossing

(BC) is p, then the instantaneous interaction rate can be equivalently expressed as Rine; = pnyp fr. Hence:

_ Mnbfr

Oinel

L (4.2)

In order to determine the average number of interactions per BC p, ATLAS utilizes the so-called Event
Counting method, where one determines the fraction of bunch crossings that contain events satisfying some
selection requirements. The events are selected with efficiency € < 1, hence what one measures experimentally
iS fyis = € and oy;s = €0ine;. Hence, the instantaneous luminosity expressed in terms of measurable fi,;s

takes the form:
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4.2 Absolute Luminosity Measurement

As follows from Equation 4.3, the problem of absolute instantaneous luminosity determination boils down
to measurement of ;s and 0,5, where the visible cross section o,;s is essentially the calibration constant
that relates the measurable quantity fi,;s to the instantaneous luminosity £. One should also note that the
above mentioned calibration constant ;e is specific to event selection requirements (or equivalently the
event selection algorithm) and the detector system, the information of which is used by the event selection

algorithms.

Determination of Visible Average Number of Inelastic Interactions per BC ;%%

In order to determine the quantity p!,, for a given BC i, ATLAS makes use of two types of event counting

algorithms, where the raw number of selected events IV; and the number of bunch crossings Np are measured.

1. EventOR algorithm, where an event is counted if the sum of all hits in both the forward (‘A’) and
backward (‘C’) sides is at least one. Assuming that the number of interactions in a BC are described
by a Poisson distribution, the probability of observing an inclusive (EventOR) type of event can be
computed as [50]:

R) NOR

OR
PEvent_OR(luﬁ?is = Npo =1—e tvis (44)

Hence, 11,5 can be expressed in terms of the event-counting rate yields as:

pOR = —in (1 - NOR) (4.5)

2. EventAND algorithm, where an event is selected if there is at least one hit on each side of the detector.
Here, the probability to record a coincidence event is Pgyent.anp Which one minus the probability
Pgero-OF of there being no hit on at least one side. The latter in turn equals the probability that there

be no hit on at least side A (Pypa = e‘”EA), plus the probability that there is no hit on at least side
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C (Pyc = e *€Y), minus the probability that there be no hit on either side (Py = 1 — Pgyent.or =

e—HEOR) [50]. Combining terms, one arrives at:

N
PE'uent_AND = ]\I;TNCD =1- POZero_OR(N) (46)
= 1- (ef‘“A tehe” 67“€OR) (4.7)
L (e e ) 19

Recall that eAVP = Ujj‘iiv D /Ciner and OF = ovoif /Oinei, also the relation between efficiencies: OF =

e +€¢ — eANP | For the ATLAS experiment, one can assume e*VP << ¢4C and e ~ €8, hence the

final expression for Pryent_anD is:

NAND _ OR /) _ANDy AND _(~OR ANDy, AND
PE'UE’n,t_AND (HszSVD) = = 1 —_ 26 (1+Uvis /Uvis )lu‘vis _|_ e (Uuis /Uuis )iu’uis (49)
Npc
AND

It is not possible to invert this relation analytically to obtain an expression for u in terms of the

vis
number of selected coincidence events NANP and the total number of bunch crossings Npc. Typically, the
inversion is performed numerically using a look-up table, or the function is inverted for a specific value of

using an iterative technique, such as the Newton-Raphson method [51].

Determination of the calibration constant ov*

S

Determination of the calibration constant o¥** in ATLAS is achieved in two steps. The first step is to infer
the instantaneous luminosity from accelerator parameters, such as n, number of bunches that cross at the
interaction point, collider revolution frequency f,, the number of particles in colliding bunches n; 2 and the

horizontal and vertical beam profile characteristics 3 ;-

_ mpfrning fem—2s~1]

= 4.10
275, %, (4.10)

Typically, one measures the beam parameters ¥, , using van der Meer (vdM) scans, where the event
rate is recorded while scanning the two beams across each other first in the horizontal (z) and then in the

vertical (y) direction. The beam conditions during the vdM scans are different from those in normal physics
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operations, with fewer bunches colliding, no bunch trains, and lower bunch intensities. These conditions are
chosen in order to reduce various systematic uncertainties in the scan procedure. As a result of the vdM scan
a Gaussian curve is obtained per scan, with the maximum rate at zero separation from which one extracts
the values of ¥, and X, [50].

The number of protons in colliding bunches n; 2 or equivalently the bunch charge currents are measured
with eight Bunch Current Transformers (BCTs). Each beam is monitored by two identical and redundant DC
current transformers (DCCT), which are high accuracy devices but are not capable of separating individual
bunch charges. Each beam is also monitored by two fast beam current transformers (FBCT) which have
the ability to measure individual bunch currents. Combining the total current measured with DCCT with
the relative fraction of the total current in each BCID determined with FBCT provides the needed bunch
charge current values n; 2. Combining expressions 4.3 and 4.10 one arrives at the following expression for

the luminosity calibration constant:

22X N
Ovis = Hvis# [sz]
ning

(4.11)

where 1,5 is the visible average number of inelastic interactions per bunch crossing.
Determining the calibration constant ¢,;s per luminosity detector per luminosity algorithm, allows con-

version of the measured value for p!,  into the absolute luminosity value for each bunch crossing.

4.3 Instantaneous Luminosity Uncertainty Evaluation

The absolute instantaneous luminosity determination described in the previous section suffers from both
systematic and statistical uncertainties, which in turn arise from the uncertainties on the measured average
number of interactions per bunch crossing p*** and the luminosity calibration constant o?®. Table 4.1
summarizes the main sources of systematic uncertainty for the visible cross section ov% along with the
relative systematic uncertainties §o¥% /o per uncertainty source [52]. The main uncertainty comes from
‘Bunch charge product’ measurement, where among other sources of systematic uncertainty, the DCCT scale
variation (£2.7%) and bunch-to-bunch fraction measurement (£1.3%) are the dominant contributors.

Table 4.2 lists the main sources of the total uncertainty on the absolute instantaneous luminosity mea-

surement of the data sample used for this analysis [52].
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Table 4.1: Relative systematic uncertainties on the determination of the visible cross section o?%.

Source Systematic Uncertainty [%]
Bunch charge product 3.0
Beam centering 0.1
Emittance growth 0.4
Beam-position jitter 0.3
Bunch-to-bunch o,;s consistency 0.4
Length scale calibration 0.3
Absolute ID length scale 0.3
Fit model 0.8
Transverse correlations 0.5
1 dependence 0.5
BCM consistency 0.7
Total 3.4

Table 4.2: Relative uncertainty (in %) on the calibrated instantaneous luminosity broken down by the source.

Uncertainty Source O0L/L
vdM Scan Calibration | 3.4 %
Afterglow Calibration | 0.2 %
Long-term Consistency | 1.9 %

1 Dependence 1.0 %
Total 3.7 %
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4.4 Data Sample

In the scope of this dissertation we used pp collision data provided by the LHC accelerator at 7 TeV center-
of-mass energy collected in the first half of 2011. The data taking was separated into data collection periods
within which the trigger conditions and LHC operation mode remained stable. The data used here was
collected in data-taking periods B-G5, during which the LHC provided stable colliding beams and ATLAS
systems critical for the EM**® determination, muon, electron, jet identification were producing data of suffi-
cient quality so as to be suitable for physics analysis. Proceeding from the absolute instantaneous luminosity
determination prescription described in Section 4.2, one can then compute the integrated luminosity asso-
ciated with data collection periods B-G5 to be £ = det = 698 pb~!. As discussed in Section 4.3 this

integrated luminosity measurement has an overall uncertainty of 3.7 %.
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Chapter 5

Monte Carlo Simulation for Signal
and Background Processes

5.1 Introduction

In collider experiments, typically interesting physics events are those that contain collisions with hard scat-
tering processes, characterized by large momentum transfer. Along with the hard scattering signal process,
depending on colliding beam parameters, the same event may contain additional hard and/or soft scatter-
ing processes that comprise the so-called underlying event!. All of these processes are governed by strong
interaction physics and, hence by its underlying field theory - QCD. According to QCD, the partons emitted
from collisions radiate additional partons which in turn create more partons in a process similar to an elec-
tromagnetic shower. This process is known as the parton shower. Because of color confinement, quarks and
anti-quarks created in parton showers cannot exit in a free state and must combine to form color-neutral
hadrons. The latter process is known as hadronization. The tight cone of particles created by the hadroniza-
tion of a single high pr quark is called a jet. Hence, realistic Monte Carlo simulations of hard-scattering
collision events must provide an accurate description of the hard scattering signal, underlying events, parton
shower evolution and subsequent hadronization. Figure 5.1 shows a schematic drawing of a typical hadron
collision hard scattering event.

As discussed earlier, we make use of perturbative QCD in order to calculate the probability (or equiva-
lently the matrix element squared) for a given strong interaction processes; the calculation is more precise
the more higher-order perturbative terms are included in that calculation. On the other hand, what one
ultimately observes in the collider experiment is a final state containing some number of leptons and jets. In
order to describe the latter to arbitrary order, typically one makes use of Parton Shower Modeling following

the strategy described below:

1. Knowing the PDFs for the proton, calculate the parton-parton hard scattering subprocess matrix

IThe underlying event should be distinguished from the concept of the minimum bias event which is an event that causes
the detector trigger to fire with imposed minimal requirements. Frequently, these are soft pp scattering processes. At high
luminosities, where there are multiple interactions per typical proton bunch crossing event, the hard scattering process would
be overlaid with several minimum bias processes that are called pile-up events.
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3. Hadronization LI AR 4. Underlying Event

Figure 5.1: Schematic drawing of a hadronic collision hard scattering event.

element at the leading log order in QCD.

2. Add additional QCD and QED radiation in a shower approximation and subsequent hadronization.

Parton Shower modeling provides a reasonably good description of collision physics for soft scattering,
collinear partons, whereas it performs poorly for the cases of hard scattering events with widely separated
jets (such as those produced in tf pair decay). However, one can do better by replacing the first step
with a higher-order perturbative calculation of the hard scattering matrix element and interfacing the hard
scattering products to the parton shower simulation. At the interfacing step, one needs to combine different
jet multiplicities from matrix elements without double counting with the parton shower emission. There are
two widely used approaches to accomplish this: the CKKW scheme [53] and the MLM scheme [54].

At the final stage, following hadronization, the stable particles? are propagated through the full ATLAS

detector simulation by Geant4 [55].

2In ATLAS, a particle is assumed to be stable if ¢ > 10 mm.
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5.2 Monte Carlo Simulation for Signal and Background
Processes

The Monte Carlo simulation samples, intended for the determination of signal acceptance and background
contamination, as well as validation of analysis procedures of the ATLAS data collected in the first half of
2011, were produced in the scope of the MC10b production project by the ATLAS production group [56].
Event generation was followed by the propagation of events through the full Geant4 simulation of the
ATLAS detector for all Monte Carlo samples. The reconstruction and digitization in the MC10b project
was performed with the same ATLAS software release as the 2011 data reprocessing. Only one pile-up
configuration corresponding to the LHC running with 50 ns bunch separation was used. The effect of pile-up
was simulated using PYTHIAG [57] Monte Carlo generated minimum bias events and assuming variable
pile-up rates.

In the scope of the MC10b project, the individual MC sample event statistics generated was such that
the statistical uncertainties associated with the Monte Carlo event samples were considerably smaller than
the statistical uncertainties associated with the actual data sets. Therefore, MC samples with an integrated
luminosity of at least ~ 10-15 fb~! were used for the main signal and background processes. For the signal
and each of the main background processes several Monte Carlo models were used. A baseline model was
selected for each of the MC samples; the baseline MC sample was used as the default MC sample by the
ATLAS Top Working Group (TWG) analyses and had been generated with larger statistics than the MC
samples generated using the alternative models. Below we summarize the main features of the MC10b
production campaign MC sample.

Signal ¢t and single top events generated using the MC@NLO [58] generator v3.41 with the CTEQ66 [59]
parton distribution function were chosen as baseline MC samples. The addition of parton shower and the
underlying event was achieved by using HERWIG v6.510 [60] and JIMMY [61] MC event generators
using the CTEQ66 HERWIG and JIMMY AUET1 PDF’s tuned [62] to the ATLAS data. The MC t¢
cross section was normalized to the approximate next-to-next-to leading order prediction value of 164.6 pb
obtained using the HATHOR tool [63]. For the single top MC samples, 300000 events were generated
for each of the e, y and 7 t-channel and s-channel leptonic decay channels. For signal MC ¢t production,
other Monte Carlo generators and generator parameter setups were used to provide simulation samples with
statistics complying with the MC10b production guidelines. Alternative MC tt samples simulated using
POWHEG [64] interfaced with PYTHIA as well as HERWIG [65] and JIMMY enabled the comparisons

of two different parton shower and hadronization models against the baseline and also a comparison of the

95



POWHEG and MC@NLO generators. A set of twelve samples generated with ACERMC [66] and PYTHIA
generators was made available for the MC ¢ initial and final state radiation studies. For these MC samples,
the initial and final state parameters (or their combinations) were set to a range of values not excluded by
the current experimental data.

The MC vector boson production was simulated using ALPGEN interfaced to HERWIG MC event
generators while JIMMY [61] was used for underlying event simulation. The CTEQ6.1 parton distribution
function was used for both the matrix element calculations and the parton shower evolution. The additional
partons produced in the matrix element part of the MC event generation can be either light partons (W +jets
and v/Z+jets) or heavy quarks (W + c+jets, W + cc+jets, W + bb+jets, Z + cé+jets and Z + bb+jets).

The inclusive W and «/Z MC samples were produced as a full set of the parton multiplicity sub-samples.
For all of the MC vector boson production process samples requested and used by the Top Group, the
ALPGEN parameters controlling the minimal transverse momentum and angular separation of the light
quarks were set to ptjmin=15 GeV and drjmin=0.7. The clustering parameters used for the MLM match-
ing were set to RCLUS=0.7 and ETCLUS=20 GeV. The MC vector boson production processes had integrated
luminosities of ~ 10 fb~!, in order for the parton multiplicity sub-samples to have a reasonable probabil-
ity of surviving the #f signal event selection cuts. The production cross sections of all of the ALPGEN
and HERWIG samples were normalized to the corresponding next-to-next-to leading order cross section
predictions [67].

ALPGEN was used for MC di-boson event (WW, WZ and ZZ) simulation. These samples were
produced with up to three additional partons from the matrix element. They were therefore likely to
represent a more credible background simulation than the other (e.g. HERWIG) samples when the event
selection cuts included the multiplicity cuts on high-pt QCD jets. A list of all Monte Carlo simulated data

samples used in this analysis is given in Appendix D.
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Chapter 6

Analysis Object Reconstruction and
Identification

6.1 Electrons

6.1.1 Trigger Chain

As discussed in Section 3.3.6, ATLAS employs a three-level trigger system. The first level trigger (L.1) consists
of special purpose hardware, while the second (L2) and third (EF) were software based and collectively
referred to as the High Level Trigger (HLT). Triggers for the electron channel of top events were based
on selecting high transverse momentum electrons. The trigger for the electron sample for the top pair
production cross section measurements is as follows: at the first trigger level, electron candidate events are
selected by requiring an electromagnetic object passing a certain high energy threshold. At the HLT level,
calorimeter clusters are associated with tracks, the full granularity of the calorimeter becomes available and
fast calorimeter and track reconstruction algorithms were deployed. For both the data and MC simulation we
require the EF_e20_medium trigger path [68]. The efficiency of the trigger (e;ri4) and the ratio of efficiencies
(SFig) obtained from data and MC were measured using the unbiased leg in Z — ee and W — ev in 18
bins of |n| (cluster position) and were found to plateau for Ep > 25 GeV, with € ~ 98% and SFii4(n)

within 1 4 0.02 for all except forward (|| > 2) regions.

6.1.2 Electron Reconstruction, Identification and Kinematical Selection

Electron candidate selection starts with the trigger requirement described above, followed by selection cuts
imposed on the reconstructed offline candidate electrons (we use ElectronAODCollection). A set of quality
requirements was applied in order to ensure that candidates were consistent with the energy deposition of
an electron in the calorimeters and the presence of a well-measured high Pr track that spatially matched
to the electromagnetic cluster was also required. Specifically, electron candidates were required to pass the
egamma group definition of a ‘tight’ * electron selection [69], with an overall efficiency of ~75%. Electron

identification cuts also included a requirement to pass Er = Ecluster/ COSh(Ttrack) > 25 GeV, where Ecluster

1This corresponds to ‘egammaPIDs::ElectronTight’ selection.
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is the calorimeter cluster energy and 7qcx is the longitudinal direction of the electron track. Additionally,
we require that [Nejuster] < 2.47, excluding the calorimeter crack region at 1.37 < |Nciuster| < 1.52, where
TNeluster 1S the pseudorapidity of the calorimeter energy cluster associated with the candidate. The value of
E/p, the ratio of electron cluster energy measured in the calorimeter to momentum in the inner tracker,

2. In addition, the track was required to

was required to be consistent with that expected for an electron
have an associated hit in the innermost pixel layer in order to suppress photon conversions, except when
the track passed through modules known to be dead. Information about high-threshold TRT hits was also
used to separate electrons from photons. In addition, a run-dependent quality map (OTX map) was used
to reject electrons from detector regions with known problems, such as non-nominal high voltage or readout
problems.

The efficiencies of the electron track and cluster reconstruction and the electron identification were
measured within the egamma combined performance group using data and MC samples of Z— ee and
W — ev [70]. MC simulations were reported to agree reasonably well with data, with a few exceptions -
mainly regarding the lateral development of EM showers and the TRT data in the end-caps. Scale factors
were applied to account for differences in efficiency values measured in MC versus data. The electron
reconstruction efficiency, including track quality cuts, was measured in three |n| regions and the scale factor
was found to be consistent with 1 except for || > 2.37, where it was ~ 0.97. The electron ID efficiencies
and scale factors were measured in 18 n bins (plus 2 for the calorimeter gaps) and 6 Er bins [71]. The -

dependent scale factors were corrected by the ratio of Ep-dependent scale factors to the overall scale factors

to form a 2-dimensional matrix. Figure 6.1 shows the ID SF’s as a function of the electron n and Er.
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Figure 6.1: Electron identification SF’s versus n (with Ep between 20 and 50 GeV) and versus Er (for all
1) [72] (not public plots).

2The cut is 7 and Et dependent and ranges from 0.7 — 0.8 < E/p < 2.5 — 5.0.
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Isolation requirements

Electrons emitted due to W-boson leptonic decay are isolated from jet activity, except for cases of accidental
overlap with one of the jets in the event. There are three major sources of contamination for high pr
isolated electrons: hadrons faking an electron signature, electrons from heavy-flavor decays and photon
conversions. In order to suppress these background events, an angular cone of AR = \/m = 0.2
centered around the electron was required to be free of jet activity. In order to achieve this, we required that
EtCone20 < 3.5 GeV, where the electron EM cluster energy is subtracted from the EtCone20 parameter.

Additionally, two corrections to EtCone20 were made:

e A leakage-correction, which accounted for the Ep-dependent and 7n-dependent slope of the average

cone energy versus the electron Fr.

e A pileup-correction, which accounted for the effect of underlying events on the electron isolation vari-

able.

6.1.3 Electron energy scale and resolution

In the kinematic range comparable to that of electrons in top events, the electron energy scale and electron
energy resolution was derived from the measurement of the Z — ee invariant mass distribution [73]. A
correction factor was applied to correct the electron energy scale in data as a function of the electron
Neluster (using 26 central and 6 forward 7 bins). Systematic uncertainties were within +1-1.5% for the
[Metuster| < 2.5 range. The dominant uncertainty sources were the knowledge of detector material thickness

and the presampler energy scale, pile-up effects and hardware modeling.

6.2 Muons

6.2.1 Trigger Chain

The muon trigger was required to obtain a suitable compromise between high trigger efficiency and stability
throughout the dataset (no muon trigger Pre-Scaling). Events in the muon channel were selected at the trig-
ger level requiring the EF_mu18 trigger chain to have fired, with the Level 1 trigger requirement L1_MU10. The
level 1 trigger required a muon spectrometer track with at least 10 GeV of estimated transverse momentum

at two layers of the trigger system.
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6.2.2 Muon Reconstruction, Identification and Kinematic Selections

Muon candidates were reconstructed by the MulD algorithm which started with a search for track segments
in different layers of the muon chambers using Hough transforms [74]. These segments were then combined
starting from the outermost layer, fitted to account for material effects, and matched with tracks found in
the inner detector to form a combined muon. The final candidates were refitted using the complete track
information from both detector systems. The reconstruction efficiency for combined muons was studied by
the Muon Combined Performance group (MCP). The MCP group provided the scale factors to correct MC
efficiencies in order to reproduce those obtained in data as a function of the muon 7 [75]. The reconstruction
scale factors were roughly consistent with unity throughout the 7 range, with uncertainties at the level of a
few per-mille. The muon reconstruction efficiency and muon momentum distribution width were corrected
using official MCP software packages approved by ATLAS. The nominal acceptance was measured from MC
simulated data after applying all of the muon corrections. The associated uncertainties of these corrections
were then used to derive systematic uncertainties on the muon acceptance estimate.

Muons were further required to satisfy the ‘tight’ muon quality definition made available by the MCP
group®. We required muons that were reconstructed by combining Inner Detector and Muon Spectrometer
information. This requirement enhanced the muon sample purity; this definition of a muon was also con-
sistent with the definition of a muon used in the muon term for calculating the missing Er as used in this

analysis. The following MCP recommendations for muon track quality were also implemented:
e Number of B-Layer hits > 0, if the expectBLayerHit returns true
e Number of pixel hits + number of crossed dead pixel sensors > 1
e Number of SCT hits + number of crossed dead SCT sensors > 6
e Number of pixel holes + number of SCT holes < 3

e for |n| < 1.9: Number of TRT hits + Number of TRT outliers > 5 and (Number of TRT out-
liers)/(Number of TRT hits+outliers) < 0.9

e for |n| > 1.9: 4f Number of TRT hits + Number of TRT outliers > 5: (Number of TRT out-
liers)/(Number of TRT hits+outliers) < 0.9

Specific additional cuts were applied for the top analyses in order to reject muons coming from heavy
and light flavor decays (such as b and ¢ baryon and meson decays and 7 and K decays in flight) as opposed

to prompt W decay. The following cuts were optimized based on simulation:

Shttps://twiki.cern.ch/twiki/bin/view/AtlasProtected /Quality Definition Muid
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o pr(u) > 20 GeV

e [n(u)| < 2.5 (corresponding to the geometrical acceptance of the Inner Detector in muon combined

tracking)

o AR(u,closest reconstructed jet) > 0.4, where the closest jet was taken among the jets reconstructed
by the anti-k; algorithm, with a cone of 0.4 and calibrated using the EMJES scheme. We considered

only jets with pr(jet) > 20 GeV
o etconed0(p) < 4 GeV
o ptecone30(p) < 4 GeV

Each pair of muons passing these cuts was checked against simple cosmic-muon rejection criteria. Cosmic
ray muon candidates were removed if they had two muons with opposite signed transverse impact parameters,
dp and both muon tracks had |dp| > 0.5 mm and A¢ > 3.10 between their respective muon directions. While
the calorimeter isolation requirement was sufficient to reject electrons from heavy flavor decays, muons were
required to have angular separation distance AR greater than 0.4 from any jet with pr > 20 GeV in order

to reject muons from heavy flavor decays.

6.2.3 Efficiencies and scale factors

The trigger efficiency of the muon trigger chain EF mu18 (that used MU10 at level 1) was measured for the
entire data taking period used in this analysis. The efficiency was measured using offline reconstructed muons
that also passed all of the top-specific selections of Section 6.2.2. The selection requirements for so-called
tag and probe muons are summarized in Table 6.1 and described in [76]. The top WG official Good Run
List was used when selecting events from data. Alpgen Z(— pup) + N jets MC10b Monte Carlo sets were
used as simulation samples. The muon trigger efficiency in MC and data was studied as a function of the

muon 7, ¢ and pr. Fig.6.2 shows MC and data muon trigger efficiencies as a function of several variables.

Table 6.1: Definition of tag and probe muons for muon trigger efficiency measurement.

Tag Muons | Probe Muons
Tight muon passing all offline selections
Combined muon requirement
Matched to a trigger ROI object | |Miag+prove — Mz| < 12 GeV
within AR = 0.2

opposite charge wrt the tag
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Due to an extrapolation bug in MC simulation affecting combined muon triggers at L2 (MuComb algorithm)
in the barrel region [77], a dependence of the SF on muon pr was observed in this region (but not in the
EC).

The misconfiguration problem was only present in the MC10b production, but not in the on-line menu
used for collision data; it primarily affected very high-pr muons. The pt range of muons from Z decays was
limited and therefore the tag-and-probe technique could not be used to measure the behavior of the simulated
efficiency after pr =~ 150 GeV. Given this limitation, we did not impose a trigger decision requirement for
Monte Carlo events that contained muons with pp>150 GeV. MC events containing at least one muon, that
passed all selection requirements and participated in the muon trigger were weighted by the SF to match
the efficiency to values obtained from data. No data/MC disagreements were found vs. AR(u, closest jet).

These studies delivered muon trigger efficiencies as a function of  and ¢ and trigger scale factors separated
into three pr bins, [20-60 GeV], [60-120 GeV] and > 120 GeV. Figure 6.3(a) shows the scale factor maps for
the low pr bin and Figure 6.3(b) shows the efficiency maps.

The systematic uncertainty on the muon trigger SF evaluation was traced to the following sources: the
di-muon invariant mass cut around the world average Z mass [78]; the trigger matching cut and the effect
of isolation on the tag muon.

The reconstruction efficiency for Muid combined muons was factorized from the offline muon identification
by normalizing the muon identification efficiency to the number of Muid combined muon probes. As for the
muon trigger efficiency measurement, the tag-and-probe technique and the same MC simulation samples were
used to evaluate the muon reconstruction and identification efficiency. Table 6.2 presents the requirements
for tag and probe muon selection for reconstruction and identification efficiency estimation. The background
contribution in data was estimated from a fit to the invariant mass shape of same-sign dimuon combinations
close to the Z pole, as described in [76]. Figure 6.4 shows the top-specific identification efficiencies as a
function of the most relevant kinematic and pile-up variables after background subtraction in data. No
dependence was observed on the etcone30 and ptcone30 variables either. The following were considered
as sources of systematic uncertainties: the background subtraction procedure; the effect of the Z mass
constraint on the di-muon invariant mass by varying the constraint in both data and MC [76]; the effect of a
mismeasurement of the muon momentum (in the tag/probe selection); the effect of quality cuts such as the
number of Inner Detector hits; and finally, the effect of interaction pile-up at higher luminosities. The overall
scale factor obtained from these muon studies for data-taking periods B to I was: SFrq = 1.0008 4 0.0003

(stat) £0.0003 (syst).
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Figure 6.2: Comparison of muon EF trigger efficiency for data (black) and MC (red) as a function of the
probe muon 7, ¢, pr and number of reconstructed primary vertices (on-time pile-up). The dependence on
muon pr in the Barrel and EC was different, as shown. The plots use 490 pb~! of 2011 collision data (periods
B2 to F3) [72] (not public plots).
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(not public plots).

Table 6.2: Definition of tag and probe muons for muon reconstruction and identification efficiency measure-

ment.

Reco Tag

Tight muon passing all offline selections
Combined muon requirement

|do (e, PV)| < 0.05 mm

matched to EF muon trig ROI within AR =
0.2

Reco Probe ID Tag

Track passing InDet requirements

Pr > 22 GeV, to allow for MS-InDet mis-
match due to tracking resolution effects and
avoid boundary effects around Pr = 20 GeV
|do (e, PV)| < 0.05 mm

|Mtag+probe - MZl <10 GeV

A¢(tag — probe) > 1.5 rad

opposite charge wrt tag

ID Probe

Tight muon passing all offline selections
Combined muon requirement

PT =20 GeV

|Mtag+probe - MZl <10 GeV

A¢(tag — probe) > 1.5 rad

opposite charge wrt tag
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Figure 6.4: Muon identification efficiency measured with the tag-and-probe method for data (black dots)
and MC (yellow rectangles) as a function of n(u), pr(p), AR(u, closest jet) and N(PV) in the event. The
data uses 690 pb~! of 2011 collision data. The MC includes all background contributions [72] (not public
plots).

6.3 Track Leptons

As described in Section 1.6.2, we relaxed the requirements on one of the lepton legs to require only a high-pr,
high quality Inner Detector track in order to enhance the analysis sensitivity to 7-leptonic decays of the W=
boson and restore the signal events lost due to lepton identification inefficiencies. Below, I describe in detail
the approach we used to define the minimal set of parameters required for Track Lepton (TL) selection and

to determine the optimal cut thresholds per parameter.

6.3.1 Track Lepton Selection

We categorize the three main requirements on tracking parameters that we used to define the TL object:

1. Requirements on the number of track hits per Inner Detector subsystem. This group of cuts was

mainly used to ensure high efficiency for Inner Detector track reconstruction.

. Isolation requirements. The main purpose for track isolation requirements was to suppress tracks

originating from parton fragmentation (so-called fakes).

Impact parameter requirements. The purpose of this group of cuts was to suppress tracks that were
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not associated with the highest pp hard scattering vertex or belonged to non-collision backgrounds.

In order to obtain the defining TL parameters along with their optimal cut values, we established the
following prescription: we started off by relaxing all of the TL requirements with the exception of the
pr > 20 GeV cut. Further, for each tracking parameter group, we identified the parameter(s) with highest
signal acceptance and maximal background suppression and associated cut threshold value(s) yielding the
maximal significance in a dedicated optimization procedure. In view of the high TL fake rate, we enhanced
the sensitivity of the TL optimization procedure to fake-TL backgrounds (mainly W+jets) by introducing
into the figure of merit for the optimization an additional fake background term:

a= S (6.1)

\/(5N5tat)2 + (F - BFke)? + Y (4BStat)?2

fake background systematic term

where the statistical term JN°@! = \/@ , S, B; are defined as the signal and background events
respectively, § BY'% was the statistical uncertainty per background, F' was the factor describing the antic-
ipated systematic uncertainty for fake Track-Lepton backgrounds. For this study, we assumed F = 0.25,
which was the target level for the systematic uncertainty associated with fake TL background.

The above definition for the optimization figure of merit enabled identification of threshold values that
allowed minimization of not only the statistical uncertainty on the tf cross section measurement, but also
the systematic uncertainty on fake TL backgrounds.

Let us now return to the above mentioned categories of tracking parameter requirements for TL definition

and focus on the optimization of the parameters that belong to the first category comprising;:
e Pixel hits
e SCT hits
e Combined Pixel and SCT hits (often referred to as Silicon Hits (Ng;))
e B-layer hits

A cut on the Number of Pixel4+SCT hits > 6 was identified as the optimal parameter emerging from the
first category.
For the isolation requirement optimization we considered a 3 x 3 matrix of isolation parameters i.e. 3

types of isolation variables defined in 3 fixed cone sizes (AR = 0.2,0.3,0.4).

1. Combined pr of the tracks with pr > 0.5 GeV around given track in a fixed cone size AR = 0.2,0.3,0.4.
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2. Combined pr of the tracks with pr > 0.5 GeV and Ng; > 0 hits around given track in a fixed cone
size AR =0.2,0.3,0.4.

3. The number of tracks with pr > 0.5 GeV and Ng; > 0 hits around given track in a fixed cone size

AR =0.2,0.3,0.4.

The optimal isolation type was identified as the combined pr of tracks with p7*® > 0.5 GeV and Ng; > 6
hits around given track in a fixed cone size AR = 0.3. As one can see from Figure 6.5, threshold values for
the inclusive Lepton+Track analysis channels were pr < 2 GeV, whereas optimal cut values for the exclusive
analysis* were tighter p < 1 GeV, which was due to the enhanced fake rate for the case of the exclusive
analysis. However, for the sake of simplicity, and in order to make the exclusive Lepton+Track analysis a
subset of the inclusive analysis, a unique track isolation pr cut value was chosen.

Lastly, we considered the transverse dy and longitudinal zgsin @ impact parameters in the third group
of parameters where optimal cuts were found to be |dy| < 0.2 mm and no cut on the longitudinal impact
parameter.

The results of the Track-Lepton optimization study are summarized in the Table 6.3.

Table 6.3: Track-Lepton Selection Requirements.

| Parameter | Cut Value ]
pr > 25 GeV
Number of Pixel+SCT hits || > 6
Isolation(AR = 0.3) <2 GeV
|do < 0.2 mm
Number of B-layer hits >0
| <24
ola/p)/(a/p) <0.2

Our detailed study of fake Track-Lepton backgrounds indicated the need for 3 additional cuts on Number
of B-layer hits, the track pseudorapidity and relative uncertainty on the ratio of charge per momentum (q/p)
parameter. This optimization study was carried out in the context of the 2010 analysis. Figures 6.6 and 6.7
present the data distribution and Monte Carlo simulation of the tracking parameters used for TL definition
for the case of the inclusive 1+track analysis. The corresponding plots for the exclusive analysis can be found

in Figures 6.8 and 6.9.

4The definition of the inclusive and exclusive Lepton+track analysis was provided in Section 7.1.
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Figure 6.7: The comparison of u+track data and Monte Carlo simulation for the track parameters used for
the TL definition. The distributions were obtained imposing all of the requirements described in Table 6.3.
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Figure 6.8: The comparison e+track of data and Monte Carlo simulation for the track parameters used for
the TL definition. The distributions were obtained imposing all of the requirements described in Table 6.3.
and the exclusive e+track event selection.
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Figure 6.9: The comparison of pu+track data and Monte Carlo simulation for the track parameters used for
the TL definition. The distributions were obtained imposing all of the requirements described in Table 6.3.
and the exclusive p+track event selection.
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6.3.2 Track Lepton Efficiencies and Scale Factors

The tag-and-probe technique was used to measure the data/MC scale factor for TL in Z — pp and Z — ee
events. The tag leg was defined using an identified electron or muon, while the probe leg was defined using
either only calorimeter information, in the case of Z — ee, or only muon spectrometer information in the
case of Z — up. In the case of Z — ee, we used electrons reconstructed by the cluster based algorithms and
satisfying the above described OTX quality check. For Z — uu we used muons reconstructed by only the
Muon Spectrometer information. For both cases we further required that probe-leg leptons had Pr > 25
GeV and |n| < 2.4. The charge for the tag legs was randomly chosen to be positive or negative, so that
the probes had an equal mixture of both. The TL efficiency denominator consisted of all probe legs with
pr >25 GeV and |n| <2.4 . The numerator consisted of denominator probe legs that passed the TL selection
in Table 6.3. The efficiency was measured integrated over the entire 0.7 fb~! dataset, and MC events were
pile-up reweighted. Figure 6.10 shows the TL efficiency measurement in data (black) and Monte Carlo
(red) for Z — pp events as a function of pr, the number of vertices, 1, and ¢. The integrated scale factor
(data/MC) was found to be 0.997+0.002. Similar results for Z — ee events are shown in Figure 6.11. The
integrated scale factor for TLs from electrons was 1.04740.005. The TL efficiency decreases with the number
of primary vertices, due to the failure of the isolation requirement in events with large numbers of tracks
from pile-up interactions. The Monte Carlo simulations modeled this effect reasonably well and the scale
factor had little or no dependence on the number of primary vertices. Track leptons can be electrons, muons,
or hadrons. In the case of hadrons in the MC, we applied the efficiency scale factor derived from Z — puu
because hadronic interactions in the material of the Inner Detector are relatively rare, and therefore most

hadrons faking isolated tracks behave like muons in the Inner Detector.

6.3.3 Track-Lepton-Specific Systematic Uncertainties

The above mentioned scale factors are values averaged over the kinematic distributions of muons and electrons
from Z decays, and the uncertainties shown are statistical only. Due to the pr and n dependence of the
scale factor, a systematic uncertainty was associated to it by averaging over the pr and 7 distributions of
electrons or muons from ¢t decays. The difference between the Z—averaged and ti-averaged scale factors was
taken as a systematic uncertainty. The statistical uncertainty on the scale factor measurement was added
to it in quadrature to obtain the total systematic uncertainty on the scale factor.

A systematic uncertainty associated with the TL momentum scale and resolution was also included. This
was accomplished by selecting Z — pp and Z — ee using the muon and e-gamma streams and plotting the

invariant mass of OS TLs. We fitted the invariant mass distributions in the data and MC to a Breit-Wigner
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Figure 6.11: The TL efficiency measured from Z — ee events in data (black) and Monte Carlo (red).
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convoluted with a Gaussian for the case of the muons, and to a pair of Crystal Ball functions [79] in the
case of the electrons. Figure 6.12 shows the data and MC fits. We take half the difference in the peak of
these fits between data and MC as a systematic uncertainty on the pr scale, and the quadrature difference
in the widths divided by v/2 as a systematic uncertainty on the resolution. The MC modeling was quite
good and the differences in the scale and resolution are small. In the muon channel the MC Z peak was at
90.9 GeV and in data was at 90.8, giving a systematic uncertainty on the pr scale of 0.06% . The resolution
uncertainty in the muon channel was extracted from the quadrature difference in the fit Gaussian width
of 4.54 GeV in the data vs. 3.93 GeV in the MC. Using a mean pr of 40 GeV, measured from the MC,
the systematic uncertainty on the TL resolution in the MC was v/4.542 — 3.932/(1/2-40)=4.0%. Fits in the
electron channel were more difficult to interpret because of the double Crystal Ball function fit and the lack
of detailed quantitative knowledge of the radiator material in Inner Detector as a function of 1. We used
the Crystal Ball function that determines the approximately Gaussian falling edge in the ee figures on the
left of Figure 6.12 to give a pr scale systematic uncertainty of 0.04% (the data-MC difference in the peak

position was 0.075 GeV) and a resolution uncertainty of 5.4%.

6.4 Jet Selection and Systematics

Jet were reconstructed using the anti-k; algorithm [80,81] (R=0.4). The anti-k; algorithm takes as input
reconstructed topological clusters in the calorimeter calibrated at the electromagnetic scale, as compatible
with electron and photon energy depositions. In order to restore jet energies to the hadronic energy scale,
one further needs to rescale cluster energies with Monte Carlo based pr and 1 dependent correction factors.
In order to derive the correction factors for the hadronic scale, we used inclusive QCD jet events simulated
with 75 ns bunch spacing within the bunch train and with a pile-up level averaging 8 interactions per bunch
crossing.

Jet quality criteria were applied in order to reject events that contained jets not associated with in-time
real energy deposits in the calorimeters, caused by various sources ranging from hardware problems in the
calorimeter, the LHC beam conditions and atmospheric muon cosmic ray induced showers.

The calorimeter jet reconstruction efficiency [82,83] was derived relative to jets built from charged tracks
reconstructed in the inner detector system, again using a tag and probe technique. The reconstruction
efficiency was defined as the fraction of probe track-jets matched to a calorimeter jet. The observed difference
between data and MC was applied to MC by computing for each selected jet its probability to be badly

reconstructed and vetoing that jet if its probability was greater than some threshold value.
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Figure 6.12: Opposite-sign TLs invariant mass for collision data (top) and MC (bottom), left-hand-side:
electrons, right-hand-side: muons.
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The jet energy resolution, as measured using the di-jet balance and the bi-sector techniques [84] achieved
good agreement between data and MC simulation to within 2%. The uncertainty was propagated to the
MC by Gaussian smearing the jet transverse momentum.

The jet energy scale uncertainty (JES) was based on the evaluation derived from 2010 data and MC.
However, in-situ measurements showed that the overall estimate of the JES uncertainty from 2010 data was
still valid for jets used in this analysis. Some of the dominant contributors to the JES uncertainty were the
JES calibration method, the calorimeter response and the ATLAS detector simulation. [85]. The uncertainty
associated with the pile-up contribution has been re-evaluated with 2011 data and was binned in three pr
bins for central and forward jets (see Table 6.4). Additional contributions were included in order to account
for the top multi-jet environment: the flavour composition and close-by jet uncertainties.

In order to avoid double counting between electromagnetic and hadronic objects, a jet close to an electron
candidate was removed if the corresponding distance between the jet and the electron track was AR < 0.2.

Finally, only jets with pp > 20 GeV and |[ndetector| < 2.5 were considered.

Table 6.4: The jet energy scale uncertainty associated with pile-up derived for central and forward jets in 3
pr bins.

0<n<21]|21<|n <45
20 < pr < 50 GeV 5% 7%
50 < pr < 100 GeV 2% 3%
pr > 100 GeV 0% 0%

6.5 The Missing Transverse Energy

We used the missing transverse energy algorithm MET RefFinal_em_loose provided by the Top Working
Group [86]. This algorithm takes as input topological clusters with calibration based on the physics object
they are associated with. Muons, which are not primarily measured by the calorimeter, are included using
their momentum as measured by the Inner Detector and Muon Spectrometer systems. Topological clusters
are associated with electrons, high Pr jets and low Pr jets (SoftJets). The above mentioned order of
the objects is important since it demonstrates the cluster to object association preference. The remaining
clusters that are not associated with high Pr objects are included at the EM scale in a CellOut term. The

EMiss i calculated using Equations 6.2 and 6.3.

Miss __ rpElectrons Jets SoftJets Muon CellOut
E)iss = BEL + Ej 4+ ES° + EMuer  gCe (6.2)
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E%Jiss _ \/(Eg]ctﬂss)z 4 (Eé%zss) (63)

The electron term in the E2 uses clusters associated with electrons satisfying the isEM: : Loose defini-
tion with Py > 10 GeV [69]. The EM electron term takes electrons at the energy scale that accounts for all
electron correction factors except the out-of-cluster correction. Both Pr > 20 GeV jet and SoftJet jet terms
do not include pile-up corrections to the jet energy scale. The latter term for jets in the 7 GeV< Pr < 20 GeV
range enters into the E:IA/“SS balance calibrated to the EM scale, while the former for jets with Pr > 20 GeV
is corrected to the full hadronic energy scale EM+JES. The muon term in the E:V 55 is determined from the
MuidMuonCollection muon momentum for the full acceptance range of the muon spectrometers, |n| < 2.7.

Miss

All combined muons within || < 2.5 are included in the E}%* calculation. The muon term in the EM?s

also contains isolated muons (MET_MU_TRACK) and non-isolated muons (MET_MU_SPECTRO) [86].

Missing E7 in Lepton+Track events

By definition, the TL in exclusive events is not an identified lepton and therefore is typically not handled
correctly in the EXS balance, giving rise to large EMS tails in the exclusive Lepton+Track events. While
unidentified electrons enter the EisS calculation as a jet, unidentified muons are completely neglected from
the EXss calculation.

MET _RefFinal_em_loose was found to have significantly better performance in Drell-Yan plus Z (DY /Z)
events in the eTL channel, compared to other prescriptions for EIsS calculations, and was therefore used
for the XS selection in the lepton+track analysis. In order to suppress backgrounds from DY/Z events
in the uTL channel, the EX5 was corrected by the pr of the TL in uTL events if the A¢ between the
Emiss and the TL direction was less than 0.2 and there was no identified lepton within AR=0.05 of the TL.
Figure 6.13 explicitly demonstrates the effect of this correction by comparing the ‘No Correction’ scenario
to the ‘With Correction’ scenario for the full data sample. One can observe that the EXS correction helps
to move a significant number of events from the bump around ER55 ~ 40 GeV to the bulk of events near the
origin. This agrees well with what one expects from the Elrniss correction for DY /Z dilepton events, where

mis-treated muons from Z decays are responsible for the bump around Elrniss =40 GeV.

6.5.1 EM?** Uncertainties

miss

Some of the most significant sources of uncertainty on the EF"** calculation come from the scale and resolution

of the objects energy and Pr, the description of the pile-up events and the impact of hardware failures [86].
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Figure 6.13: Measured EX'* for exclusive u+track events selected from the collision data set. Two scenarios
are shown: ‘No Correction’ (red circles) and ‘With Correction’ (green triangles). No requirements on the
event kinematics such as Hr, Njeis, My and EF'° were imposed.

Each of the objects in the E}%¢ calculation has an uncertainty related to the scale of resolution of the
energy or Pr of the object. For the electrons, high- Pr jets and muons, the uncertainties on the scale and res-
olution of the objects energy and Pr were propagated into the E2 calculation using the METComposition
code [87], assuming a 100% correlation between the uncertainty on the objects and the EMiss.

We note that special care was taken to ensure appropriate jet calibration when, due to an energy scale
or resolution shift, jets transitioning through the Pr > 20 GeV boundary and thus being changed from the
SoftJet category calibrated at the EM scale to the high Pr jets category calibrated at the EM+JES scale.

For high Pr jets, the E:V s yncertainty also takes into account the jet efficiency uncertainty by reducing
the jet contribution to E®* to the EM scale, and properly includes the transition between EM and EM+JES
scale at the Pr = 20 GeV boundary.

For the SoftJet and CellOut terms, the main uncertainty comes from the topological cluster energy
scale, estimated to be +£10.5% and +13.2% respectively [88]°. These values were used to scale up and down
the SoftJet and CellOut terms assuming a 100% correlation.

Preliminary studies revealed a discrepancy between some data versus MC simulation in the low energy
EMiss attributed to pile-up. These effects were observed in the jet, SoftJet and CellOut terms, while
for the high Pr jets, the effect of pile-up was already included in the JES uncertainty. Therefore, for the

SoftJet and CellOut terms, both the x and y components of the EM®* were shifted by £10% to account

5The E}?$ definition studied in [88] is MET_RefFinal
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for this discrepancy.

In April 2011, six front end boards (FEBs) were lost due to a Controller Board problem. This mainly
caused jet and electron energy mis-measurement due to the dead FEBs. This failure occurred after the
production of the MC10b Monte Carlo was complete, thus the MC simulation was FEB-problem blind. In
order to account for it properly in Monte Carlo simulations, the following prescription was suggested by
the Top Group: events with at least one low quality jet were identified. The jet was considered to be low
quality if it was within AR < 0.1 from the FEB hole and Py > Pryes. For the case of MC simulation
Prires = 20 GeV, while for data Prpyes = 20 GeV was adjusted in order to account for the missing energy

in the jet, Pr > 20 GeV x 11:BBCC£ ‘CCOORRRI?EII?LT 7. BCH.CORR_CELL is the corrected fraction of jet by Cell

Average Energy Density Correction and BCH_.CORR._JET is the estimated missing energy in the jets
from “bad cells” based on the average jet shape in MC [89]. A £20% systematic uncertainty was applied on
the modified threshold in data in order to account for possible data/MC discrepancies in the event shape
and differences between b-jets, quark jets, and gluon jets. We used the special software CheckOQ tool to
identify electrons affected by the problematic FEBs and removed them from the Elrniss balance calculation

both in the data and the MC simulation.
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Chapter 7

tt Cross Section Measurements using
Lepton+Track Selection

7.1 Introduction

We stated in Section 1.6.2 that we focussed on the inclusive and the exclusive 14+track selection of dilepton
events for the t# cross section measurement. Most of the events selected by the inclusive I+track analysis are
also selected by the conventional 2ID analysis with two identified leptons. The sub-set of the inclusive 14-track
events that do not pass the 2ID analysis selection requirements compose the exclusive I+track events. In
order to obtain the sample of exclusive l+track events we fully implemented the 2ID analysis event selections
(parallel to 14+track event selection requirements) and rejected those events that passed all 2ID requirements.
As one expected, the exclusive 1+track events most often failed 2ID analysis event selection requirements due
to more stringent requirements on the second lepton leg or the higher cut threshold on missing transverse
energy!. It is also important to note that a fraction of the 2ID events were never selected by the inclusive
I4+track analysis. This is primarily due to tighter requirements on isolation and transverse impact parameter
of the TL (see Table 6.3), a shift in the measured Mj; of the l4+track pair due to non-compensated radiation
losses that a charged particle may undergo in the tracker, and the absence of the EX cut for ey events.
We adhered to the robust cut-and-count method in order to perform the tf cross section measurement.
The robustness of the method is in its relative independence of shapes of distributions and its explicit
clarity for the central value measurement. One only needs to define the signal selection requirements and
perform the counting of signal and background events. Being simple, the method makes it relatively easy to
comprehend and explain the causal relations and tendencies between the main processes that significantly
affect the cross section measurement. Nevertheless, note that the estimation of systematic uncertainties
still requires in-depth complex studies. One of the major components in the analyzer’s arsenal to refine the
measurement is establishing the optimal signal event selection requirements. Thus, we devoted special care
to devise an event selection optimization algorithm that yielded the definition of a set of the most effective

requirements for ¢ candidate event selection.

IThe 2ID analysis used E%iss >60 GeV in ee and pp channels vs. Er‘r’“iSS >45 GeV in l+track analysis.
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7.2 Optimization Algorithm for Event Selection Requirements

The ultimate goal for optimization of £ event selection is to determine a set of requirements that enables
a measurement of the tf pair production cross section with the smallest possible statistical and systematic
uncertainties. In order to ensure minimal statistical uncertainty, the event selection should provide as pure
as possible candidate event sampling while simultaneously suppressing background events. The optimal
balance between background rejection and signal acceptance that yields the minimal statistical uncertainty
is estimated by maximizing S/ \/m , where S is the number of signal events and B; is the number of
background events of species i. The systematic uncertainty on the ¢ cross section measurement is directly
traced to the systematic uncertainties on the signal acceptance AA and to each of the background contri-
butions AB;. This implies that the optimization should be made sensitive to the systematic uncertainties
on the signal acceptance and the background contributions in order to ensure that the determination of the
event selection requirements minimizes the effect of the uncertainty AA and AB; on the #t cross section
measurement.

In order to make the overall approach to optimization as robust as possible, we defined a single figure of
merit which by construction was made sensitive not only to statistical but also to systematic uncertainties,
the maximum of which yielded the optimal event selection for the analysis:

a= S (7.1)

\/(5Nsmt)2 + Z(5Ni5yst)2 + Y (6 BStat)2

where the statistical term NSttt = /S + > B;, S and B; are defined as the number of signal and ith
background type events respectively, and 53;%‘“ is the statistical uncertainty per ith background component.
The ith systematic term is defined as:

SNVt = — (N — N~1oy, (7.2)

3

N~

The systematic uncertainties that were accounted for included the electron and muon energy scale and
resolution uncertainties as well as the uncertainty on the jet energy scale. These uncertainties were deter-
mined by shifting their energy scales and resolution by +1o within their uncertainty bands, recalculating
Er accordingly and measuring the change in the accepted number of signal and background events.

We further decided to take advantage of the fact that the data-driven estimation of the DY /Z opposite
sign dilepton background has a smaller systematic uncertainty than MC simulation of this background, hence

in the course of optimization, this also helped to retain signal acceptance. As described in Section 7.4.1, the
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data-driven DY /Z evaluation uses a data to MC ratio K (ER5%) in a control region around the Z-boson mass,
called the ‘Z-window’ to scale the MC prediction for DY /Z dilepton events in the signal region, outside of
this Z-window. The EXS requirement in the CR can be different from that in the SR, and its value was
included as a parameter to be optimized. The ratio K (EX) depends on the EX* threshold, thus one needs

to include in the figure of merit a term to describe the systematic uncertainty due to data-driven approach

itself:

s 1 miss miss
ONDY" = SNie - K (BFgq) — K (EFS)] (7.3)

with K (ER5) denoting the EM dependent correction factor for data-driven DY /Z dilepton estimation

(more details on K (ERs%) are available in section 7.4.1).

7.3 tt Candidate Event Selection for the 14+Track Analysis

The t# candidate event selection requirements that were found to be effective for the l+track analysis were
the cuts on the invariant mass of the opposite sign lepton-TL pair Mj;, the SR missing transverse energy
E%“‘gbR as well as the scalar transverse energy sum Hrt of the selected leptons and jets. The prime reason
for the Z-mass window cut is the suppression of DY/Z dilepton pair background. The EJE“;ER cut was
applied to suppress residual DY /Z events outside the Z-mass window. Finally, we made use of the cut on
Hr to suppress backgrounds that involve misidentified leptons (fakes), i.e. leptons that did not belong to
t — Wb — lvb decay chain or were faked by isolated jets that passed the lepton identification requirements.

We found that there were non-negligible correlations between the quantities effective for the 1+track event
selection, thus motivating a simultaneous grid optimization in the phase space spanned by the parameters
effective for 1+track event selection. Since 4D simultaneous optimization was excessively CPU intensive,
the Hp cut was fixed at 150 GeV, and a three dimensional optimization of the Mj;, ElrnigsR and EEFH%SR was
performed. Skimming through the 3D parameter phase space was performed after imposing several dilepton
event selection requirements such as: the identified leptons were required to be oppositely-charged and the
event had to have at least two identified jets. Events with more than two identified leptons were rejected.
The phase-space cuts on the low invariant mass m(I71~) for the MC DY/Z dilepton samples also require
a phase space cut on the selected events in data. Due to resolution effects, a cut on the reconstructed
invariant dilepton mass of m(I*17) > 15 GeV was used for both MC and data events. This cut removed
dilepton contamination from all low mass resonances (e.g. T or J/1). In order to avoid double counting of

background events with misidentified leptons present both in the MC and the data-driven backgrounds, for
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the Monte Carlo tf samples we required that the reconstructed leptons originated from a leptonic W decay
(or subsequent tau decay). This was achieved using a dedicated software tool developed by the ATLAS
collaboration: MCTruthClassifier. The residual DY/Z dilepton background outside the Z-mass window
was derived using the data-driven method described in Section 7.4.1. The M, Er‘fligsR, EJF%SR and Hr cuts
were simultaneously optimized for e+track and p+track channels. The optimization was run independently
for the inclusive and exclusive modes of the I+track analysis.

In Figure 7.1, we present the dependence of the significance on the Z-mass window cut only. For this
pair of plots we used the data-driven technique to estimate the expected number of DY/Z dilepton events.
The optimization was performed in 2010 data analysis. One can observe in Figure 7.1 that the significance
curves do not fall steeply from the maxima, allowing for small adjustments in the values of chosen cut
threshold values at the price of losing only a few percent in significance. Therefore, for the sake of simplicity
and consistency across the two analysis channels, we opted for a single set of event selection requirements
for the inclusive l+track analysis: ErTnigsR >45 GeV, Hp > 150 GeV, a Z-mass window half width of
10 GeV (81-101 GeV), although the optimum values found for e+track channel were a Z-window width of
zero and ErTnigsR >45 GeV. For the case of the p+track channel, the optimization prefers ErTnigsR >35 GeV,

miss. >15 GeV in the normalization region and a Z-mass window half width of 11 GeV. We opted for a
Z-mass window cut of 10 GeV as found to be optimal in the p+track channel, so that the DY /Z dilepton
background suppression is not solely dependent on the ITnigsR requirement. Inside the Z-mass window,
i.e. in the control region the EXi&: >45 GeV cut was chosen to minimize the data-driven DY/Z dilepton
background systematic uncertainty associated with the ETTniSS dependence of the Mj; distribution in the CR.

For the exclusive l14+track analysis mode, the optimum cut values were found to be not very different,
although there were significant statistical fluctuations in the significance curves. Therefore, the inclusive
results are used for both analysis modes, hence making the exclusive analysis a subset of the inclusive one.
These event selection requirements for exclusive I+track analysis result in a 20% tt signal acceptance gain
over the conventional 21D lepton tf analysis. The left histogram Figure 7.2(a) shows the TL 7 for exclusive
events. In addition to the gain over all n due to efficiency losses from the identified lepton selection, one
notices various detector features such as the n = 0 gap between A and C sides of the Muon Spectrometer
and the transition region in the calorimeter near |n| = 1.4. The right histogram in Figure 7.2(b) shows the
exclusive acceptance by generator channel, demonstrating the increased acceptance for 7 lepton channels.

The selection requirements on event kinematics are listed in Table 7.1.
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Figure 7.1: Significance vs. Z-mass window cut for the e+track and p+track channels with E2isS held at its
optimized value, with Hy > 150 GeV and DY/Z dilepton background prediction extracted with data-driven
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Figure 7.2: Exclusive event track-lepton 7 distribution (left) and generator channel (right).

Cut eT'L wI'L

Pairs Opp. Sign ID-Lepton+ TL, Pt > 25(20) GeVior e (1)

Jets > 2 jets, Ep > 20 GeV, |n| < 2.5

My, (l—|—TL pair) 15 GeV < My < 81 GeV or My > 101 GeV
miss Eiss > 45 GeV

Hr Hy > 150 GeV

Table 7.1: Requirements on Event Kinematics.



7.4 it Background Determination

We attempted to minimize the reliance on Monte-Carlo simulations by making maximal use of data-driven
techniques for the evaluation of ¢ background contributions.

As discussed earlier there are three categories of background sources:

1. The background from DY /Z dilepton processes (Z/v* — ¢t~ ) produced with associated jets and with

large EF'* due to resolution effects and/or measurement errors.

2. Processes that contain jets misidentified as electrons, muons or TLs as well as processes where non-
prompt leptons (i.e. leptons that do not originate from the decay of a W or Z boson) are misidentified
as prompt. We refer to both the misidentified jets and the non-prompt leptons as “fakes”. Fakes enter
the sample in events with W bosons produced in association with jets, and QCD multi-jet events. In
the case of W+jets events, one lepton is a real, prompt lepton from the W decay, the second is a fake
lepton produced by one of the jets. In the case of QCD multi-jet events, both identified leptons (i.e.
the electron or muon) and the TL are fakes. The latter contamination is negligible compared to fakes
from W+jets events. Events with a fake TL are one of the most significant backgrounds in the 1+track

analysis channels.

3. Other background sources to the tt 14+track analysis comprise electroweak processes with two opposite-

sign leptons in the decay such as single top and diboson (WW, ZZ and W Z) production processes.

We make use of the data-driven approach for the DY/Z (Z/~* — £+¢7) and fake background evaluation.
These methods and corresponding results are described in following sections. The Z/v* — 77~ background

and the smaller backgrounds listed in 3) above are evaluated from Monte Carlo simulations.

7.4.1 DY /Z Background

As discussed above, we veto events close to the Z pole by imposing the Z-mass window requirement: 81 GeV <
My < 101 GeV. We further suppress the surviving DY /Z dilepton events in the Z mass sidebands by imposing
the E,‘f“gbR > 45 GeV cut. However, there are residual DY /Z dilepton events that pass the event selection
requirements. These events are difficult to model properly in the MC simulation due to uncertainties in the
non-Gaussian nature of the missing transverse energy tails, the lepton energy and momentum resolution and
the Z cross section in higher jet multiplicity bins.

In order to evaluate the DY/Z dilepton background in the l+track channels, we used the following

expression:

87



(Data(CR) — MCother (CR))
MCpy ,z(CR)

DY /Z dilepton background estimates = x MCpy,z(SR) , (7.4)

(Data(CR) — MCother (CR))
MCpy,z(CR)

DDpy,z(SR) = x MCpy,z(SR), (7.5)

where Data(CR) represents the observed number of events in the control region in £=698 pb~! of collision
data, MCpy,z(CR) is the number of MC DY/Z dilepton events measured in the control region. The control
region is formed by events with an invariant dilepton mass inside the ‘Z-mass window’, with at least two jets
and with EXs > 45 GeV. Figure 7.3 shows a cartoon picture of the control region, which by construction
is orthogonal to the signal region. MCother(CR) is the contamination from some non-Z physics processes
in the control region as predicted using Monte Carlo. DY /Z(SR) is the number of DY/Z dilepton events
measured in the signal region using MC simulation. Taking the ratio of the measured number of events
in data and MC simulation inside the Control Region, one can define a correction factor K (ERiS) that
was further used to normalize the MC prediction for DY/Z dilepton events to data. Figure 7.4 shows the
dependence of the correction factor K(ERS%) on the ER&: requirement for the case of inclusive l+track
analysis. For both inclusive channels, the MC simulation reasonably reproduces the data in the low Emi&
region yielding K (Emss) ~ 1. However, in the region of ERi%, > 45 GeV for the e+track channel, the
MC over-predicts the number of DY /Z dilepton events (by ~ 30 %), while for the py+track channel there is
slight under-prediction. Similarly, Figure 7.5 shows the dependence of the correction factor K (ERisS) on the
Emiss: requirement for the case of the exclusive I+track analysis. The dependence of the correction factor
K (Emiss) on the EMiS, threshold is essentially the same as that for the inclusive mode. The main difference

is that in the large Eﬁ«“i?st region for the pu+track channel, the mild over-prediction of the DY /Z events by

A
§ Signal Signal
Region Control Region
Region
MEtE\=ent & MetE\'ent
45 GeV|-
Mety
20 GeV |
L >
91 GeV
Mlnv

(a)

Figure 7.3: Cartoon picture of the control region that by construction is orthogonal to the signal region.
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the MC is changed to a slight under-prediction.
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Figure 7.4: The dependence of the correction factor K(EXisS) on the EWiE, threshold requirement for the
inclusive 14-track analysis.
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Figure 7.5: The dependence of the correction factor K (FEX5) on the EJF%SR threshold requirement for the
exclusive 14-track analysis.

The observed and expected numbers in the control and signal regions are summarized in Table 7.2 for the
€TL, and uTL channels for both inclusive and exclusive modes of the analysis. The predictions for DY /Z
dilepton background events using the data-driven method are summarized in Table 7.3. The uncertainties

include both statistical and systematic components, discussed in detail in Section 8.1.

7.4.2 Fake Track-Lepton Backgrounds

The fake TL contamination is evaluated using a fake TL matrix which gives the probability that a jet will be
mis-reconstructed as a TL. The fake TL matrix is parameterized in jet Ep and Npy, the number of primary

vertices with four or more tracks. The v+jet events are used to build the elements of the fake TL matrix.

89



DY sources Physics background sources (CR)
Channel Data(CR) | MC(CR) MC(SR) tt  Zrt W/Z fake Diboson Single top Total

eTL Inclusive 218 134.7 82.1 88.3 0.1 17.8 9.7 4.0 119.9
uTL Inclusive 468 295.8 52.2 107.0 0.8 19.3 14.6 5.7 147.3
eTL Exclusive 74 54.3 40.7 21.2 0.1 16.8 2.6 0.8 41.5
uTL Exclusive 170 110.1 19.4 23.0 0.6 18.2 2.6 0.6 45.1

Table 7.2: The number of observed data events in the control region (Data(CR)), the number of Monte
Carlo events in the signal (MC(SR)) and control (MC(CR)) regions and the number of events from other
physics background sources contaminating the control region for DY background estimation in the inclusive
and exclusive 14+track channels.

Inclusive Exclusive
eTL uwTL eTL uTL

DD | 59.9%130 56.675¢ | 24.30%7 22,0133
MC | 821707 5227555 | 40.77550  19.4753

Table 7.3: Estimates of the contamination from DY/Z dilepton processes in the signal region of the ¢t
analysis from both the data-driven method and from Monte-Carlo methods.

Relative to QCD dijet events, photons are easily identifiable, robust trigger objects that make it easier to
avoid potential trigger biases that may occur in the fake probability measurement due to trigger object use.
The EM clusters associated with photons were not used in the calculation of the fake matrix elements. The

elements of the fake TL matrix were defined as:

Number of all selected track leptons (Et, Npy )

FakeRate(Er, NV,
akeRate(Er, Npv) Number of all ID jets & jet — elements (Et, Npy )

where the TLs in the numerator pass all required ID cuts for the analysis. The denominator includes both
jets with Er >25 GeV and ‘jet-elements’, which are track leptons that are not within AR <0.4 of a jet. In
case it is not, in the denominator of the equation above, the track lepton is treated as if it were a jet (the
‘jet-element’) that fragmented to a single high Pr track, leaving no remnants that are reconstructed as a
jet. The fake rates for track-leptons vs. jet Er and Npy are shown in Figure 7.6. The y+jet events are

selected using the following requirements:
Photon trigger: EF_g20_loose or EF_g40_loose
Reconstructed photon, pr > 25 GeV, |n| < 2.37, excluding the crack region 1.37 < |n| < 1.52.

The photon must pass the egamma tight photon identification requirements and have calorimeter
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isolation in a dR = 0.4 cone of less than 2.5 GeV.
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Figure 7.6: Track lepton fake rate measured from vy+jets events vs. jet Er and number of primary vertices.

7.4.3 Determination of the Fake Track-Lepton Background

The prescription that we adopted for evaluation of the fake TL background contribution is as follows:

e From data, select events with exactly one ID lepton (e or u), exactly zero TLs, at least one jet, and

Emiss > 45 GeV. In the signal region of >2 jets, Hr >150 GeV is required.
e Sub-divide this data sample as a function of the number of identified jets.

e Sum the fake probabilities for events with IV jets to obtain the predicted number of fake leptons in
events with N — 1 jets (because the model is that one jet is reconstructed as a lepton, as illustrated in

Figure 7.7).

A few comments are in order: this prediction includes the contribution of W+jets, s and ¢ channel single
top, and single-leptonic tf events that enter the signal region, because these are all in the parent sample
defined in the first bullet above. The sum over all jets in all events predicts the total number of fake leptons,
not the number of events with at least one fake lepton in the data sample. We ignore this distinction because
the probability of multiple fakes in a single event is very small.

Finally, the fake prediction must be corrected for fraction of the fake leptons that:

e Have opposite sign (OS) charge to the ID lepton.
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JETS

Figure 7.7: Illustration showing a W+3 jet event being reconstructed as a W42 jet event with a fake lepton.

JETS

Fake Track-Lepton

e Form a l4+track pair with invariant mass outside the Z-mass window.

The OS fraction is measured using Monte Carlo simulation and is parametrized as a function of jet
multiplicity. Table 7.4 shows, in each jet multiplicity bin, the total fake prediction, the expected fraction of
opposite-sign fakes and the opposite-sign fake prediction. Similarly, the fraction of events with 1+track pair
invariant mass outside the Z-mass window was evaluated using W-jets, single top and semi-leptonic ¢t MC
simulation. Due to the less stringent requirements on TL selection for the prompt lepton, the fake rate for
the TL is significantly higher than that for identified leptons. Due to the much lower fake rate, we neglect

fakes associated with misidentified electrons and muons and assume that the fakes are entirely from events

with one real electron or muon and a fake TL.

eTL inclusive

uTL inclusive

OS fraction
0.97 & 0.03
0.79 4 0.02
0.82 4 0.01
0.81 £+ 0.02
0.71 £+ 0.03
0.71 £+ 0.03

OS fake prediction

5.5+ 1.3
314+ 6.4
42.84+ 8.7
26.2+ 5.3
10.7+ 2.2
4.5£09

OS fraction
0.94 £+ 0.14
0.80 4 0.02
0.79 4+ 0.01
0.78 4+ 0.02
0.79 £+ 0.03
0.73 &£ 0.04

OS fake prediction

52+14
35.0£ 7.2
48.1+ 9.8
30.2 £ 6.2
13.4+ 2.8
4.9+ 1.0

eTL exclusive

uTL exclusive

OS fraction
0.97 4 0.03
0.80 4 0.02
0.83 + 0.01
0.81 £+ 0.02
0.71 £+ 0.03
0.68 4 0.02

OS fake prediction

3.0+ 0.7
26.2+ 5.4
379+ 7.7
229+ 4.7
9.4+ 2.0
3.8+ 0.8

OS fraction
0.94 4+ 0.14
0.80 4 0.02
0.79 £+ 0.01
0.79 £+ 0.02
0.78 4+ 0.03
0.73 4 0.03

OS fake prediction

29+£08
28.6£ 5.9
42.0£ 8.6
26.7£ 5.5
11.6+ 2.4
4.3 +0.9

Table 7.4: Opposite-sign fraction and opposite-sign fake prediction for each jet multiplicity. The uncertainty
on the fake predictions is the statistical plus the 20% systematic uncertainty discussed in this Section.
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7.4.4 MC-based backgrounds

The contamination in the signal region due to other small cross section electroweak background processes,
such as single top, DY/Z— 77 and dibosons was estimated directly from Monte Carlo simulations. By

inverting expression 2.4 one obtains the number of events:

Nops = (A : 6) * OTheory * /Ldt (76)

We considered the effect of all sources of systematic uncertainties on the MC-based background predic-
tion(s), including analysis object related uncertainties (JES, EIES, MuES, etc) as well as the uncertainty due
to the uncertainty on the theoretical cross section productions. Event yields for these background sources
are summarized in Table 8.5 and Table 8.7 for the inclusive analysis. The corresponding information for the

exclusive mode is summarized in Table 8.9 and Table 8.11.

7.5 Observed Event Yields

Control Regions Following the signal selection optimization step that defined the signal region and
control region orthogonal to it, we validated the acceptance and efficiency modeling by comparing Monte
Carlo simulation with data in the background dominated Z-mass window control region where there are
relatively few ¢t dilepton events. In particular, the Z mass window, defined as |My — Mz| < 10 GeV,
Emiss > 45 GeV and Hp > 150 GeV cuts were used. For the case of the inclusive l+track analysis,
Figures 7.8 (a) and (d) show EX* for events in the Z mass region with at least 2 jets, Figures 7.8 (b) and
(e) show the jet multiplicity for events where the dilepton mass lies inside the Z peak, Er‘flifst > 45 GeV and
Hr > 150 GeV. Figure 7.8 (c) and (f) probe the Monte Carlo modeling of the scalar Pr sum of leptons and
jets. Figure 7.9 presents the distributions of the corresponding quantities for the case of exclusive 1+track
analysis. In general, good agreement between the background model and the data is observed.

Along with the Z mass window region, we use the zero and the one jet bins as additional, background
dominated control regions, due to the at least 2 jet requirement for the signal region. Table 7.5 summarizes
the number of observed data events, predicted background contributions and the t¢ signal expectation for
cases with zero or 1 jet per analysis channel for the the inclusive 14+track analyses. Table 7.6 presents the
same information for the exclusive l+track case. The ERisS distributions in the low jet multiplicity control

region are shown in Figures 7.10 (a) and (d). The invariant mass distribution of the lepton-TL pair are shown
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e+track p+track
Process 0 jets 1 jet 0 jets 1 jet
DY /Z+jets (DD) 310171585 | 107.975L3 109.97417 827132
DY/Z(— 77)+jets (MC) 151729 28.519:4 2091544 55.241%%
Fake leptons (DD) 221.54+45.4 | 109.6 +22.4 || 355.2 4 88.8 | 159.7 + 32.9
Single top (MC) 5814 28.573:5 7.013 36.2743
Dibosons (MC) 47.6744 30.7730 60.9722 35.472

Total background

140.0
600.017579

56.9
305.272%%

99.3
552.8 90 %

369.230%

tt (0Theory = 164.6 pb™ 1)

9.72+42

100.97352

100.97352

119.873%

Total expected events

7
609.7+139.7

4
406.17502

444.27533

488.9126-0

Observed events

990

391

584

467

Table 7.5: Summary of background contributions to the inclusive l4+track analysis in the 0 and 1 jet control
regions. No Hr cut is applied.

in Figures 7.10 (b) and (e). Figures 7.10 (c) and (f) present the Hr distributions for the inclusive 1+track
channels. A similar set of plots for the exclusive mode of the l+track analysis are shown in Figures 7.11

(a-f). We again have good agreement between MC and the data.

Signal Region In Table 7.7 we summarize the number of observed data events, predicted background
contributions and the #¢ signal expectation per analysis channel for the the inclusive and the exclusive
l+track analyses. In a data set of £L=698 pb~! a total of 1597 ¢t candidate events are observed in the
inclusive 14+track analysis, with 760 candidates in the eTL channel and 837 in pTL. In the exclusive mode
of the analysis a total of 491 candidate events are observed, with 236 events in eTL and 255 in xTL analysis
channels. Atlantis event display [90] pictures for the first e4track candidate event (run number 150530,
event number 42761229) and p+track candidate (run number 161379, event number 49866533) observed by
ATLAS are shown in Appendix A.

In Figure 7.12 we present the main kinematic distributions describing the inclusive l+track events.

Corresponding plots for the exclusive 14+-track channels are shown in Figure 7.13.
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Figure 7.8: Control region plots for inclusive eTL (top row) and inclusive uTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass inside the Z mass window with > 2 jets and Hy >150 GeV, (b),(d) the
number of jets in events with a lepton-TL mass inside the Z mass window and B2 > 45 GeV and Hy >150
GeV, (c),(f), Hr in events with a lepton-TL mass inside the Z mass window, >2 jets and EXisS 45 GeV.

The error bands reflect the statistical and systematic uncertainties of the MC prediction.
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Figure 7.9: Control region plots for exclusive eTL (top row) and exclusive uTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass inside the Z mass window with > 2 jets and Hy >150 GeV, (b),(d) the
number of jets in events with a lepton-TL mass inside the Z mass window and B2 > 45 GeV and Hy >150
GeV, (c),(f), Hr in events with a lepton-TL mass inside the Z mass window, >2 jets and EXsS 45 GeV.
The error bands reflect the statistical and systematic uncertainties of the MC prediction.

96



1 T T T T T 1
r Ldt=0.7 fo™ eTL
® Data
Cltt
M zly +jets
Fake leptons
I Other EW
Uncertainty

L2
EV'SS [GeV]

(a)

[ [ [ [
rLdt =07fb"

1
uTL
® Data

Cltt

M zly +jets
Fake leptons

I Other EW

Uncertainty

o

Sio-e

EV'SS [GeV]

(d)

0 - e
40 50 60 70 80 90 100110120130140

0 areie:el
40 50 60 70 80 90 100110120130140

Events /5 GeV

Events /5 GeV

[ 1 1 1 1 3500; 1 1 1 1 1 h
Al I Ldt=07f"  eTL 8200 I Ldt=07f"  eTL ]
10°¢ e Data 8 I ® Data ]
r Cltt Y Cltt ]
r M z/y +jets 54005 Mz/y +jets ]
[ Fake leptons ot Fake leptons -
10%E [ Other EW [ [ Other EW ]
£ Uncertainty 300+ Uncertainty -
108 200- ]
i 100 ]
1= [ ]

0

50 100 150 200 250 300 100 200 300 400 500 600 700
M, [GeV] H; [GeV]
(b) (c)

F \ \ \ \ z \ \ \ \ \ 7
g I Ldt=07f"  WTL B400- I Ldt=0.7f"  WTL 3
F e Data 8 F by e Data ]
10°E Cltt 5350 % Oit =
E Wziy +jets £t % mziy +jets ]
[ Fake leptons I_|>J3005 / Fake leptons
r [ Other EW E [ Other EW 3
102 Uncertainty 250 Uncertainty -
F 200 7 E
101 1501 E
F 100F E
1= 50 E
0, |

0

O

250 300
M, [GeV]

50 100 150 200

(e)

100 200 300 400 500 600 700
H; [GeV]

()

Figure 7.10: Control region plots for inclusive eTL (top row) and inclusive uTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass outside the Z mass window with < 2 jets, (b),(d) the lepton-TL in events
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Figure 7.11: Control region plots for exclusive eTL (top row) and exclusive yTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass outside the Z mass window with < 2 jets, (b),(d) the lepton-TL in events
with < 2 jets and Bl > 45 GeV (c),(f), Hr in events with a lepton-TL mass outside the Z mass window,
<2 jets and EX 45 GeV. The error bands reflect the statistical and systematic uncertainties of the MC

prediction.
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Figure 7.12: Signal region plots for inclusive eTL (top row) and inclusive yTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass outside the Z mass window with > 2 jets and Hy >150 GeV, (b),(d) the
number of jets in events with a lepton-TL mass outside the Z mass window and Ef** > 45 GeV and Hy >150
GeV, (c),(f), Hr in events with a lepton-TL mass outside the Z mass window, >2 jets and EX! 45 GeV.
The error bands reflect the statistical and systematic uncertainties of the MC prediction.
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Figure 7.13: Signal region plots for exclusive eTL (top row) and exclusive uTL (bottom row): (a),(c) Eiiss
in events with a lepton-TL mass outside the Z mass window with > 2 jets and Hy >150 GeV, (b),(d) the
number of jets in events with a lepton-TL mass outside the Z mass window and Ef** > 45 GeV and Hy >150
GeV, (c),(f), Hr in events with a lepton-TL mass outside the Z mass window, >2 jets and EX 45 GeV.
The error bands reflect the statistical and systematic uncertainties of the MC prediction.
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e+track p+track
Process 0 jets 1 jet 0 jets 1 jet
DY /Z+jets (DD) 208.9180:5 | 55.6122% || 90.17335 | 53.97132
DY/Z(— 77)+jets (MC) || 141735 | 189787 || 17.3%3%7 | 3550104
Fake leptons (DD) 199.1750-5 | 99.0739-2 || 322.07806 | 142.7725-2
Single top (MC) 15404 | 7.0+£1.0 || 1.3%93 6.970:5
Dibosons (MC) 103509 | 6.610% 1749 | 69797

Total background

91.4
433.7790 3

31.3
187.17 554

85.3
44231552

34.3
245.91532

tt (0Theory = 164.6 pb™ 1)

2.2719

6.9
19.6759

19772

25.3722

Total expected events

91.4
436.0957

32.0
206.67559

44421853

34.7
27111557

Observed events

411

201

471

262

Table 7.6: Summary of background contributions to the exclusive 14+track analysis in the 0 and 1 jet control
regions. No Hr cut is applied.

Inclusive Exclusive
eTL uTL eTL uTL
DY/Z+jets (DD) 59.97120 56.6154 24.3710.7 22.075:3
DY/Z(— 77)+jets (MC) || 29.8%1%% | 47.5530%" 17.0735 24.7711%
Fake leptons (DD) 84.2 £ 17.0 | 96.6 £ 19.5 || 74.0 + 14.9 | 84.6 £ 17.1
Single top (MC) 24.5%%9 30.3 55 57000 6.3 199
Dibosons (MC) 22143 | 220133 5.9703 4.8 400

Total background

26.7
220.4130-7

253.0139%

126.4170°3

142.3731%

tt (0Theory = 164.6 pb™ 1)

7
48557517

562.01510

16.1
11175185

16.7
110.2772%

Total expected events

70597582

4
815.0788-2

238.6122%

252.57572

Observed events

760

837

236

255

Table 7.7: The full breakdown of the expected tt-signal and background in the signal region compared to
the observed event yields, for each of the dilepton channels (MC is simulation based, DD is data-driven).
All systematic uncertainties are included and the correlations between the different background sources are
taken into account.
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Chapter 8

Estimation of Systematic
Uncertainties

8.1 Introduction

The most significant sources of systematic uncertainty related to analysis object selection were discussed in
detail in Sections 6.3.3, 6.4, 6.5.1. Below, I present a description of the systematic uncertainties associated
with Monte-Carlo modeling, Z/v* background, and the fake TL predictions.

It was reported in [91] that Monte Carlo simulation-based predictions for W /Z+jet events with high jet
multiplicities have uncertainties of O(50%). The use of data-driven methods for the W/Z+jet background
predictions enabled a significant reduction of associated uncertainties. The Z — 77 background expectation
is fully MC-based. For the case of Z — Il (I = e or ), we take the shapes from MC simulation, and use
the data/MC correction factor estimated in the control region to normalize the MC prediction to the data.
Then, the product of the correction factor and the MC-based residual DY /Z prediction is much less prone to
MC normalization uncertainty. The uncertainty due to the normalization in the Monte Carlo simulation is
taken from the Berends-scaling uncertainty [92] and is a function of parton multiplicity. For Z40 jet the MC
normalization has an uncertainty of 4%, for Z+1 jet 20%, Z+2 jets 30%, Z+3 jets 40% and 60% for Z+4,5
jets. For the fake TL background, both the prediction and associated uncertainty are fully data-driven.

For the case of the single top and diboson background contributions, no dependence of the Monte
Carlo simulation on jet multiplicity was considered. The overall normalization uncertainty was taken to
be 10% [93,94] and 5% [95] for single top and dibosons, respectively.

In order to evaluate the effect of the tt matrix element generation uncertainty on the signal accep-
tance, we compare the baseline ¢ sample (MC@NLO interfaced with HERWIG) with ¢ simulation using
POWHEG [96] interfaced with HERWIG. Similarly, in order to account for the uncertainty due to parton
shower simulation we used the ¢t MC generated with POWHEG and interfaced to HERWIG and PYTHIA.
The effects of variations in the amount of initial- and final-state radiation (ISR/FSR) were studied using the
ACERMC generator [97] interfaced to PYTHIA, varying the parameters controlling ISR and FSR in a range

consistent with experimental data [98]. Due to the insufficient ISR/FSR sample sizes, it was not feasible

102



to determine whether the associated uncertainties on the signal acceptance were asymmetric. Therefore,

(uz_nd), where u(d) is

these systematic uncertainties were assumed to be symmetric and were calculated as
the number of events accepted from the samples with increased (reduced) ISR or FSR and n is the number
of events accepted from the nominal ACERMC sample. The effect of modeling uncertainties associated with
the parton density functions (PDF) used for signal ¢ event generation was evaluated using the envelope of
error bands from CTEQG66, MSTWO08 [99] and NNPDF 2.0 [100] MC sets, determined using the procedure
described in previous ATLAS studies [98].

8.1.1 Pile-up correction

The mean number of interactions per proton bunch crossing for the 2011 ATLAS [ Ldt = 698 pb~! data
sample is (u) ~ 6 (see Section 4.2 for details on (u)). In order to properly model the observed multiple
interactions in the Monte Carlo samples, additional minimum bias events were simulated along with the
hard-scattering process. The number of additional minimum bias interactions per ¢t simulated event obeys
a Poisson distribution, where the mean number of interactions (1) in the Monte Carlo varies from 0 to 18, in
order to describe the various conditions of LHC instantaneous luminosity. The mean number of interactions
per bunch crossing can be obtained by inverting expression 4.3 to get (u) = Lmj;?: The (u) distribution for
data and MC is shown in Figure 8.1. The Monte Carlo samples are weighted such that the (u) distribution

for the MC matches the distribution observed in the data.
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Figure 8.1: < p > distributions in the MC (MC10b, left figures) and in the data (from run 178044 to 183347,
right figure). The MC is weighted to match this (u) distribution between data and MC. The mean number
of interactions assumed when the MC was generated is larger than the number seen in the collision data.
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8.1.2 7 pr uncertainties

In the dilepton final state of ¢t decays, the DY /Z dilepton process represents a major background where the Z
boson can be boosted in the transverse plane if high pr jets are produced in association with the Z. In order
to account for possible differences of the Z pt modeling in the MC versus real data and estimate the effect of
that mis-modeling on the t# cross section measurement, we reweight the Z — ee, Z — pu, and Z — 77 MC
events with a predefined Z pr dependent set of weights in order to match the dilepton system pr distribution
observed in the data control region, defined with |m; —myz| < 10 GeV and Eﬁ?iss > 45 GeV. The predicted
MC Z background is then recalculated and the difference is assigned as an uncertainty on the Z — ee,
Z — up, and Z — 77 backgrounds. This reweighting factor is evaluated using normalized distributions so

that the reweighting does not change the normalization, only the shape of the Z pr distribution.

8.2 Systematic Uncertainties Associated with the DY /Z
Backgrounds

The uncertainties on the DY /Z dilepton background evaluation are presented in Tables 8.1 and 8.2 for the
inclusive and exclusive lepton+track analyses, respectively. The systematic uncertainty associated with the
data-driven technique for the DY/Z dilepton background prediction of the method is evaluated by varying
the EXsS cut in the control region by +5 GeV. This corresponds to the quadratic sum of the uncertainty
A(ERSS) ~ 3.5 GeV at an average Y. Ex ~ 15 GeV found for the events in the control region, and the
uncertainty on the lepton energy scale [101].

The other uncertainties include:

e Statistical uncertainty of data and MC (Data stat., MC stat.)

e The jet energy scale, resolution and efficiency (JES, JER, JEF),

e The EM soft-jet term measurement (MET(SoftJet)),

e The EX'* from pileup uncertainties (MET (PileUp)),

e The lepton identification and trigger scale factors (ID SF, Trig. SF),
e The lepton energy scale and resolution (ES, ER),

e The theoretical cross section for MC backgrounds (MC x-sec).
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As one would expect, use of the data-driven method decreases the reliance on the MC simulation,
subsequently yielding a reduction in the total uncertainty on the DY/Z dilepton background prediction.
The uncertainties other than the statistical uncertainties for the data-driven method largely cancel in the

ratio between the MC signal and control region in Equation 7.5.

Uncertainty (%) eTL (DD) | ¢TL (MC) | pTL (DD) | pTL (MC)
Yield(events) 59.6 82.1 56.6 52.2
Lumi +4.5 +3.7 +1.7 +3.7
Stat(Data)

JES 10.6/48.7 | +71.9/-33.3 | -0.6/43.2 | +51.7/-19.4
JER +1.7 +31.1 +4.3 +30.0
JEF +0.1 +0.0 +0.1 +0.0
MET(Softjet) 1.5/+6.8 | +1.8/+6.5 | -1.1/-1.6 | -0.3/+1.5
MET(PileUp) 0.3/44.9 | +15/+59 | +1.6/-33 | -0.2/0.0
LAr(JetCleaning) +1.2/+1.1 +2.6/-1.5 -0.5/-0.3 +0.5/-1.6
SF(ELID) +1.8 +4.3 : )
SF(EL Trig) +£0.2 +0.7 . .
SF(Mu.ID) ) ) +0.2 £0.5
SF(Mu.Trig) - - -0.1/+40.2 +0.3
SF(Ttk ID) £0.8 +£0.7 £0.3 +£0.7
x-sec(Theory) -9.9/49.2 +35.1 -3.4/+2.5 +34.5
Stat(MC) +11.0 +4.5 +8.0 +5.4

Z pT +5.5 +4.3 +2.3 +5.4
ELES 3.3/41.9 | -1.8/+1.0 - -
ELER +2.9/415 | +1.9/-0.7 ; ;

Trk ES +1.5 +0.9 +0.8 + 0.8
Trk ER +0.1 +3.1 +5.4 +5.7
Mu.ES ) - 0.9/-0.3 | -0.7/-0.5
Mu.ER - - +1.0 +1.4
Method +14.6 - +8.9 -
total(syst+lumi+stat) | +25.0/-25.1 | +71.0/-48.4 | +14.8/-15.3 | +69.8/-50.8

Table 8.1: Uncertainties (in %) on the predicted number of DY/Z events in the signal region for inclusive
lepton+track events. The uncertainties are compared between the data driven (DD) determination and
the determination from Monte Carlo simulations (MC). The uncertainty due to the method was evaluated
from the variation of the prediction when the ERS cut in the control region was varied by +5 GeV. The
larger difference was applied as a symmetric uncertainty on the background yield. The uncertainties on the
prediction are presented as +10/ — 1o variation of the systematic source.

8.3 Systematic uncertainty associated with Fake Track-Lepton
backgrounds

In order to evaluate the systematic uncertainty associated with the fake TL background prediction, we
compared the predicted and observed fakes in W+jets events selected from data samples in a control region,

orthogonal to the signal region by construction. The control region comprised events that included W+0,1
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Uncertainty (%) eTL (DD) | ¢TL (MC) | pTL (DD) | pTL (MC)
Yield(events) 24.3 40.7 22.0 19.4
Lumi +4.7 +3.7 +1.3 +3.7
Stat(Data)

JES 19.3/4+0.1 | +42.0/-26.7 | +2.4/-1.3 | +25.7/-19.7
JER +3.4 +18.5 +12.1 +15.4
JEF +0.0 +0.0 +0.0 +0.0
MET(Softjet) 2.8/4+27 | +1.3/+4.0 | +1.2/-71 | +2.1/-7.8
MET(PileUp) 2.6/42.3 | -07/+32 | +4.0/-95 | +2.7/-78
LAr(JetCleaning) 17/40.7 | 422/-18 | -0.6/-01 | +0.0/-1.3
SF(ELID) +1.3 +3.9 - -
SF(ELTrig) +0.1 +1.5 ; ;
SF(Mu.ID) - - +0.1 £0.5
SF(Mu.Trig) - - -0.4/40.5 +0.8
SF(Trk ID) +0.6 +0.7 +0.2 +0.7
x-sec(Theory) 15.4/414.1 | £35.2 6.4/+7.0 +31.7
Stat(MC) +18.6 £6.9 +13.7 +£9.6

Z pT +6.8 +3.3 +1.1 +6.1
ELES 2.8/43.6 | -1.4/40.6 - -
ELER +5.2/-1.0 | +2.7/-0.9 - -

Trk ES +2.0 +1.0 +1.7 +14
Trk ER +6.9 +2.5 +0.2 +0.8
Mu.ES - - 1.6/40.1 | -1.4/40.0
Mu.ER - - +0.9 +1.1
Method +27.9 - +13.1 -
total(syst-+lumi+stat) | +43.8/-38.5 | +58.8/-49.2 | +24.0/-26.9 | +45.4/-43.7

Table 8.2: Uncertainties (in %) on the predicted number of DY/Z events in the signal region for exclusive
lepton+track events. The uncertainties are compared between the data driven (DD) determination and
the determination from Monte Carlo simulations (MC). The uncertainty due to the method was evaluated
from the variation of the prediction when the ERS cut in the control region was varied by +5 GeV. The
larger difference was applied as a symmetric uncertainty on the background yield. The uncertainties of the
prediction are presented as +10/ — 1o variation of the systematic source.

jet OS fakes and W+2>2 jets SS fakes with Hy > 150 GeV. The number of predicted fakes (P) was estimated
using the same procedure as for the fake prediction in signal region. The observed fakes in W+jets sample
(O) was evaluated by counting the number of selected 1+track pairs in control region. Note that the observed
fakes in W+jets events, in particular the OS events, contain 1+track pairs associated with DY /Z and diboson
backgrounds. Therefore, these backgrounds must be included when comparing observed (O) and predicted
(P) fakes. This was achieved by adding the number of DY /Z and diboson background events to the prediction
(P) to get the total number of background events (B) in the control region. MC simulation was used to
estimate the DY /Z and diboson background contribution in W+2>2 jet bins, while the data-driven technique
described in Section 7.4.1 was used to estimate the number of DY /Z events in W+0,1 jet bins. The systematic
uncertainty was determined by comparing observed and predicted events.

A few remarks are in order. As a result of including DY /Z and diboson backgrounds in (B), the fractional
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difference between predicted and observed TLs absorbs fluctuations and systematic uncertainties due to these
MC predictions. As discussed in Section 7.4.2, the final fake TL background prediction in the signal region
was obtained after correction by the fraction of fake leptons that had opposite charge to the ID lepton. This
fraction was measured using Monte Carlo simulation and the accuracy of this fraction was included in the
overall systematic uncertainty. This was achieved via the above mentioned explicit OS or SS charge charge
requirement for I+track pairs in control region. The uncertainty on the estimation of the l+track pairs
that were outside the Z-mass window was propagated into the statistical uncertainty of the fake background
prediction. Table 8.3 shows the comparison. The overall agreement is impressive. We conservatively use a
20% systematic uncertainty on the prediction of fake TLs in the signal region, which is roughly one standard
deviation above the measured deviation between the predicted and observed fakes. Finally, the statistical
uncertainty was added in quadrature to the estimated 20% systematic uncertainty in order to obtain the

total uncertainty on the fake background prediction.

eTL puTL
Fjets 9) B P B-O)/P %] | O B P (B-0)/P [%]
0(0S) | 411 | 436.3758% | 199.1+9.3 460 | 441.1733° | 321.9+48.4
1(0S) | 201 | 20717555 | 99.0+4.2 247 | 270.57152 | 142.5+£6.0
2 (SS) 10 | 10.74+0.8 7.6+ 0.7 14 | 139410 | 111409
3 (SS) 7 | 6205 54+05 9 | 83+07 7.0£0.6
4 (SS) 4 | 41+04 3.8+0.4 1 32404 3.1+0.4
>5(89) | 2 1.940.1 1.840.1 0 1.540.2 1.4£0.2
Total 635 | 666.473.5 | 316.6 £10.3 9.97 1% 731 | 738.57 2,0 | 487.0 £48.8 157757

Table 8.3: Comparison of predicted and observed fake exclusive TLs in W+jets events. The columns labeled
‘O’ are the observed TLs, ‘B’ is the total background including the non-fake backgrounds, such as DY/Z,
and ‘P’ is the predicted fake contribution to ‘B’.

Samples of Z+jets events, reconstructed as identified ee or pp (no TLs) were also used as a cross check
of the predictive power of the TL fake matrix. For this validation test, we adhered to the same procedure as
that for the fake prediction in the signal region. The fake matrix is applied to Z+N jet events to predict the
number of Z+(N-1) jets events with a TL in addition to the ee or pu from the Z decay. Table 8.4 shows the
predicted and observed TLs in Z — ee and Z — uu events as function of number of jets. The agreement

between the two is impressive, considerably better than our quoted 20% systematic uncertainty.
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Z — ee+fake
# jets | Obs. Pred. (P-0)/P [%)]
0 46 42.84+1.6
1 20 17.2+0.6
2 3 5.5 £0.2
3 2 1.61 +0.06
4 1 0.53 +0.02
>5 1 0.17 +0.00
All 73 67.8 £1.7 —-7.84+0.9
Z — up+fake
# jets | Obs. Pred. (P-0)/P [%)]
0 86 87.0£3.2
1 41 35.24+1.3
2 10 11.6+£0.4
3 5 3.0£0.1
4 2 0.79+0.03
>5 1 0.26£0.01
All 151 137.8+3.4 —-9.6+0.8

Table 8.4: Observed and predicted fakes in Z — ee and Z — ppu events.
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8.4 Evaluation of the Systematic and Statistical Uncertainties
for the tt Cross-Section Measurement

Below, I summarize the main sources of the systematic uncertainties on the ¢t cross section measurement and
present detailed results for the systematic and statistical uncertainty estimates for acceptance, background

predictions and subsequently on the t cross section measurement per analysis channel.

e Statistical uncertainty in data from data-driven estimations (Stat(Data))

e Statistical uncertainty in MC (Stat(MC)) for MC based backgrounds

e Uncertainty from the fake estimations (Fake)

e Uncertainty from the data-driven DY /Z dilepton background estimation (DY Method)
e Uncertainty from the theoretical MC cross sections (MC xsect.)

e Jet energy scale (JES), resolution (JER) and efficiency (JEF) uncertainties which are also propagated

into ES by rescaling the fractional contribution of the jet to the total EMmiss
e Lepton identification (SF(Mu./ELID)) and trigger scale factor uncertainties SF(Mu./EL Trig)
e Track-lepton identification scale factor uncertainties (TrID SF)

e Lepton energy scale and resolution (ES, ER, in the muon case the maximum deviation of the resolution
uncertainties from in the muon spectrometer (MS) and the inner detector (ID) track are considered)

also propagated into ErTniSS
e Track-lepton pr scale and resolution (TrES, TrER)
e Uncertainty due to pile-up (Pile-up)

e Uncertainty using different parton shower programs (P.Shower: HERWIG and PYTHIA) for the signal
MC

e Uncertainty using different generators for the signal MC (Generator: MCQNLO and POWHEG)

e Uncertainties due to ISR/FSR (varied individually)

The uncertainty on the tf cross section measurement due to a given parameter is evaluated by shifting

the parameter up and down by one standard deviation and redoing the full analysis chain. Some of the
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uncertainty sources were expected and observed to have different effects on different analysis channels. For
example, the jet-related uncertainties were propagated to the jet term of EXsS and because of longer tails in
the EXss distribution (due to misidentified or missing muons not accounted in EX*balance properly) they
manifest differently in the muon+track channel. Also, electrons and muons are not on equal footing within
the analysis due to different order of overlap removal against jets. Hence, the different channels are affected
differently by scaling the leptons and jets. Limited statistics for some of the background processes may also
cause large fluctuations, especially between ‘up’ and ‘down’ variations of certain systematics.

The results are summarized for the total ¢ acceptance in Table 8.5, Table 8.7 for the inclusive 1+track
analysis and Table 8.9, Table 8.11 for the exclusive case. The systematic uncertainties for the backgrounds
evaluated with Monte Carlo simulations are shown in Table 8.6 and Table 8.8 for inclusive mode, and
Table 8.9 and Table 8.12 for the exclusive l4+track analysis. The largest uncertainty is the jet energy
scale uncertainty in almost all channels. Channels with electrons have a large contribution from electron
identification efficiency scale factors. A significant contribution in the overall uncertainty comes from the

fake background estimate. The Monte Carlo modeling of the parton shower, the ISR/FSR and the limited

statistics of the background MC also contribute to the total uncertainty.
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A Acceptance (%) | A Cross Section %
Luminosity +3.7
Data Stat +5.1
MC Stat + 1.5 i
Pile-up :gié s
LAr Hole o e
Fake - £+ 3.1
DY Method - +1.6
Z pT . +0.9
MC xsect. - +2s
JES 58 o
JER + 0.1 +0.4
JEF + 0.0 +0.04
Mu ID SF - -
Mu Trig SF - -
Ele ID SF +3.3 Y
Ele Trig SF +2.2 +0.2
TrID SF +0.7 +0.9
Mu ES - -
Mu ER (MS) - -
Mu ER (ID) - -
EL ES i e
ELER 108 ‘o5
TrES + 0.0 +0.2
TrER + 0.3 +0.5
P.Shower £+ 0.7 +0.7
Generator +0.3 +0.3
ISR +3.2 +1.1
FSR +1.1 +0.1
PDF +25 e
Syst total Tao Ti0s

Table 8.5: Uncertainties on the acceptance and tt cross section in the inclusive ¢TL channel. The uncertain-
ties are presented as +1o/ — 1o variation of the systematic source.
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Single top Diboson DY/Z — 77
Yield (events) 24.5 22.1 29.8
Uncertainty (%)
Lumi + 3.7 + 3.7 + 3.7
JES Rt 1155 206
JER +14 + 0.4 + 4.1
JEF + 0.1 + 0.1 + 0.0
El. ID SF +2.9 +3.2 +3.8
El. Trig SF +0.1 +0.1 +0.3
Mu. ID SF - - -
Mu. Trig SF - - -
TrID SF +0.7 +0.7 +0.7
Z pT - - +125
MC xsect. +10.0 +5.0 +36.6
MC Stat. + 3.3 + 24 + 74
Pile-up o 0 i
LAr Hole 0 B 00
El ES 0 o o
ELER T02 o8 s
TrES + 0.0 + 0.1 + 0.0
TrER + 24 + 0.3 + 3.8
Mu ES - - -
Mu ER (MS) _ - -
Mu ER (ID) ; - -
total (syst+ lumi) | T757 Tiio a7

Table 8.6: Uncertainties on the MC background contributions in the inclusive eTL channel. The uncertainties
are presented as +1o/ — 1o variation of the systematic source.
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A Acceptance (%) | A Cross Section %
Luminosity +3.7
Data Stat 5.0
MC Stat +1.5 R
Pile-up To o8
LAr Hole “oh g
Fake - + 3.33
DY Method - +0.86
7 pT - +0.79
MC xsect. - t32
JES Mt T
JER +0.05 i
JEF +0.03 +0.02
Mu ID SF e e
Mu Trig SF o35 oo
Ele ID SF +3.25 -
Ele Trig SF +0.22 -
TrID SF +0.73 +0.8
Mu ES o8 o1
Mu ER +0.05 e
El ES Tod ot
ELER Torr o
TrES +0.03 +0.2
TrER +0.26 o
P.Shower + 0.69 e
Generator + 0.31 ro-0e
ISR +3.16 e
FSR +1.1 gt
PDF +2.5 iy
Syst total R s

Table 8.7: Uncertainties on the acceptance and tt cross section in the inclusive 4TL channel. The uncer-
tainties are presented as +10/ — 1o variation of the systematic source.
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Single top Diboson DY/Z — 77
Yield (events) 30.3 22.0 47.5
Uncertainty (%)
Lumi +3.7 +3.7 +3.7
IES T
JER + 1.13 + 0.3 + 4.1
JEF + 0.00 + 0.1 + 0.0
El ID SF - - -
EL Trig SF ; ; -
TrID SF +0.8 +0.8 +0.7
7 pT - - 492
Mu. ID SF +0.5 +0.5 +0.5
Mu. Trig SF +0.2 +0.1 +0.4
MC x-sec £10.0 +5.0 +37.6
MC Stat. + 3.0 + 24 + 6.2
Pile-up 02 o ros
LAr Hole 5 I
L
- - —0.91
TrES - - + 0.0
TrER + 0.7 + 1.3 + 1.1
Mu ES 09 00 0.0
Mu ER + 0.1 + 0.3 +0.5
fotal (syst + lumi) | TR tmE  mm

Table 8.8: Uncertainties on the MC background contributions in the inclusive pTL channel. The uncertain-
ties are presented as +1o0/ — 1o variation of the systematic source.
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A Acceptance (%) | A Cross Section %
Luminosity +3.7
Data Stat 14.0
MC Stat +32 i
Pile-up To3 e
LAr Hole 3 MR
Fake - + 13.7
DY Method - +6.2
Z pT - 4+2.0
MC xsect. - tg:g
JES by T
JER +0.8 R
JEF +0.1 +0.2
Mu ID SF - -
Mu Trig SF - -
Ele ID SF +3.2 +39
Ele Trig SF +0.9 +1.0
TrID SF +0.7 +0.9
Mu ES - -
Mu ER (MS) - -
Mu ER (ID) - -
+0.4 +0.9
b bn 43 b2
+0.4 —21
TrES + 0.1 +0.5
TrER + 2.1 +38
P.Shower +9.2 ot
Generator + 1.5 +1.5
ISR +3.3 a2
FSR +0.1 +0.1
PDF + 2.5 2
Syst total iR T350

Table 8.9: Uncertainties on the acceptance and tt cross section in the exclusive eTL channel. The uncer-
tainties are presented as +1o0/ — 1o variation of the systematic source.
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Single top Diboson DY/Z — 77
Yield (events) 5.7 5.7 17. 0
Uncertainty (%)
Lumi + 3.7 + 3.7 + 3.7
TS R I
JER + 4.1 + 2.6 + 4.1
JEF + 0.0 + 0.2 + 0.0
El. ID SF +2.5 +2.6 +2.6
El. Trig SF +0.5 +0.5 +0.5
Mu. ID SF - - -
Mu. Trig SF - - -
TrID SF +0.7 +0.7 +0.7
7 pT - - + 8.8
MC xsect. +10.0 +5.0 +36.2
MC Stat. +7.0 + 4.8 + 94
Pile-up 3 o e
LAr Hole f;l):(é ;éjé f08680
Bl ER e % g
—0.3 +0.4 +0.05
TrES + 0.0 + 0.0 + 0.0
TrER +5.3 + 0.9 + 2.2
Mu ES - - -
Mu ER (MS) _ - -
Mu ER (ID) ; - -
ol (st ) | Ty TRE T

Table 8.10: Uncertainties on the MC background contributions in the exclusive eTL channel. The uncer-
tainties are presented as +10/ — 1o variation of the systematic source.

116



A Acceptance (%) | A Cross Section (%)
Luminosity - +3.7
Data Stat - +14.2
MC Stat +3.1 ol
Pile-up +0.3 e
LAr Hole e iy
Fake - + 15.1
DY Method - +2.6
ZpT ; +1.8
MC xsect. - £8.7
JES i S0
JER +238 tee
JEF + 0.0 +0.0
Mu ID SF +0.5 e
Mu Trig SF 3 B
Ele ID SF - -
Ele Trig SF - -
TrID SF +0.8 +0.9
Mu ES +0.2 03
Mu ER + 0.1 +0.4
El ES - -
El ER - -
TrES + 0.3 +0.6
TrER +0.38 +1.3
P.Shower +6.9 o
Generator +14 +1.4
ISR +6.1 e
FSR +4.1 iy
PDF +2.3 22
Syst total I3 T

Table 8.11: Uncertainties on the acceptance and tf cross section in the exclusive pTL channel. The uncer-
tainties are presented as +10/ — 1o variation of the systematic source.
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Single top Diboson DY/Z — 77
Yield (events) 6.3 4.8 24.7
Uncertainty (%)
Lumi +3.7 +3.7 +3.7
JES ST o a1
JER +19 +1.0 + 4.8
JEF + 0.0 + 0.0 £+ 0.0
EL ID SF - - -
EL Trig SF ; ; -
TrID SF +0.8 +0.8 +0.7
Z pT - - + 8.3
Mu. ID SF +0.5 +0.5 +0.5
Mu. Trig SF +1.0 s g
MC x-sec £10.0 +5.0 +£38.9
MC Stat. + 6.6 + 5.1 + 8.8
Pile-up s bt o
LAr Hole 09 ol e
El ES - - MY
El ER - - 07
TrES + 0.0 + 0.0 + 0.0
TrER + 1.8 + 2.0 + 22
Mu ES +0.0 000 0.0
Mu ER + 0.7 + 0.12 +0.9
total (syst + lumi) | *;33 i Tics

Table 8.12: Uncertainties on the MC background contributions in the exclusive yTL channel. The uncer-
tainties are presented as +1o0/ — 1o variation of the systematic source.
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Chapter 9

Lepton+Track tt Cross Section
Extraction and Combination of
Channels

9.1 Profile Likelihood Technique

The eTL, 4 TL and combined value of the £ production cross sections were computed using a profile likelihood
technique. The observed event count for each channel N°P® was modeled according to a Poisson distribution
with mean given by the value Ni.y, which is the sum of the signal and background contributions. The
variation in the expected number of events attributed to signal and background processes associated with
systematic uncertainties was parameterized with a Gaussian distribution and additional terms were included
in a likelihood function that summarized the uncertainty in the corresponding nuisance parameters. Scaling
the number of expected signal events with the integrated luminosity, the parameter of interest (i.e. ogig)
was kept as a free parameter of the fit.

Systematic uncertainty sources were aggregated into groups of uncorrelated and 100% correlated param-
eters. Each of the uncertainty sources (index by j) has a nuisance parameter «; associated to it such that
a; = 0 represents the nominal estimate and o; = +1 represents a +1c variation of that source. Next,
the sources of the systematics were varied (e.g. jet energy scale, trigger efficiencies, etc.) and a piecewise-

linear interpolation was used to parameterize the expected number of events N, P(&) for each signal and

background using the RooFit/RooStats software package [102,103].
Additional terms were added to the likelihood function, enabling incorporation of additional knowledge

of the «; derived from auxiliary measurements or assumptions about the uncertainty in the Monte Carlo

modeling. This led to the following form of the likelihood function [104]:

L(ogg Lyaj) = [  Pois (NP [ NSE(@)) x G(LolL,or) x [[ G(0ley,1). (9.1)

i€ channel jéEsyst

The tf cross section was inferred from the profile likelihood ratio A(owig) = L(0sig, L, &)/ L(5sig, L, &),
where a single circumflex represents the maximum likelihood estimate (MLE) of the parameter and the

double circumflex represents the conditional MLE with o, fixed. Ensembles of pseudo-data were generated
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for NP and the resulting estimate of 64, was confirmed to be unbiased.

9.2 Results

Table 9.1 summarizes the tf cross sections extracted from the profile likelihood ratio for the individual
channels and for the combination of the inclusive 14+track analysis. Note that the measurements of the £
cross section per analysis channel are consistent with each other, in agreement with the lepton universality
principle. For the exclusive l4+track analysis, the tf cross sections measured per analysis channel and for the
combined eTL and pTL #t cross section measurement are summarized in Table 9.2. Similar to the inclusive
case, the tf cross section measurements per exclusive l+track channel are also consistent with each other,
in accordance with the lepton universality principle. Tables 9.3, 9.4 provide the systematic uncertainties for
each systematic contribution for the inclusive and exclusive analysis modes, respectively. The eTL and yTL
combined results agree well with the weighted average of the individual ¢t cross sections. The combination
results in improved uncertainties. This #f cross section measurement is systematic uncertainty dominated.
The results of the exclusive e, p+track analysis channels were also combined with those of 3 channels of the
2ID tf analysis to obtain the so-called 5-channel combination result: 1765 (stat.) £12(syst.) £8 (lum.) pb~*.
In addition, exclusive ee and pu events with at least 1 b-tagged jet were combined with the above 5 channels
to form the so-called 7-channel combination: 176+5 (stat.) 18 (syst.) T3 (lum.) pb~'. A paper summarizing
the analyses and the result of the tf cross section measurements using dilepton final states was submitted to

and accepted for publication by The Journal of High Energy Physics [105].

Channel o (pb) (stat., syst., lumi.)

eTL 182.9 +£9.3 1352 1%

uTL 171.0 +£8.5 7295 +

Combined | 177.4 +6.3 T84 + 756

Table 9.1: The measured tf cross sections in each of the individual inclusive l+track channels, and the
combined measurement. The central values and uncertainties are obtained from the likelihood maximization.
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Channel o (pb) (stat., syst., lumi.)
eTL 160.8 £22.6 357 753
{TL 168.3 +£23.9 1355 90
Combined | 164.5 +16.4 7302 #3¢

Table 9.2: The measured tt cross sections in each of the individual exclusive 1+track channels, and the
combined measurement. The central values and uncertainties are obtained from the likelihood maximization.

eTL uTL Combined
Uncertainties (%)
Data Stat 5.0/52 | -49/50 | -35/36
Lumi 20/45 | 41746 | 41/45
MC Stat 19/20 | -16/18 | -1.2/1.3
El/Mu ES 0.0/03 | -00/00 | -0.0/00
El/Mu ER 0.0/00 | -03/00 | -0.0/0.3
El/Mu Eff -3.4 /3.7 -0.6 / 0.7 -14 /1.5
JES 60/87 | 68/76 | -59/6.7
JER 03/07 | 24/26 | -15/16
JEF 0.0/00 | -00/00 | -0.0/00
DY 16/1.6 | 08/09 | -0.9/08
ZpT 07/11 | 08/08 | -0.6/0.5
Fakes 31/31 | -34/33 | -23/23
Generator -0.0 /0.5 -0.0 / 0.0 -0.0 /0.0
P.Shower 03/09 | 24/26 | -1.6/17
ISR 30/33 | -23/25 | -1.8/20
FSR 1.0/11 | -41/47 | 21/23
PDF 24/26 | 22/24 | -23/25
Met(CellOut & SoftJet) | -0.0 /0.3 -0.3 /0.0 -0.0 / 0.3
Met(PileUp) 0.0/00 | -00/00 | -0.0/00
LAr 05/09 | 06/13 | 09/11
Track Eff 04/10 | 08/09 | -0.7/09
Track ES 00/04 | 03/00 | -0.0/0.3
Track ER 03/08 | -12/12 | -0.9/09
Ttheory 23/24 | 31/31 | -27/27
Syst 9.1/12.0 |-102/12.1 | 8.6 /104
Syst + Lumi 10.0 /128 | -11.0 /12,9 | 9.4 / 11.3
Syst + Lumi + Stat 11.2 /138 | -12.0 / 13.9 | -10.0 / 11.9

Table 9.3: Summary of the # cross section uncertainties for each inclusive channel and combined inclusive
eTL+uTL obtained from the likelihood maximization.
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eTL uTL Combined
Uncertainties (%)
Data Stat 13.8 /144 | -13.9 /145 | 9.8 / 10.1
Lumi 12/51 | 44/54 | 43/52
MC Stat 53/56 | -44/48 | -35/3.7
El/Mu ES 09/05 | 00/08 | -0.0/00
El/Mu ER 0.0/00 | 05/08 | -08/0.5
El/Mu Eft 34/41 | -16/16 | -1.9/24
JES 5.8 /145 | -11.1/11.7 | 9.3/ 13.1
JER 926/26 | 6.0/67 | -41/45
JEF 0.0/05 | 0.0/00 | -0.0/0.0
DY 63/61 | 27/24 | -33/33
ZpT 23/18 | 20/17 | -1.3/14
Fakes 13.8 /13.6 | -15.2 / 15.0 | -10.2 / 10.1
Generator -1.6 / 1.5 -1.5/14 -1.3/1.6
P.Shower 7.8/108 | 6.0/80 | -7.1/9.2
ISR 3.0/37 | -53/70 | -29/37
FSR 0.0/05 | -37/47 | -1.8/20
PDF 23/27 | 21/26 | -21/27
Met(CellOut & SoftJet) | -0.0 /0.5 -0.0 / 0.5 -0.0 /0.9
Met(PileUp) 0.0/00 | -00/00 | -0.0/00
LAr 11/09 | -12/08 | -1.3/05
Track Eff 05/05 | -1.0/00 | -0.4/06
Track ES 05/05 | -1.0/00 | -0.4/06
Track ER 41/45 | -16/14 | 27/31
Tiheory 6.6/65 | 88/86 | -1.4/75
Syst 20.6 /28.1 | -23.2/27.2 | -18.5 / 23.7
Syst + Lumi 20.9 / 28.6 | -23.5 / 27.8 | -19.0 / 24.3
Syst + Lumi + Stat 25.0 / 32.0 | -27.3 / 31.3 | -21.4 / 26.3

Table 9.4: Summary of the t# cross section uncertainties for each exclusive channel and combined exclusive
eTL+uTL obtained from the likelihood maximization.
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Chapter 10

Conclusions and Outlook

We have measured the ¢ pair production cross section in V.S = 7 TeV pp collisions using the dilepton decay
final state of the top pair. Within uncertainties, we observe good agreement between the SM prediction and
the measured values of the tf pair production cross section. No statistically significant evidence for anomalous
tt pair production or decay was seen, although we emphasize the limited sensitivity of this measurement to
physics processes beyond Standard Model top pair production and decay. We performed the measurement
by utilizing the 14+track approach, where the requirements on one of the lepton legs was relaxed to require
only a high quality Inner Detector track. This approach enables enhancement of the analysis sensitivity to
7-leptonic decays of W+ and restores t¢ signal events lost due to lepton identification inefficiencies (a ~20%
signal acceptance gain). In order to achieve this, we defined a new analysis object: the track-lepton, and
built a systematic prescription for TL determination optimal for high-p lepton identification in the scope
of the present analysis.

In general, the MC descriptions of the quantities central for this analyses are in good agreement between
data and MC simulation. The reasonable compatibility between the shapes and scales for the distributions in
the control and signal regions provides confidence in our estimates of background contamination. However,
in order to minimize the dependence on MC simulations, wherever possible we used data-driven techniques
for background evaluation. Specifically, data-driven techniques were developed to predict the number of
DY/Z dilepton events and backgrounds associated with mis-identified TLs.

The dominant systematic uncertainty for both modes of the 14+track analysis is the jet energy scale. The
electron identification efficiency scale factor uncertainty affects the analysis in the electron+track channel.
The contribution to the total uncertainty from the MC modeling of the PDFs, parton shower and ISR/FSR
is also sizable in all analyses. For the case of the exclusive l4+track analysis, fakes are a major source of
background, and therefore a major source of systematic uncertainty. The statistical uncertainty can be
reduced by combination of the individual eTL and pTL results obtained with individual 1+track channels.
The combined results are dominated by the systematic uncertainties.

The measured ¢ cross section values per individual analysis channel and the combined ¢f cross sections
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are compatible with each other and with the approximate NNLO prediction of the Standard Model as
shown in Figure 10.1. The results of 3-channel (i.e. the combined result of the three 2ID channels - ee,
ep and pp), 5-channel and 7-channel combinations are also presented in Figure 10.1. One may expect
an improvement of the statistical and systematic uncertainties by virtue of using the full 2011 collision
data sample with integrated luminosity of 4.9 fb~!. The statistical uncertainty is expected to decrease as
1/ V/Nobs, where Ny is the number of observed ¢t candidate events. The statistical component of systematic
uncertainties (e.g. such as those associated with the energy scale and resolution of jets, electrons and muons)
is also expected to decrease as 1/v/Nyps, although the full 2011 data sample may have additional systematic
uncertainties due to increased pile-up. Hence, a reasonable assumption is that the systematic uncertainty
would be half way between the current value and the case where the uncertainty is reduced by 1/v/Nops.
We do not expect that the integrated luminosity uncertainty would be significantly different from its current
value of 3.7 %. Using the uncertainty measurements summarized in Table 9.3 and Table 9.4 we expect
~ 8.5% for inclusive l+track analysis and ~ 17% for the exclusive l4+track analysis in the full 2011 data
sample (~ 5 fb™!). Figure 10.2 summarizes the t£ cross section measurement results obtained by CDF and
DO collaborations using the v/S = 1.9 TeV pp collision data at Tevatron and measurement results of ATLAS
and CMS collaborations using /S = 7 TeV collision data provided by the LHC.

IIIIIIIIIII.YIIIIIYJIYIIIIYK'IY
bata 2011 b e Theory (Lapprox. NNLO)
i oSMPed = 164,615 pb
_1 : "
IL =698 pb ; m, = 172.5 GeV
Incl. eTL NN 183+9 *2 *% pp
Incl. pTL et 171+ 8 ]i% % pb
Comb.Incl. . N 177+6 ‘0 +8 pb
Excl. eTL i 161+23 ' '7 pb
Excl. p TL i 168 + 24 T%gg T% pb
Comb.Excl. ._._,,_._. 164 +16 *;y 17 pb
Comb.3 Channel  ias | 175+6 ‘1 £8 pb
Comb.5 Channel  +ras— 176+5 #12 +8 pb
Comb.7 Channel  itai— 176 +5 ‘1 +8 pb
! (stat) £(syst) £(lumi)
I|IIII|IIII‘1:1II|IIII|IIII|IIII|III
50 100 150 200 250 300 350

o, [pb]

Figure 10.1: Summary of the tf cross section measurements per l+track channel and the combined mea-
surement (error bars indicate the statistical and the total uncertainty) and comparison with the theoretical
prediction (error band) at approx. NNLO [63]. Five channel combination of the exclusive 1+track analysis
with conventional dilepton channels, as well as 7-channel combination with with exclusive ee and pu events
with b-tag are also presented.
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Figure 10.2: Summary of the t cross section measurements in 1.9 TeV pp collision data with Tevatron and
7 TeV pp collision data with LHC. Figure adapted from [106] by Tony Liss.

There are several ways the results of this analysis may be improved. One may consider using more
sophisticated tools for the TL and l+track event selection requirement optimization such as multivariate
analysis tools. Since the DY/Z dilepton process is the major background in dilepton final states and the
ErTniSS cut is the main tool to suppress it, a special treatment is required for the high Elrniss tails. This for
example could be achieved by ensuring that electromagnetic clusters, associated with electrons reconstructed
as TLs, enter the EIisS calculation as an electromagnetic object as opposed to a jet. The EmisS correction
deployed in the p+track channel may also be improved by trading the cut on A¢ between TL and Eiiss
with a criteria on the TL being a minimum ionizing particle. Another promising tool that could be used
to further suppress the background and systematic uncertainties is b-tagging jets. Last but not least, the
track-lepton object may be successfully used to gain signal acceptance in new physics searches involving
leptonic final states. Examples of such searches that deploy the 14+track approach are searches for flavor

changing weak neutral currents (FCNC) and high mass dilepton resonances.
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Appendix A

Atlantis Event Display of the First
l+track Events

ATLAS 2010-08-02 07:35:38 CEST source:JiveXML_160530_42761229 run:160530 ev:42761229 lumiBlock:476 Atlantis

Figure A.1: Atlantis event display of the first e4track candidate event observed by ATLAS. Run number
160530, event number 42761229. Inner Detector is zoomed in with respect to other sub-systems. The color
code on the display is as follows: jets are depicted in brown, b-tagged jets are in blue, electrons in purple,
muons in green, 7-leptons are in grey, Efs is shown with red arrow and track are color coded as a function
of their Pr.
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ATLAS 2010-08-02 07:35:38 CEST source:JiveXML_160530_42761229 run:160530 ev:42761229 lumiBlock:476 Atlantis

YX Projection <@ LegoPlot Pn)jectiong ET= 45 GeV
Constant (1-1)
Height of fallest tower:

Cells: 12 eV AOD: 58 GeV
Trigger Dgkision:

L1:passedfl 2:passed EF:passed

_ 15 ET (GeV)

L1-EtMiss: §2.0 L1-SumEt: 188.0

pZ Projection

Figure A.2: Atlantis event display of the first e+track candidate event observed by ATLAS. Run number
160530, event number 42761229. The color code on the display is as follows: jets are depicted in brown,
b-tagged jets are in blue, electrons in purple, muons in green, 7-leptons are in grey, Eﬁ_i‘iss is shown with red
arrow and track are color coded as a function of their Pr.
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ATLAS 2010-08-14 11:04:50 CEST source:JiveXML_161379_49866533 run:161379 ev:49866533 lumiBlock:474 Atlantis

Figure A.3: Atlantis event display of the first u+track candidate event observed by ATLAS. Run number
161379, event number 49866533. The color code on the display is as follows: jets are depicted in brown,
b-tagged jets are in blue, electrons in purple, muons in green, T-leptons are in grey, Efs is shown with red
arrow and track are color coded as a function of their Pr.
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2010-08-14 11:04:50 CEST source:JiveXML_161379_49866533 run:161379 ev:49866533 lumiBlock:474 Atlantis

@4 LegoPlot Projection|l e1_ 55 Gev
onstant (1-1)
- 5 ET (GeV) Height of tallesttower:

Cells: 4 GeV OD: 51 GeV
Trigger Decisiol
L1:passed L2:passed EF:passed

ATLAS
g YX Projection

L1-EtMiss: 28.0 F1-SumEt: 120.0

pZ Projection

Figure A.4: Atlantis event display of the first u+track candidate event observed by ATLAS. Run number
161379, event number 49866533. Inner Detector is zoomed in with respect to other sub-systems. The color
code on the display is as follows: jets are depicted in brown, b-tagged jets are in blue, electrons in purple,
muons in green, 7-leptons are in grey, Efis is shown with red arrow and track are color coded as a function

of their Pr.
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Appendix B

A Study of the Tile Calorimeter
Response Uniformity as a Function of
Radial Depth

B.1 Introduction

As discussed in Section 3.3.2 the ATLAS calorimetry in general and TileCal in particular must provide
accurate energy and position measurement for electrons, photons, isolated hadrons, jets and transverse
missing energy. In order to accomplish this, for each TileCal cell, the electromagnetic (EM) scale calibration
constant must be determined, converting the calorimeter PMT signals (measured as electric charge in pC)
to the kinetic energy deposited by electrons.

In order to obtain the EM scale calibration constant, 11% of the 4x64 TileCal modules were exposed to
electron, muon, hadron (pion and proton) beams, at various energies with different geometrical set-ups in
the scope of TileCal test-beam program that was situated in the H8 area of the CERN SPS facility, as shown
in Fig. B.1. The main goal of the test-beam program was not only to obtain the TileCal EM scale, but
also to explore the uniformity of the modules and to determine the calorimeter performance at projective
pseudorapidity. The following experimental setup was put in place to address these goals. On a massive
scanning table capable of z, y, 8 and ¢ motion, the prototype TileCal Module 0 was the lowest in a stack

of three modules. The middle layer was a production barrel module, and the top layer was either a pair of

-90°

Figure B.1: Tile Calorimeter module layout during beam test operation in the H8 area of the CERN SPS.
From bottom to top the Module 0, a production barrel module and two extended barrel modules are shown.
Approximate beam directions for § = +90°, § = —90°, § = +20° and 7-projective setup (dashed arrows)
are shown.
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production extended barrel modules (as shown in the figure) or another production barrel. Since some data
was taken with projective geometry, module orientation is denoted by positive or negative n, with positive
7 being the beam-right side of the scanning table.

Calibration of each module consisted of using the beam with the following geometries:

e Beam incident at the center of the front face of each A cell at +20° from the normal (see Figure 3.6).
e Beam incident at the projective angles across the front face of the calorimeters.

e Beam incident at the sides of the calorimeters into the center of each tile row. This is referred to as

the £90° measurements.

Beam energies for TileCal measurements were between 20 GeV and 180 GeV. In general, the beam
composition was a mixture of hadrons, muons and electrons. The particle type was identified mainly by using

the calorimeter response and a pair of beam line Cerenkov counters assisting in further particle identification.

B.2 TileCal Electromagnetic Scale Calibration

The TileCal EM scale calibration constant was obtained from an analysis of the TileCal response to electron
test beams of over 200 TileCal cells, where the charge collected in one TileCal cell was equal to the sum of
charges collected by the two PMTs reading out the cell. The response of the calorimeter modules to electron

beams was defined as:

n— QprvT1 + QpMT2
<E§eam>

(B.1)

where Qpunri(2) is the charge collected by the first (second) PMT reading out the cell respectively, and
(Efeam) 1s the average electron beam energy.

In order to derive the TileCal EM scale calibration constant, the response of all A cells of the three long
barrel modules and five extended barrel modules to electron beams was studied'. The beams entered the
modules at § = £20°, having energies of 20, 50, 100 and 180 GeV. Only runs with all PMTs working were
included in the analysis.

A distribution of all obtained responses of over 200 calorimeter cells is presented in Fig B.2. The mean

value of this distribution is 1.050 + 0.003 pC/GeV and is taken as the TileCal electromagnetic scale. The

1The following modules were analyzed in this case: extended barrel modules ANL-23, ANL-30, ANL-44, IFA-27 and IFA-42;
long barrel modules JINR-12, JINR-27 and JINR-55.
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Figure B.2: The cell response of electrons at the angle § = +20° (Mean = 1.050 4 0.003 pC/GeV, RMS
= 2.4 4 0.1%), with one entry for each A-cell measured. The plot contains data taken at 20, 50, 100 and
180 GeV electron beam energies.

RMS spread of the measurement is 2.4 + 0.1 % [107].

B.3 Tile Light Collection Uniformity Studies

In early testbeam studies of the light collection properties of scintillating tiles, we did not explicitely inves-
tigate the possibility of a non-uniform response of the tile surface along the radial depth direction of the
ATLAS detector. While electron beams used for setting the calorimeter EM scale deposit most of their en-
ergy in the A compartment of the Tile calorimeter modules, the question of whether the cells in the BC and
D compartments are properly calibrated at the EM scale after calibration with the cesium y-source remains
open. In order to address this question, the data from muon beams entering the calorimeter modules at
6 = £90° along the centers of the tiles was used. The total muon signal was measured in every tile-row.
In-depth analysis of that data was performed and summarized in [107]. The response of TileCal modules to
muon beams at § = 90° is presented in Fig. B.3. As one can see after the gain of all cells in the calorimeter
is equalized with Cs calibration, the muon response depends on the tile row number.

The main goal of this section is to investigate the cause for this response non-uniformity, more specifically
to compare the light collection of the tile central region within a radius of 2.5 cm (where electrons and muons
incident on the calorimeter at # = 90° and 20° are used for the absolute electromagnetic calibration scale
determination), with the light collection area around the tile outer radius hole (where the 37C's calibration

source passes) and with light collection from the entire tile surface (illuminated by hadronic showers). For an
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Figure B.3: The muon response summed over the full calorimeter module length in the 90° configuration,
averaged over all analyzed modules and divided by the muon path length (560 c¢m in barrel and 255.5 ¢cm in
extended barrel module, end-plates excluded). Results for barrel modules (left) and extended barrel modules
(right) are presented. The dashed lines show the edges of radial compartments (A, BC and D from left to
right), for which the particle/Cs correction factors are computed. The fact that the path length normalized
response to muons is on average lower in EB than in LB is understood and confirmed by Monte Carlo studies.
Details are given in the text.

in-depth discussion see [108]. Section B.3.1 presents the results of the tile surface uniformity studies using a
908y B-source. This section also discusses the effect of the read-out fiber configuration on tile light collection
and introduces the Tile Optical Model which describes the light collection mechanism in the trapezoidal
tiles. Section B.3.2 focuses on the studies with 137C's y-source on individual tiles, and in Section B.3.3 we
describe the results of 7C's calibration scans of TileCal modules at the Test Beam and in the ATLAS pit.

Section B.4 presents our conclusions.

B.3.1 Individual Tile Measurements with °Sr 3-source

Setup and Experimental Results

A collimated ?°Sr B-source with ~ 30M Bgq intensity and electron beam size of less than 3mm (determined
by the plastic collimator) was used for tile surface uniformity studies by scanning the source over the tile
surface in a predefined grid as shown in Figure B.4. A dummy non-aluminized fiber was attached to the
other side of the tile to provide realistic conditions of light reflection between the tile and the fiber. The
measurements were done with masked tiles using a single readout fiber (of fixed length of 1 m) in the
‘Standard’ configuration, i.e. with the PMT close to the tile outer radius edge as in the Tile Calorimeter.
The measurements with the ?°Sr B-source were performed with an ammeter connected to the PMT anode

and application of the 8~ source on the tile surface. The accuracy of the measured response at a point was
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estimated from the ~ 4% dispersion of repeated measurements at all points of tile size 1 and tile size 11.
In the following, the y-axis is along the TileCal radius, i.e. parallel to the line joining the holes with y=0

located at the outer radius. The x-axis is parallel to the sides of the tile.
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Figure B.4: Schematic view of the tile with predefined grid of points for °°.Sr measurements in the ‘Standard’
configuration with single fiber readout

In order to obtain a picture of the tile response to the “°Sr source in the ‘double fiber’ readout configu-
ration with additional equidistant points, we constructed a two-dimensional grid of equally weighted points

using the following procedure:

e The measured points in one half of the tile (obtained with a step size of 0.5 cm or 1 cm in the central
X-strip of 2 ¢m, and with 1 cm or 2 cm step size elsewhere) were mirror reflected with respect to the
plane perpendicular to the tile surface and passing through tile holes (the X = 0 axis) and the results
were summed over. These points were considered as the measured response values at respective (X,Y)

coordinates

e A grid of a fixed step size (using lcm steps) was placed over the measured points along lines parallel
to X axis, by interpolating and extrapolating the measured points with a 3"¢ degree polynomial fit.
When all the X-lines were filled with these fitted points, the same procedure was applied to lines

parallel to the Y axis with the same step size of 1 cm

e The grid step size was decreased to 0.25 cm and repeated once more along the X-direction and then

along the Y-direction

e When the new fitted points appeared to overlap with the previously fitted points, the average number

was stored.
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e A 2-dimensional grid of measured and fitted points covering the entire tile surface with 0.25 cm step

size was thereby obtained.

The resulting response to the °°Sr 3-source over the whole tile surface is shown in Fig. B.5 for individual
masked tiles of sizes 1 and 11 in arbitrary units. The measured points (green crosses) and the meshed fitted
points are shown in the 3D response map of Figure B.5(a). The blue colored mesh represents regions with
response less than the average of the tile surface, whereas the red colored mesh represents the regions with
higher than the average response.

From Figure B.5(a) and B.5(b) we observe a hump in the central region along the tile hole direction
with response higher than the average, as well as a decrease in response in the direction from the outer to
the inner radius. The slight increase of light in the central strip between the holes is due to the reflection of
scintillation light from the surfaces of the holes. In the direction perpendicular to the holes a ~5% increase
of light near the tile sides coupled to the fibers is observed, even in tiles masked with black ink. The
increase would have been much higher (>20%) if the tiles had not been masked [109], [110]. The RM S of
the measurements in the mesh over the whole tile surface is ~5% for all tile sizes, which is well within the

uniformity specifications of TileCal.
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Figure B.5: (a) Reconstructed 3D response of a tile to the 9Sr 3-source (mesh) based on individual mea-
surements (green dots). (b) The 2D response map to %°Sr of a tile size 1 (top) and a tile size 11 (bottom).
The Y-axis is parallel to the holes and Y=0 is the outer radius edge.
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Figure B.6: Tile response to % Sr-source along the X (¢) direction (perpendicular to the line joining the
holes) for all Y scans (circles); Averaging only the radial scans in the central region of 2.5 cm between the
holes (triangles).

Figure B.6 shows the average response along the X (¢) coordinate for the case of taking the average of
all the Y radial scans (red circles) and the case of taking the average of only central Y scan values within
a strip of + 2.5 cm around Y=0 (green triangles) for tile size 11. As expected, one observes the typical

Wh-shape profile for the case of double-sided tile signal read out.
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Figure B.7: Tile response to %0 Sr-source along the Y radial direction (parallel to the line joining the holes)
for all the X values (circles); Averaging only central Y scans in a region of 2 cm (triangles).

Fig. B.7 shows the average tile response to the ?°.Sr 3-source along the Y radial coordinate after averaging
all the X scans for tile size 1 and 11. Y = 0 corresponds to the outer radius extremity of the tiles. For tile
size 1, Y = 97 mm is the inner radius extremity while for tile size 11, it is Y = 187 mm as shown in Table 3.2.
The tile response to the °Sr source decreases when moving from the tile outer to inner radius holes (Y
scan). This decrease is due to the trapezoidal shape of the tiles. The scintillation light is more efficiently

collected at the outer radius. A detailed explanation of this effect is discussed later in this Appendix.
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Figure B.8: Relative tile response to %°Sr-source along the Y radial direction. Y=0 is always the outer
radius edge for all tile 11 sizes.

The radial decrease in scintillation light response is confirmed for all tile sizes. Fig. B.8 shows the relative
tile response to the °°Sr B-source parallel to the tile hole direction upon averaging over the central X-region
of £2 cm for all available measurements of tiles sizes 1 to 11. A clear negative slope is observed of the
order of ~ 1% to 2% per cm for all tile sizes. Our estimate of the statistical uncertainty of this estimate is
~ 2%. The systematic uncertainty is represented by the width of the band of all 11 measurements, which
on average is ~ 7%. Hence an upper limit for the uncertainty can be estimated as 3 x 2% + 7% = 13%.

A more precise quantitative estimate of this effect was achieved using measurements carried out with the
137C's ~-source passing through the entire calorimeter module and sequentially exciting the areas around
the inner and outer radius holes of hundreds of scintillating tiles of size 7 and several individual tiles of all
11 sizes. This is described later in Sections B.3.2 and B.3.3.

The effect of scintillation light collection reduction in the trapezoidal tiles when moving from the tile
outer to inner radius holes gives an indication of the reason for the observed undercalibration of the middle
and rear longitudinal depth cells after the calibration of TileCal with the Cesium ~-source (passing always
in the outer radius holes) [107]. We set the absolute electromagnetic scale in TileCal with electrons and
muons impinging the center of the tiles at § = 90° and 20° and exciting the central region of the tiles
(radius of 2.5 cm), whereas TileCal cells are intercalibrated with the 137C's y-source using the response in
the area around the outer radius hole. Thus, the discrepancy between the response to electrons or muons
and 137C's v-source grows larger for larger tiles. The radial distance between these 2 regions, hence the
magnitude of undercalibration, increases with the tile size (H/2 dimension) as is shown in Table 3.2.

The remaining question is whether or not the light response from the center of the tile is an accurate
representation of its surface and how this response depends on the tile size. Fig. B.9 shows the ratio of °Sr

response in the central region of radius ~ 2.5 cm to the response averaged over the total tile area as a
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function of the tile row number. This ratio is tile size independent. Fig. B.9 shows this measurement for 2

sets of 15 tiles, 1 tile of each size except for tile size 1 and 11 where 3 tiles were measured. Merging the 2

tile samples (30 tiles) we obtain a mean of the ratio in the central region (radius = 2.5 cm) over the total

tile surface of 1.03 with RM S = 1.4% as shown in Fig. B.10.

0.95

€3]

X

12
Tile

(b) April-2002 Sample

Tile

Figure B.9: The ratio of the response to the Sr 8-source within a circle of 2.5 cm radius located at the center
of the tile over the response of the whole surface as a function of the tile row number. Three different tiles

of size 1 and 11 were measured.
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Figure B.10: The ratio of the response to the °°Sr-source within a circle of 2.5 cm radius located at the
center of the tile to the response of the whole tile surface. A sample of 30 tiles was used; 6 tiles of size 1 and
11 and 2 tiles of each size for tile sizes 2 to 10.
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Figure B.11: Scheme of fiber readout by PMT-1 as in the calorimeter with PMT-1 closer to the tile outer
radius. The fiber was inverted and PMT-2 placed closer to the tile inner radius edge for the special test
with inverted fiber configuration.

Read-out Fiber Configuration Effects on Tile Light Collection

In order to address the possible impact of the read out fiber attenuation length on light collection reduction
as a function of tile radius the response of tile size 11 to the ?°Sr-source was measured in the Standard
configuration of TileCal modules, i.e. the PMT closer to the tile outer radius edge (green fiber and PMT-1
in Fig. B.11). The same measurements were also conducted in the ‘Inverted’ configuration, i.e. the PMT
closer to the tile inner radius edge (PMT-2 and pink fiber in Figure B.11). The same fiber of 97 cm length
was used for both fiber configurations. Scintillating light was collected from one tile side via the WLS fiber
connected to the PMT, while the other tile side was coupled to a dummy fiber. Figure B.12 shows the ratio
of tile mean response in the Standard and the Inverted configurations for 7 radial scans inside the X range
from +3 to +9 cm from the tile center (Figure B.11). One can see from Figure B.12 that the S/I ratio
distribution is consistent with a flat response. This is clear evidence that this effect is not correlated to the

light attenuation in the WLS fibers and has to do with the tile geometry, i.e. the tile trapezoidal shape only.

The Tile Optical Model

In order to address the issue of tile light collection reduction from the outer to the inner radius holes described
in the previous section, we developed the Tile Optical Model, based on simple statements of geometrical optics
and Liouville’s theorem. We assume here that scintillation light collection is due only to only the direct
light incident on the read out WLS fiber side and single reflections from the tile sides to the WLS fiber. We

further assume total internal reflection from the tile edges. More specifically, this means that the scintillation
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Figure B.12: The ratio of average responses of the 3 cm < X < 9 cm strip of the tile to the ?°Sr B-source
along the radial direction between the standard and inverted fiber readout (see Figure B.11). A tile of size
11 was used.

light at source Sr will be collected by the WLS read out fiber (see Figure B.13 ):

e Due to direct incidence of scintillation light on the fiber, associated with solid angle O

e Due to light reflection from the outer radius edge, an extra acceptance in solid angle ©1, which
corresponds to an imaginary source S} at the mirror image location of Sp with respect to the tile

outer radius edge.

e Similarly, an additional acceptance due to reflection from the tile inner radius edge in solid angle ©s,
corresponds to an imaginary source S7 at the Sg mirror image position with respect to the tile inner

radius edge.

Also note that the light collection intensity depends on the length (L) of the propagation of the light in
the tile material due to light attenuation (L 44) according to the I = I exp_L/ Lawt pyle. This means that the
weights of contributions to the tile light collection are different in each of the solid angles described above.
We further assume that the weight of the contribution from the tile inner (outer) radius edge reflection is
negligible (i.e. its weight is zero) for the source in proximity to the outer (inner) radius tile edge, respectively.

As is well known, Liouville’s theorem states that the light flux per unit area and solid angle is constant.
This means that the larger the solid angle (in which the read out fiber is seen from the source position)
the greater the light flux, hence greater light collection from the source. Consider two sources S' and S2
the same distance away from the tile outer and inner radius edges respectively. Both are the same distance

away from the axis passing through the tile holes (see Figure B.14). Figure B.14 clearly shows that due to
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Figure B.13: Schematic view of tile light collection from the (-source at Sg.

the tile trapezoidal shape the solid angle at S is greater than the one at S? resulting in the light collection
reduction effect from outer to inner radius described earlier in this section.

Based on the Tile Optical Model, one can predict that black-painting the tile outer radius edge (i.e.
suppressing the reflection from that edge) will result in a deterioration of tile light collection, and this
degradation will be greater in proximity to the tile outer radius edge, hence resulting in a flatter reduction
in the response curve (see comparison of solid and dashed lines of Figure B.15).

Similarly, black-painting the tile inner radius edge also causes deterioration of tile light collection, however
this deterioration must be more notable for the region close to the inner radius edge. Hence, the decrease
in the response curve should become steeper (compare solid and dash-dotted lines in Figure B.15).

In order to further investigate the issue of the light collection reduction and study the validity of the Tile
Optical Model and predictions suggested by it, a set of measurements with the collimated °°Sr B-source
was carried out. A collection of three different tiles without Tyvek wrapping nor masking was used. The
settings of the experimental equipment were described earlier in this section.

Figure B.16(b) shows a comparison of light collection of the tile in the standard configuration (circles)
versus that for the outer radius 3 mm thick edge painted black (triangles) as in Fig. B.16(a). As can be

seen, the characteristic negative slope is less steep. This is expected, since by suppressing the reflection from
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Figure B.14: The comparison of light collection in proximity to the tile inner radius (position at S?) versus
tile outer radius (position at S') edges.
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Figure B.15: Prediction for the behavior of the tile light collection reduction curve for masking with black
ink on the tile outer radius edge (dashed red line) versus masking the inner radius edge (dash-dotted green
line).
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the tile outer radius edge, we essentially suppress the acceptance in the solid angle ©; (see Fig. B.13), the
contribution of which is apparently greater when the 3-source is closer to the outer tile radius edge. We also
obtain good agreement between the Tile Optical Model prediction (dashed red line of Fig. B.15) for the tile
outer radius edge black-painted configuration with experimental data collected with the °°Sr B-source. One
can also note from Fig. B.16(b) that there is always a decreasing tail in proximity to the tile outer radius
edge i.e. the region of +3 cm < Y < 47 cm. This is due to non-ideal reflection from the tile outer radius
edge. Note also, that it is steeper for the black-painted case.

Figure B.17(b) shows the comparison of the tile light collection in the standard versus the tile inner
radius edge black-painted configurations. One can now see that the negative slope is steeper. This can be
explained by the suppression of the reflection from the tile inner radius edge, the contribution of which is
more significant in proximity to the tile inner radius edge. Again, we obtain good agreement between the
Tile Optical Model prediction (dash-dotted line of Fig. B.15) for the tile inner radius edge black-painted
configuration and experimental data collected with the ?°Sr B-source.

Figure B.18(b) shows the comparison of tile light collection from standard versus the side opposite to
single fiber readout black-painted configurations. One can see that the reduction in slope does not change
significantly. This explicitly justifies our approximation in which we neglect light collection due to double,
triple, etc. reflections.

Lastly, note that there is a discrepancy? in light collection from three different tiles probed in the Standard
configuration, which is due to tile-to-tile, tile-to-fiber optical fluctuations (compare red data curve and the
red boxes of Figure B.16(b), Figure B.17(b), Figure B.18(b)). We estimate the fractional uncertainty of the
light collection reduction measurement as the ratio of the uncertainty of the ‘pl’ parameter (see red boxes

of Figure B.16(b), Figure B.17(b), Figure B.18(b)) to its value. The numerical estimate is 30% — 40%.

B.3.2 Measurements of Individual Tiles with ¥"C's y-source

The same individual tiles that were measured with the %°Sr SB-source (Section B.3.1), were measured in a
special test bench setup at CERN in the barrel module instrumentation workshop using the 37C's y-source
calibration system [111]. Fig. B.19 shows the picture of the setup.

Each of the tiles was positioned on the C's «y-source tube in between two steel plates 10mm thick. The
scintillation light was collected from both tile sides connected to a PMT in the drawer. The response of
the individual tile was defined as the amplitude of the fit of the tile response curve. Fig. B.20 depicts a

typical fit for an individual tile response curve. For the individual tile measurements the response to the

21.5 % to 2.2 % per cm decrease from outer to inner radius edges from 3 different tiles.
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Figure B.16: Schematic view of the tile outer radius black-painted configuration (a) and average response to
908y B-source along Y radial scans in a region of +3 < X < +9 cm. (Circles) for tile size 11 without Tyvek
in the ‘Standard’ configuration, (triangles) after painting the tile outer radius 3 mm thick edge to suppress
light reflection from that edge.
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Figure B.17: Schematic view of the tile inner radius black-painted configuration (a) and average response to
908y B-source along Y radial scans in a region of +3 < X < 49 cm. (Circles) for tile size 11 without Tyvek
in the ‘Standard’ configuration, (triangles) after painting the tile inner radius 3 mm thick edge to suppress
light reflection from that edge (b).
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Figure B.19: Setup for measuring individual tile responses with !37C's y-source at the instrumentation lab
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Figure B.20: Typical fitted response of one tile to 37C's y-source in the setup of Fig. B.19

137(C's y-source was measured for the source passing through the outer and the inner tile radius holes.

Fig. B.21(a) shows that the tile response to 137C's v-source (circles) passing through the outer radius hole
for the case of larger tile sizes is overestimated compared to the tile response from the whole tile surface as
obtained using the 90 Sr B-source (triangles). This figure should be treated as a qualitative illustration of this
effect. The experimental uncertainties associated with the square points are dominated by the fact that the
137C's and 9°Sr measurements were done using two different setups. The tile outer radius hole was enlarged
to enable passage of the C's vy-source and the tile/fiber coupling was changed for these two measurements.
It is an independent verification of the light collection reduction effect as observed in other ?°Sr 3-source
studies (Section B.3.1). One should also note that the ratio presented in Fig. B.21(a) (triangles) was also
depicted in Fig. B.9(b) for the same sample of 15 tiles. Our estimate of the statistical uncertainty (using
the measurement for the tile size 9) is ~ 7% and the systematic uncertainty is ~ 17%. Hence an upper limit
on the overall uncertainty can be estimated to be 3 x 7% + 17% = 38%.

More precise evidence of this effect is depicted in Fig. B.21(b), showing the ratio of the response of
the probed tile to the '37C's y-source passing through the inner radius hole to the response at the outer
radius hole. One clearly sees the dependence of the light collection reduction effect on tile size. From these
measurements the estimate of light collection reduction from the tile outer radius hole to the inner radius
hole is on average ~ 0.8% per cm. For example, for tile row 7 (where the distance between holes is 12 cm)
the ratio R(O/I) = 1/0.91 = 1.1 or 0.83% per cm. The uncertainty on this measurement can be estimated
as the repeatability of the measurement, which for tile size 9 is 15%. This value is compatible with the
value obtained with the ?°Sr measurements described in Section B.3.1. In the next section, we will compare
this value with that computed from Cesium source data at the Test Beam over a sample of ~ 10% of EB

modules and data collected with Cesium source scans of the majority of the EBC modules during cesium
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Figure B.21: (a) The ratio of the response to °Sr of the tile central region with 5 cm diameter (outer hole
region) to tile overall surface (triangles) and the ratio of response to 37C's to the response to ?°Sr of the
tile overall surface (circles) vs tile size (1 to 11), both sets normalized to the corresponding ratio at tile size
1. (b) The ratio of response to 137C's y-source at the source passage from the inner radius over the one at
the passage through the outer radius hole, tile sizes 1 to 11.

B.3.3 1¥7Cs ~-source in TileCal Modules
The Setup at TB and in the ATLAS Pit

As described in Section 3.3.2, each scintillating tile has two 9.0 mm diameter holes positioned always at
the same distance (13.5 mm) from the inner and the outer radius edges where the 37C's calibration source
passes through. A schematic view of the barrel module source tube installation is shown in Fig. B.22(a). The
capsule containing the radioactive ~ 10 mCi '37C's v-source is carried along by a liquid flowing inside the
calibration tubes passing through all cells of the calorimeter, hence measuring the response and monitoring
the optical quality of more than 463000 tiles coupled to fibers in all 256 TileCal modules [112]. Typically the
Cesium source passes through the tile outer radius hole. Figure B.22(b) shows the concept of the y-source
path in a calorimeter module. The cesium tube installation has a peculiarity in the EB modules, since in
those, the 37C's y-source passes through both holes in tile row 7. This enables an independent estimate
of the light collection reduction between the outer radius and the inner radius regions, similar to what was
previously presented for individual tiles with °Sr and 37Cs systems. The advantage of exciting many
tiles of the same size at the same time allows reducing the effect of optical fluctuations that are present
in individual tile measurements compared to the thousands of tiles excited inside the Tilecal modules. As
opposed to studies of individual tile response to 137C's y-source, where the quantitative estimate of this effect

is simply the ratio of the tile responses for tile outer to inner hole cases, the studies of the «y-source scans
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Figure B.22: (a) Schematics of source path in TileCal. (b) Source passing through a tile row in a cell.

of the entire tile module need to address carefully the issue of energy leakage into the adjacent tile rows.
In the EB modules tile row 7 and 6 belong to BC cells while tile row 8 belongs to D cells. Hence, when
computing the response of tile 7 with the Cs source passing through the inner radius hole, the leakage from
tile row 7 to 6 must be taken into account. The method used to unfold the effect of leakage between tile

rows is addressed in Appendix C.

Results of 37C's Scans at Test Beam and in the ATLAS Pit

As was discussed in Section B.3.2, the quantitative measure of the light collection reduction effect is the ratio
of tile response to 37C's y-source passing through the tile outer radius hole to the response at the tile inner
radius hole; R(O/I). The distribution of that ratio estimated from the data collected during the calibration
runs in the Test Beam in periods 2001 to 2004 is presented in Fig. B.23(a). We use this data to measure the
Mean = 1.104 and RM S = 11% for R(O/I). The leakage into adjacent tile rows is corrected for. The 37C's
leakage corrections in Tile 7 outer and inner radius holes are discussed in detail in Appendix C. The length
of the fibers reading out the tiles in those cells vary between 160 cm and 190 cm [109]. Fig. B.23(b) provides

evidence of n-uniformity of the measured ratio R(O/I) reinforcing the conclusions described in Section B.3.1,
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Figure B.23: (a) The distribution of the ratio of the tile row 7 responses to Cs for its passage through the
outer radius hole over the inner radius hole. (b) The same ratio for all the B cells’ tile row 7 vs the cell
position. The sample represents multiple runs of the testbeam EB calibrated modules.

e.g. the WLS fiber plays no role in the reduction of the light collection along the tile radius. We remind the
reader that the typical effective attenuation length of these aluminized fibers is more than 3 m [113].
Similar results were acquired by the analysis of 137C's scans of the entire EBC partition of TileCal in the
ATLAS pit. Those results are shown in Fig. B.24 and confirm with high statistics® that the tile response
to the 37Cs v-source is ~ 10% higher in the outer radius hole than in the inner radius hole for tile size
7, compatible with the values extracted from the 137Cs and ?°Sr results done on individual tiles (Fig. B.5,
Fig. B.7, Fig. B.21(b)). We remind the reader that the distance between the holes in tile 7 is 120 mm leading

to an average reduction of the light collection between the holes of 0.87% per cm.

The Effect of Tile Polystyrene Type on Light Collection

Two types of polystyrene were used for the TileCal module instrumentation: BASF and PSM [110], [114].
Concerning the polystyrene types of BC and D cells in TileCal there are three families of modules; ones
instrumented with BASF tiles only, another with PSM tiles and a third with mixed types. We show below
that the above-mentioned effect of light collection reduction as a function of tile depth is tile polystyrene
type independent. The evidence for this is shown in Fig. B.25 where we present the distribution of the

ratio R(O/I) of the tile response to Cs source passing through holes at the outer radius to response at the

3The statistics of Fig. B.23(a) is from multiple runs on the EB modules exposed to test beam. The statistics of Fig. B.24(a)
is a subset of the B-cells in a single EBC run in ATLAS.
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Figure B.24: (a) The distribution of the ratio of the tile row 7 responses to Cs for its passage through the
outer radius hole to that for the inner radius hole. (b) The same ratio for all the B cells’ tile row 7 vs the
cell position. The sample is a fraction of the EBC modules.

inner radius. The upper plot of Fig. B.25 shows the ratio R(O/I) for modules instrumented exclusively
with PSM tiles, whereas the lower plot shows the R(O/I) ratio only for modules only with BASF tiles. For
the measured values of the R(O/I) distribution for PSM modules is Mean = 1.1 with RMS = 4.5% and
for BASF modules we measured Mean = 1.107 with RM S = 5.4%. Hence, within RMS uncertainties, we

report the same values for both polystyrene cases.

B.4 Conclusions

The 37Cs system is the main tool used to equalize the response from all of the TileCal cells via setting
the PMT HV in an iterative procedure. The absolute energy scale or the pC/GeV conversion scale was
determined with electrons and muons impinging the calorimeter at the centre of tiles at § = 20° and
90° [107]. This created the necessity for us to study and take into consideration possible differences of
the TileCal cell response to real particles versus the '37Cs ~-source, since it was reported that the 37C's
weights, obtained with the amplitude method, in BC and D cells were underestimated by 2.5% and ~ 8.8%
respectively for the barrel and 0.9% and 5.5% for the EB [107].

In this Appendix we presented the reason for this, which is the difference in response between particles
*)

(e*, pF) and '37Cs y-source, which grows larger for larger tile sizes. The previously observed decrease in

the e/Cs and p/C's ratios as a function of the tile size (1 to 11) is attributed to the light collection decrease
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Figure B.25: The distribution of the ratio of the tile size 7 responses to '37C’s at its passage through the outer
radius hole over the inner radius hole for modules with tiles made from PSM (top) and BASF scintillator
(bottom).

from the outer to the inner radius sides of the tiles. This decrease, as extracted by several independent
137Cs and ?°Sr measurements is shown in Table B.1.

The level of decrease that would be consistent with the undercalibration of BC and D cells mentioned
above is 1.5% to 2% per cm in the radial direction of the ATLAS detector. The ideal sample, needed
to precisely extract the extra correction factors for the BC and D cells would be fine muon radial scans
between the source passage holes. Unfortunately, such testbeam data samples are not available. Our
investigation showed that there is no dependence on the fiber attenuation or the type of polystyrene used
in tile production. The light collection reduction effect is due to the trapezoidal shape of the tile and the
fact that the tile radial depth changes with longitudinal layer. Our results indicate the need for additional
corrections to the electromagnetic scale factor in BC and D cells as summarized in Tables AA, BB and

reported in [107].
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Table B.1: Summary of the light collection reduction measurements along tile radius.

Source Sample Reference Figure Measurement Uncert.
(% per cm)

137Cs scans in the pit and | Tile 7, ~ 200 B-cells B.23(a), B.24(a) 0.9 % 11 %

TB, outer/inner radius re-

sponse ratio

I37C's scans of individual tiles, All sizes, 30 tiles B.21(b) 0.8 % 15%

outer/inner radius response

ratio

908y individual tile scans Tile 11, 3 tiles B.16(b), B.17(b), B.18(b) | 1.5 % to 2.2 % | 30%-40%

90Sr individual tile scans 1 tile per size B.8 1%to2% 13%

137C's outer radius hole over |  All sizes, 30 tiles B.21(a) 2% to4d % 38%

908r(surface average) ratio
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Appendix C

TileCal Energy Leakage Correction

Energy Leakage from Tile Row to Tile Row for ¥"C's y-source
Passage in TileCal Modules

The response of a cell is determined as the mean of individual tile response amplitudes over the time interval

corresponding to cell limits (see Fig. C.1(a))

I= Ileft + Icenter + Iright (Cl)

A typical picture of a cell response as a function of y-source position in the Cesium tube is depicted in
Fig. C.2. From top to bottom one can see the response of the A cell tile row 3 to 1. One can note that the
response of tile row 3 is ~ 25% less than ones from tile rows 2 and 3. This is due to the fact that the energy
leakage from tile row 3 to adjacent tile row 4 belongs to B cells and hence is not registered by the A cell
PMTs. When the 137C's y-source passes through the tile row, the radiation energy is uniformly distributed
around the source path in a cylindrical shape (see Fig. C.1(b)). This causes an energy leakage from the
actual tile row into the adjacent row. Therefore, in order to have a good quantitative estimate of the light
collection reduction along the tile depth one needs to develop a model for accurate estimation of tile to tile
energy leakage.

The main assumptions of the Energy Leakage Model are:
e The energy transfers across the boundary between any pair of tile rows is the same
e Light collection depends only on:

— Geometry of the tile (the trapezoidal shape). Hence, we introduce light collection coefficients
R; and R, which describe the tile geometrical features when '37C's y-source passes through tile

inner and tile outer radius holes, respectively.

— Depth of the tile.
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Figure C.1: (a) Sketch of quantitative measurement of tile light collection to *7C's y-source.

adjacent tiles in the radial direction.

— Energy deposited in the cell.
e Light collection does not depend on

— Tile width
— Read out fiber length (discussed in section 2.1.3)

— Tile material, i.e. tile sensitivity or the ability for energy-to-light conversion.
Notation
Ey energy deposit into tiles by ¥7C's y-source
AFE energy transfer across the tile boundary
S optical sensitivity of tile material
Ry light collection geometrical coefficient at the tile inner radius edge
Ro light collection geometrical coefficient at the tile outer radius edge

I measured response of a cell when the 37C's v-source passes through tube N

TR#6

TR#7

(b) Two

IS pure response of a cell (excluding the energy leakage component) when the '37C's y-source passes through

tube N
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Figure C.2: Typical response to 37Cs y-source vs position inside a cell with the individual tile amplitudes

unfolded.

Hence, based on the assumptions described above the generic expression for cell response will be:

I=ExSxR

(C.2)

This enables us to write the equations of energy balance when '37C's ~-source passes through cesium

tubes 6,7,8.

I} = (By—AE)xRo=1Is—AxRy (C.3)
I) = (Ey—AE)xR;=1I3s—AXxRop (C.4)
I = (BEy—AE)xRo=1I; (C.5)
We define the inverse of the light collection reduction ratio along the tile depth as:
1/R(O/I) = ID]I{ = (Ey — AE) x Ro/(Ey — AE) x Ry (C.6)
Hence,
R(O/I) = Ro /Ry (C.7)
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Figure C.3: (a) Leakage parameter between tile rows vs. B cell position in the Extended Barrel. (b) Leakage
parameter from the EB modules calibrated at the testbeam

Upon some simple algebraic manipulations, one obtains:

(1/R)* — (Is/Ir) x (1/R)+ (Ie — I7) /I = 0 (C.8)

The term o = (Ig — I7)/I; is the so-called leakage parameter which describes the ratio of the light
collected in tile row 7 with 37C's ~-source traveling in tube 6, to the case with the 137C's y-source traversing
the module in tube 7.

The term 3 = Is/I; is the light collection reduction ratio in the no-leakage scenario. Both parameters a
and [ are determined by the optical and geometrical properties of tiles in row 6 and 7. Since we assumed that
those properties are similar, we expect that the experimentally measured values of those parameters should
converge to some mean value. The distribution of the a-parameter per EB cell is presented in Fig C.3(a),
with measured Mean = 0.268 and RM S = 0.051.

The data was collected during the test beam period 2001/2004. The mean values are well fitted with a
horizontal line demonstrating that the a-parameter values measured in various cells are statistically compat-
ible with each other, and hence can be combined. Fig. C.3(b) depicts all measured values of the a-parameter
with fitted offset value py = 0.263 + 0.013. The mean of the latter distribution and the horizontal fit offset
are in good agreement within the RM S uncertainties, suggesting validation of the Leakage Model under
consideration.

Another validation test is a comparison of the R(O/I) value distribution for the cases of free and fixed

(o= 0.268 determined from Fig. C.3(b)) a-parameter values (see Fig. C.4(a) and Fig. C.4(b) respectively).
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Appendix D

List of MC Samples

ID Description Matrix Element Parton Shower cross section [pb] k-factor
5200 t¢ No full hadr. (e, p,7) MC@NLO Herwig 79.988 1.117
8340 tchan — e MC@NLO Herwig 7.12 1
8341 tchan — p MC@NLO Herwig 7.12 1
8342 tchan — 7 MC@NLO Herwig 7.10 1
8343 schan — e MC@QNLO Herwig 0.47 1
8344 schan — p MC@QNLO Herwig 0.47 1
8345 schan — 7 MC@NLO Herwig 0.47 1
8346 Wt — inclusive MC@NLO Herwig 14.59 1

Table D.1: Top Monte-Carlo samples.

ID Description ~ Matrix Element Parton Shower cross section [pb]  k-factor
7680 Wenu Np0 Alpgen Herwig 6921.60 1.20
7681 Wenu Npl Alpgen Herwig 1304.30 1.20
7682  Wenu Np2 Alpgen Herwig 378.29 1.20
7683 Wenu Np3 Alpgen Herwig 101.43 1.20
7684 Wenu Np4 Alpgen Herwig 25.87 1.20
7685  Wenu Npb Alpgen Herwig 7.00 1.20
7690  Wmunu Np0O Alpgen Herwig 6919.60 1.20
7691 Wmunu Npl Alpgen Herwig 1304.20 1.20
7692  Wmunu Np2 Alpgen Herwig 377.83 1.20
7693  Wmunu Np3 Alpgen Herwig 101.88 1.20
7694 Wmunu Np4 Alpgen Herwig 25.75 1.20
7695  Wmunu Npb Alpgen Herwig 6.92 1.20
7700  Wtaunu NpO Alpgen Herwig 6918.60 1.20
7701  Wtaunu Npl Alpgen Herwig 1303.20 1.20
7702  Wtaunu Np2 Alpgen Herwig 378.18 1.20
7703  Wtaunu Np3 Alpgen Herwig 101.51 1.20
7704  Wtaunu Np4 Alpgen Herwig 25.64 1.20
7705  Wtaunu Npbd Alpgen Herwig 7.04 1.20

Table D.2: W+jets samples.
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ID Description ~ Matrix Element Parton Shower cross section [pb]  k-factor
7650 Zee NpO Alpgen Herwig 668.32 1.25
7651 Zee Npl Alpgen Herwig 134.36 1.25
7652 Zee Np2 Alpgen Herwig 40.54 1.25
7653 Zee Np3 Alpgen Herwig 11.16 1.25
7654 Zee Np4 Alpgen Herwig 2.88 1.25
7655  Zee Npb Alpgen Herwig 0.83 1.25
7660 Zmumu NpO Alpgen Herwig 668.68 1.25
7661 Zmumu Npl Alpgen Herwig 134.14 1.25
7662 Zmumu Np2 Alpgen Herwig 40.33 1.25
7663 Zmumu Np3 Alpgen Herwig 11.19 1.25
7664 Zmumu Np4 Alpgen Herwig 2.75 1.25
7665 Zmumu Npb Alpgen Herwig 0.77 1.25
7670 Ztautau Np0 Alpgen Herwig 668.40 1.25
7671 Ztautau Npl Alpgen Herwig 134.81 1.25
7672 Ztautau Np2 Alpgen Herwig 40.36 1.25
7673 Ztautau Np3 Alpgen Herwig 11.25 1.25
7674 Ztautau Np4 Alpgen Herwig 2.79 1.25
7675  Ztautau Npb Alpgen Herwig 0.77 1.25

Table D.3: Z+jets/Drell-Yan samples with phase space cuts my+;— > 40 GeV.

ID Description ~ Matrix Element Parton Shower cross section [pb]  k-factor
116250 Zee NpO Alpgen Herwig 3055.20 1.25
116251 Zee Npl Alpgen Herwig 84.92 1.25
116252 Zee Np2 Alpgen Herwig 41.40 1.25
116253 Zee Np3 Alpgen Herwig 8.38 1.25
116254 Zee Np4 Alpgen Herwig 1.85 1.25
116255 Zee Npb Alpgen Herwig 0.46 1.25
116260 Zmumu NpO Alpgen Herwig 3054.90 1.25
116261 Zmumu Npl Alpgen Herwig 84.87 1.25
116262 Zmumu Np2 Alpgen Herwig 41.45 1.25
116263 Zmumu Np3 Alpgen Herwig 8.38 1.25
116264 Zmumu Np4 Alpgen Herwig 1.85 1.25
116265 Zmumu Npb Alpgen Herwig 0.46 1.25
116270 Ztautau NpO Alpgen Herwig 3055.10 1.25
116271 Ztautau Npl Alpgen Herwig 84.93 1.25
116272 Ztautau Np2 Alpgen Herwig 41.47 1.25
116273 Ztautau Np3 Alpgen Herwig 8.36 1.25
116274 Ztautau Np4 Alpgen Herwig 1.85 1.25
116275 Ztautau Npb Alpgen Herwig 0.46 1.25

Table D.4: Low mass Z+jets/Drell-Yan samples with 10 GeV < my+;- < 40 GeV.

ID Description Matrix Element Parton Shower cross section [pb]  k-factor
7280  WbbNpO Alpgen Herwig 47.32 1.20
7281 WhbbNpl Alpgen Herwig 35.77 1.20
7282  WbbNp2 Alpgen Herwig 17.34 1.20
7283 WbbNp3 Alpgen Herwig 6.63 1.20

Table D.5: W+bb samples.
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Parton Shower

cross section [pb]  k-factor

1D Description Matrix Element
9300 Z+bb Np0 Alpgen
9301 Z+bb Npl Alpgen
9302 Z+bb Np2 Alpgen
9303 Z+bb Np3 Alpgen
9305 Z+bb Np0 Alpgen
9306 Z+bb Npl Alpgen
9307 Z+bb Np2 Alpgen
9308 Z+bb Np3 Alpgen
9310 Z+bb Np0 Alpgen
9311 Z+bb Npl Alpgen
9312 Z+bb Np2 Alpgen
9313 Z+bb Np3 Alpgen

Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig
Herwig

6.57
2.48
0.89
0.39
6.56
2.47
0.89
0.39
6.57
2.49
0.89
0.39

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

Table D.6: Z+bb samples.

ID Description Matrix Element Parton Shower cross section [pb] k-factor
7100 WW + 0j, both W — lv Alpgen Herwig 2.0950 1.26
7101 WW + 1j, both W — lv Alpgen Herwig 0.9962 1.26
7102 WW + 2j, both W — lv Alpgen Herwig 0.4547 1.26
7103 WW + 3j, both W — [v Alpgen Herwig 0.1758 1.26
7104 WZ + 0j, W — inclusive , Z — [l Alpgen Herwig 0.6718 1.28
7102 WW + 2j, both W — lv Alpgen Herwig 0.4138 1.28
7106 WZ + 2j, W — inclusive , Z — [l Alpgen Herwig 0.2249 1.28
7107  WZ + 3j, W — inclusive , Z — [l Alpgen Herwig 0.0950 1.28
7108 ZZ + 0j, Z — inclusive , Z — [l Alpgen Herwig 0.5086 1.30
7109 ZZ + 1j, Z — inclusive , Z — [l Alpgen Herwig 0.2342 1.30
7110 ZZ + 2j, Z — inclusive , Z — [l Alpgen Herwig 0.0886 1.30
7111  Z7Z + 3j, Z — inclusive , Z — [l Alpgen Herwig 0.0314 1.30

Table D.7: Diboson samples.

Parton Shower

cross section [pb]  k-factor

1D Description  Matrix Element
5205 tt AcerMC
5860 tt POWHEG
5861 tt POWHEG
117255 tt ISR min AcerMC
117256 tt ISR max AcerMC
117257 tt FSR min AcerMC
117258 tt FSR max AcerMC

Pythia
Herwig
Pythia
Pythia
Pythia
Pythia
Pythia

58.23
79.171
79.171

58.23

58.23

58.23

58.23

1.53
1.129
1.129

1.53

1.53

1.53

1.53

Table D.8: Systematic generator and ISR/FSR samples.
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