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Abstract

The top quark is the most massive fundamental particle of the

Standard Model of particle physics, and as the only quark to decay

before hadronising gives a unique opportunity for studying QCD, the

theory of the strong interaction. In this thesis, we study the tt̄ production

cross-section as a function of several variables related to the produced top

quarks. This thesis presents variables defined after the hadronisation

of the top quark, and so are mostly independent of its theoretical

description, unlike previous results which are corrected to the partonic

variables. Using the ATLAS detector at the LHC, the measurements are

performed for
√
s = 7 TeV proton–proton collisions. The measurements

are sensitive to various parameters entering the description of top quark

production, including the Parton Distribution Functions, and so have

good potential to be used in furthering our understanding of proton

collision physics and for future tunings of the models used in describing

the physics.
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Résumé

Le quark top, ou t-quark, est la particule la plus lourde du � Modèle

Standard � de la physique des particules fondamentales, et, étant le seul

quark qui désintègre avant d’hadroniser, ce quark nous présente une

opportunité singulière d’étudier le QCD, la théorie de l’interaction forte.

Dans cette thèse nous étudions la dépendance de la section efficace pour

la production des paires sur certaines variables cinématique associés

avec le t-quark ou les paires.

Au lieu de transformer les mesures expérimentales en utilisant un

modèle (ou plusieurs modèles), cette thèse présente la définition d’une

variable � pseudo-top �, très corrélée avec la reconstruction du t-quark

ou le paire mais reconstruite après l’hadronisation du t-quark, donc

en utilisant des variables qui sont plus ou moins indépendantes de la

dépendance théorique au niveau partonique.

L’analyse est réalisée avec l’expérience ATLAS au � Large Hadron

Collider (LHC) � du CERN en utilisant les collisions pp avec une énergie

de collision
√
s = 7 TeV.

Les mesures différentielles du quantité � pseudo-top � sont sensibles

aux paramètres de la production du t-quark, par exemple les distributions

d’impulsion des partons dans le proton (en bref, les � parton distribution

functions � ou � PDF �). Pour cette raison, les mesures permettent

une comparaison avec les différents modèles QCD, donc elles peuvent

améliorer notre connaissance de la production des t-quarks dans les

collisions pp et de raffiner les modèles QCD dans l’avenir.
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Chapter 1.

Introduction

The last several generations of intense theoretical and experimental exploration into the

elementary constituents of matter has led to a consistent and accurate description of

particle physics in the form of the Standard Model (SM). In the SM, there are 12 point-like

particles, described by fermionic quantum fields, that make up the basic constituents

of matter. These particles interact through the exchange of gauge bosons arising as a

result of the symmetries of the theory, and are apparent at low energies as the strong,

weak and electromagnetic forces. The particles are divided into 6 leptons, which interact

via the weak and electromagnetic force, and 6 quarks, which interact with all the forces.

Mass is introduced into the SM through breaking the joint electroweak symmetry at low

energies via the Higgs mechanism. The discovery of the Higgs Boson, predicted as a

consequence of the Higgs mechanism, in 2012 by the experiments running on the LHC

gave the most recent, spectacular verification of the SM.

The ATLAS detector is one of the two general purpose experiments at the LHC,

designed to exploit the full range of physics available at the LHC. It is built around one

of four points where protons, accelerated to unprecedented energies in either direction in

the circular LHC, are collided. Through 2011 it collected data from these proton–proton

collisions with a centre of mass energy of 7 TeV, several times the previous highest

energy collisions studied. The analysis of the data collected allowed the aforementioned

discovery of the Higgs boson, but it has also given experimentalists the opportunity to

study other SM particles and search for signs of physics beyond the SM.

With a mass of 173 GeV, the top quark is the heaviest particle of the SM. It is much

heavier than the 126 GeV Higgs boson or W and Z bosons of the weak force and an

order of magnitude heavier than the next heaviest fermion, the b-quark, with a mass of

around 4 GeV. Discovered only in 1994, it also provides interesting opportunities for

3



4 Introduction

investigation at the LHC. Its extremely large mass (relative to the other fermions) has

led to speculation that it may play a special role in electroweak symmetry breaking, or

that it may have special links to physics beyond the SM (required to explain, for example,

the origin of dark matter). Along with these speculations, the top quark is interesting as

a probe of the SM’s theory of the strong force, Quantum Chromodynamics (QCD). Its

large mass means that these decays operate at high energies, in a regime describable by

perturbative calculations. Other quarks, operating in non-perturbative regimes where

QCD has large couplings, form stable bound states, which partially decorrelate the

kinematic and spin properties of the quarks at production through the particle exchanges

which bind them together. The top quark, however, decays before this process occurs

and transmits its production information to its decay products. The top quark is thus a

uniquely sensitive probe of QCD.

Using the collision data from ATLAS, this thesis measures the differential production

cross-section of pairs of top quarks as a function of their kinematics. Previous measure-

ments have presented results extrapolated to the “parton-level”. This, first, requires

correcting the reconstructed detector data to top quark kinematics describable only by

simulation. This builds in the phenomenological models used to construct the simulation,

which can therefore not be improved by the measurement. Secondly, it extrapolates

from the experimentally accessible phase space to the full phase space of the top-pair

production. As the experiment has access to only a small fraction of the phase space,

these extrapolations limit the utility of the results. The limitations in this approach

have led theorists to call for new experimental techniques in these measurements, ask-

ing for results with corrections accounting only for detector inefficiencies and limiting

extrapolations to detector accessible regions.

Therefore, our analysis aims to reconstruct proxy observables using only the exper-

imentally accessible information, both in the construction of the observables, and the

phase-space corrections we apply to them. We call these observables “pseudo-top”. They

are constructed from the physics objects defined in the detector and the stable final

state particles of the simulation, and presented corrected only for detector inefficiencies.

These results should therefore be usable as inputs to phenomenological model building

and comparison and therefore provide new insight into the production and decay of top

quarks in hadron collisions. This is the first study to analyse and measure distributions

using this technique.

This thesis starts by describing the structure of the SM in chapter 2. Particular

emphasis is placed on the role and physics of the top quark. In chapter 3, we introduce
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the LHC and the ATLAS detector, the data of which are used in the later analysis

chapters. In chapter 4, we describe how physics objects are reconstructed from the

the data delivered by ATLAS. We also discuss how the simulations of the physics and

detector are produced and used in the physics analysis and the estimation of the size of

the background processes. In chapter 6, we present the preliminary studies, definition and

data analysis of the pseudo-top, and present the results of measuring several differential

cross-sections of the pseudo-top observable. The measurements are compared with several

theoretical simulations which are used to model top quark production. We also discuss

the sources of systematic uncertainties in the analysis, and how they are estimated. In

chapter 7, we present the final conclusions and discuss future directions in which the

research can be taken.
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Chapter 2.

The Top Quark in the Standard

Model

2.1. The Standard Model of Particle Physics

The developments over the past several decades have led to a theory of physics on

the sub-nuclear scale which accounts for the vast majority of experimentally observed

phenomena. This theory is the Standard Model (SM) of particle physics. The SM

encompasses all the known physical forces except gravity, which has defied attempts for it

to be incorporated into the quantum field framework of the SM. General overviews of the

quantum field theory and the SM can be found in [1, 2]. The material on the historical

development of the SM in this chapter is taken from [3].

The SM is a gauge quantum field theory. That is, it describes physical phenomena in

terms of interacting quantum fields, where the fields are representations of a gauge group.

In the case of the SM, this group is SU(3)C ×SU(2)×U(1)Y. The gauge symmetry is

required to hold locally. That is, the Lagrangian is required to be invariant under a gauge

transformation allowed to vary smoothly over space-time. Starting with non-interacting

fields, to obtain gauge symmetry, one needs to introduce massless bosonic fields and

write down interaction terms between these gauge fields and the original fields. Forces

can then be understood as interactions of the original fields with the gauge fields. By

Noether’s theorem, which says that every symmetry of the Lagrangian corresponds to a

conserved quantity, there are conserved gauge currents corresponding to the symmetries

of the theory. As a final remark, all the fields of the SM are gauge charged under the full

symmetry group of the theory. This implies that mass terms cannot be written into the

7



8 The Top Quark in the Standard Model

theory without breaking the gauge symmetry, as mψ̄ψ terms do not form gauge singlets.

Since we know that the particles have mass, there needs to be another way to introduce

mass into the theory. This is provided by the famous Higgs mechanism which will be

described later.

As an example, electromagnetism is described by fermion fields which obey a U(1)EM

symmetry. The free field Lagrangian density for a single field ψ is written

L = ψ̄∂ψ (2.1)

Then, in order for the Lagrangian density to remain invariant under a U(1)EM gauge

transformation ψ→ eiqα(x)ψ, where q is the electric charge and α(x) is an arbitrary

U(1)EM gauge transformation, one needs to introduce a new massless bosonic field Aµ

which transforms Aµ→Aµ − ∂µα(x) and couple the field to ψ, giving the Langrangian

density for EM as

L = ψ̄iγµ∂µψ − iqψ̄γµAµψ −
1

4
F µνFµν (2.2)

where F µν = ∂µAν − ∂νAµ is the kinetic term for Aµ. After quantisation, the quantum

excitations of a field from the vacuum state are interpreted as particles; so, in this

example, electromagnetism is the result of a fermion absorbing or emitting a photon.

Physical calculations are typically made as a perturbative expansion in the coupling

constant q. Beyond the first order of the expansion, ultraviolet and infra-red infinities

appear, which leads to the need to renormalise the couplings. This leads to the running

of the coupling constants, where the effective strength of the interactions is a function of

the centre of mass energy of the incoming interacting particles.

The SM gauge group, SU(3)C ×SU(2)×U(1)Y, breaks into two components: SU(3)C

which is the strong force gauge group, and SU(2)×U(1)Y which is the electroweak (EW)

gauge group. There are 12 types of fermions in the SM and one scalar field, the Higgs field.

The fermionic fields come in three generations, which are copies of the fields that only

differ by their masses, and are divided into quarks and leptons. The known particles of

the SM are shown in table 2.1. There are six quarks: up and down in the first generation,

charm and strange in the second, and top and bottom in the third. Each quark is actually

a triplet of fields in the fundamental representation of the strong force gauge group. The

quarks also divide into left-handed doublets and right-handed singlets of the electroweak

group. The six leptons are singlets under the strong force, and so do not interact with the
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Table 2.1: The Standard Model particles [4]. Charges are in units of e, the absolute value of
the charge of the electron. The masses of the neutrinos are small but non-zero.
The mass of the light quarks (u,d,s) are given for the MS subtraction scheme at a
scale µ ≈ 2 GeV. There is an anti-particle for each fermion with oppositely-signed
charge and quantum numbers. Each quark is a triplet under SU(3), meaning that
there are 3 fields for each quark, denoted red, blue and green. The leptons are
singlets under SU(3) and therefore do not experience the strong force.

Particle Symbol Charge Spin Mass

F
er

m
io

n
s

L
ep

to
n
s

electron neutrino νe 0 1/2 . 2 eV

muon neutrino νµ 0 1/2 . 2 eV

tau neutrino ντ 0 1/2 . 2 eV

electron e −1 1/2 511 keV

muon µ −1 1/2 106 MeV

tau τ −1 1/2 1.777 GeV

Q
u
ar

k
s

up u +2/3 1/2 2.3 MeV

charm c +2/3 1/2 1.275 GeV

top t +2/3 1/2 173.4 GeV

down d −1/3 1/2 4.8 MeV

strange s −1/3 1/2 95 MeV

bottom b −1/3 1/2 4.18 GeV

B
os

on
s

photon γ 0 1 0

W boson W ± 1 1 80.4 GeV

Z boson Z 0 1 91.2 GeV

gluon g 0 1 0

Higgs boson H 0 0 125.5 GeV

strong force gauge bosons, but also come in left-handed EW doublets and right-handed

EW singlets. The leptons are the electron, electron neutrino, muon, muon neutrino,

tau and tau neutrino. In the canonical version of the SM, the neutrinos only appear in

the doublet, without a corresponding singlet. As will be shown, this implies that they

are massless. Because of the observation of neutrino mixing, however, it is known they

have some mass, although the mechanism by which they gain mass is not yet known.

The neutrinos also have no hypercharge, so unlike the other fermions, it is possible to

introduce a Majorana mass term, however it is unknown if this is the actual mechanism.

The QCD SU(3)C group introduces eight gluon fields which transform under an

adjoint representation of the SU(3) group. The QCD group has three colour charges
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QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)
(–)

Figure 2.1: Summary of measurements of αS as a function of the energy scale Q. The
respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets. Taken from [4].

denoted red, green and blue, and corresponding three anti-colour charges. The quark

fermions carry colour charge, the anti-fermions anti-colour charges, and the gluons both a

colour and anti-colour charge. Because they are colour charged, the gluons will experience

self-interactions.1 At low energies, the QCD coupling constant is of order unity, which

means that the perturbative expansion breaks down. This leads to the idea of confinement,

which requires that physically observed states occur only as colour singlets, requiring that

the particles making up a physical state neutralise the colour charges together forming

hadrons. This leads to the quark model, which describes the hadrons as mesons, a quark

and anti-quark of the equivalent colour–anti-colour, and baryons, three quarks or three

anti-quarks each of different colour which also forms a colour singlet. The quarks of these

hadrons are held together by gluon exchange. At high energies, the energy-dependent

effective QCD coupling becomes small, and so perturbation theory again holds. This

leads to asymptotic freedom, where a high energy probe of a hadron interacts with

constituents of the hadron independently of the rest of the hadron. Figure 2.1 shows the

evolution of the strong coupling constant at various energy scales, showing an energy

dependence consistent with the predictions from QCD.

The electroweak sector is described by the massless photon γ which is responsible for

the familiar electromagnetic force, and the three massive gauge bosons, the W ± , and the

Z0, which make the weak force responsible for nuclear decays. As mentioned, mass terms

1Technically, this follows from SU(3) being non-Abelian.
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in the Lagrangian are forbidden by gauge symmetry. These fields are introduced in the

SM through the Higgs mechanism. The Higgs field is a doublet under the electroweak

group φ = (φ+, φ0) with the free-field Lagrangian

LHiggs = (∂φ)†(∂φ)− µφ†φ− λ
(
φ†φ
)2

(2.3)

which is manifestly invariant under SU(2)×U(1)Y. After coupling to the electroweak

sector, the ground state of the Higgs field is non-zero and invariant under gauge rotations

of the Higgs fields. A choice of the ground state breaks the gauge invariance, so the Higgs

field spontaneously breaks the gauge invariance at low energies from SU(2)×U(1)Y

into U(1)EM. The theory can then be rewritten as a perturbative expansion around the

vacuum state |0〉, which by gauge invariance we are free to choose as being in the real

direction of the bottom half of the doublet 〈φ〉 = 〈0|φ|0〉 = 1√
2
(0, v) where v = 246 GeV

corresponds to the typical energy scale of electroweak interactions. 〈φ〉 is referred to

as the vacuum expectation value (VEV). The unbroken SU(2)×U(1)Y gauge fields are

W 1,2,3 and B. After breaking, it is possible to rewrite the fields so that the massless

W 1,2 and the upper half of the Higgs doublet becomes the massive W ± (the Higgs fields

providing the longitudinal components and the coupling to the VEV providing the mass).

Similarly, the W 3, B and the imaginary part of the lower half of the doublet combine

and mix to form the massive Z0 and the massless γ. This leaves a single real scalar field

from the doublet, the Higgs boson. This model of the electroweak sector is called the

Glashow-Weinberg-Salam (GWS) theory [5–7].

Because the W ± and the Z0 masses are derived from mixing with the scalar Higgs

doublet and the VEV, the SM can predict the masses of the bosons if the mixing angle

between the W 3 and B to form the Z0 and photon (called the Weinberg angle θW ) is

known. Before the discovery of the bosons, it was possible to obtain this angle from

neutral weak-current interactions. For example the Gargamelle experiment was the first

to find neutral current interactions νµ interacting with a neutron to produce a recoil

νµ and hadrons through a Z0 boson exchange, giving results allowing a Weinberg angle

sin θW = 0.3−−0.4 [8]. The subsequent discovery of the W and Z bosons, at UA1 [9,10]

and UA2 [11,12] on the SppS collider at CERN in 1983, in agreement with the predicted

masses was strong evidence for the GWS theory.

Masses for the fermions can also be incorporated as couplings to the Higgs in the

unbroken theory, which leads to mass terms through coupling to the Higgs VEV after
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breaking.2 This is done by coupling a fermion doublet to a fermion singlet and the Higgs

doublet in a Yukawa term:

LYukawa = −ydijQL,iφdR,j − yuijQL,iφ
∗uL,j + h.c. (2.4)

where the QL,i enumerate the left-handed fermion doublets, the dR,i are the down-type

right-handed singlets (down, strange and bottom in the quarks, but for the SM with

massless neutrinos there are no right-handed neutrinos) and the uR,i enumerate the

up-type right-handed singlets (electron, muon, tau), and the ydij and yuij are the Yukawa

couplings between the up- and down-type fermions respectively. To conserve symmetry

one can only couple quarks with quarks and leptons with leptons. After breaking, the

Yukawa terms become mass terms through the VEV coupling and as a result couplings to

the longitudinal portion of the electroweak bosons and the Higgs boson are obtained. This

leads to the prediction that the strength of the Higgs couplings should be proportional

to the mass of the fermions.

A boson with properties consistent with the Higgs was discovered by the ATLAS [13]

and CMS [14] collaborations in 2013 in LHC pp collision data taken at
√
s = 7 TeV and

√
s = 8 TeV. Given that the top has a much larger coupling to the Higgs compared to

other fermions, the dominant Higgs production mechanism in hadron colliders is gluon

fusion through a top loop to Higgs. The experiments found excesses, in both the γγ and

four lepton mass distributions, consistent with a 125 GeV Higgs boson decaying through

H→ γγ and H→ZZ∗→ ```` respectively.

The coupling strength relationship for the fermionic masses has yet to be experimen-

tally verified as of 2014. However, the ATLAS and CMS collaborations have evidence

that the Higgs couples to fermions by observing evidence of the Higgs boson decaying

to two taus. In this search, ATLAS observes an excess above the background only

hypothesis with a significance of 4.1σ [15], and CMS observes a excess with significance

of 3.2σ [16]. The excesses are consistent with that expected from a SM Higgs Boson with

mass 125 GeV.

In order to obtain the physical states, the yd,uij matrices must be diagonalised. After

doing this in the quark sector, the interactions with the W ± bosons are rotated with

respect to the mass basis by the 3× 3 unitary matrix, the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. The neutral current couplings in the SM respect the mass basis, so this

2Note that the majority of the mass of the hadrons is due to the energy carried by the gluon field
holding the quarks together, rather than the Higgs mechanism which we are about to describe.
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implies that the only source of inter-generational mixing is through the weak charged-

current interactions. The elements of the CKM matrix represent the probability that

one up-type fermion couples to a specific down-type fermion. The current measurement

of size of the parameters give [4]:
|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

 =


0.9743 0.2252 0.0087

0.2253 0.9734 0.0404

0.0035 0.0412 0.9991

 (2.5)

The CKM matrix, being 3× 3, complex and unitary, can be parametrised by three mixing

angles, and a phase, which in the SM is the only source of CP violation. The parameters

of the CKM matrix have been studied and constrained at the B factory experiments,

BaBar [17] and Belle [18], and the CKM picture of the quark sector has been shown to

be consistent with the measurements. This provides stringent constraints on beyond the

SM physics, as generic new interactions introduce new CP violating phases, and a fourth

generation would imply that the CKM matrix ought to be a 4× 4 unitary matrix and so

the 3× 3 portion we probe can be non-unitary.

In the massless neutrino version of the SM, the matrices for the charged-current weak

sector are diagonalized by the mass diagonalisation matrices, so no intergenerational

mixing occurs. However, since it is well established that neutrinos oscillate [19,20], it is

at the same time established that neutrinos have mass. There are several mechanisms

which could explain the neutrino mass. For example, since neutrinos are neutral under

hypercharge, the addition of EW singlet right-handed neutrinos Ni is allowed and coupling

with the left-handed SM neutrino generates a mass for both. This leads to small SM

neutrino mass and new neutrino particle states with large mass (the so-called “Type-I

seesaw mechanism” [21]). This, or any other proposed explanation, requires the addition

of new particles beyond those currently known to the SM, and is the one of the best pieces

of evidence that there is physics beyond the SM. The mixing in neutrinos is described by

the PMNS matrix [22–24], the lepton sector analogue to the CKM matrix. The mixing

angles have all been measured, but the size of the CP violation in the lepton sector has

yet to be determined [25].

For all its success, the SM is not a complete theory of nature. It does not incorporate

a description of gravity and attempts to add it in the same theoretical framework of

the SM have failed. Due to the weakness of the gravitational force at the subatomic

level, no experimental input is expected to be forthcoming, which leaves physicists at an
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impasse, unable to describe gravity along with the other forces and without experimental

guidance to induce new directions for ideas. The characteristic scale at which gravity

becomes important, the Planck Scale Λplanck ≈ 1019 GeV is the definite energy that

would need to be probed for beyond the SM physics due to gravity to appear. Between

the scale currently probed at the LHC, on the order of a TeV, and the Planck Scale,

the SM remains self-consistent, however there are also hints that new physics is needed

in this range. For example, the rotational curve of galaxies implies that they contain

much more mass than is visible, requiring a new form of matter not currently in the SM.

This Dark Matter is also required to explain the formation of structures as the early

universe evolved from the initial isotropic and homogeneous conditions to the present day

distributions of stars and galaxies. The matter–anti-matter asymmetry in the universe

also cannot be explained. CP violation is required to generate this asymmetry from

the symmetric early universe and is partly provided in the CKM mixing. The currently

measured values of CP violation, however, are not large enough to account for the size of

the observed asymmetry. These and similar observations spur both theoreticians and

experimentalists to search for new theories and new experiments that may revolutionise

our understanding of the universe through the coming decades.

Having briefly outlined the SM of particle physics, let us now concentrate on one

particular particle of the theory, the top quark, which is the subject of this thesis.

2.2. Pre-history of the Top Quark

The quark model was first proposed during the 1960s in order to explain the structure of

the hadronic resonances being continuously discovered at the time [26]. Deep inelastic

scattering experiments in the late 1960s gave evidence for the composite nature of the

proton[27,28]. In 1970, Glashow, Illiopoulos and Maiani showed that the non-observation

of strangeness changing neutral currents could be explained if there was a fourth quark,

the charm quark [29]. This was spectacularly confirmed by the discovery in 1974 of

the J/ψ meson, the lowest lying cc state, completing the second generation of the

fermions. The discovery was made by the SLAC-LBL Mark I detector on the SPEAR

e+e− collider measuring the e+e−→ hadrons, e+e−→ e+e−, and e+e−→µ+µ− cross-

sections [30] and with a pair spectrometer using protons from Brookhaven’s alternating

gradient synchrotron colliding with a Beryllium target and looking at the e+e− + X

spectrum [31].
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Figure 2.2: Feynman diagrams for the process Z→ γγ.

Then, in 1975, the tau lepton was discovered [32], implying the existence of a third

generation of quarks in order to have an anomaly free theory (as will be explained below).

Fermilab’s 400 GeV proton–nucleus collider saw a strong dimuon excess at 9.5 GeV

in 1977 [33]. This was soon shown to result from two mass peaks at 9.44 GeV and

10.17 GeV [34], given the names Υ and Υ′ and attributed quark–anti-quark mesons

formed from bottom quarks. It would be almost 20 years before the top, its weak-isospin

partner quark would be found, but its existence was implied by theoretical considerations

and indirect experimental evidence.

In order for the physics resulting from the complete Lagrangian to be anomaly

free, the weak hypercharges of the fermions need to sum to zero. That is, without

the total hypercharge of the particle content in the theory summing to zero, loop

diagrams for electroweak processes like Z→ γγ (with diagrams shown in figure 2.2)

would lead to divergences. Now, the leptons have hypercharge −2, whereas the quarks

have hypercharge +2/3. So, if the number of leptons and quarks is the same, then the

hypercharges cancel (recalling that each flavour of quark has three fields, one for each

colour of the strong force). Thus, knowing that there are six leptons, the top quark is

necessary for a consistent theory unless the b is a EW singlet.

Experimentally, a singlet b would lead to diagrams for b→ s`+`− at very large levels[35],

which was excluded in 1983 by the SLAC-LBL Mark II detector on the PEP storage

ring searching for electron–positron collisions producing an Υ and the Υ subsequently

decaying to a lepton pair [36]. These diagrams are suppressed when the b is in a doublet

through a third generation GIM mechanism, equivalent to the GIM mechanism which

led to the prediction of the charm quark by the non-observation of K→µµ decays in

the 1970s. The GIM mechanism works by having the box diagrams (shown in figure 2.3)

for the relevant decays cancel out almost exactly (exactly only in the limit of no quark

masses). Without the c quark, only the diagram on the left Feynman diagram in the

figure contributes, leading to a large expected decay rate.
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Figure 2.3: Feynman diagrams for the process K→µµ which illustrates the working of the
GIM mechanism.
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Figure 2.4: Feynman diagrams for the process Bd − B̄d mixing mediated by a W (left) or Z
(right). In the Standard Model, the vertex in the right diagram does not exist.

A singlet b would also allow flavour changing neutral currents at tree level through Z0

exchange, which would lead to sizeable B0
d − B̄0

d mixing [37], whereas ARGUS measured

small values for the mixing parameter [38]. The diagrams through which the mixing can

occur are displayed in figure 2.4. Only the box diagram contributes in the SM.

2.2.1. The Top Quark Discovery

Knowing that the top quark should exist within the physics framework developed through

the 1960s and 1970s, several experiments performed searches for the top. Since a priori, no

top mass was preferred, a low mass (as low as 15 GeV) was assumed, allowing for resonant

states to be produced. This is where the early experimental searches concentrated. The

PETRA e+e− collider collected data between 1974 and 1984 and searched for the top

quark as an increase in the ratio of collision events with final state hadrons and those with

muons. Above twice the top mass, this ratio will increase due to the tt production mode

becoming available. They operated with centre of mass energies from 12 to 46.8 GeV

without observing an excess, ruling out the top quark mass below 23.3 GeV [39,40]. The

TRISTAN e+e− collider at the KEK research facility in Japan (operating from 1987 to

1995) dedicated itself to similar searches for the top quark, searching up to 61.4 GeV,

setting a 30.2 GeV limit without discovery by 1990 [41]. SLC and LEP, capable of

collecting e+e− collision data at the Z boson mass, set a limit of half the Z0 mass of
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Figure 2.5: Evolution of the knowledge of the top quark mass with time. Includes fits to
electroweak observables (green dots), 95% confidence limit lower bounds from
e+e− annihilation (solid line) and pp collisions (broken line), indirect lower bounds
from the W boson width (dot-dash line) and direct measurements from CDF
(blue triangles) and D0 (red triangles). The Tevatron average is shown in magenta.
Taken from [50].

45 GeV from their 1989-90 runs [42–45]. The UA1 experiment on the hadronic Spp̄S

collider had early hints of a low mass top quark at around 40 GeV in 1984 [46,47]. This,

however, was unconfirmed from the competing UA2 experiment on the same ring and

the excess was shown later to be due to mismodelling of the background [48]. Subsequent

bounds on the top quark mass were placed at around 69 GeV in the 1988/9 running of

the Spp̄S [49].

Precision electroweak measurements later became available that gave indirect mea-

surements of the top quark mass. Both the top quark and Higgs enter into the W mass

through radiative corrections. The Higgs mass, however, only enters logarithmically,

whereas the top enters as m2
t (see section 2.6). So, a reasonable assumption on the

Higgs mass combined with a precision measurement of the W boson mass allowed an

indirect estimate of the top quark mass of 180 GeV by 1994, the year the top quark was

discovered at the Tevatron collider. Figure 2.5 shows the evolution of the knowledge of

the top quark mass both before and after the discovery.

The Tevatron Collider at Fermilab was a proton–anti-proton synchrotron collider

conceived in the 1970s with the goal of colliding pp̄ with a centre of mass energy at or

above 1 TeV [51]. It achieved this goal through the pioneering use of superconducting
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magnets throughout the accelerator ring. Beam commissioning began in 1983 with first

collisions in 1985 and a preliminary physics data collection (the so-called “Run 0”) from

1988 to 1989. “Run 1”, with a proton–anti-proton collision energy of
√
s = 1.8 TeV,

began in 1992, running until 1996 and delivering an integrated luminosity of 160 pb−1,

with two fully commissioned operational detectors, CDF [52] and DØ [53]. In 1994, CDF

published the first evidence for the observation of the top quark[54], which was discovered

in 1995 jointly by the CDF [55] and DØ [56] experiments. To understand how the top

was produced and detected using a hadron collider, we must first understand the physics

involved in hadron–hadron collisions.

2.3. Hadron Collider Physics

The proton is a composite object; simplistically, it is three valence quarks held together

through soft gluon exchange. The exchanges are soft because of the asymptotic freedom

of QCD: for soft emissions, αS is of order one, but as the scale of the emission, Q2

(where Q is the four-momentum transfer of the scattering process), increases αS drops

dramatically, and so for a bound state object, these emissions are suppressed. Intuitively

then, from the point of view of a hard probe (one far above the QCD confinement scale,

ΛQCD ≈ 200 MeV, approximately the scale at which QCD becomes non-perturbative),

the partons that constitute the protons act like free objects, since the time-scale for

interactions between partons within the proton (∆t ≈ 1/ΛQCD) is much greater than the

time-scale that a hard probe acts over (∆t ≈ 1/Q). Proton scattering can therefore be

factored into two components: the Parton Distribution Function (PDF) characterises

the momentum distribution of the partons inside the proton, and is a function of the

momentum fraction x of the parton to the proton and the Q2 scale, and is independent

of the nature of the hard probe; and the partonic cross-section σ̂ which is a perturbative

expansion of the hard probe scattering from a free parton inside the proton (in the

perturbative QCD (pQCD) framework). The factorisation theorem of QCD allows us to

treat these two processes independently.

In high energy proton–proton collisions, hard interactions are the result of a hard

parton in both protons, with parton energies taken from the relevant PDFs, scattering

with each other independently of either proton. The partons can be the valence quarks,

the gluons holding the proton together, or sea quarks, produced from gluon splitting.

The production rate for a given final state F is then given by [58]:
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dσ(pp→F +X) =

∫
dx1dx2

∑
i,j

fi(x1, Q)f2(x2, Q)dσ̂(ij→F ) (2.6)

where the parton density functions fi are summed over the parton types and are

evaluated at a scale Q for the hard process under consideration. The cross-sections of

typical processes of interest in proton–proton collisions are shown in figure 2.6. Since

the PDFs represent long-distance processes which are non-calculable, they cannot be

derived from first principles. However, since they are independent of the nature of

the hard probe, they can be determined by one process and then used for any other

process of interest by evolving the measured f(x,Q2) to the Q2 scale of interest using

the DGLAP equations [59–61]. Several groups provide fits for the PDFs using various

parametrisations, with the inputs coming from electron-proton scattering measurements

at HERA[62], and inputs from previous hadron collider machines such as dijet production

at the Tevatron [63–66].

The PDF fits are performed by choosing a parameterisation of the proton PDFs at

some starting scale Q2
0 (here we will follow the description in reference [67]). Typically,

the generic form for the PDF for a given parton i is xf(x,Q2) = Aix
Bi(1− x)Ci , where

intuitively, Ai gives an overall normalisation, Bi describes the small x behaviour of

the PDF, and C gives the x→ 1 behaviour. Extra terms may be multiplied on for

fine corrections, or to keep the gluon PDF from going negative. For example, the

HERA PDF fits use xf(x) = AxB(1 − x)C(1 + Ex2) [67] while the MSTW PDFs use

xf(x) = AxB(1−x)C(1+D
√
x+Ex) for the valence up and down type quarks[68]. Given

the parameterisations at the Q2
0 reference scale, and a choice for the free parameters A, B,

C, etc., the PDFs can be evolved to the necessary Q2 scales using the DGLAP equations

and compared with data. For jet measurements from the Tevatron and LHC, this is

done using equation 2.6 and taking σ̂ij from perturbative QCD calculations. Similarly,

for deep inelastic scattering measurements there are equivalent equations relating the

cross-section measurements to a integral over a product of the PDFs and calculable hard

processes. Once the above is set, scans over the free parameters are performed, using a

χ2 or similar measure to compare the theory and data distributions, from which best

values and associated uncertainties can be obtained.

Higher-order corrections lead to including gluon emission and absorption processes

in the hard scattering cross-section, which modify the incoming parton momentum
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distributions from the non-perturbative part of the the factorisation. Therefore, the

PDFs need to be modified to match a calculation at a given order of perturbation

theory to take into account these contributions being done at the hard-scale. Thus, for a

calculation performed at a given order, a PDF determined for that order must be used.

For example, the MSTW PDFs fits discussed above are performed at leading order (LO),

next-to-leading order (NLO), and next-to-next-to-leading order (NNLO) in the strong

coupling constant alphaS. Typically, calculations are available at NLO, with NNLO

calculations for top production having only recently been performed and differential

distributions are not yet available.

Separating up the long and short range contributions requires the introduction of a

factorisation scale µF . This is an arbitrary parameter that must be set when performing

the calculations. There is also an arbitrary renormalisation scale µR which is relevant

when renormalising the loop diagrams which are ultra-violet divergent. In an all-orders

calculation, the final cross-section is independent of these scales, however cutting off the

perturbation at finite order introduces a dependence on these scales to the cross-section

results. Typically, this dependence is taken as an uncertainty on the final calculation,

setting µ = µR = µF = mtop for the top cross-section calculations, and taking the

cross-section at µ = mtop/2 and µ = mtop to be the uncertainty due to the scale, although

this procedure is arbitrary. Going to higher orders in perturbation theory reduces this

uncertainty, and for the NNLO calculations, its size is around 3% [69].

Finally, near the production threshold, soft gluon effects can lead to large logarithmic

corrections of the cross-section; these logarithms can be resummed in an expansion

valid for all orders of perturbation theory [70]. The current best theoretical cross-section

for the production of tt̄ pairs (given below) is calculated at the complete next-to-

next-to-leading order (NNLO) including next-to-next-leading-logarithmic soft gluon

resummation (NNLL) [71].

2.4. Production of Top Quarks at Hadron Colliders

The dominant production mode of tops at hadron colliders is into top–anti-top pairs.

At leading order, the QCD processes contributing to tt̄ production are gluon fusion

and quark–anti-quark annihilation, illustrated in the Feynman diagrams of figure 2.8.

At the Tevatron, the primary production mode was a valence quark from the proton

annihilating with a valence anti-quark from the anti-proton. At the LHC, quark–anti-
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PDF for Q2 = 10 GeV, and the right figure shows the PDF for Q2 = 1002 GeV,
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quark annihilation is suppressed since it is a proton–proton collider; also, the higher

energies allow top production to probe lower x values of the PDF, which implies a larger

gluon fusion cross-section (noting figure 2.7). At the threshold of top pair production, we

have x = 2mtop/
√
s, which gives a minimum x = 0.05 for the LHC, well into the range

where the gluon PDF is dominant, but x = 0.18 is the minimum value for the Tevatron,

which is well within the valence quark regime, as can be seen in figure 2.7. Considering

only leading order, the gg→ tt̄ process accounts for 80% of the cross-section at the LHC

with the rest from quark annihilation, whereas the reverse was true at the Tevatron.

The total inclusive cross-section assumed in this thesis (which is the ATLAS Top

Working Group’s recommended value) is σtt̄ = 177+10
−11 pb, which was calculated with the

Top++ program at full NNLO+NNLL[71]. For this value, the PDF and αS uncertainties

were calculated using the PDF4LHC prescription [74] with the MSTW2008 68% CL

NNLO [68,72], CT10 NNLO [75,76] and NNPDF2.3 5f FFN [77] PDF sets, added in

quadrature to the scale uncertainty for the final uncertainties. The kinematic distributions

used for simulation studies are not available at full NNLO+NNLL, but only at NLO.

Therefore, when modelling kinematic dependent quantities, the NLO distributions are

used and reweighted to the NNLO+NNLL cross sections. More details on the simulation
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Figure 2.8: Feynman diagrams for the production and decay of the top quark at hadron
colliders. The top rows show the top pair production and include the decay of
the top into W and b in various configurations as indicated. The bottom rows
show the single top production modes.
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samples are given in section 4.2. The inclusive cross-sections measured at the Tevatron

and LHC are currently in good agreement with the theory, as shown in figure 2.9.

One can also produce single top, which is suppressed relative to pair production as

it requires the weak force. Single top production can proceed through an s-channel W

production in qq′→ tb, a t-channel W exchange, or Wt production by excitation of a

b sea quark. These processes are also shown in figure 2.8. For 7 TeV proton–proton

collisions, the theoretical calculations for the cross-sections give 64.6 pb for t-channel

production [79], 4.6 pb for s-channel production [80] and 15.7 pb for Wt production [81].

Since single top production proceeds via a weak process, the cross-section depends

on the value of the CKM matrix element Vtb. Vtb is tightly constrained only under

the assumption of the unitarity of the CKM matrix. Therefore, measurements of the

single top cross-section provide a test of the unitarity of the CKM matrix. The current

measurements agree well with theory, as can be seen in figure 2.9.

2.5. The decay of the top quark

The top quark decays via the electroweak process t→Wb nearly 100% of the time in the

SM. The other electroweak decays are highly suppressed by the CKM matrix elements,

|Vts| and |Vtd|, which are needed for the top quark to decay into a s or d respectively.

The decays of the top to s or d-quarks has yet to be experimentally observed.
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The width of the top quark Γt at NLO level has been calculated to be [82]

Γt =
GFm

3
t

8π
√

2
|Vtb|2

(
1− m2

W

m2
t

)2(
1 + 2

m2
W

m2
t

)(
1− 2αs

3π

(
2π2

3
− 5

2

))
(2.7)

where αS is the strong force coupling constant, GF the Fermi coupling of the weak force,

θW the Weinberg angle, mt the mass of the top quark, and mW the mass of the W

boson. The evaluation of the equation gives a width of 1.3 GeV for mt = 170 GeV, well

above the QCD hadronisation scale λQCD ≈ 200 MeV. The top quark width is known

to NNLO [83], and leads to an improvement of theoretical accuracy for the top width to

better than 1% [4]. The large mass of the top implies that it decays very quickly. Unlike

every other quark, the top quark will decay before hadronisation and is in a regime that

should be well described by perturbative QCD. This means that the top quark is very

important in testing our understanding of QCD physics.

The W boson produced in the top decay will itself decay, into either a lepton-neutrino

pair, or a quark–anti-quark pair, which leads to final state hadrons. The W decays

leptonically in 32.4% of events and hadronically in 67.6% of events [4]. This is because

there are 3 lepton channels available (e,µ, and τ) and two quark channels (ud and sc)

and, ignoring masses, there is no preference for one decay channel over any other. In

top pair events, this thus leads to the classification of dileptonic events (when both W s

decay leptonically), semileptonic events (when one W decays leptonically and one decays

hadronically), and hadronic decays (when both W s decay hadronically into jets). This is

important for hadron colliders because the extremely large jet production cross-sections

makes purely hadronic events difficult to extract from the background (though still

achievable [84,85]), but the cleanest dileptonic channel has a relatively small branching

fraction of 10.5% [4]. The analysis in this thesis, therefore, uses the semileptonic channel,

which has a lepton in the final state that provides clean triggering, and a larger branching

fraction of 43.8% [4].

2.6. Other Properties of the Top Quark

The results of a recent top mass measurement from ATLAS are shown in figure 2.10.

The mass of the top quark is an extremely important parameter of the Standard Model.

The top mass enters into corrections of the W boson and Higgs masses in higher-order

calculations and so alters the theoretically calculated value. The value of the W boson
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Figure 2.10: Top mass measurements from ATLAS, also including a comparison of the
combination of the results from CMS and the Tevatron. Taken from [78].

mass, MW , can be written as

M2
W =

πα√
2GF

1

sin2 θW (1− δr)
(2.8)

where α is the EM coupling constant, GF the Fermi coupling of the weak force, θW the

Weinberg angle and δr is the sum of corrections from loop processes. The contribution

to the corrections due to the top quark is quadratic in the top mass

δr,top =
3GF

8
√

2π2 tan2 θW
m2
t (2.9)

where mt is the mass of the top quark, whereas the corrections due to the Higgs boson

are only logarithmic in the Higgs mass,

δr,Higgs =
3GFm
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m2
Z

− 5

6
) (2.10)

where mH is the mass of the Higgs boson and mZ the mass of the Z0 boson.

A global fit of the SM gives a top quark mass consistent with the measured value.

Figure 2.11 compares the measured mass range of the W and top with the preferred Higgs

mass, showing that the measured Higgs mass is compatible with electroweak expectations.

The cross-section of the top also strongly depends on the top mass since the larger the

mass, the larger the x needs to be for production to take place, cutting out more of the

lower gluon x PDF as a source of production, and the available phase space get smaller,
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further reducing the cross-section. A cross-section measurement can therefore also serve

as a top mass measurement, as shown in figure 2.12.

Since in the SM, the t-quark is the up-type quark of the third generation, it follows

from the anomaly cancellation argument previously presented that the top quark must

have charge +2/3. However, certain exotic models allow for a top quark with charge −4/3.

This possibility, however, was recently disfavoured using ATLAS data at the 8σ level [88].

Because the top quark decays before hadronisation, it affords a unique chance to

study a bare quark. In particular, the polarisation of the top quark can be measured, as

usually the gluon exchange required for hadronisation destroys the spin state of produced
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quarks. In the Standard Model, the parity-conserving strong force production of the

quark implies that the top quarks in pair production should be unpolarised. If the top is

produced through some beyond the Standard Model physics process, some polarisation

may be induced. ATLAS has released a measurement of the top quark polarisation

showing good agreement with the Standard Model expectations [89].

Similarly, in the Standard Model the top quarks are expected to be produced with

their spins correlated. When looking at the spin along a particular axis, the correlation

A is defined as

A =
N(↑↑) +N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) +N(↓↓) +N(↑↓) +N(↓↑) (2.11)

where ↑ (↓) represents the spin projection along (opposite) the given axis. Along the

axis with maximal correlation, this is calculated in the Standard Model to be A = 0.44

for top pair production. ATLAS has produced a result showing the first observation of

spin correlation in the top pair production in agreement with the Standard Model and

excluding uncorrelated production by 5.1σ [90].

In this thesis, we are interested in measuring the kinematic properties characterising

the production mechanism. That is, we are measuring the tt̄ pair production cross-section

as a function of the production kinematics. A full discussion of these distributions is best

done in the context of the ATLAS experiment and so is deferred until section 5.1, after

it has been introduced.



Chapter 3.

The ATLAS Detector

The construction of the Large Hadron Collider (LHC) [91], and the experiments designed

to take advantage of the high energy proton collisions it provides, represent one of

mankind’s largest scientific undertakings. This chapter gives a brief overview of the LHC

and the ATLAS (A Toroidal LHC ApparatuS) detector [92]. The data collected by the

ATLAS detector through 2011 was used for the top cross-section analysis presented in

this thesis.

3.1. The LHC

The LHC machine is a two-ring superconducting hadron collider providing proton–proton

collisions of up to 14 TeV centre of mass energy [91]. It is installed in the 26.7 km Large

Electron-Positron (LEP) collider tunnel on the Swiss-French border outside Geneva at

CERN. The LEP collider shut down in 2000 to free the tunnel for the construction of the

LHC. The LHC uses twin bore magnets consisting of two sets of coils and beam channels

in the same mechanical structure and cryostat.

The protons from the LHC are obtained by ionising hydrogen atoms in a duoplasma-

tron [93]. The protons are then passed successively through a series of pre-accelerators:

the Radio Frequency Quadropole (which accelerates the protons to 750 keV each and

performs beam focusing), the 30 m long LINAC2 (which accelerates the protons to

50 MeV each) linear accelerator, the Proton Synchrotron Booster (PSB) (1.4 GeV), the

Proton Synchrotron (PS) (25 GeV), the Super Proton Synchrotron (SPS) (450 GeV), and

finally they are passed into the LHC. Each of these synchrotrons gradually increase the

29
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Figure 3.1: Schematic drawing of the CERN accelerator complex. The protons beams are
passed through the LINAC2, PSB, PS, and SPS accelerators before being injected
into the LHC. Taken from [94].

energy of the beam using RF cavities on the rings to accelerate the protons. Figure 3.1

shows the layout of the accelerator complex at CERN.

The PSB consists of four rings stacked on top of one another. At the beginning of the

chain, the four rings are filled from beams through LINAC2 and then accelerated in the

PSB and injected into the PS. This fill occurs again with another two beams injected

through LINAC2 to PSB to the PS. This gives a total of six “bunches” in the PS. These

bunches are a single group of protons which will be accelerated together through the

RF systems of the accelerators. As the bunches are accelerated through the PS, three

RF cavities operating independently at different phases further split each of the the

bunches successively into three bunches, then each of these into a further two, then again

in two. There is thus a total of 72 bunches orbiting the PS which are injected into the

SPS, accelerated and then injected into the LHC. These bunches then constitute a single

“bunch train” in the LHC. Several bunch trains are injected into the LHC with various

gaps between them, for a total of 2808 bunches circulating in either direction when the

ring is filled to its capacity. Once the LHC has been filled, the protons are accelerated

to their maximum energy at which point they are put into collision mode, which stably



The ATLAS Detector 31

circulates the beams without acceleration and colliders them at the interaction points

the detectors surround, while the experiments collect data from these collisions.

The number of events N for a given process with cross-section, σ, is:

N = σL (3.1)

which is written in terms of the integrated luminosity L which is a process-independent

measure of the intensity of the beams integrated over the data collection period. The

instantaneous luminosity L is given by:

L =
N2
b nbfrevγr
4πεnβ∗

F (3.2)

where Nb is the number of particles per bunch, nb is the number of bunches, frev is the

revolution frequency, γr is the relativistic gamma factor, εn the normalised transverse

beam emittance, and β∗ the beta function at the collision point. The F term is a

geometrical correction factor which depends on the angle the beams cross each other θc

the RMS of the bunch length σz and the transverse RMS beam size σ∗ (all taken at the

interaction point):

F =

(
1 +

(
θcσz
2σ∗

)2
)− 1

2

(3.3)

The total luminosity L delivered by the machine is then the integral over time of the

instantaneous luminosity L. The design parameters of the LHC allow for a maximum

instantaneous luminosity of L = 1034 cm−2s−1. Typical machine parameters for the 2011

and 2012 runs are given in figure 3.1. The machine delivered an integrated luminosity of

L = 5.46 fb−1 of
√
s = 7 TeV collisions to ATLAS. It has also provided L = 22.8 fb−1 of

8 TeVcollisions in 2012. The analysis of this thesis uses the 2011 dataset with requirements

on the quality of the data. This reduces the amount of usable collision data to 4.59 fb−1.

The LHC provides 8 points for collision that are labelled, clockwise, Point 1 to 8

starting with ATLAS at point 1. At four of these points, particle detectors have been

installed to record and measure the collisions. These experiments are:

ATLAS The general-purpose, nearly 4π hermetic ATLAS detector is installed at Point 1.

ATLAS is further described in the remainder of this chapter, and a complete

description may be found in [92].
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2010 2011 2012 Nominal

Beam Energy [TeV] 3.5 3.5 4 7

Nb [1011] 1.2 1.5 1.6 1.15

nb 348 1380 1380 2808

εn [µm ] 2.4-4 1.9-2.4 2.2-2.5 3.75

β∗ [m] 3.5 1.5→ 1 0.6 0.55

θc [µrad] 200 240 290 285

Bunch spacing [ns] 150 75→ 50 50 25

µ 4 19 35 23

Lmax [1034 cm−2s−1] 0.02 0.4 0.76 1

Table 3.1: Typical beamline parameters for the LHC during the 2010, 2011 and 2012 data-
taking compared with the nominal design parameters.
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CMS CMS at Point 5 is the other nearly-hermetic, general-purpose detector on the

LHC[96]. The primary features of the CMS experiment include its large 4T solenoid

magnet which encloses a 10-layer fully silicon charged-particle tracker, as well as

the EM calorimeter and partially the Hadronic calorimeter. The iron yoke of the

solenoid’s flux-return is instrumented with four layers of tracking to provide further

muon detection and momentum measurement.

LHCb LHCb at Point 8 is designed for detecting and making precision measurements

of the rare decays of B mesons, which can be used as indirect probes of possible

physics beyond the SM [97]. It is designed as a single-arm forward spectrometer,

with its inner-most tracking layer (the VELO (VErtex LOcator)) operating within

the LHC beam vacuum1 to provide high-precision vertex measurements of the B

meson displacement.

ALICE Finally, ALICE at Point 2 is designed as a heavy-ion detector, addressing the

physics questions of strongly interacting matter and the quark-gluon plasma [98].

ALICE contains several tracking and particle identification detectors allowing for

good operation in the huge particle multiplicities of heavy-ion events. It also includes

a muon spectrometer at −4 < η < −2.5 to provide identification and separation of

charmonium and bottomonium mesons.

3.2. ATLAS Overview

ATLAS is designed for the general purpose analysis of proton–proton collisions. Therefore,

it was designed to provide nearly 4π angular coverage around the collision point with

systems to determine the kinematics of the collision products. The detector has been

designed in such a way as to be able to observe, as much as possible, the potential new

phenomena that may appear at the TeV scale. These considerations are outlined below.

The physics case for the general-purpose LHC experiments, ATLAS and CMS, was

primarily to find and study the SM Higgs boson, if it existed. Confirming that a new

resonance is the Higgs, and not some other particle, requires the discovery and precise

measurement of several of the Higgs’ production and decay mechanisms. The study

of these mechanisms provided benchmarks for the performance of all of the detector

sub-systems. For example, the decay mode H→ γγ, while expected to be small for a

1The VELO is retracted out when the beam is initially filled and needs to be focused, and in once
beams have been declared stable.
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SM Higgs, is one of the golden modes for Higgs discovery because of the extreme rarity

of photons in proton–proton collisions. To identify and measure the photons, however,

requires excellent particle tracking and highly performant calorimetry. The discovery of

this channel is also helped by the longitudinal segmentation of the EM calorimeter, which

allows the direction of the photon to be (roughly) measured and matched to the hard

collision process. Similarly, the decay channel H→ZZ∗→ `−`+`−`+ requires excellent

muon and electron identification and charge determination over a large pT range and

H→ bb requires excellent jet and secondary vertex reconstruction to identify b decays

from the predominantly light quark backgrounds. The H→WW channel has large

missing transverse momentum from the neutrinos from the W decay. Measurements in

this channel therefore require good transverse momentum reconstruction, which implies

hermetic electromagnetic and hadronic calorimetry with high resolution. The large

luminosity requires that the detector components have fast, radiation-hard electronics

and sensors with high granularity to handle the particle flux and reduce the influence of

overlapping events. All of these requirements come into play in top pair reconstruction,

which requires lepton identification, jet and missing transverse momentum reconstruction,

and good tracking for the identification of b-jets from their secondary vertices.

The ATLAS detector is designed as a series of coaxial cylindrical subdetectors enclosing

the proton–proton interaction point (the barrel), with a forward-backward symmetric

series of disc-shaped subdetectors to complete the 4π coverage (the end-caps). From

inside out, the detector contains: a tracking system designed to detect and track charged,

high energy particles coming from the central collision point, a calorimeter designed to

measure the direction and energy of the outgoing particles, and a muon spectrometer

designed to explicitly detect and identify muons from the collision event. The detector

also has a three level, configurable triggering system, which works to identify and then

store to disk the events of physics interest out of the massive number of collisions.

Figure 3.3 shows a computer-generated image of the ATLAS detector in cut-away view,

displaying all the detector sub-systems. Figure 3.4 shows an example of a dileptonic top

pair event, illustrating the response of the ATLAS detector to these events. In particular,

it illustrates the way the different sub-systems respond differently to the various particles

produced in these events. The general performance goals of the detector are listed in

table 3.2.

ATLAS uses a standard coordinate system and notation to describe the particles

emerging from the interaction. The nominal interaction point, which is the centre of
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Table 3.2: General performance goals of the ATLAS detector. Note that, for high-pT muons,
the muon-spectrometer performance is independent of the inner-detector system.
The units for E and pT are in GeV.

Detector component Required resolution η coverage

Measurement Trigger

Tracking σpT /pT = 0.05%pT ⊕ 1% ± 2.5

EM calorimetry σE/E = 10%/
√
E ⊕ 0.7% ± 3.2 ± 2.5

Hadronic calorimetry

barrel and end-cap σE/E = 50%/
√
E ⊕ 3% ± 3.2 ± 3.2

forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon Spectrometer σpT /pT = 10% at pT = 1 TeV ± 2.7 ± 2.4

Figure 3.3: Overview of the ATLAS detector, including most of its subsystems shown in a
cut-away view. From [92]
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Figure 3.4: Event display of a top pair e-µ dilepton candidate with two b-tagged jets. The
electron is shown by the green track and calorimeter cluster in the 3D view, and
the muon by the long red track intersecting the muon chambers. The two b-tagged
jets are shown by the purple cones, whose sizes are proportional to the jet energies.
The inset shows the XY view of the vertex region, with the secondary vertices of
the two b-tagged jets indicated by the orange ellipses. Taken from [99]

the detector, defines the origin of the coordinate system. The z-axis is defined to be in

the direction of the beam at the origin, with the positive side in the counter-clockwise

direction of the LHC ring. The x-y plane is defined so that the coordinate system is

right-handed, with the y-axis pointing upward and the x-axis pointing to the centre of

the LHC ring. The x− y plane is commonly referred to as the transverse plane, as it is

transverse with respect to the beamline. Typically, rather than using the polar angle

from the z-axis θ, the pseudo-rapidity η = − ln tan θ
2

is used. This is because in the limit

of a massless particle, the pseudo-rapidity is equivalent to the rapidity y = 1
2

ln E+pz
E−pz ,

which is a quantity invariant with respect to Lorentz boosts along the z-axis. Solid angle

distances ∆R are then measured using the difference in pseudorapidity and the azimuthal

angle φ giving ∆R =
√

∆φ2 + ∆η2.

Another important concept is the “fiducial volume” of the detector. This is defined as

the kinematic acceptance of the detector for the various objects that are reconstructed.

Since ATLAS is (approximately) cylindrically symmetric (so has complete azimuthal

acceptance) and final state objects are approximately massless compared to their momenta,

this usually refers to the η and pT acceptances. This is analysis dependent and the ranges

of the objects considered in the analysis of this thesis are presented in section 4.1.
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Figure 3.5: Schematic view of the ATLAS Inner Detector (ID). The diagram shows a r − z
slice of the cylindrical barrel, disc endcaps along with the support tubes and
solenoid providing charged particle bending inside the ID. Lines of constant η are
indicated. Taken from [92].

3.3. The Inner Tracking Detector

The Inner Detector (ID) is a series of detectors designed to detect individual charged

particles passing through them. The entire ID is encased in a 2T solenoid to bend the

charged particles as they traverse through detector layers, thereby allowing momentum

measurements. The innermost layers are 3 layers of Si pixel detectors which accurately

measure the position of charged particles passing through them in all spatial dimensions.

Then there are 4 layers of double-sided Si strip modules (SCT) which give accurate r− φ
and are double sided to provide stereo information in the z direction. Finally, there is the

Transition Radiation Tracker (TRT) which consists of straw detection tubes filled with

Xe gas operating in a proportional mode, with transition radiation layers interleaved to

distinguish between electrons and hadrons through detecting the transition radiation

produced by the electrons. Figure 3.5 shows the schematic outline of the inner detector.

The pixel detector [100] uses an n-type bulk 250 µm thick sensors with n+ implants

for readout. The pixel size is 50× 400 µm2 with each pixel bump-bonded to the front-

end electronics. The pixel sensors come in identical rectangular modules of dimension
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Figure 3.6: Cut-away view of the ATLAS Inner Detector in the barrel region (left) and of the
entire Inner Detector (right). Taken from [92].

19× 63 mm2 which include the silicon sensor and the front-end electronics. There are

46080 read-out channels per module, and with a total of 1744 modules this gives around

80 million channels for the pixel detector system. This allows the pixel detector, whose

innermost layer is only 50 mm radially from the interaction point, to deliver excellent

spatial separation and identification of individual tracks even during high luminosity

conditions. The layout for the positive z half of the detector (the negative z is a mirror

image) is shown in figure 3.5 with a perspective representation in figure 3.6, where you

can see the three concentric cylindrical barrel modules surrounding the interaction point,

and three radial end-cap wheels on either end of the detector to provide precision tracking

at high η. In the barrel, the modules are tilted at 20◦ with respect to the radial direction

and overlapped to provide full azimuthal coverage, while in the endcaps, the modules

are overlapped by alternating the placement of the sensors on the font and back of the

wheel. This arrangements implies that a track produced at the origin within the |η| < 2.5

acceptance of the pixel detector will pass through at least three pixel sensors.

The SCT [101] uses a more traditional single-sided p-in-n sensors with readout strips.

The sensor thickness is 285 µm, with a pitch between readout channels of 80 µm in

the rectangular barrel sensors, and radial strips in the trapezoidal end-cap sensors with

mean pitch of 80 µm. Each module consists of four sensors elements, 6cm in length.

They are placed in daisy-chained couples glued on either side of a support board at a

stereo angles of ± 20 mrad, which allows a single module to measure a 3D space-point

of a charged particle traversing through the front and back modules. The modules are

placed at a tilt angle typically of 11◦ in the four barrel layers to provide full coverage at
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each layer. The tilt is in the opposite direction of the pixels due to the holes being the

read-out charges in the SCT sensors whereas the electron cloud is read in the pixels. The

trapezoidal end-cap modules can be attached to the end-cap wheels in a gap-less manner,

with 9 end-cap wheels on either z side of the barrel. The placement of the end-cap wheels

is such that a charged particle traverses at least 8 sensors (four double-sided modules)

over the full |η| < 2.5 coverage of the SCT. There are a total of 2112 barrel modules

which have intrinsic resolutions of 17 µm(r− φ)× 580 µm(z), and 1976 end-cap modules

with 17 µm(r − φ)× 580 µm(r) resolution.

The Transition Radiation Tracker (TRT) [102,103], the outermost detector in the ID,

is built with 4 mm diameter straws filled with a Xe-based gas mixture and a gold-plated

tungsten wire at the centre of the straw. Charged particles traversing the straw ionise

the gas inside. The electric field set up between the straw tube and the interior wire

creates a ionisation cascade, read out at the wire with a signal proportional to the energy

of the original particle.

In the barrel, the 144 cm long straws are placed parallel to the beamline and the

wires are split in half to allow separate measurements in positive and negative z. In

the endcaps the straws are placed radially and have 37 cm length. There are a total

of 351,000 straw tubes making up the TRT. A charged particle traversing through the

TRT passes through, on average, 36 straws except in the barrel–end-cap transition region

0.8 < |η| < 1.0, where the expected number of hits is 22. Between the straws, there is a

polypropylene-polyethylene fibre mat. As charged particles pass through this material,

transition radiation may be produced. The low energy photons produced are absorbed

by the Xe-based gas mixture in the straws, creating an ionisation cascade. This then

produces a much larger signal than minimum-ionising particles. The TRT straws thus

have two signal thresholds with the higher one set to detect these “high-threshold hits”.

Because the amount of radiation produced is a function of the particle energy divided

by the mass, an electron will produce more transition-radiation on average than a pion,

which is shown in figure 3.7. Typically, seven to ten high-threshold hits will be produced

by electrons passing through the TRT.

3.3.1. Track Reconstruction

Tracks in ATLAS get reconstructed by an inside-out algorithm [105]. First, a pattern

recognition is performed on the hits in the pixel detector to build three-point track

candidates. Then, a combinatorial Kalman Filter algorithm is run to add hits in the
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Figure 3.7: The probability for a charged particle producing a high-threshold hit as a function
of the particle’s pT in the barrel (left) and end-cap (right), illustrating the
electron/pion discrimination capabilities of the TRT. Taken from [104].

successive detector radially outward through the silicon detectors. Ambiguities (shared

hits, missing hits, etc.) in the track candidates thus built are then resolved and the

tracks are extended into the TRT. Tracks reconstructed from this algorithm are required

to have pT > 400 MeV.

A second outside-in algorithm is then run. It starts from track segments built from

the TRT, and tries to match them to hits in the silicon detectors. The hits considered

are those that haven’t been used in the inside-out step. The primary purpose of the

algorithm is to reconstruct secondary tracks, that is tracks made from the decay of

particles coming from the interaction point, for example the conversion of a photon into

a pair of electrons within the tracking detector.

The standard Kalman Filter track fitter makes the assumption that the errors in

the track position are Gaussian, which in general is a good assumption for particles

whose momentum error are due to multiple scattering as they traverse through the

detector material. However, depending on the η the charged particle passes through, the

inner detector contains a few radiation lengths of material (figure 3.8), which can induce

significant, large non-Gaussian changes in the momentum due to bremsstrahlung radiation.

In particular, most electrons traversing through the detector will emit bremsstrahlung

radiation. For this reason, electron track candidates are refitted using a Gaussian Sum

Filter algorithm [106], which can use a sum of Gaussians of varying widths to model the

detector tracking resolution, and allow electron track reconstruction to be improved by

taking the larger error components into account.
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Figure 3.8: Amount of material in the inner detector as a function of η in terms of the
radiation length (left) and interaction length (right). Taken from [92].

Figure 3.9: Cut-away view of the ATLAS calorimeter system. Taken from [92].

3.4. The Calorimeters

The ATLAS calorimeters are sampling calorimeters which provide destructive energy and

direction measurements of electrons, photons and jets over a range |η| < 4.9 with full φ

coverage. This is achieved by separate electromagnetic (for photons and electrons) and

hadronic (for jets) calorimeters both with barrel and end-cap systems, and a combined

forward calorimeter to provide the high η measurements. The various calorimeter systems

are depicted in figure 3.9.
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Electromagnetic Calorimeters

The purpose of the electromagnetic (EM) calorimeters is to measure the energy contained

by a photon or electron emanating from the collision. The mechanism is that a high-

energy particle travelling through the calorimeter material will interact with the material,

with electrons emitting photons and photons converting into electron-positron pairs,

and each emission thereby reduces the energy of each particle in the cascade. The

resultant electromagnetic shower will continue until the particles are below the ionisation

or excitation thresholds at around an MeV. The ionisation or photon emissions can then

be collected by a sensitive detector volume and thus measuring the energy of the initial

particle producing the cascade. The size of an EM calorimeter is given in radiation

lengths X0, the mean distance over which an electron loses all but 1/e of its initial energy

due to bremsstrahlung. The material distribution in the EM calorimeter is shown in

figure 3.10.

The EM calorimeter of ATLAS is a LAr sampling calorimeter folded into an accordion

geometry which allows for full φ coverage. The basic principle of a sampling calorimeter

is to alternate absorber and read-out sections. The absorber material is very high density

and so most of the cascade occurs in these sections. The active layer therefore only reads

out a portion of the energy deposited and the full energy of the shower is estimated

based on this read-out along with knowledge of the geometry and composition of the

calorimeter to reconstruct the complete electromagnetic shower.

The EM calorimeter consists of lead absorbers alternated with active LAr layers with

read-out electrodes situated in the middle of each pair of absorbers. Segmentation of the
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electrodes is achieved by etching patterns on the different layers. The EM calorimeter is

divided into a barrel section covering the range |η| < 1.47, and two end-caps on either

side in the range 1.475 < |η| < 2.5 for the outer end-cap and 2.5 < |η| < 3.2 for the

inner wheel, with each housed in its own cryostat. The section of the EM calorimeter

matching to the ID range of |η| < 2.5 has been optimised in granularity and is segmented

into three radial sections of decreasing granularity to provide precision measurements

of electrons and photons both in energy and direction. This segmentation is shown in

figure 3.11. The inner wheel is segmented into two sections in depth and has a coarser

granularity. Since EM showers will generally start before the calorimeters due to the few

radiation lengths of the detectors and services radially closer than the EM calorimeter,

a presampler is also included in the region |η| < 1.8. However, the EM calorimeter’s

barrel–end-cap transition region contains a large amount of passive material and so

there is a reduction of measurement precision. Therefore, most physics analyses exclude

electrons and photons within 1.37 < |η| < 1.52, which is commonly referred to as the

“the crack”. The total amount of material in the EM calorimeter is about 25 radiation

lengths, which is sufficient to contain almost all showers of electromagnetic origin.

The performance goals of the EM calorimeter in terms of the energy resolution are

given in table 3.2. From measurements of the Z→ ee mass peak, the effective constant

term of the energy resolution has been extracted from 2010 data (the statistics were too

small to determine the energy dependence), and were found to be 0.5% to 1.5% in the

barrel region, and around 3% in the end-cap [107].

Hadronic Calorimeters

Hadrons passing through the calorimeters initiate hadron showers, which are a succession

of inelastic nuclear interactions with the detector material. A portion of the energy

will develop into electromagnetic showers due to the production of neutral pions, which

decay into photons. Typically, about a third of the energy goes into this electromagnetic

component, though with large stochastic variations in this fraction. Also, some energy

will be invisible to the detector, being lost either as the binding energy needed to release

nucleons from the target nuclei, or low energy neutrons which do not ionise the detection

material. The response of the electromagnetic component of the shower is therefore

typically higher than the response to the hadronic component, due to this invisible

energy. Since the production of neutral pions is a stochastic process, in any given event

the fraction of the energy in the electromagnetic component is unknown, and therefore
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Figure 3.11: Figure showing the segmentation and accordion structure of the EM calorimeters.
Taken from [92].

the response difference must be compensated. In ATLAS, this is done through offline

calibration, discussed further in section 4.1.4.

The typical size of the showers is characterised by the nuclear interaction length,

λ, which is the mean free path between interactions. The total material in terms of

interaction length is shown for the ATLAS calorimeters in in figure 3.10, where it can

be seen to be much larger than for the radiation length. To contain the shower in a

reasonable volume, ATLAS also uses sampling calorimeters for the hadronic calorimeters,

as already mentioned for the EM calorimeters.

The hadronic calorimeter is provided by two separate technologies. For 0 < |η| < 1.7,

the calorimeter is a central barrel and extended barrel made of scintillator interleaved

with plates of steel absorbers. The hadronic end-caps, which cover 1.5 < |η| < 3.2

are copper/liquid-argon detectors with a flat-plate geometry rather than the accordion

geometry of the EM calorimeters. Finally, the forward calorimeters, which are housed

in the same cryostat as the end-cap calorimeters, cover 3.1 < |η| < 4.9 using LAr as

the active material and are in three layers: the first layer is an electromagnetic module

with copper absorber, and then two hadronic layers with tungsten absorbers. Another

important function of the hadronic calorimeters is to eliminate the “punch-through” to the
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Figure 3.12: Illustration of the tile calorimeter absorber/scintillator layout and the readout.
Taken from [92].

muon systems. That is, all the energy produced through hadronic and electromagnetic

decays, other than muons, should be absorbed before the muon spectrometer. The

calorimeters have material contributing 7-10 interaction lengths, which is sufficient to

reduce punch-through to an acceptable level.

The tile calorimeter layout is depicted in figure 3.12. The active scintillators are

embedded between steel plates whose short interaction length is sufficient to keep the

barrel compact and inexpensive, and provide sufficient material to limit the punch-

through. The light produced from the scintillation is collected by wavelength shifters

at one edge of the scintillators, grouped radially, and guided to readout photomultiplier

tubes on the outside of the calorimeters.

The performance goals of the hadronic calorimeters are given in table 3.2. The

calorimeter response to single hadrons has been measured in
√
s = 900 GeV and 7 TeV

data collisions from 2009 and 2010 by reconstructing KS and Λ particle decays [108]. The

response uncertainty is 2–5% for central isolated hadrons.
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surrounded by tungsten slugs is shown left. Taken from [92].

Forward Calorimeter

The forward region is exposed to the highest particle flux (since most of the proton

collisions result in only small transverse deviations). The detectors in this region therefore

need to be extremely radiation hard and fast to cope with the high intensity. This region

is provided for at ATLAS by the Forward Calorimeter (FCal). The FCal occupies the

same cryostat as the end-cap calorimeters and covers 3.1 < |η| < 4.9. It is split into

three modules: an electromagnetic module (FCal1), followed by two hadronic modules

(FCal2 and FCal3). Each module is 45 cm deep. Figure 3.13 shows an illustration of

the structures contained in the forward calorimeter. FCal1 is made of a stack of copper

plates with holes drilled through them. Through the holes, an electrode structure is

inserted which consists of a copper tube encasing a copper rod, separated by a plastic

fibre wound around the rod. FCal2 and FCal3 are each made using two copper plates

between which are spanned by a similar electrode structure to FCal1, except tungsten

rods are used instead of copper rods. The electrodes are surrounded by tungsten slugs.

Tungsten is chosen to provide the short absorption length required for the calorimeter.
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Figure 3.14: r − φ (left) and r − z cross-sections of the muon detection system.

3.5. The Muon Spectrometer

Muons are the only known charged particles which can pass through the calorimeters.

They are also the by-products of several important rare physics processes, including the

top pair decays considered in this thesis. Muons are thus an exceptionally clean object

for signalling the presence of interesting physics events. Therefore, after the layers of

calorimetry, a large, dedicated muon detection system is in place. The muon detector

consists of an air-core toroidal magnet system, with several types of charge particle

tracking stations inside, illustrated in figure 3.14.

The magnetic field, which provides the bending needed for charge assignment and

momentum measurement in the muon spectrometer, is provided by three sets of large

air-core toroids. The toroid system consists of eight coils assembled symmetrically around

the beam to provide a toroidal magnetic field around the outside of the main barrel

components. The central barrel toroid covers 0 < |η| < 1.4, while the two end-cap toroids

cover 1.6 < |η| < 2.7. The non-toroid region 1.4 < |η| < 1.6 provides much less bending

power and so there is a corresponding degradation in the momentum resolution in this

region.

The muon system provides tracking for muons in the range |η| < 2.7, with triggering

capabilities for muons in the range |η| < 2.4. Over the full range |η| < 2.7, precision

measurements of the track coordinates in the bending direction of the magnetic field

are provided by Monitored Drift Tubes (MDTs). There are 1088 chambers of MDTs

installed in ATLAS, covering the range 0 < |η| < 2 with three layers of chambers and
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2.0 < |η| < 2.7 with 2 outer layers, with the inner layer replaced by the Cathode Strip

Chambers (CSCs) in this region. Each chamber consists of three to eight layers of

drift tubes. The drift tubes are directed in the r − φ plane to provide high precision η

reconstruction, because the geometry of the toroid field means that muons bend in the η

direction in the muon spectrometer. The MDT chambers then provide a resolution of

80 µm per tube which is about 35 µm per chamber in the z axis.

At larger pseudorapidities, 2 < |η| < 2.7, Cathode Strip Chambers (CSCs) – multiwire

proportional chambers with cathodes segmented into strips – with higher granularity

than the MDTs are used for the inner-most tracking layer, rather than MDTs, due to

their higher rate capabilities and time-resolution capabilities and as they are able to

withstand the higher background conditions. The CSCs provide a resolution of 40 µm

per chamber in the bending plane and 5 mm transverse to the bending.

Separate detectors are used for triggering high momentum muon events. In the barrel,

Resistive Plate Chambers (RPCs) are used, while Thin Gap Chambers (TGCs) are used

in the end-cap regions, allowing coverage of the range |η| < 2.4.

The performance goals of the muon detector in terms of muon momentum resolution

is given in table 3.2. A study of the 2012 collision data of the Z→µµ mass peak has

shown that the muon momentum resolution modelled in the ATLAS detector simulation

is in good agreement with the data [109].

3.6. The Trigger System

At full luminosity during the 2011 data taking run, every bunch crossing contained up to

19 proton–proton collisions, with an average of 5 collisions. Figure 3.2 shows the exact

distribution. Most of these collisions were soft scattering, producing only soft inelastic

proton–proton interactions, events known as “minimum bias” (see also section 4.2.1). In

general, the processes of interest are “hard” events, meaning that significant fractions of

energy were involved in the collisions, with much of the energy in the event going into

perturbatively calculable processes where the partons involved in the collision can be

treated as acting freely, as discussed in section 2.3. These events occur at a much lower

rate than the soft, minimum bias events. For example, the total inelastic proton–proton

cross section is 73 mb[110], while the predicted top pair production cross-section at 7 TeV

is 177 fb at the complete NNLO+NNLL [69]. In the 2011 data collection period, bunch
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crossings occurred every 50 ns, and each crossing requires approximately 1 MB of data to

be stored as an event for later analysis. Therefore, we need to be able to distinguish hard

events from soft events in real time and store only those events of interest, in order to

keep the data rate manageable. This is accomplished using a sophisticated, multi-levelled

triggering system to find the events of interest and only store data for those events.

The trigger system consists of three stages which progressively refine the decision to

accept or reject events for storage. These are the Level 1 (L1), Level 2 (L2) and the

event filter (EF).

The hardware-based L1 trigger uses a subset of the detectors to perform an initial

search for high-transverse momentum electrons, photons, muons, taus, and jets, as well as

large missing and total transverse energy. Results from the L1 trigger are processed by a

central trigger processor (CTP). The CTP allows for “menus”, or combinations of trigger

selections, to be defined and pre-scaled, that is randomly accept only a specified fraction

of events that pass a particular trigger menu. The L1 trigger defines a region-of-interest

(RoI, an (η, φ) area of the detector) where the selection process identifies interesting

features (high pT muons or high pT electrons in our case). The design parameters for

the L1 trigger reduces the event rate to about 75 kHz, from the starting rate of up to

40 MHz at 25 ns bunch crossings. L2 and the EF are both software-based and collectively

form the High Level Trigger (HLT). The L2 uses the full granularity information of the

detector in the L1 RoI (about 2% of the detector) to make a further refined selection; it

is designed to reduce the rate to 3.5 kHz. The final stage is the event filter, which uses

the full detector information and the offline reconstruction algorithms to make a final

event selection. During the 2011 data-taking period, the L1 rate was kept below 60 kHz,

the L2 below 5 kHz and the EF rate was 400 Hz averaged over the LHC fills [111], and

so the trigger system was operating beyond design parameters.

The data output is separated into periods, designated with a letter. Each period

represents a period of data taking when the LHC machine conditions were approximately

the same and the trigger menu was stable. In 2011, the periods of interest for our data

are from B to M; table 3.3 shows the luminosities collected in each of these periods.

Semi-leptonic top pair events can be most easily identified from the single, high

transverse momentum lepton produced. Thus, single lepton triggers were used to select

events for analysis. The remainder of this chapter will describe the electron trigger
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Period Luminosity (pb−1)

B-D 173.798

E-H 924.67

I 328.61

J 220.38

K 575.156

L-M 2368.38

Table 3.3: Amount of data collected in each run period in 2011 by the ATLAS detector,
determined to be of good quality and used in this thesis. Periods are merged
together when there is no change in the conditions for the triggers collected in this
thesis.

system and the muon trigger system, and the actual triggers used in the semi-leptonic

top pair analysis.

3.6.1. Single Electron Trigger

The electron and photon triggers used in 2011 are described fully in [111]. At L1, the

Cluster Processor (CP) module is used to identify e/γ leptons. The calorimeters are split

into 0.1× 0.1 towers and the CP searches each 2× 2 combination of these towers for an

energy sum above a certain (programmable) threshold. The e/γ algorithm uses the EM

calorimeter only for this threshold, while the τ algorithm uses the energy sum of the EM

and HAD calorimeters. For each window that meets the threshold requirement, the 4× 4

cell, including both the EM and HAD calorimeters, enclosing the selected window can

be processed for isolation requirements, that is, requiring the 12-cell window surrounding

the chosen core to have lower cluster energy than a given threshold, which will in general

depend on the energy required of the core. When a region that satisfies the trigger

requirements is found, the event is accepted and the coordinates of its 2× 2 core are sent

to the L2 trigger as the Region of Interest (RoI) for further processing.

At L2, the electron trigger uses the data from the full suite of detectors in the 0.4× 0.4

region around the L1 RoI. Track reconstruction is performed using a speed-optimised

algorithm inside the RoI to determine whether a good, matched track can be found,

which would be expected if the cluster was made by an electron, but no tracks in the

case of an unconverted photon. For clustering, the L2 algorithm finds the cell with the

largest energy deposit in the RoI, and takes the cluster energy as the sum of the cells in a
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∆η×∆φ = 0.075× 0.175 region in the barrel and a 0.125× 0.125 region in the end-caps.

The position is given as the energy-weighted average of the cluster. The EF uses offline

tracking algorithms to reconstruct the electron track and offline algorithms to find the

electron cluster in the calorimeter with a sliding window algorithm and then apply offline

corrections (see section 4.1.2). At both L2 and the EF, electron candidates are selected if

they pass selection criteria based on quantities constructed from the calorimeter cluster

and track. These include the lateral width of the shower (small for real electrons), the

amount of energy in the hadronic calorimeter (small for real electrons), requiring tracks

whose position extrapolates to the within a defined region of the calorimeter cluster

centre, and requiring the inner pixel detector to be hit. There are options for applying

these cuts at the loose, medium or tight level, with the requirements becoming more and

more stringent; for example, no track cuts are applied at loose, and a certain number of

TRT hits were only required at tight. The unprescaled triggers in 2011 operated at the

medium level.

The electron triggers used were always the lowest unprescaled pT threshold single elec-

tron triggers. For periods B-H, and I-K, EF e20 medium and EF e22 medium were used

respectively. These EF triggers were seeded from the EM14 and EM16 L1 triggers respec-

tively. These simply required the energy in the EM calorimeter to be above the number

given after EM, with no hadronic calorimeter requirements. To cope with the increasing

luminosity in the runs later in the year, the electron triggers needed to add hadronic

leakage requirements. The triggers used were EF e22vh medium1 and EF e45 medium1

for periods L-M. The EM16VH L1 trigger which seeded EF e22vh medium1 had the

additional requirement that no more than 1 GeV in a 0.2× 0.2 window in the hadronic

calorimeter behind the EM cluster was allowed. The transition from medium to medium1

involved tightening the shower shape variables to be closer to the offline definitions and

adding extra track quality cuts, including requirements on the fraction of high-threshold

TRT hits and requiring the inner-most pixel layer to be hit (previously this was only

required at tight). This was done to avoid raising the pT threshold but have negligible

effect on the final offline efficiency. The trigger rates from the EF algorithms can be seen

in figure 3.15. The transition from EM14 to EM16 to EM16VH reduced the L1 trigger rate

from 7.3 kHz to 5.7 kHz to 3.6 kHz at the reference luminosity L = 1.0× 1033 cm−2s−1.
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Figure 3.15: Muon (top) and electron (bottom) trigger rates for the 2011 data periods versus
luminosity. For the muons, displayed is the L1 trigger rates for different pT

thresholds (left) and the trigger rate for the EF mu18 medium stream (right)
versus luminosity. For electrons, the event rates for the various EF triggers are
shown versus luminosity. Taken from [111] for electrons and [112] for muons.

3.6.2. Single Muon Trigger

The 2011 muon triggers are fully described in [112]. The muon trigger uses information

from dedicated RPC detectors in the barrel region |η| < 1.05, and TGCs in the outer

regions 1.05 < |η| < 2.4. In the barrel, the trigger looks for a signal in RPC2 (see

figure 3.14 for the geometry of the detectors), and then interpolates an infinite momentum

path between the interaction point and searches for a coincidental hit in RPC1, with

the width of the search region determined by a pT threshold in the trigger. For low

momentum muon triggers, this is the only requirement. For high-momentum tracks, the

trigger does the same extrapolation to RPC3 and looks for another coincidence hit. The

end-cap similarly looks for hits on an outer plane (see figure 3.14 for the geometry), and

interpolates an infinite momentum track from the IP to the M2 plane, looking for a

coincidence hit in a pT defined window. This information is combined with information

from the inner end-cap layers to make the final trigger decision. For both low and high

momentum triggers, if a hit pattern matching the requirements is found and the trigger

gets accepted, the η and φ information is combined and sent as an RoI to the L2 trigger.
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For the muons, the L2 seeded by the muon L1 uses the high-granularity MDT and

CSC data from the RoI and the initial L1 rough momentum measurement to construct

higher quality muon tracks. The reconstructed muon track is first reconstructed using

only the muon spectrometer information, and then further refined by combining with a

track from the ID using a fast track combination algorithm. The calorimeter information

can also be used at this level to define isolated muons, by looking at the energy deposited

in the calorimeters along the muon track, and require the muon candidate to be isolated

from large deposits. For the 2011 triggers used here, however, isolation was not required.

In the top pair analysis, the mu18 and mu18 medium EF level triggers are used for

periods B-I and J-K, respectively. These are seeded by the L1MU10 and L1MU11

respectively [112]. The rates for both the L1 and EF triggers versus the luminosity are

shown in figure 3.15.
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Chapter 4.

Object and Event Selection

This section details the objects, events, and samples that will be studied in chapter 6.

Physics objects that correspond to the objects produced in the hard process are re-

constructed from the detector output. This is the subject of section 4.1. In order to

understand the distortion of the objects by the detector, Monte Carlo (MC) techniques

are used to generate simulated samples of the physics processes which will be used in

the analysis. The use and production of these MC samples are discussed in section 4.2.

For several of the processes which form a background to the top pair production, we

use data-driven methods to estimate the size and distribution. Section 4.3 describes

these techniques. Finally, given that we can find the true objects and their kinematics

produced by the MC, we can use this information to produce objects equivalent to the

reconstructed objects, but before the measurement and influence of the detector. These

“particle-level” objects built from the MC are described in section 4.4. For convenience,

table 4.6 summarises the selections at both reconstruction and particle-level.

The work presented in this chapter summarises the the work of the top reconstruction

and top background groups at ATLAS, for the 2011 data analysis. These groups are

responsible for producing the results needed to go from the detector output to top

quark events, including producing simulation versus data corrections and background

estimations. The author played a role in this as a developer of software which takes

the various selections, corrections, and background estimations and applies them to the

detector data to produce the final reconstructed distributions of section 4.3.4. This

software has become the standard resource in the ATLAS top group for performing these

selections and corrections.
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4.1. Object Reconstruction and Selection

From the detector outputs detailed in Chapter 3, physics objects may be created. The

detectors are used to identify the type of object that was detected and then corrections

based on the object type are applied to produce a 4-vector describing the object’s

momentum. Further corrections and calibrations can be applied to the simulated samples

so that the simulation may better match the performance of the detector seen in data.

This section lists the major physics objects and describes how they are identified and

calibrated. Then, the event selection used to identify proton–proton collisions that

are likely to be from top pair production events, based on the output of the object

reconstruction, is described.

4.1.1. Primary Vertex

The primary vertex (PV) is the vertex reconstructed from charged particle tracks that

originated from the hard collision event. Since several proton–proton collisions will

occur each bunch crossing (for the 2011 running period of interest, from six to eleven on

average, see figure 3.2), some of the calorimeter deposits and tracks reconstructed will

be from pileup events unrelated to the primary, hard interaction which is being studied.

Also, several of the objects will have their momenta corrected based on the assumption

of the position of the primary vertex being the origin of the hard collision. Therefore,

reconstructing and associating physics objects to this primary vertex is of particular

importance.

The vertices reconstructed in a beam-crossing are found using an iterative vertex

fitting procedure [113]. An initial vertex seed is obtained by finding the global maximum

in the distribution of the z coordinates of the tracks. Then, the position of the vertex

is found using an adaptive vertex fitting algorithm [114]. This algorithm fits the vertex

with a χ2-based algorithm, and iteratively down-weights tracks incompatible with the

vertex using a deterministic annealing scheme.1 Tracks which are incompatible with the

primary by more than about 7σ (determined from the χ2) are used to seed a new vertex.

1In deterministic annealing, a measurement with χ2 is reweighted by a temperature T to eχ
2/2T

and a likelihood function based on these weights is minimised to find the track parameters. The
“deterministic” part is that a fixed set of temperatures is tried one after the other (an example
schedule giving good results in the study in [114] is the geometric series T = 32, 16, 8, 4, 2, 1), going
from large temperatures to T = 1 using the track parameters found in the last temperature step
as a seed. Intuitively, using higher temperatures “flattens out” the likelihood function, and the
minimisation routine is therefore less likely to fall into a local minima, allowing the phase space to
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This procedure is repeated until all the tracks are associated with a vertex, or no new

vertices are produced.

The primary vertex of the event is to be distinguished from the pileup vertices,

which are the vertices from proton–proton collisions in the bunch crossing that are not

associated with the hard interaction, and secondary vertices, which are formed from

particles in the hard collision which travel a measurable distance away from the primary

vertex before decaying.

For our analysis, we require that the primary vertex have at least 4 tracks with

pT > 400 MeV associated to it.

4.1.2. Electrons

Electrons are reconstructed [107] from energy deposits in the EM calorimeter using a slid-

ing window algorithm [115]: the EM calorimeter is divided into ∆η×∆φ = 0.025× 0.025

segments (corresponding to the granularity of the middle layer of the calorimeter), and

any 3× 5 window of these segments which has a combined energy greater than 2.5 GeV

is selected as an electron seed cluster. To select a cluster as an electron, a reconstructed

track must be found where the track extrapolation is within ∆η < 0.05 and ∆φ < 0.1 of

the baryocentre of the cluster on the side toward which the track bends and ∆φ < 0.05 on

the other side. In the case of multiple tracks matching to a cluster, the tracks are further

required to have hits in the silicon detectors and then the closest in ∆R is selected to be

the matching track. For each selected electron, the cluster energy is then recalculated in

3× 7 (3× 5) towers of cells in the barrel (endcaps). The cluster energy is now corrected

for estimated energy deposits in front of and leaked behind the EM calorimeter and

energy estimated to be leaked outside the cluster. These corrections are derived from

simulation of the detector. The final 4-momenta of electrons is then taken using the

matched track for the η and φ parameters at the vertex, and the energy given by the

cluster energy.

From the electron candidates that are built by the above procedure, further selection

requirements are imposed to reject cases where jets fake the electron. These requirements

are collectively called “tight++”. These include allowing only a certain fraction of energy

in the hadronic calorimeter, a well collimated energy deposition found by comparing

be fully explored initially. Taking a temperature of 1 is equivalent to not weighting the likelihood, so
the best minima is better explored as the temperature is lowered to 1.
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the cluster energy to the energy in a larger tower area, requiring hits in the b-layer (the

innermost pixel subdetector) and a minimum number of hits in the rest of the silicon,

requiring a minimum number of high-threshold hits in the TRT and restrictions on the

ratio of cluster energy to the track momentum. The cluster is also required to be isolated

from hadronic activity in the rest of the event. A 90% isolation efficiency cut is made on

the energy sum around the direction of each selected electron calculated within a cone

of radius ∆R =
√

∆η2 + ∆φ2 = 0.2, after the exclusion of the cells associated with the

electron cluster, and correction for leakage from the electron cluster. A 90% isolation

efficiency cut was also made on the sum of the pT of the tracks around the electron in a

cone of radius ∆R = 0.3.

Because jets are reconstructed independently of electrons, for each electron there will

be a corresponding jet reconstructed. Therefore, an overlap removal is performed, such

that the jet closest to an identified electron and within |∆R| < 0.4 (approximately the

size of reconstructed jets) is removed.

Figure 4.1 shows the efficiencies for reconstructing an electron cluster with the above

algorithm and also subsequently identifying it as an electron. The figures show that

the efficiency of an electron to pass the above criteria is not exactly modelled by the

MC. Therefore, scale factors correcting for this efficiency difference have been measured

to improve the simulation quality. The scale factor is defined as the ratio of the data

efficiency to the MC efficiency. These scale factors are measured from a Z→ ee sample,

using the “tag and probe” method [107]. In the tag and probe method, a “tag” electron is

identified with stringent electron identification requirements. From the events with a tag

electron, a “probe” electron is searched for, using very loose identification requirements,

and requiring the invariant mass of the two electrons to be consistent with a Z boson.

Because of the tight requirements on the first electron, there are almost no background

events, and so the electrons are real electrons from a Z→ ee decay and so can be

applied to both data and MC. The probe electron can then be tested against the tight

identification requirements, and the fraction of probe electrons passing the requirements

then gives the efficiency of electron identification.

The Z→ ee sample, along with J/ψ→ ee and W → eν samples were also used to

derive electron energy scale and resolution corrections to the simulation [116].

Electrons used in the thesis were required to be in the pseudorapidity range |η| < 2.47,

excluding the barrel/end-cap transition region of 1.37 < |η| < 1.52. The reconstructed
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Figure 4.1: Electron reconstruction (top) and identification efficiencies with respect to the η
(bottom left) and ET(bottom right) of the electron. Note that this thesis only
uses electrons satisfying the tight criteria. Taken from [117].
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pT of electrons used in the event selection are required to be greater than 25 GeV, but

electrons with pT > 15 GeV are used for the overlap removal and additional lepton veto.

4.1.3. Muons

A muon is identified as a charged particle leaving a track through the Muon Spectrome-

ter (MS) [118]. To reconstruct muon candidates, particle tracks are first reconstructed

separately in the Inner Detector (ID) and the MS. The MS tracks are then back extrapo-

lated to the interaction point and a compatible ID track is searched for. This is done

by forming a χ2 difference between the tracking parameters of the ID and MS tracks,

and requiring a χ2 probability greater than 0.001. When a compatible ID track is found,

the track parameters are then refit using the hits in both the ID and MS and the energy

deposits in the calorimeter along the muon path to obtain the “combined” muon. If

more than one ID track satisfies the χ2 requirement, then all such tracks are refit, and

the one with the best match after the refit is taken to as the muon candidate for a given

MS track.

To ensure only well reconstructed muons are used, muon tracks are required to have a

hit in the innermost pixel layer if expected from the reconstructed-track trajectory, at least

one pixel hit if expected, at least six SCT hits if expected and no more than two missing

hits along the track trajectory within the pixel and SCT detector subsystems. Muons

crossing the TRT are required to have a hit pattern consistent with a well-reconstructed

track. Muons are selected by requiring a reconstructed pT greater than 25 GeV (lowered

to 15 GeV for overlap removal and additional lepton veto) and a pseudorapidity |η| < 2.5.

They are required to be isolated via the constraint that the calorimeter energy within

a cone of ∆R = 0.2 around the direction of the muon is less than 4 GeV and the track

transverse momentum sum within a cone of ∆R = 0.3 around the direction of the muon

is less than 2.5 GeV. The efficiency of the requirements to reconstruct a true muon are

shown in figure 4.2.

4.1.4. Jets

High energy partons from the hard interaction process, as calculated in perturbative

QCD (as discussed in section 2.3), fragment into hadrons (collectively a “jet”) whose

combined momenta will recover the parton’s momentum. At the detector reconstruction

level, these particles leave energy deposits, or “clusters”, in the hadronic calorimeter
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which are grouped together according to a jet algorithm. Early jet algorithms simply

placed a cone of a fixed radius R around the hardest single cluster found, and then

removed all the clusters in that cone from consideration and repeated the procedure

until all clusters above a fixed threshold are formed into a jet. This procedure, however,

led to theoretically instabilities in the algorithm. A gluon splitting into two collinear

gluons will mean that a previously hard particle can become arbitrarily soft and will

therefore lead to different jet grouping. This is particularly a problem when comparing to

theoretical predictions based on a fixed-order perturbative expansion, since at each order,

more radiation effects are allowed and so applying these algorithms to the theoretical

predictions is unstable. These considerations led to the requirement for jet algorithms to

be “collinear safe”. This can be avoided if instead of looking at cones based on pT, one

uses every particle or cluster in the event to build a cone and then uses a “split-merge”

procedure when deciding on how to form final stable cones. This leads to a new “infra-red”

instability: a soft emission between two hard particles gives the algorithm a new cone seed

which can merge the two particles, where before the algorithm would have assigned them

to separate jets. This infra-red problem again leads to theoretical problems, since the

emission of soft radiation is a non-perturbative effect and cannot be modelled precisely.
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Further discussion of jet algorithms (including the one described below) can be found

in [120].

The now widely-used method which avoids this is a “sequential recombination” algo-

rithm, which builds jets step-by-step by repeatedly merging together nearby clusters of

energy. The algorithm that the LHC experiments use is the anti-kT algorithm [121]. In

this algorithm, a distance is calculated between all the clusters i and j in the event dij,

and a “beamline” distance diB is also calculated for each particle i:

dij = min(k−2
T,i, k

−2
T,j)

∆2
ij

R2

diB = k−2
T,i

(4.1)

where R is a free parameter of the algorithm (0.4 for this analysis), ∆2
ij = (yi − yj)2 +

(φi − φj)2, and kT,i, yi and φi are, respectively, the transverse momentum (with respect

to the beam axis), the rapidity, and the azimuth of the cluster . The algorithm proceeds

by either combining together the pair with the minimum distance and recalculating the

distances using this new object in place of the old pair, or calling the object i a jet if

the minimum distance is diB, removing it from the list. The algorithm continues this

procedure until all the clusters have been removed from the list into jets.

Conceptually, the anti-kT algorithm merges nearby objects first and works out from a

hard core, “growing” the jet until it reaches the size of the distance parameter of the

algorithm R. For an isolated hard particle, this means that the algorithm will output

a circular jet of size R, as one would have from the cone algorithms. But because

the algorithm works by merging nearby objects first and then building outward, the

infra-red and collinear problems of the cone algorithms are avoided, since soft emissions

will not impact hard jet growth, and collinear emissions are quickly merged together.

These properties also imply that the anti-kT algorithm is resilient against pileup and

the description of the underlying event since the particles or energy deposits from these

processes operate in a manner similar to the soft radiation. Thus, the jet area defined by

the algorithm will be stable against pileup, which can easily be dealt with by applying

an event-by-event correction based on, for example, the number of pile up vertices, which

acts as a measure of the amount of extra pileup radiation expected.

The input energy deposits for ATLAS reconstructed jets are “topoclusters” (topological

clusters) defined from the detector output [122]. At ATLAS, the fine segmentation of

the calorimeter means that a single high-energy particle can deposit its energy in several
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neighbouring cells. A topocluster is a set of neighbouring cells that have been grouped

together as a way of approximating the energy deposition of a single such particle.

Topoclusters are formed by finding all calorimeter cells with an energy deposition with

signal-to-noise ratio greater than 4.2 The seed cells are then ordered in descending signal-

to-noise ratio, and then for each cell, all its neighbouring cells with signal-to-noise greater

than 2 are added to the seed to form a proto-cluster. If a potential neighbour could be

added to two of these proto-clusters, then the two clusters are merged along with the

neighbour into a single proto-cluster. Each neighbour is also added to a neighbour-seed

list. If a neighbouring cell does not have a signal-to-noise greater than 2, then it is still

added to the proto-cluster, but it does not get added to the neighbour-seed list. Once all

the seed clusters have been processed, then the neighbour cell list is processed in the

same way (i.e. by looking at its neighbours that have not already been accounted for),

with the new neighbours being added to the parent proto-cluster. This process continues

until there are no more seed clusters in the list. Once the merging process is finished,

each proto-cluster is searched in turn for “local maxima”. These are defined as cells

which are minimum energy 500 MeV and of greater energy than any of its surrounding

cells. If more than one such local maxima, then the clustering procedure is repeated

with these local maxima as seeds, with the difference that only cells in the parent cluster

are considered and no cluster merging occurs. This splits up topoclusters being formed

from several close-by high energy particles, when it is possible to distinguish them. The

topoclusters after splitting are then each assigned a 4-vector, such that the energy is

the energy sum of the cells in the cluster, the mass is zero, and the direction is in the

energy-weighted average of the direction of all the cells in the cluster.

The energy of the cells in the topoclusters are measured at the EM scale. The EM

scale is the detector response corrected assuming that the total energy response is due to

electromagnetic showers. Since the jet algorithm is applied to the topoclusters, the jets

will also be measured at the EM scale. The jet energy that is needed is the energy of

the constituent hadrons forming the jets, since this is the in-principle measurable energy

that can be compared to theory (and not the parton energy, since this is theoretically

ill-defined non-perturbatively). Therefore the “EM jets” need to be corrected to the

particle-level; that is, corrected for the ratio of the reconstructed jet pT with respect to

the pT found from the truth stable particles as determined from simulation. This is done

using the “EM+JES” (Jet Energy Scale) calibration scheme [123].

2 The average noise is determined by averaging events triggered on at random and measuring the
energy. Since high-energy events are rare, this will mostly be due entirely to detector noise but still
correspond to the real running detector rather than simulation.
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The EM+JES scheme consists of three steps: subtract the energy estimated to be

due to pileup, correct the jet direction so that the jet originates from the primary vertex

of the interaction instead of the geometrical detector centre, and correct the energy and

direction by calibration constants derived from simulation comparisons to truth jets, that

is, jets formed using the same algorithm constructed from the underlying hadrons before

detector interaction.

Jets in this thesis are also required to pass quality criteria designed to reject events

from pileup. Each bunch crossing has several soft collision events, which lead to a

number of low momentum hadrons from pileup collisions entering the detector. If these

hadrons happen to bunch in a particular region, a jet can be reconstructed which is

unrelated to the hard collision event. At ATLAS, the Jet Vertex Fraction (JVF) has

been developed as a method to reject these pileup jets [124]. The JVF algorithm first

associates reconstructed tracks to a jet by matching tracks within ∆R < 0.4 of the jet

centre. The JVF is then calculated as the sum of the pT of the selected tracks originating

from the selected primary over the sum of the pT from all the selected tracks. That

is, the JVF is essentially the fraction of the constituent tracks’ transverse momentum

coming from the primary vertex. A value of the JVF close to 1 means that all the

tracks in the jet can be associated to the primary vertex, while a value near 0 means

that none of the tracks in the jet can be associated with the primary vertex and the

jet was therefore likely to have come from pileup. If no tracks can be associated to the

jet, then it is assigned the value -1. For this analysis, we require |JV F | > 0.75 which

provides good rejection of pileup jets as can be seen in figure 4.3. The figure shows that

without the cut, the average number of reconstructed jets in conjunction with a Z boson

production increases as a function of the number of reconstructed vertices, meaning that

jets uncorrelated with the hard scatter are being reconstructed, and increasing with the

level of pileup. On the other hand, using the chosen rejection point, the number of jets

reconstructed is constant with respect to the number of pileup vertices, showing that the

JVF requirement is efficient in rejecting pileup jets.

Another quality criteria required is that events with a jet which are classified as

“bad” are rejected. A “bad” jet is one where the jet has not been produced by real

energy deposits in the calorimeter, but instead from noise bursts in the calorimeter,

LHC beam-gas interactions, or cosmic-rays inducing showers. Jets from hardware noise

are identified by using: the difference between expected versus actual pulse shape (the

time-dependent calorimeter cell profile) to find poor quality calorimeter cells; the fraction

of energy in the LAr calorimeter with poor pulse shape; and the fraction of energy in
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the HEC calorimeter with poor pulse shape. Cosmic and beam-induced backgrounds

will, in general, have no particles trackable to the proton collision point at the centre of

the detector associated with them. Therefore, to discriminate these sources, the ratio of

the sum of the pT of the charged particles associated to the jet to the sum of the energy

deposits calorimeter cells is used. They are also not likely to occur in time with the

collision and so the jet time, defined as the energy weighted sum over all cells in the jet

of the time difference between the collision and the energy deposition in a calorimeter

cell, is used to reject out of time jets. The actual values used in this analysis to reject

events with bad jets are defined from the “loose” selection in [126].

4.1.5. b-jet Identification

In particle colliders, jets containing b-quarks can be discriminated against light quark

jets. This is mostly due to the long lifetime of the B-hadrons, which when combined

with the large momenta of the objects produced at the LHC, and therefore a large time

dilation, results in a flight path of the B-hadrons long enough to be identified from a

reconstructed secondary vertex or the large impact parameters (the distance of closest

approach of the track to the primary vertex) of its decay products. B-hadrons may also

be identified from the large hadron mass and the large branching ratio into leptons. The

top pair decay studied in this analysis contains (at least) two b-jets and the relative rarity
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of events with b-jets in proton–proton collisions means that requiring the identification of

b-jets in an event leads to a significant background reduction. There are several b-tagging

algorithms used for this analysis, each of which will be described in turn [127].

IP3D is an impact parameter based algorithm, that works on the level of individual

tracks associated with a jet. The tracks used are required to pass quality cuts. They

must have at least 7 silicon hits (hits in the pixel or SCT detectors) with at least 2 pixel

hits, one of which must be from the innermost layer. They must have impact parameters

|d0| < 1 mm and |z0| < 1.5 mm. d0 is the impact parameter in the r − φ plane, z0 along

the beam axis, and both are signed with respect to the direction of the jet (positive if in

front of the primary vertex w.r.t. the jet direction, negative if behind). This requirement

rejects most tracks which originate from the decays of long-lived mesons, such as K0
S,

Λ and the hyperons, and tracks produced by photon conversion after interaction with

the beamline or detector, which would otherwise produce spurious tagging. Finally, they

must have a pT > 1 GeV. Tracks are associated to the jet with a jet pT dependent ∆R.

The tracks are required to be closer to the jet at higher pT, since harder jets are more

collimated, and so we can reduce the number of tracks produced in pileup events and

the underlying event without missing any tracks actually produced by the jet by placing

tighter cuts at higher pT. For example at 20 GeV jet pT, they must have ∆R < 0.45,

whereas at 150 GeV they must have ∆R < 0.25.

From these tracks, the IP3D algorithm calculates the impact parameter significances

d0/σd0 and z0/σz0 , and finds a likelihood for the tracks to have originated from a b-jet,

Lb, and a likelihood for the track to have come from a light jet, Ll. These likelihoods

are produced from a likelihood distribution derived from simulation. The output of the

IP3D algorithm is then
∑

i ln
Lb
Ll

where i indexes the tracks associated with the jet.

The SV1 algorithm is a secondary vertex-based algorithm. It takes the tracks

associated to the jet and tries to fit a secondary vertex away from the primary vertex.

It uses tracks similar to IP3D but with looser cuts since it will reject tracks during

the secondary vertex fit. It requires a track as for IP3D except it only requires track

pT > 400 MeV, only 1 pixel hit which need not be on the innermost layer d0 < 3.5 mm

and does not require the z0 cut, but tracks are required to have an impact parameter

significantly far from the vertex. From the tracks, it forms two-track vertices using every

pair of tracks. If any of these two-track vertices have a mass compatible with a long lived

particle (K0
S, Λ, hyperons) it removes both of them from the list of tracks associated to

the jet. It then combines the remaining two-track vertices into a single vertex, and then

removes the worst fit track. It repeats this procedure until the overall χ2 of the track
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errors to the vertex is below a quality threshold. The output is a likelihood ratio (of b to

light jets) combination of the 2D likelihood of the invariant mass of tracks associated

with the vertex and the ratio of the sum of energy of the tracks associated with the

vertex to the energy of all the tracks in the jet, and the 1D likelihood of the number of

two-track vertices, and the ∆R distance between the jet axis and the line joining the

primary and secondary vertices.

The final algorithm used is the JetFitter algorithm [128]. The JetFitter algorithm

uses the same tracks as IP3D. The idea of JetFitter is to find an axis along which the

B-hadron decayed, possibly with an extra vertex due to a D-decay, and constrain the

B-vertex position along this “flight” axis. Its starts with the position of the primary

vertex and the flight axis in the from the PV in the direction of the jet momentum, with

an associated uncertainty based on simulation as to the average displacement of the

B-vertex from the jet momentum axis. Then, for the ith track associated with the jet, it

defines a distance di along the flight axis that corresponds to a vertex for the track along

this axis. This vertex position di is found from the position of closest approach of the

track to the axis. The algorithm proceeds by updating the flight axis direction and the

dis, by applying a Kalman filter update of the input parameters, one track at a time.

Then, each two-vertex combination is checked for the compatibility of each distance

parameter (technically by implementing a constraint such that di = dj for each i, j in

turn), and each vertex with the primary vertex (by testing with dj = 0) and finding the

combination with the highest probability using a χ2 of the tracks to the fitted vertices. It

then merges these two distances thereby reducing the number of vertices by one and then

repeats Kalman filter procedure. The process is iterated until the probability for the most

probable two-vertex combination falls below a threshold. The position and uncertainties

of the decay length significance d0/σd0 is then taken as a momentum-weighted average

of the remaining dis along the flight axis divided by the associated uncertainty. It uses

this along with the invariant mass of all charged particle tracks attached to the decay

chain (i.e. not merged with the primary vertex) and the energy fraction of the decay

chain tracks to the total energy to form a likelihood ratio for a heavy flavour to light

flavour jet which is the output of the algorithm.

In our analysis, b-jets are identified using the MV1 b-tagger [129], which combines the

results of IP3D, SV1, and JetFitter into a single discriminant using a neural network.

We compare the output value of MV1 with a value which has been calibrated to be

70% efficient at identifying b-jets with pT > 15 GeV in simulated tt̄ events. This
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Figure 4.4: Light jet rejection factor (inverse of the probability to tag a light jet as a b-jet)
against b-jet efficiency for the MV1 tagger used in the thesis and the component
taggers. Taken from [116].

corresponds to a light jet rejection of 150. The light jet rejection for different working

points for MV1 and the constituent algorithms is shown in figure 4.4.

4.1.6. Missing Transverse Momentum

The hard processes that are being considered in LHC analyses are described by the

interactions of partons within the protons, as outlined in section 2.3. These partons will

contain some unknown fraction of the proton energy, so that the centre of mass momenta

of the hard collision process is unknown and cannot be used as a constraint, even though

the total proton energy is fixed to 7 TeV. The protons, however, travel directly along

the beam axis, which is defined to be the z-axis, and so, to a good approximation, the

partons contained in the proton will have insignificant transverse momentum. Therefore,

a momentum imbalance in the transverse plane can be interpreted as being due to one

or more particles that are transparent to the detector. Within the SM, this can only

be neutrinos or instrumental effects (including the finite fiducial volume), but in new

physics models, new particles can be produced which have small or no interactions with

standard matter and so also contribute to missing transverse momentum. Typically, these

particles are introduced to explain dark matter or at least may become potential dark

matter candidates. Thus, missing transverse momentum is an important quantity when

searching for new physics. The symbol Emiss
T is used for the magnitude of the missing
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transverse momentum. The symbol is chosen as the transverse energy ET = E sin θ is

equivalent to the transverse momentum for massless particles or in the limit of high

energy processes compared to the masses of the particles involved.

From an experimental point of view, missing transverse momentum is also an important

quantity, since to calculate the momentum imbalance, one must use all the detector

subsystems together in concert to build a complete picture of the event. Miscalibrations

of any of the objects reconstructed by the detector can lead to mismeasurements of the

missing transverse momentum. Calorimeter topoclusters are important for this, since the

way they are formed naturally suppresses noise, as any energy deposition must pass a

severe noise suppression threshold in order to be included in a topocluster, or be directly

adjacent to such a deposition.

The present analysis uses an object-based missing transverse momentum (the method

as presented in[130] but using slightly different object calibrations), where each topocluster

in the event is associated with an object category. Each object category has an associated

term added into the total missing transverse momentum (given in equation 4.2) with

its own calibration scheme. The electron term, ERefEle
x,y , uses electrons satisfying the

tight++ criteria as outlined in section 4.1.2. The topoclusters associated with electrons

are calibrated using the full electron energy scale excluding out-of-cluster corrections.

The jet term ERefJet
x,y uses jet objects constructed as in section 4.1.4 which have pT >

20 GeV, while the soft jet term ERefSoftJet
x,y uses jets with 7 < pT < 20 GeV. Jets are

calibrated with the full EM+JES corrections described in section 4.1.4, while soft jets are

calibrated only to the EM scale. The muon term ERefMuon
x,y includes muons as described

in section 4.1.3 without requiring any isolation from other activity in the event. The

term adds the pT as determined from track momentum, rather than the calorimeter

topocluster (since high-pT muons are minimum ionising, so will not deposit their full

energy in the calorimeter unlike the other objects considered). If the muon is isolated

from a jet by at least ∆R = 0.3, then the calorimeter energy is added to the muon

term. Otherwise, this topocluster’s energy is added to the jet term, since it is assumed

in this case that this muon was produced as part of a jet. In order of preference, each

calorimeter topocluster is attempted to be associated with: an electron, a jet, a soft jet,

or a muon. If no associated object is found, the topocluster gets added to a separate

term ECellOut
x,y called “Cell Out”. These Cell Out topoclusters are calibrated to the EM

scale.
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The missing transverse momentum is then given in each direction by:

−Emiss
x,y = ERefEle

x,y + ERefJet
x,y + ERefSoftJet

x,y + ERefMuon
x,y + ECellOut

x,y (4.2)

from which the scalar quantity Emiss
T can be derived:

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2 (4.3)

Another useful related quantity which can be derived from the Emiss
T is the transverse

W mass mW
T [4]:

mW
T =

√
2plTE

miss
T (1− cos(φl − φmissT )) (4.4)

where plT and φl refer to the lepton kinematic quantities (the event selection will explicitly

require there to be exactly one lepton in the event) and φmissT is the azimuthal angle

formed from the Emiss
x,y values. This quantity is useful since it acts as a proxy for measuring

the leptonically decaying W mass, since it decays into a lepton and a neutrino, and it

is assumed that Emiss
T is due to the neutrino. This quantity is used because the full

W mass cannot be calculated since the neutrino pz is unmeasurable.

4.1.7. Event-level selection

In this section we go through the object selections that we require for events to enter

into our analysis. Unless otherwise noted, these requirements will apply equally to our

study of both the reconstructed-level events, and the particle-level MC studies.

As mentioned, one of the major challenges at the LHC is to reject the overwhelming

amount of QCD multijet backgrounds which are orders of magnitude more likely to occur

than our top pair production processes. We already said that one of the primary ways of

doing this is to select events which have a high-pT lepton and this motivated our choice for

reconstructing the top-pair in a semi-leptonic topology. Therefore, the first requirement

we place on events is that it was accepted one of the high-pT lepton triggers. Because

the luminosity changed over the course of the run, the threshold on lepton pT allowed by

the triggers increased to keep the data inflow from the detector at a manageable level.

This means that the exact triggers used changed across the course of the 2011 run. For

electron events, the EF e 20 medium, EF e22 medium and EF e22vh medium for periods
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B-H, I-K and L-M respectively. The event filter muon trigger was mu 18 for periods B-I,

and mu 18 medium for periods J-M. The muons allowed a lower pT threshold because

muons are more difficult for QCD to fake. In our particle-level selection, there is no

equivalent requirement that we can place at this level of preselection.

We require exactly one high-pT lepton to have been reconstructed. This means exactly

one electron or muon with pT > 25 GeV. We further require that there be no second

well-reconstructed lepton in the event with pT > 15 GeV. This cut was optimised by

the tt̄+ jets analysis to reduce the contribution from dileptonic tt̄ events [131]. In both

channels at reconstruction-level, to avoid biasing our sample with non-triggered events,

the selected lepton was required to match the lepton reconstructed by the high-level

trigger, by requiring the trigger object to be within a cone of ∆R = 0.15 around the

direction of the lepton.

We require that Emiss
T > 35 GeV and mW

T > 30 GeV. These cuts greatly reduce

the QCD multijet background, where we expect no Emiss
T , and allow us to use the

opposite direction Emiss
T cuts to define a control region separate from our signal analysis

region to use to extract a data-driven estimate for the QCD background expectation (of

section 4.3.3).

We wish to reconstruct the complete tt̄ decay topology. Thus, we will require that

at least four jets are reconstructed and pass our quality criteria, with pT > 25 GeV.

We further require that at least two of these jets be b-tagged using the MV1 tagging

algorithm in the case of reconstructed events, or the B-hadron jet clustering for particle

level events.
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4.2. Monte Carlo Simulation Samples

4.2.1. Overview

Monte Carlo (MC) simulation of the proton–proton collision and subsequent passage of

outgoing particles through the detector is used extensively in ATLAS physics analyses.

From the inception of the LHC, MC studies were used to optimise the design of the

detector for the physics program and to perform feasibility studies for various specific

physics processes.3 In this analysis, simulated data were used to develop and compare

various analysis strategies, and to provide detector smearing and acceptance correction

factors for the particle level analysis and extrapolations of our results to the full top pair

production phase space from the fiducial volume of the detector. Simulation consists of

event generation and detector simulation. In event generation, the collision is simulated

and partons are decayed to hadrons, which defines the “particle-level”. The detector

simulation simulates the passage of particles through the detector and records the energy

depositions in the sensitive detector volumes. After this, the ATLAS reconstruction

software can be applied, which reconstructs the physics objects to be used in analysis

from the detector output in the same manner as for real collisions.

Event Generation

Simulated data samples are produced through several stages, each one of which requires

a separate, dedicated computer program [133]. The first step is that the analyser chooses

a physics process of interest, for example, top pair production. A program then generates

the hard partonic interaction which produces this event, sampling from the allowed

matrix element and PDF weighted phase space. In LHC interactions, this is typically

performed by a dedicated hard process calculator working in a fixed order perturbative

QCD scheme. In the generation of this hard process, short lived but on-shell particles

are usually decayed as part of the process.

The hard event is then passed to a general purpose generator which can take the

output partons and produces a parton shower (usually using an angle or energy ordered

description of the shower) to a pre-defined cut-off point. In addition to the hard process,

the “underlying event”, the interactions undergone by the partons in the proton which are

3For example, the expected performance paper published in 2008 before first collisions was an extensive
review of the expected performance in key LHC physics areas based on simulation [132].
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not actively involved in the hard interaction, is simulated. The program then hadronises

the outgoing partons, which are then the final state description of the proton–proton

collision. Example programs are ALPGEN [134], POWHEG [135], AcerMC [136] and

MC@NLO [137] for the hard process simulation, which are coupled to PYTHIA [138] or

HERWIG [139] for the parton showering and hadronisation. For HERWIG, the default

description of the underlying event is inadequately described and JIMMY [140] is used

for the underlying event instead.

At the LHC, each bunch crossing usually produces multiple proton–proton collisions.

These are generally “minimum bias” collisions, that is, they do not have a hard, per-

turbatively calculable collision, but only soft inelastic interactions. Therefore, to the

proton–proton collision producing the hard event are also added minimum bias collisions

before the event is passed to the detector simulation. These extra collisions are referred

to as “pileup”. The number of pileup collisions added in the simulation is generated such

that the overall distribution is the same as measured in the 2011 data.

Detector Simulation

After the generation to the final state hadrons, these particles are then passed into the

detector simulation [141]. At ATLAS, GEANT4 [142] is used as the standard detector

simulator. GEANT4 represents the detector as a series of material volumes. The

description is as detailed as possible, so it is continually updated as the detector is

understood in better detail. Effects like detectors being misaligned from their nominal

position or sagging under their weight are accounted for as the slightest mismodelling

can affect the final physics results.

GEANT4 takes the event generation output and propagates them through the detector

volumes, using small steps to simulate the various material interactions. These effects

include: multiple Coloumb scattering, the photoelectric effect, Compton scattering,

ionisation, bremsstrahlung, conversion, annihilation, hadronic decays, and hadronic

interactions. These processes are cut-off at a pre-determined energy scale, at which point

the energy is considered to have been deposited in the current detector volume.

Energy deposition in instrumented detector volumes are recorded in HITS file, which

stores the location and magnitude of the deposition. To this HITS file generated for a

single collision, energy depositions generated from cavern background and detector noise

are added to form the full description of the energy deposited in sensitive volumes of
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the detector. This file is then passed to the ATLAS digitisation software, which reads

the file in and converts it into Raw Data Object (RDO): software objects which are the

same as those used to store the actual detector output.

These RDOs are then passed through the full reconstruction algorithm chain, as a

collision data event would, and so a simulated event equivalent to a real detector event

is produced. In addition to the standard reconstruction output, information from the

underlying event generator is stored, so that the “truth” (that is, the generator record

before particles pass through the detector) may be analysed to derive corrections based

on detector smearing and reconstruction efficiencies.

Fast Simulation

In addition to the standard GEANT4 simulation, a fast simulator, ATLFAST-II [143],

can be used. Rather than performing the detailed physics simulation and digitisation of

the standard detector simulation, ATLFAST-II directly produces the RDO files that

can then be passed to the reconstruction software.

For the inner detector, the full suite of tracking simulation and reconstruction al-

gorithms are used in the samples of this analysis, as the calorimetry takes the most

simulation time. However, there is also an option to use the FATRAS program, which

performs the tracking extrapolation algorithm in reverse to pass a particle through each

element of the inner detector in turn and produce the RDO that would have been read

in from the detector.

In the calorimeters, FastCaloSim is used [144]. FastCaloSim uses a calorimeter

response parameterisation for each of the individual electrons, photons and hadrons

reaching the calorimetry. Millions of single particle GEANT4 simulated particles are used

to generate a parameterisation of the longitudinal and lateral shower shape, with separate

parameterisations based on the particle’s energy and |eta|. Given the shower shape, the

particle’s energy is deposited into the calorimeter cells (that is, the output RDOs) in a

single step, without simulating the detailed interactions with the calorimeter, but still

allows the full reconstruction software to be run on the output. Using FastCaloSim

reduces the simulation time by an order of magnitude.
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4.2.2. Simulated Samples

Signal Samples

Several simulated top pair production samples have been generated to study the predicted

properties of these events. These samples differ by: the matrix element calculator used for

the hard process, the parton showering program used to generate the final particle level

particles, and the tuning of the programs used in the generation. The matrix element

calculators differ in respect to the underlying physics processes included in them. The

ALPGEN generator performs calculations at tree level. However, it calculates the tree

level diagrams for top pairs produced in association with n additional partons, for n up

to 5. This should give a better description of the additional jet spectrum produced in top

pair events, which is shown to be the case in an ATLAS analysis of the jet multiplicity

spectrum in top pair events [131]. The MC@NLO+HERWIG and POWHEG generators,

on the other hand, run their calculations including loop corrections up to order α2
S. This

should give a more precise description of the top pair production observables, but means

that they only calculate the parton spectrum up to one additional parton in the final

state, and rely on the parton showering to produce additional jets.

Table 4.1 gives an overview of the signal samples used. The nominal tt̄ sample was

generated using POWHEG [135] generator. The POWHEG sample was produced with

the CTEQ6.6 PDF set and showered with the Perugia 2011C PYTHIA tune [145,146].

A POWHEG +PYTHIA sample was generated with a sample with a retuning of the

MC where the colour reconnection term was disabled and the other parameters retuned.

This sample is used to estimate the size of the systematic uncertainties due to colour

reconnection.

Additional tt̄ samples were generated was generated using the ALPGEN [134] v2.13

generator and the CTEQ6L1[147] PDF. The processes corresponding to the leading order

matrix elements for tt̄ with zero to four exclusive and five inclusive associated partons and

tt̄+ bb̄ and tt̄+ cc̄ were individually generated. Parton showering and fragmentation was

performed using HERWIG [139] v6.520. The MLM parton-jet matching scheme [134] was

applied to avoid double counting of configurations generated by both the parton shower

and the matrix-element calculation. The exclusive heavy flavour samples were combined

with the inclusive samples, after the removal of overlapping events. The overlapping

events were rejected by using angular matching for b- and c-quarks within a cone of

∆R < 0.4 and pT > 25 GeV.
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To assess the effect of different fragmentation and parton shower models, a sample

was generated using ALPGEN v2.14 with the PYTHIA[138] parton shower and CTEQ5L

PDF [148].

Initial State Radiation (ISR) and Final State Radiation (FSR) variations were pro-

duced by varying the ALPGEN renormalisation scale associated with αS at each local

vertex in the matrix element and parton shower calculation by a factor of two relative

to the original scale kT between two partons [149]. This variation was obtained by

ktfac values of 0.5 and 2.0, resulting in additional ALPGEN +PYTHIA samples. These

ISR/FSR up and down variations are referred to as the αS-up and αS-down variations.

The central and shifted ALPGEN +PYTHIA samples were made with the PYTHIA

Perugia 2011 tune [145][146]. These settings were shown to give variations which enclose

the uncertainty band of the tt̄ gap fraction measurement of [150], which will be presented

in section 5.1.

Another tt̄ sample was generated using the the MC@NLO [137] generator. The

MC@NLO sample was produced with the CT10 PDF set [75], interfaced to the HERWIG

parton shower. This sample compared with the ALPGEN +HERWIG sample were used

to evaluate the size of the systematic uncertainties due to the matrix element calculation.

As discussed in section 2.4, the predicted SM tt̄ cross section for pp collisions at a

centre-of-mass energy of
√
s = 7 TeV is σtt̄ = 177+10

−11 pb for a top mass of 172.5 GeV as

obtained from the NNLO QCD calculations [69]. All tt̄ MC samples were generated with

a top-quark mass of 172.5 GeV and were normalised to this cross section.

Background Samples

Samples of W and Z bosons with zero to four exclusive and five inclusive associated

partons were generated with ALPGEN v2.13, CTEQ6L1 PDF and the HERWIG shower.

Since this analysis makes requirements based on whether jets are identified as b-quark jets,

separate samples of W +bb̄, W +c, W +cc̄, and Z+bb̄ events were generated. The overlap

between these samples and the respective inclusive jet flavour samples was removed using

the Heavy Flavour Overlap Removal (HFOR) tool to perform angular matching within

∆R < 0.4. In the case of W +jets, the normalisation was taken from a data-driven

method, whereas the MC simulation was used to provide the shape description.

The t-channel single top-quark sample was generated with the AcerMC generator[136],

whereas MC@NLO was used to generate Wt- and s-channels. The single top-quark
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ID Process Generator PDF σ[pb] k-factor

105200 tt̄ no full-had MC@NLO+HERWIG/ JIMMY CT10 80.11 1.12

117050 tt̄ no full-had POWHEG+PYTHIA P2011C tune w/CTEQ6L1 80.07 1.202

117001 tt̄ no full-had POWHEG+PYTHIA P2011C tune w/HERAPDF15 73.10 1.317

117430 tt̄ no full had POWHEG+PYTHIA P2011 tune w/CTEQ6L1, no CR 80.07 1.202

A
L

P
G

E
N

+
H

E
R

W
IG

105894 tt̄lnqq + 0 ALPGEN+HERWIG/ JIMMY CTEQ6L1 13.86 1.755

105895 tt̄lnqq + 1 ALPGEN+HERWIG/ JIMMY CTEQ6L1 13.69 1.755

105896 tt̄lnqq + 2 ALPGEN+HERWIG/ JIMMY CTEQ6L1 8.47 1.755

105887 tt̄lnqq + 3 ALPGEN+HERWIG/ JIMMY CTEQ6L1 3.78 1.755

105888 tt̄lnqq + 4 ALPGEN+HERWIG/ JIMMY CTEQ6L1 1.34 1.755

105889 tt̄lnqq + 5+ ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.50 1.755

105890 tt̄lnln + 0 ALPGEN+HERWIG/ JIMMY CTEQ6L1 3.47 1.687

105891 tt̄lnln + 1 ALPGEN+HERWIG/ JIMMY CTEQ6L1 3.40 1.687

105892 tt̄lnln + 2 ALPGEN+HERWIG/ JIMMY CTEQ6L1 2.11 1.687

117897 tt̄lnln + 3 ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.94 1.687

117898 tt̄lnln + 4 ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.33 1.687

117899 tt̄lnln + 5+ ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.13 1.687

A
L

P
G

E
N

+
P

Y
T

H
IA

117083 tt̄lnqq + 0 ALPGEN+PYTHIA CTEQ5L 11.44 2.258

117084 tt̄lnqq + 1 ALPGEN+PYTHIA CTEQ5L 11.10 2.258

117085 tt̄lnqq + 2 ALPGEN+PYTHIA CTEQ5L 7.01 2.258

117086 tt̄lnqq + 3 ALPGEN+PYTHIA CTEQ5L 3.19 2.258

117087 tt̄lnqq + 4 ALPGEN+PYTHIA CTEQ5L 1.15 2.258

117088 tt̄lnqq + 5+ ALPGEN+PYTHIA CTEQ5L 0.51 2.258

117113 tt̄lnln + 0 ALPGEN+PYTHIA CTEQ5L 2.86 2.165

117114 tt̄lnln + 1 ALPGEN+PYTHIA CTEQ5L 2.77 2.165

117115 tt̄lnln + 2 ALPGEN+PYTHIA CTEQ5L 1.75 2.165

117116 tt̄lnln + 3 ALPGEN+PYTHIA CTEQ5L 0.80 2.165

117117 tt̄lnln + 4 ALPGEN+PYTHIA CTEQ5L 0.29 2.165

117118 tt̄lnln + 5+ ALPGEN+PYTHIA CTEQ5L 0.12 2.165

A
L

P
G

E
N

+
P

Y
T

H
IA

u
p 117520 tt̄lnqq + 0 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 9.97 2.215

117521 tt̄lnqq + 1 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 10.83 2.215

117522 tt̄lnqq + 2 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 7.72 2.215

117523 tt̄lnqq + 3 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 3.95 2.215

117524 tt̄lnqq + 4 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 2.58 2.215

117525 tt̄lnln + 0 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 2.50 2.120

117526 tt̄lnln + 1 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 2.71 2.120

117527 tt̄lnln + 2 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 1.93 2.120

117528 tt̄lnln + 3 ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 0.99 2.120

117529 tt̄lnln + 4+ ALPGEN+PYTHIA radHi KTFac0.5 CTEQ5L 0.65 2.120

A
L

P
G

E
N

+
P

Y
T

H
IA

d
o
w

n 117530 tt̄lnqq + 0 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 12.65 2.284

117531 tt̄lnqq + 1 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 11.17 2.284

117532 tt̄lnqq + 2 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 6.35 2.284

117533 tt̄lnqq + 3 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 2.60 2.284

117534 tt̄lnqq + 4+ ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 1.24 2.284

117535 tt̄lnln + 0 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 3.16 2.190

117536 tt̄lnln + 1 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 2.79 2.190

117537 tt̄lnln + 2 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 1.58 2.190

117538 tt̄lnln + 3 ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 0.65 2.190

117539 tt̄lnln + 4+ ALPGEN+PYTHIA radLo KTFac2 CTEQ5L 0.31 2.190

Table 4.1: Summary of the dataset number, process, generator, PDF, cross-section, and
k-factor for each signal Monte Carlo sample used.

samples were each normalised according to next to an approximate NNLO calculation

for the t- [151], s- [152] and Wt-channels [153]. Diboson events (events producing WW ,

WZ, or ZZ) were produced using HERWIG normalised to an approximate NNLO

calculation [154].
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ID Process Generator PDF σ[pb] k-factor

S
in

g
le

T
o
p

117360 Single top (t-chan) → eν AcerMC+Pythia MRSTMCal 8.06 0.865

117361 Single top (t-chan) → µν AcerMC+Pythia MRSTMCal 8.06 0.865

117362 Single top (t-chan) → τν AcerMC+Pythia MRSTMCal 8.05 0.866

108343 Single top (s-chan) → eν MC@NLO+HERWIG/ JIMMY CT10 0.47 1.064

108344 Single top (s-chan) → µν MC@NLO+HERWIG/ JIMMY CT10 0.47 1.064

108345 Single top (s-chan) → τν MC@NLO+HERWIG/ JIMMY CT10 0.47 1.064

108346 Single top (Wt-chan) inclusive MC@NLO+HERWIG/ JIMMY CT10 14.59 1.079

W
+

je
ts

107680 W → eν + 0 ALPGEN+HERWIG/ JIMMY CTEQ6L1 6930.50 1.196

107681 W → eν + 1 ALPGEN+HERWIG/ JIMMY CTEQ6L1 1305.30 1.196

107682 W → eν + 2 ALPGEN+HERWIG/ JIMMY CTEQ6L1 378.13 1.196

107683 W → eν + 3 ALPGEN+HERWIG/ JIMMY CTEQ6L1 101.86 1.196

107684 W → eν + 4 ALPGEN+HERWIG/ JIMMY CTEQ6L1 25.68 1.196

107685 W → eν + 5 ALPGEN+HERWIG/ JIMMY CTEQ6L1 6.99 1.196

107690 W → µν + 0 ALPGEN+HERWIG/ JIMMY CTEQ6L1 6932.40 1.195

107691 W → µν + 1 ALPGEN+HERWIG/ JIMMY CTEQ6L1 1305.90 1.195

107692 W → µν + 2 ALPGEN+HERWIG/ JIMMY CTEQ6L1 378.07 1.195

107693 W → µν + 3 ALPGEN+HERWIG/ JIMMY CTEQ6L1 101.85 1.195

107694 W → µν + 4 ALPGEN+HERWIG/ JIMMY CTEQ6L1 25.72 1.195

107695 W → µν + 5 ALPGEN+HERWIG/ JIMMY CTEQ6L1 7.00 1.195

107700 W → τν + 0 ALPGEN+HERWIG/ JIMMY CTEQ6L1 6931.80 1.195

107701 W → τν + 1 ALPGEN+HERWIG/ JIMMY CTEQ6L1 1304.90 1.195

107702 W → τν + 2 ALPGEN+HERWIG/ JIMMY CTEQ6L1 377.93 1.195

107703 W → τν + 3 ALPGEN+HERWIG/ JIMMY CTEQ6L1 101.96 1.195

107704 W → τν + 4 ALPGEN+HERWIG/ JIMMY CTEQ6L1 25.71 1.195

107705 W → τν + 5 ALPGEN+HERWIG/ JIMMY CTEQ6L1 7.00 1.195

117293 W → lν + c + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 644.4 1.20

117294 W → lν + c + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 205.0 1.20

117295 W → lν + c + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 50.8 1.20

117296 W → lν + c + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 11.4 1.20

117297 W → lν + c + 5p ALPGEN+HERWIG/ JIMMY CTEQ6L1 2.8 1.20

117284 W → lν + cc + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 127.53 1.20

117285 W → lν + cc + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 104.68 1.20

117286 W → lν + cc + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 52.08 1.20

117287 W → lν + cc + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 16.96 1.20

107280 W → lν + bb + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 47.35 1.200

107281 W → lν + bb + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 35.76 1.200

107282 W → lν + bb + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 17.33 1.200

107283 W → lν + bb + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 7.61 1.200

Z
+

je
ts

116250/107650 Z(→ ee) + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 3055.2 / 668.3 1.25

116251/107651 Z(→ ee) + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 84.9 / 134.4 1.25

116252/107652 Z(→ ee) + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 41.4 / 40.5 1.25

116253/107653 Z(→ ee) + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 8.4 / 11.2 1.25

116254/107654 Z(→ ee) + 4p ALPGEN+HERWIG/ JIMMY CTEQ6L1 1.9 / 2.9 1.25

116255/107655 Z(→ ee) + 5p ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.5/0.8 1.25

116260/107660 Z(→ µµ) + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 3054.9 / 668.7 1.25

116261/107661 Z(→ µµ) + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 84.9 / 134.1 1.25

116262/107662 Z(→ µµ) + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 41.5 / 40.3 1.25

116263/107663 Z(→ µµ) + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 8.4 / 11.2 1.25

116264/107664 Z(→ µµ) + 4p ALPGEN+HERWIG/ JIMMY CTEQ6L1 1.9 / 2.8 1.25

116265/107665 Z(→ µµ) + 5p ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.5 / 0.8 1.25

116270/107670 Z(→ ττ) + 0p ALPGEN+HERWIG/ JIMMY CTEQ6L1 3055.1 / 668.4 1.25

116271/107671 Z(→ ττ) + 1p ALPGEN+HERWIG/ JIMMY CTEQ6L1 84.9 / 134.8 1.25

116272/107672 Z(→ ττ) + 2p ALPGEN+HERWIG/ JIMMY CTEQ6L1 41.4 / 40.4 1.25

116273/107673 Z(→ ττ) + 3p ALPGEN+HERWIG/ JIMMY CTEQ6L1 8.4 / 11.3 1.25

116274/107674 Z(→ ττ) + 4p ALPGEN+HERWIG/ JIMMY CTEQ6L1 1.9 / 2.8 1.25

116270/107670 Z(→ ττ) + 5p ALPGEN+HERWIG/ JIMMY CTEQ6L1 0.5 / 0.8 1.25

D
ib

. 105985 WW HERWIG/ JIMMY MRST 11.5003 1.48

105986 ZZ HERWIG/ JIMMY MRST 0.9722 1.30

105987 WZ HERWIG/ JIMMY MRST 3.4641 1.60

Table 4.2: Summary of the dataset number, process, generator, PDF, cross-section, and
k-factor for each background Monte Carlo sample used.
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The Underlying Event and Pileup

The underlying event was modelled using JIMMY [140] and the AUET1 tune [155] for

HERWIG showered events and the PYTHIA UET2 tune [156] for PYTHIA showered

events.

Additional in-time and out-of-time inelastic pp interactions were generated with the

PYTHIA AMBT1 tune [157] and then overlaid on each hard processes generated. The

distribution of secondary interactions was re-weighted to match the distribution of the

average number of additional interactions per bunch crossing measured in the data sample.

The pileup particles were added for the detector simulation, but were then excluded from

the generator record.

MC samples were passed through a GEANT4 [142] simulation of the ATLAS de-

tector [141]. The samples (described below) used to study the effects of Initial State

Radiation (ISR) and Final State Radiation (FSR) and colour reconnection, together with

nominal samples were passed through the ATLFAST-II [141] simulation of the ATLAS

detector. The POWHEG +HERWIG sample was also passed through the ATLFAST-II

simulation.

4.3. Background Estimation

4.3.1. Backgrounds from MC

Signal events are considered to be only semi-leptonic tt̄. This means that any contribution

to the data from dileptonic tt̄ decays will be considered background in our analysis. For

our purposes, a top is leptonically decaying if the W boson from the top decays into

an electron, a muon, or a tau which subsequently decays into an electron or muon.

Hadronically decaying taus are considered to give hadronically top decays. Therefore,

in the analysis, the contribution from dileptonic events, where dileptonic is defined as

above, will be accounted for in the data by an estimate of the size of this background

obtained from the nominal tt̄ sample, POWHEG +PYTHIA, and then dealt with as for

the remaining backgrounds.

Fully hadronically decaying top events are unlikely to enter the analysis and are

anyway indistinguishable (for our purposes) from multijet background, and will therefore
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automatically be included as part of the data-driven estimate of this background, which

is discussed below.

Contributions from single top, Z+jets and diboson production were evaluated using

corresponding Monte Carlo samples and theoretical cross-sections for these processes as

listed in table 4.2.

4.3.2. W+Jets Normalisation

Overall W+jets Normalisation

The theoretical cross-sections for the production of a W boson in association with jets

(given in table 4.2) has a large theoretical uncertainty. Since it is also a large background

for semi-leptonic top pair analyses, a standard method has been developed for a data-

driven estimate of the normalisation and the heavy-flavour fraction of these W+jets

events.

The method is based on the charge asymmetry of W production at a proton–proton

collider. A W+ boson can be produced from, for example, ud̄→W+ whose rate will

depend on the u(x1)d̄(x2) proton PDFs (in equation 2.6), while W− may proceed through

dū→W− and so depend d(x1)ū(x2). Since the u and d PDFs in a proton are different

(recalling that a proton has 2 valence u-quarks, and only 1 valence d-quark while the

anti-quarks must be from the sea and so we should have ū(x) = d̄(x)), the overall rate for

the two processes will be different. The theoretical value for the ratio of these processes:

r =
σ(pp→W+)

σ(pp→W−)
(4.5)

is well understood, having only a few percent uncertainty. Since the other processes that

are important in the signal region (QCD multijet production, top pair production, Z

associated with jets) are charge symmetric, a measurement of the charge asymmetry in

the signal region can be used to estimate the overall W+jets production rate. Note that

the single top production process will have a small asymmetry. However, since the overall

cross-section for single-top production is much smaller than for W+jets, its contribution

is simply estimated from simulation rather than being data-driven.

The charge asymmetry is measured by counting the lepton charges N+ (N−) for the

number of positively (negatively) charged leptons observed in data. For the W+jets
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Figure 4.5: Example Feynman diagrams of W+jets processes which have similar topology to
our tt̄ signal. The diagram on the left shows the W being produced in association
with b quarks; the diagram on the left shows a W+jets event.

channel, this is equivalent to the number of W+ or W− events since to enter our signal

region, the W must decay leptonically, which, when its produced in association with

several additional jets, will have the same object composition as our signal top pair events.

The method then proceeds by rewriting the total number of expected W+jets events

in terms of the theoretical charge asymmetry ratio r =
NW+

NW−
and the observed charge

asymmetry ∆ = N+ −N−. The number of events of either charge can be rewritten as:

NW− =
∆

1− r
NW+ =

r∆

1− r

(4.6)

and so the overall number of W+jets events

NW = NW+ +NW− =
1 + r

1− r∆ (4.7)

if we estimate r from simulation r = rMC =
NMC
W+

NMC
W−

, and measure the charge asymmetry in

data ∆ = ∆data = D+ −D− (with the aforementioned single top asymmetry subtracted

based on simulation), then the total number of W+jets events expected in data N exp is

N exp =

(
NMC
W+

NMC
W−

)
(D+ −D−) (4.8)

Since the jet multiplicity is strongly correlated with the x value of the PDF that is

being probed (a larger x tending to produce more jets, since the outgoing parton will

have a larger momentum and therefore be more likely to split into larger momentum

daughters which can then each form individual jets), the expected number of W+jets

events is obtained independently for each jet bin, as at higher x there is a larger difference
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Muon Electron

# jets Pretag Tagged Pretag Tagged

1 jet 1.05+0.09
−0.07 1.05+0.26

−0.23 0.98+0.09
−0.08 0.98+0.28

−0.27

2 jet 0.97+0.07
−0.06 0.97+0.13

−0.12 0.88+0.09
−0.06 0.88+0.16

−0.15

3 jet Exclu 0.89+0.07
−0.06 0.89+0.12

−0.11 0.81+0.10
−0.08 0.81± 0.14

4 jet Exclu 0.95+0.11
−0.10 0.95+0.17

−0.15 0.83± 0.10 0.83+0.14
−0.16

3 jet Inclu 0.90+0.08
−0.06 0.90+0.12

−0.11 0.81+0.09
−0.07 0.81± 0.14

4 jet Inclu 0.94+0.10
−0.09 0.94+0.16

−0.14 0.83+0.11
−0.09 0.83± 0.14

5 jet Inclu 0.90+0.16
−0.14 0.90+0.22

−0.20 0.82+0.21
−0.15 0.82+0.24

−0.20

Table 4.3: Table of scaling factors for the W in association with n jets MC samples based on
the CA method. Pretag refers to the analysis selection without the requirement of
any b-tagged jets, tagged means the analysis selection requires at least 1 jet to be
b-tagged.

between the u and d PDFs (see figure 2.7). This is done by applying the formula with

the extra requirement that the event contain exactly n jets for the n jet bin, up to four

jets, or contain at least 5 jets for a final 5+ jet bin, to obtain a N exp
n−jets normalisation

expectation.

Finally, when estimating the distribution of W+jets in some kinematic distribution

that we are interested in, the shape of the distribution is taken from the MC simulation,

while the overall normalisation factor is set to the N exp
jets from this charge asymmetry

method, separately for each jet bin. The scaling factors, which is the ratio of the data-

driven method to the MC estimate, derived from this procedure are shown in table 4.3.

The scale factors are compatible between the electron and muon channels, within the

uncertainty of the analysis, but predict value for the scale factors below 1 in both channel.

They are compatible to 1 within the 1σ uncertainties of the muon analysis only.

Heavy Flavour Normalisation

As well as the overall cross-section, the fraction of W boson events produced in association

with heavy quarks (c or b) has been estimated from data. We assume that the MC

correctly describes the kinematics and simulation of events where heavy flavour jets are

produced in association with a W boson correctly, but that the flavour composition of the

MC sample is not necessary correctly described, due to the theoretical uncertainties in
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calculating these compositions. For example, the production of a charm jet in association

with W requires knowledge of the proton’s strange quark PDF, which is uncertain in the

literature, with some PDF fits favouring a s-quark sea distribution consistent with the d̄

distribution [158], while others prefer a strange suppressed PDF of s̄/d̄ ≈ 0.5 [68].

The total number of W+jets events can be expressed in terms of the total number

of W+jets events and the fractions of events that a particular jet type is produced in

association with the W . The fractions considered are Fbb, the fraction of events where a

bb̄ pair is produced in association with the W (which we shall refer to as W+jets +bb̄),

Fcc where a cc̄ pair is produced (W+jets +cc̄), Fc where a c and light jet are produced

(W+jets +c), and Fl where only light jets are produced. Since heavy quarks are produced

far less often than light jets, the case where more than one or two heavy quarks are

produced in association with the W are not considered. We wish to determine these

fractions from data.

We thus have

NW ±

pre = NW ±

pre (Fbb + Fcc + Fc + Fl)

NW ±

tag = NW ±

pre (FbbPbb + FccPcc + FcPC + FlPl)
(4.9)

where NW ±
pre are the number of W+jets events reconstructed in the sample without any

b-tagged jets requirements (the pretag sample), NW ±
tag the number of events in a sample

where at least one jet is required to be b-tagged (the tagged sample), and Pbb, Pcc, Pc,

and Pl is the probability for, respectively, a W +jets +bb̄ event, W +jets +cc̄ event,

W+jets +c event or W+jets with light jets only event to contain a b-tagged jet. The Pi

probabilities are determined from MC simulation, and we have considered the positive

and negative leptons separately (i.e. both lines represent two equations).

The first line simply gives us that the fractions need to add to one. The second gives

us two equations (one for positive and negative leptons separately). We thus have three

equations and four unknowns, so we arbitrarily set Fcc = kbbccFbb where kbbcc is the amount

of W + cc relative to W + bb determined from MC simulation.

Since the heavy flavour composition of the W+jets sample will change the expected

charge asymmetry, i.e. the rMC value used, the Npre and Ntag values are rederived and

the heavy flavour normalisation procedure are iterated until the values are stable.

The heavy flavour fractions are determined using just the 2-jet bin. The fractions in

the other jets are taken by using the MC simulation ratio of heavy flavour events in the
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Kbb Kc Klight

Muon 1.24+0.34
−0.34 0.98+0.37

−0.31 0.97+0.07
−0.08

Electron 1.41+0.31
−0.39 0.73+0.39

−0.35 1.00± 0.09

Table 4.4: Heavy flavour fraction scaling factors for the 2-jet bin. The scaling factors are
applied to each category separately, then an additional scaling factor to all the
samples so that the pretag number of events is the same as the value obtained by
the charge asymmetry method.

n-jet bin to the 2-jet bin and then doing an overall normalisation to preserve the number

of events in pretag, found by the charge asymmetry method above. Table 4.4 shows the

heavy flavour fractions derived in the 2-jet bin. The scale factor is found separately in

the muon and electron channels. The values are compatible with 1 in both channels,

though with some tension in the bb component, preferring a value above 1.

4.3.3. QCD Multijet Estimation

Multijet production from standard QCD processes is an important class of background.

In these events, either one of the jets is incorrectly reconstructed as a lepton and so can

pass the lepton selection or a lepton from a heavy flavour decay (recalling the B-hadrons

have large leptonic branching ratios) takes the majority of the jet’s energy and so it

passes the lepton isolation requirements. To then pass the full event selection requires

also a large amount of missing transverse momentum. Since there will be no actual

missing transverse momentum in the event, this means that it only occurs in this process

for very poorly reconstructed Emiss
T . Thus, these events will only occur rarely in the

total QCD multijet sample, but because the multijet cross-section is orders of magnitude

higher than the top cross-section (see figure 2.6) there will still be a non-trivial number

of multijet events passing the event selection. Since orders of magnitude less multijet

simulation can be produced than will actually occur in the detector, the simulation

will not produce enough events to be able to model these events accurately. Therefore,

a data-driven method has been developed to estimate the size and kinematics of this

background: the matrix method.

In the matrix method, two categories of events are reconstructed, one with a loose

selection, the other a tight. Using an independent measurement of the efficiency for

either events with a jet faking a lepton (fake events) or events with a real lepton (real
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events) to pass the tight selection given the loose selection, an estimate of the number of

fake events in the tight selection can be obtained [116].

N loose = N loose
real +N loose

fake

N tight = εrealN
loose
real + εtightN

loose
fake

(4.10)

where

εreal = N tight
real /N

loose
real

εfake = N tight
fake /N

loose
fake

(4.11)

then

N tight
fake =

εreal
εreal − εfake

(εrealN
loose −N tight) (4.12)

From the expression, one sees that a robust estimate of the background requires loose

and tight selections with significantly different efficiencies. Since in general, an estimate

is needed for a kinematic distribution rather than simply the number of events, the

previous equation can be used as an per-event reweighting w [159]:

w =
εreal

εreal − εfake
(εrealisLoose− isT ight) (4.13)

where isLoose (isT ight) is 1 if the event passes the loose (tight) selection and 0 otherwise.

By running over all events in the loose and tight selection (avoiding overlap for events

passing both selections), and weighting each event by w, an estimation for any kinematic

distribution may be obtained. This weighting method also allows the efficiencies to

be parametrised in terms of the kinematic variables that may affect the efficiency, for

example the pT and η of the lepton or the distance to the nearest jet.

For µ+ jets, two sets of efficiency factors, which differ in the control region used to

estimate fake efficiencies, are used and then the weight used for a given event is the

average of the weights of the two methods.

In the first method, method A, the real efficiency term is measured using a tag and

probe method with Z→µµ boson decays in data. In this method a high-quality, tight,

“tag” muon is found in conjunction with a loose, “probe” muon, and it is required that

the muon momenta add to give an invariant mass in a window around the Z peak. Since
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this is a very clean decay channel, the hard physics process is almost certainly Z boson

production, and so both reconstructed muons are real, prompt muons. The efficiency

is then the ratio of the loose probe muons that also pass the tight criteria. A study of

the real efficiencies as a function of the muon η and pT show that they are essentially

independent of these variables.

To extract the fake efficiency, method A uses a low Emiss
T and mW

T control region. It

requires the standard tt̄ selection of section 4.1.7, except that the Emiss
T and mW

T cuts

are replaced by:

mW
T < 20 GeV, Emiss

T +mW
T < 60 GeV (4.14)

With this selection a large proportion of the events are QCD multijet, since these events

have no real missing transverse momentum. Therefore, the majority of the events will

be fakes, that is, the muons will be non-prompt. A small contribution from W+jets

and Z+jets will still be in the selection, so this is estimated from MC simulation and

subtracted before the fake efficiencies are obtained. In this method, the loose muons

are identified as for the tight muons described in section 4.1.3, except that the muon

calorimeter and track isolation requirements are dropped. Comparing the fraction of tight

events in this selection after the background subtraction then gives the fake efficiency.

Figure 4.6 shows the efficiencies derived from these procedures, which is binned based on

the η of the muon and the pT of the highest pT jet in the event. These figures show that

the real and fake efficiencies are sufficiently different, as was need from equation 4.12, to

provide a robust estimate of the multijet background contribution. It also shows that the

real efficiency is essentially 1 for all muon rapidities and independent of the jet activity

in the event. The fake efficiency shows a slight η dependence and a definite leading jet

pT dependence. This can be understood as lower pT jets being less collimated and so

muons produced from hadronic decays inside the jet are more likely to be ejected outside

of the jet cone.

The second method, method B, uses signal MC to determine the real event efficiency.

For the fake efficiency, Method B uses the fact that most of the fake muons in the final

analysis will be muons originating from heavy flavour decays and so will generally be

non-prompt (i.e. not coming from the primary vertex). The efficiency is then studied as

a function of the transverse impact parameter d0:

ε(x) = N tight
d0>x

/N loose
d0>x

(4.15)
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Figure 4.6: The fake (left) and real (right) efficiencies with respect to the muon |η| for the
multijet matrix method in the muon channel, method A. The different curves
show the efficiency for different leading jet pT ranges.
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Figure 4.7: The fake (left) and real (right) efficiencies with respect to the muon |η| for the
multijet matrix method in the muon channel, method B. The different curves
show the efficiency for different number of jets in the event.

For small values of x, the efficiency will contain contributions from both the real prompt

leptons, and the fake non-prompt leptons. MC simulation studies show, however, that for

large values of x, ε(x) approaches the QCD only value of ε. Therefore, εfake is extracted

by fitting the data measurement of ε(x) with prompt and non-prompt components, and

taking the non-prompt component at x = 0 to be the fake efficiency. This method bins

the efficiencies by muon η and the number of jets in the event. Figure 4.7 shows the

efficiencies derived from these procedures. Again, the real efficiency is found to be close

to 1 across all selections, while the fake efficiency is slightly η dependent.

For electrons, the loose electrons are selected in the same way as for our electron

selection of section 4.1.2, except that all the isolation requirements are dropped. The real

efficiency is estimated using a tag and probe with a Z→ ee sample. The fake efficiency

is extracted from events with Emiss
T < 20 GeV. The efficiency is obtained by the ratio of
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Figure 4.8: The fake (left) and real (right) efficiencies for the multijet matrix method in
the electron channel. The efficiencies are calculated for different values of the
electron’s η and by the ∆R between the electron and the nearest jet.

tight events in the loose electron sample, after subtracting the non-multijet background,

predicted by the MC, from the data sample. The efficiency is binned in terms of the

η of the electron and the smallest ∆R between the electron and any jet in the event.

Figure 4.8 shows the real and fake efficiencies obtained from the method. Note that

efficiencies around η = 1.5 are zero since no electrons are reconstructed in this crack

region. Since it is more likely for a jet to fake an electron (as a calorimeter deposit) than

a muon (which requires a muon being produced in the jet decay), the tight selection

requirements needed give a real efficiency of around 0.8, and lower when there is a nearby

jet. The fake efficiencies are small (around 0.1), except at large η, where the efficiency

reaches 0.3 for fakes far from any other jet activity. This difference is again large enough

that we can expect a robust estimate for the background contribution.

4.3.4. Data/Monte Carlo Comparisons

Having established background estimates and presented the signal sample, we can now

look at the object kinematics for the given event selection in data and compare with

the total of these estimates. In all the following figures, the tt̄ signal sample used is

POWHEG+PYTHIA as this was found to give the best match to the data. Table 4.5 shows

the expected background, signal and data yields with our event selection outlined above.

Figure 4.9 shows the distribution of the reconstructed lepton kinematics. Figure 4.10

shows the reconstructed Emiss
T and the associated mW

T . Figure 4.11 show the kinematic

distributions of the jet in the event with the highest pT (the leading jet). From the
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figures, generally good agreement is seen between the data and the estimation within the

systematic uncertainties (which will be discussed in section 6.2).

Yields

Source e+ jets (± stat.± syst.) µ+ jets (± stat.± syst.)

tt̄ (single-lepton) 7806± 20± 628 9409± 22± 699

tt̄ (dilepton) 572± 5± 55 672± 6± 62

Single top-quark 434± 6± 50 517± 7± 50

W+jets 263± 15± 109 363± 18± 126

Multijet 134± 16± 65 56± 4± 11

Z+jets 52± 4± 13 28± 3± 7

Diboson 7± 1± 1 7± 1± 1

Expectation 9269 11053

Data 8791± 94 10690± 103

Table 4.5: Event yields for data, MC simulation and data driven background estimates, in the
electron and muon channels. The expected background yields include statistical
and systematic uncertainties for each channel, while the data yield shows the
statistical uncertainty. The tt̄ prediction is from the POWHEG+PYTHIA P2011C
sample and all MC samples are normalised to 4591.01 pb−1.

4.4. Particle-object selection

Particle objects were constructed by studying the particles output by the event generators

before they were passed through detector simulation. They were used to construct a

particle event with objects equivalent to the reconstructed objects just described, so

that the truth properties, as defined by the event generator, could be compared with

the reconstruction. The particle objects were run through the same requirements as the

reconstruction to build our final distributions, and these were used to obtain corrections

which account for the distortion of the physics distributions by the detector. The

correction procedure is covered in section 6.1.

Leptons and jets were defined using particles with a mean lifetime τ > 0.3× 10−10 s,

directly produced in proton–proton interactions or from subsequent decays of particles

with a shorter lifetime. Electrons, muons and neutrinos were selected by requiring the

particles to have a non-quark or hadron parent, either directly or via a tau decay. This
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Figure 4.9: Data and MC distributions for leptonic quantities which include the lepton η
(top) and pT (bottom) for the electron (left) and muon (right) channels. The
shown uncertainties are statistical on the data, and from the systematics as the
hashed band on the Monte Carlo stack. POWHEG+PYTHIA MC is used for the
signal expectation. At least two b-tags are required in the event.
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Figure 4.10: Data and MC distributions for missing transverse energy quantities which
include the EmissT (top) and mW

T (bottom) for the electron (left) and muon
(right) channels. The uncertainties are statistical on the data, and from the
systematics as the hashed band on the Monte Carlo stack. POWHEG+PYTHIA
MC is used for the signal expectation. At least two b-tags are required in the
event.
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Figure 4.11: Data and MC distributions for jet quantities which include the leading jet η (top),
pT (middle) and the number of jets (bottom)for the electron (left) and muon
(right) channels. The uncertainties are statistical on the data, and from the
systematics as the hashed band on the Monte Carlo stack. POWHEG+PYTHIA
MC is used for the signal expectation. At least two b-tags are required in the
event.
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requirement was made to indirectly select leptons from W or Z boson decays. The

indirect lepton selection was found to match the W boson via generator record tracing

in all cases except for orphaned leptons, that is, leptons without any parent particles in

the generator record. Orphaned leptons were excluded as background. The non-quark

requirement was needed in the indirect lepton selection due to the manner in which

b-fragmentation is stored within some event records.

Electron and muon four vectors were calculated after the addition of photons within

a ∆R =
√

(∆φ)2 + (∆η)2 cone of 0.1 of their original directions. The four vector sum of

the selected neutrinos was taken to be the missing transverse energy Emiss
T . Jets were

clustered using the anti-kt algorithm (described in section 4.1.4) with radius parameter

R = 0.4. All particles were considered for jet clustering, except for electrons, muons and

neutrinos indirectly matched to W/Z boson decays and any photons associated with the

electrons or muons. B hadrons were normalised to a small energy value and clustered

within the particle jets. The presence of one or more B hadron within the list of jet

constituents was taken as the b-tagging result.

These object selections were developed to allow Rivet analysis of the final distributions

after correcting back to the particle level. Rivet is a tool for automatically performing

data to event generator comparisons and will be discussed further in section 5.2. These

selections were agreed upon in discussion with the Rivet authors as part of a wider effort

to develop particle level analyses for the top quark at hadron colliders.

A summary of the selections made at both reconstruction and particle level is shown

in table 4.6.
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Table 4.6: Table summarising the event selections used for the analysis of this thesis.

Object Reconstruction Particle

Jet

From calo cells Stable particles

|JV F | > 0.75

pT > 25 GeV

At least four jets passing above

|η| < 2.5

B-tagging MV1> 0.601713 B hadron clustered in jet

Lepton

Exactly 1 e or µ (trig.+rec.) Exactly 1 e or µ (from top)

pT > 25 GeV (no other e/µ with pT > 15 GeV)

|η| < 2.5 (erec: |η| < 2.47 excluding 1.37 < |η| < 1.52)

∆R(jet, lepton) > .25 for all selected jets

EmissT

Transverse calorimeter energy imbalance
∑
ν at particle-level

Emiss
T > 35 GeV

∑
pT > 35 GeV

mW
T > 30 GeV



Chapter 5.

Pseudo-Top Definition

In this chapter, we investigate the construction of a differential observable which measures

the kinematics of top pair production. We begin in section 5.1 with a discussion of the top

kinematic observables we are interested in measuring and their theoretical interpretation.

Section 5.2 describes the previous measurements of the differential distributions of these

variables and the problems in their theoretical interpretation. Section 5.3 introduces a

new object, the “pseudo-top”, which we propose to measure to alleviate those problems.

This section studies various possible definitions and their properties, concluding with a

pseudo-top definition which will be analysed with ATLAS data in the next chapter.

5.1. Differential Distributions

The inclusive cross-section gives a general indication of whether QCD can account for

the cross-section production. In order to truly test pQCD and the assumptions in the

models that are used in the theory of top pair production in hadron colliders, more

refined measurements are needed. Reconstructing the kinematics of the top pair and

measuring the distributions of these kinematics provides a more stringent test of the

theory. Measuring the mass of the top pair system, for instance, gives at leading order the

total energy of the production process. This is strongly correlated with the description of

the gluon PDF, since gluon fusion the high-x regime is the dominant production process.

Since the measurement of PDFs typically involves either probes sensitive to only the

electric charge distribution of the proton in the case of deep inelastic scattering (and so

only sensitive to the gluon PDF indirectly through scaling violations), or the low-x gluon

PDF in the case of jet production measurements, the high-x gluon PDFs (above about

95
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Figure 5.1: Gluon (left) and up quark (right) proton PDF uncertainty bands for Q2 = 172.5
GeV2 from the CT10 PDF fit [75]. Produced using [163].

x = 0.1–0.2) are comparatively poorly constrained. This is shown in figure 5.1 which

shows the uncertainties on the gluon and up quark PDF distributions with Q2 = m2
t .

The figures show that the large x gluon PDF diverges (due to extrapolation uncertainties)

at smaller x than the up PDF, with 25% uncertainty in the gluon PDF by x = 0.3 where

the up PDF uncertainty is not 25% until around x = 0.8. References [160–162] show that

the inclusive cross-section measurement alone can improve the uncertainty in the large-x

gluon PDF, and that further studies of the differential cross-sections (in particular the

top pair mass and rapidity) will be able to further improve the result. It has also been

noted that the top production is the only process which has been calculated to NNLO

and sensitive to the gluon, and so the only such process that can be consistently included

in an NNLO PDF fit approximations [162].

As an example of the impact that these types of studies can have, consider the

so-called gap fraction analysis [150]. In this analysis, tt̄ events are selected and the

properties of the additional jets in the event are probed. The analysis looks for dileptonic

decays and requires two identified b-jets, which are assumed to be from the decay of

the top. Events are vetoed if they contain an additional jet above a pT threshold in a

specified rapidity range, and the fraction of the surviving events to the total number of

events is measured. This is done for several rapidity ranges, with a varying pT threshold.

Examples of the results of the measurements from ATLAS are shown in figure 5.2. This

gap fraction is a sensitive probe to the initial state radiation produced in the parton

showering, and allows the parameters of the phenomenological radiation models used

in producing tt̄ event simulations to be constrained. Samples derived from the allowed

extremes in the parameters based on a fit to the gap fraction measurement are used in
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Figure 5.2: The measured gap fraction as a function of Q0, the jet pT threshold for additional
jet activity, for |y| < 0.8 (left) and |y| < 2.1 (right). The measurement is compared
to the AcerMC generator, where different settings of the PYTHIA parton shower
parameters are used to produce samples with nominal, increased and decreased
initial state radiation. From [150].

this analysis to estimate the uncertainties due to initial state radiation. This gives better

estimates of the amount of ISR/FSR in tt̄ events than were previously available.

For hadron collisions, incoming partons can be analysed in terms of the PDF values

probed and their rapidity (following [164]). For massless partons, their momenta can be

written pµ1 =
√
s

2
(0, 0, x1, x1), p

µ
2 =

√
s

2
(0, 0,−x2, x2) where x1, x2 are the fraction of the

protons momentum that they carry, and s is the centre of mass energy squared. Then,

the centre of mass energy squared of the partonic collision can be written ŝ = x1x2s.

The rapidity of the pair is given by y = 1
2

log x1

x2
and we thus have

x1 =

√
ŝ

s
ey, x2 =

√
ŝ

s
e−y (5.1)

At leading order, the top pair is the only product of the collision and so the 4-

momentum of the tt̄ system will be equivalent to the 4-momentum of the parton system.

Thus the rapidity of the system y = |ytt̄| and the mass of the tt̄ system ŝ = mtt̄ can

be simply related to the values of the parton PDF being probed for a given collision

(if we consider only the leading order processes to contribute). Figures 5.3 and 5.4

show the mtt̄ and |ytt̄| distributions respectively with different PDFs used with the
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Figure 5.3: The mtt̄ parton-level distribution for the ALPGEN+HERWIG (left) and
POWHEG+PYTHIA (right) tt̄ signal samples, reweighted using various PDFs.
The bottom of the figures show the ratio of the varied PDFs to the MSTW2008
NLO PDF.

ALPGEN+HERWIG tt̄ signal MC. A substantial difference can be seen particularly with

the HERAPDF, which is softer (has lower average mtt̄) than the other PDF fits.

The values of the PDF probed in a given tt̄ collision, x1 and x2, can also be related

to the kinematics of the outgoing top partons (again following [164]). When considering

the leading order production without extra jets, as in figure 2.8, it can be shown that

the PDF values are given by:

x1 =
mT√
s

(eyt + eyt̄), x2 =
mT√
s

(e−yt + e−yt̄) (5.2)

where mT is a transverse mass given by mT =
√
m2
t + p2

T , pT is the transverse momentum

of the quarks, and yt and yt̄ are the quark and anti-quark rapidities respectively. Figure 5.5

shows the top pT parton-level distribution for ALPGEN+HERWIG tt̄ with various PDFs,

and for the additional radiation settings with ALPGEN+PYTHIA tt̄. Sensitivity to the

additional radiation settings is seen at high pT. Figure 5.6 similarly shows the top |yt|
distribution.

Of course, beyond leading order, extra radiation can be produced which means the

relationships presented above will no longer be valid. The top pair recoiling off the extra

radiation is then given non-zero pT. The ptt̄T variable, measuring the pT of the top pair
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Figure 5.4: The |ytt̄| parton-level distribution for the ALPGEN+HERWIG, ALP-
GEN+PYTHIA, and ALPGEN+PYTHIA tt̄ generated with extra gluon radiation
fitted to the gap analysis, both for the high radiation (radHi) and low radiation
(radLo) limits. The right figure shows the various PDF distributions in ALP-
GEN+HERWIG tt̄ as for figure 5.3. The “nominal” sample used as denominator
of the ratio in the lower half of the figures the is indicated by dots on the histogram
in the upper half of the figures.
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Figure 5.5: The top pT parton-level distribution for the ALPGEN+HERWIG, ALP-
GEN+PYTHIA, and ALPGEN+PYTHIA tt̄ generated with extra gluon radiation
fitted to the gap analysis, both for the high radiation (radHi) and low radia-
tion (radLo) limits. The right figure shows the various PDF distributions in
ALPGEN+HERWIG tt̄ as for figure 5.3.
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Figure 5.6: The |yt| top parton-level distribution for the ALPGEN+HERWIG, ALP-
GEN+PYTHIA, and ALPGEN+PYTHIA tt̄ generated with extra gluon radiation
fitted to the gap analysis, both for the high radiation (radHi) and low radiation
(radLo) limits. The right figure shows the various PDF distributions in ALP-
GEN+HERWIG tt̄ as for figure 5.3. The “nominal” sample used as denominator
of the ratio in the lower half of the figures the is indicated by dots on the histogram
in the upper half of the figures.

system, is therefore a probe of the extra radiation in the event, regardless of the source

of the radiation. It will therefore be useful in constraining phenomenological parameters

associated with the radiation from the initial state partons, which is calculated in the

parton showering step of the MCs. It is also interesting to compare the NLO matrix

element calculators matched to a shower MC with the LO multi-leg generators, which

have explicit calculations for extra radiation. As an example, figure 5.7 shows the parton

level ptt̄T distribution for the ALPGEN+PYTHIA tt̄ sample with different PDFs and

different settings for the phenomenological model used to generate additional radiation

in PYTHIA. It should also be remarked that the extra radiation has thus only been

calculated to leading order (either by up to a single extra parton in NLO calculation, or

by up to several extra partons at tree level only in the LO multileg generators), and that

loop effects, which has a sizeable contribution in determining, for example, the top pT

distribution, are currently not included in any predictions.

Thus, fully constraining the PDF requires knowledge of the complete kinematics of

the system as far as experimentally possible. In this thesis, we consider the y, pT and

mass of the tt̄ system as well as the individual tops, splitting them into the hadronic
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Figure 5.7: The ptt̄T parton-level distribution for the ALPGEN+HERWIG, ALP-
GEN+PYTHIA, and ALPGEN+PYTHIA tt̄ generated with extra gluon radiation
fitted to the gap analysis, both for the high radiation (radHi) and low radia-
tion (radLo) limits. The right figure shows the various PDF distributions in
MC@NLO+HERWIG tt̄ as for figure 5.3. The “nominal” sample used as denomi-
nator of the ratio in the lower half of the figures the is indicated by dots on the
histogram in the upper half of the figures.

and leptonic sides. From the expressions for the relation between the PDFs and the

kinematics, this is enough information to provide constraints to the PDF at high x.

Further motivation for measuring the kinematics of top pair production is that

hints for physics beyond the standard model may show up in these distributions. A

high-mass resonance decaying to top quarks would produce an enhancement of the top

cross-section at high mtt̄, and further probes of the angular distributions of the top pair

would distinguish the spin of the resonances [165]. Similarly the pT distributions of the

individual top quarks has been shown to be sensitive to new physics effects [166].

New physics can also affect the dynamics of the production. For example, the

cause of the Tevatron’s measured enhancement in the forward-backward asymmetry of

the top pair system is still an open question (as of early 2014). In this analysis, the

top quark pair is reconstructed in the semi-leptonic decay channel using a kinematic

fitter for object assignment, and the variable ∆y = yt − yt̄ measured. The asymmetry

Att̄ = N(∆y>0)−N(∆y<0)
N(∆y>0)+N(∆y<0)

is then obtained. This variable measures the fraction of events

where the top travels in the same direction as the proton beam (or conversely, the anti-top

travels in the direction of the anti-proton beam). At leading order, no asymmetry is
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expected, while higher-order diagrams connect the incoming and outgoing partons and

generate a small asymmetry. The experiments measure a much higher than expected

asymmetry that appears to be tt̄ mass dependent [167,168].

While this asymmetry is not directly measurable at the LHC, related asymmetries

have been introduced and measured without significant deviations being found, such as

the asymmetry using top and anti-top production in absolute rapidity ∆y = |yt|−|yt̄|[169].

These asymmetry measurements serves to illustrate that new physics can show up more

subtly than simple cross-section enhancements and resonances in mass distributions. The

top pair system is regarded as particularly fruitful for these effects, since its high mass

and the large centre-of-mass energy required to produce top quarks would likely lead to

top quarks having the largest deviations due to any new physics that may be present at

high energies.

Finally, as well as being interesting in terms of testing our understanding of QCD

and possible direct couplings to new physics, the top quark is generically an important

background to most new physics searches. For example, searches for supersymmetry

(SUSY) typically concentrate on finding final states produced from the production of

SUSY particles which decay through a chain of new particle states and produce a high

pT lepton [170]. The lightest SUSY particle is stable (and therefore a candidate for

being the dark matter particle) and therefore escapes the detector unobserved. The

final experimentally observable decay products are then several high pT jets, lepton(s)

and Emiss
T , which is of course the same as the final state produced by top production.

Since SUSY particles are typically expected to be heavier than the top (since they have

yet to be observed), the searches for these particles need to explore the high pT tails

of, for example, the lepton pT spectrum. In this regime, there are large extrapolation

uncertainties, which constraining the top pair modelling would reduce.

Thus, understanding and modelling the top quark system is important on several

fronts, and producing better models of its production can be attained through the

measurement of the kinematic distributions and comparing them with theory.

5.2. Issues with Current Top Analyses

Until now, measurements of the top pair system have been produced by requiring events

with final state objects consistent with top pair decays. The final state objects are
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run through a likelihood function which can be used to discriminate the best object

assignment. In this procedure, a likelihood is constructed with terms for the top quark

mass, and W masses from the objects, and a minimisation is performed, (by allowing

the reconstructed objects energies to vary within detector resolution functions) which

map the reconstructed objects to the underlying parton level objects. Each jet to top

object assignment is tried in turn, and the combination with the lowest likelihood is

taken as the top pair observables for the event. For example, a recent ATLAS differential

measurement was produced in this manner [171]. The measurements were performed

for the top pair mass, pT and rapidity, and the individual top pT. Example results of

this analysis, shown in figure 5.8, show that the predictions for the top pair mass are

discriminating against various PDF sets.

There are, however, several problems with this method that prevent it from being

used as a generic test of theory and for tuning the phenomenological MC parameters, as

would be useful from the discussion above.

Only a small fraction of top pair events make it to the final analysis. Firstly, our

analysis is looking for semi-leptonic tt̄ events, which have a branching fraction of 37.8% of

total top pair decays,1 so only this fraction may be looked at in our analysis. Even given

a semi-leptonic event, not all events will get included in the final analysis. To understand

this, consider the fiducial volume of an experiment. This is the region of phase space,

with respect to the pT and angular requirements on the hadronised objects making up

the event, that is accessible to the experiment. For example, in our setup the fiducial

range of leptons is pT > 25 GeV (required for good triggering and lepton identification),

and |η| < 2.5 (which is the coverage of the detector). If a lepton is produced outside this

range then it will not enter into any analysis that we may perform. This leads to an

acceptance fraction for our events, which is the fraction of events passing the fiducial

requirements. For our analysis, this acceptance is as small as a few percent. This is

illustrated in figure 5.9 which shows the selection efficiency for the parton-level ATLAS

analysis described earlier. Not only is the efficiency only a few percent, but it is also

changes across the distribution. This can lead to several models that differ at the parton

level leading to equivalent reconstruction level distributions. When these reconstructed

distributions are corrected back to the parton level, they therefore implicitly assume

the out of fiducial volume distribution, and so are highly dependent on the theoretical

models used to estimate the acceptance correction factors (figure 6.2 shows a 20%

1This number includes the fact that only τ leptons decaying to an electron or muon are considered as
“leptonic” decays.
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Figure 5.8: Results from the ATLAS top parton analysis, showing ratios of the NLO QCD
predictions to the measured normalised differential cross-sections for different
PDF sets (CT10, MSTW2008NLO, NNPDF2.3 and HERAPDF1.5) (points) for
ptT (top left), mtt̄ (top right), ptt̄T (bottom left), and |ytt̄| (bottom right). The
points are slightly offset in each bin to allow for better visibility. The gray bands
show the total statistical and systematic uncertainty on the unfolded distributions,
while the error bars denote the uncertainties on the PDFs which include the
internal PDF set variations and also fixed scale uncertainties. From [171].
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Figure 5.9: Selection efficiencies for the parton-level ATLAS analysis for the top pair mass
(left) and transverse momentum (right) obtained using ALPGEN +HERWIG MC.
From [171].

difference between the parton to particle-level acceptance between ALPGEN +HERWIG

and POWHEG +PYTHIA at low top pair pT for instance). The uncertainty in this

extrapolation can be estimated by comparing different MCs, but nonetheless locks the

analysis into the current best description, and means the measurement is unable to be

used when future improvements of the description become available.

For example, we already introduced the I/FSR parton showering MC parameters

which were constrained through a differential jet measurement. The extra radiation affects

acceptance corrections when calculating cross-sections from the data, even though in the

context of a parton shower MC it is a purely phenomenological parameter. Therefore,

any measurement in the top sector is affected by this parameter, even those that correct

back to the parton level descriptions of the top, which assume a particular model of the

jet distributions when making the parton-level extrapolations.

Reconstructing the parton level top thus means that the unfolding procedure (taking

the reconstructed distribution and porting it to the parton level based on the Monte

Carlo corrections) is unfolding through the description of the shower, the underlying

event, the colour reconnection and the hadronisation. This ties the analysis to this

particular description of these non-perturbative processes, so the analysis can only be

compared fairly with this single model, since the model is assumed when constructing

the final result. In order for the analysis to have utility in constraining the parameters
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and discriminating against the different models, it therefore should be constructed in a

manner independent of these descriptions, or as independent as possible.

Thus, new methods of reconstructing and studying the top quark system are desirable.

This thesis presents the first definition of a “pseudo-top”, an object created from either the

fully hadronised objects at the end of the Monte Carlo chain, or from the reconstructed

objects delivered by the detector. Since these object definitions are independent of

the parton level description of the event, many of the problems with the current set of

analyses are avoided, at the expense of dropping the requirement that we try to access

the true top quarks underlying these events.

We start from the assumption that the event selection process which needs to be

performed to find top events at colliders like the LHC will be defined by conditions on

the final-state objects: the leptons, neutrinos, jets, and b-jets. From these objects, a

“pseudo-top” is then constructed. This pseudo-top is a mapping of the final-state objects

onto the tt̄ pair. This mapping can then be used to extract properties of the pseudo-top

objects. If then desired, from the pseudo-top distributions one may use a particular MC

to correct the well-defined pseudo-top definition to a model-dependent parton-level top.

This distribution can then be further extrapolated to the full phase-space of the top pair

production, reintroducing the model dependencies which we were trying to avoid when

making the pseudo-top construction.

As part of the definition for the mapping, it should be definable as a Rivet routine[172].

Rivet is a tool used in phenomenology studies, whereby MC generator authors can

automatically hook their generator up to compare with experimental data. It can also

then be used to tune the phenomenological parameters that are needed to describe the

non-perturbative shower evolution and other effects.

The pseudo-top thus defined then provides a more “future-proof” measurement of

the distributions of interest, since it requires only knowledge of the particle-level. That

is, it is mostly independent of the renormalisation scheme or perturbative order used

when calculating the distributions and it does not rely on any assumptions about the

hadronisation, or colour reconnection models used to describe the top pair event. Finally,

the definition of the pseudo-top measurement does not extrapolate into experimentally

inaccessible regions of phase-space, where we have no experimental input with which

to construct our correction factors. If necessary, these factors can be provided by the

theorist who is interested in using the measurement for their studies. Be it tuning a
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generator based on the measurement, or using the measurement to constrain parton

distribution functions, or new physics models.

5.3. Pseudo-Top definition

Several definitions of the pseudo-top have been considered. The aim is to use a definition

where the objects at particle and reconstruction level are as close as possible. It is also

desirable, where possible and such a comparison is sensible, for the pseudo-top to also be

close to the partonic variables. An example where this is impossible is for the Sherpa

generator [173], which does not allow access to intermediate parton states, such as the

W or top, generated during the calculations.

We first define some matching conditions in section 5.3.1 which we will use to test

the pseudo-top constructions for good reconstruction and particle level agreement, as

well as a parton level match which is only used to give an idea of the correlation to

parton level, and not as part of the analysis definition. Section 5.3.2 presents the various

pseudo-top construction methods that we have considered, and compares them primarily

based on the reconstruction and particle level matching. Finally, section 5.3.3 presents

the pseudo-top construction that we have chosen to analyse in the next chapter, and

shows various observables reconstructed from the data sample of section 4.3.4, which is

used for the rest of the analysis.

5.3.1. Matching

Particle-Reconstruction Matching

In studying the pseudo-top observables, it will be useful to know how often the objects

selected at the particle and reconstruction level coincide. We call the procedure that

we use to determine if the objects are equivalent particle-reconstruction matching. A

particle and reconstructed jet match if they are within ∆R of 0.35 of each (recalling

that the anti-kT jet algorithm used for these studies has size parameter 0.40, so jets

are approximately ∆R = 0.40). Events in the signal MC are classified as matching if

the corresponding jets are matched at particle and reconstruction level. That is, the

jet associated with the hadronically decaying top at the reconstruction level matches

the hadronically decaying top b-jet at the particle level and so on for all the objects in
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the pseudo-top definition. Lepton association was also looked at, but we found that

in all but 4 or 5 out of a 5 million event sample the leptons selected at particle and

reconstruction level were within ∆R = 0.02 and so the lepton is always considered to

match. The “matching efficiency” is then defined as the fraction of events that match

all the jets between the reconstruction and particle level, considering only those events

where a pseudo-top is reconstructed at both levels.

Parton Matching

It is also useful to match the observables to the parton level observables. The algorithm

for matching a particle jet to the parton-level top decay product runs as follows:

• Loop over the generator level objects, and call the objects identified as quarks,

gluons, photons and taus and having a pT of at least 5 GeV“good”

• Select the “good” generator object with the highest pT that is within ∆R of 0.40 of

the particle level jet, identify this as the parton matched to the jet

• Follow the parent links of the matched parton until either a top quark is found, or

we reach the top of the record

• If a top quark is found, call the particle jet a top match and record the charge of

the direct top decay product (i.e. either the W or the quark in the t→ qW decay)

it matches to, otherwise declare the particle jet to be unmatched to a top decay

The generator 4-vectors of the tops are also stored and studied in comparison with the

pseudo-top construction. The generators used output many copies of the same object into

the event record. In the case of the parton top-quark, this will be due to the generator

storing the top-parton before and after it radiates. We use the generator top parton

right before it decays. When comparing distributions involving parton-tops, it is these

parton-tops that we are referring to.

Following the matching, we select a “Parton-Matched” pseudo-top which is considered

to be the best possible pseudo-top for the event. This partonically-defined construction

is used only to judge the performance of the various pseudo-top observables, but it

should be emphasised parton-level information is not utilised in the actual construction

or analysis of pseudo-top observables. The hadronic W is selected by requiring both jets

be matched to the W decaying from a top. We select the hadronic top by combining this

W with a particle jet that matches to the correct signed b decay parton. The leptonic



Pseudo-Top Definition 109

W is formed by combining the lepton with the Emiss
T and solving for the pz component

(dropping the imaginary component, if it exists, and using only the real component or

taking the smaller value to resolve the two-fold ambiguity if it does not) We form the

leptonic top by taking the leptonic W , and combining it with a particle jet matching to

a parton coming from a top b quark decay with the correct sign. In all cases, if there is

more than one candidate (for example if more than two jets match to partons from the

hadronic W ), we choose the candidate whose mass is closest to the known W mass or

top mass. As will be seen, this construction gives clean peaks around the W and top

masses better than any of our particle-level only constructions, and therefore is taken to

be representative of those events where the top decays cleanly in the fiducial volume. No

further attempt has been made to quantify this association as the construction is only

used as a rough baseline for comparison.

This construction is used as a point of reference for the constructions, where we build

pseudo-tops without reference to the parton level. The parton-matched candidate is used

purely as a guide in the development of the pseudo-top observables.

5.3.2. Construction of the Pseudo-Top Observable

In the event selection of section 4.1.7, we stated that we require events in our analysis to

have at least two jets identified as b-jets. To motivate the double-tag selection and to

give the flavour of the pseudo-top constructions, consider first an observable constructed

from a no-tag analysis. That is, start with an event selection containing exactly one

lepton, the missing transverse momentum and mW
T requirements, and at least four jets,

but without any tagging requirements.

The leptonic W is constructed in the same way for all the constructions: take the the

lepton, and the Emiss
T , and then solving for the pz by requiring the invariant mass of he

combination of lepton plus Emiss
T plus pz combine to be the W mass (with Emiss

T plus pz

4-vector having no mass since it should form a neutrino). In general, this gives a two-fold

ambiguity which can be resolved by taking either the higher or the lower solution. In

the case of an imaginary component in the solution, we simply drop this part and take

only the real part of the solution, which is then unique. The solutions with imaginary

components will then have mass slightly higher than the W mass. This procedure will

be explored further later in the chapter.
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Turning to the jets, for the pre-tag construction, take the two highest pT jets to be

associated with the b-jets from the top decay. The motivation is that the jets from the

top are further up the decay chain and from the most massive objects in the event, so will

tend to have more energy than the other objects. Of these, associate to the leptonically

decaying top the jet closest in ∆R to the lepton, and associate the other jet with the

hadronically decaying top. Finally, the hadronically decaying W decays into two quarks,

so, from the remaining jets, take the two jets with the highest pT and associate them

with the hadronically decaying W . This then completes the construction of the top pairs

for the pre-tag selection.

Figure 5.10 shows data and MC distributions for the pseudo-top and pseudo-W masses

made using this construction. From the figure, it can first be seen that the top sample

forms peaks in the hadronic W mass spectrum and the top mass spectrum at the masses

of the W and top respectively. This implies that, at least for a fraction of the events, the

simple algorithm is correctly reconstructing the W and top from the final state objects.

Also, the W with jets background is substantial in the pre-tag selection, with roughly

the same order of magnitude of events as the signal top pair events. At pre-tag, the

W+jets background has essentially the same topology as top pair production, which also

means that estimating the exact size of the background is difficult, leading to very large

background uncertainties, which in turns dilutes the power of the analysis to distinguish

signal models. However, the fraction of events where a W is produced with heavy flavour

is small, while top pair events always have two b-jets. So, at least a single b tag should

be required in the event selection, to reduce the background levels and the associated

uncertainties.

Figure 5.11 shows the distributions of the number of tagged jets, before any tagging

requirements are applied. The b-tag algorithm we use is tuned to tag ε = 75% of real

b-jets, so given that there are at least two b-jets in the top sample, we would expect

2ε− ε2 = .94 to contain at least one tagged jet, while ε2 = 0.56 events to contain two

b-tags. There is therefore a substantial reduction of signal events between requiring one

or two tagged jets. On the other hand, the W background is almost negligible, even at

the one-tag level. Therefore, finding a suitable algorithm at the one tag level would be

desirable.

The problem at the one-tag level is that the particle-level b-tagging is essentially

100% efficient, so the b-jets from the top always get tagged at particle level. Therefore,

any construction using the tagging information ends up with large off-diagonal terms

from the exclusive one-tag events, where the algorithm will differ at reconstruction and
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Figure 5.10: The pre-tag construction in data compared with Monte Carlo predictions in
the muon channel. Shown are the hadronic pseudo-W mass (top, left), the
hadronic pseudo-top mass (top, right) and the leptonic pseudo-top mass (bottom).
POWHEG+PYTHIA is used as the top pair signal MC. The uncertainty bands
show the total systematic uncertainty on the combined signal and background
estimation.
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Figure 5.11: The number of jets (left) and the number of tagged jets (right) in the muon
channel after all tt̄ event selection requirements except b-tagging.

particle-level. For example, a algorithm we tried was to do the same as for pre-tag, except

the jets associated with the top quarks are: 1) the b-jet and the highest pT non-b-jet for

exactly one b-tagged jet in the event, and 2) the two highest pT tagged jets for two or

more tags. This then leads to poor matching performance between reconstruction and

particle as shown in figure 5.12, where the matching efficiency (defined above) is shown as

a function of the hadronic top pT. For low pT tops (constituting the bulk of the events),

the efficiency is around 50%. Any similar construction leads to similar difficulties. For

example, taking just the single highest pT b-jet in multiply tagged events, and treating

the remaining jets in the same way as for a single tag event will lead to the exact same

problem, since the reconstruction level still has a large fraction of events with only a

single tag, and the jet tagged will be independent of the pT to first approximation, so

randomly distributed between the real b-jets. Therefore, the matching to particle level,

which almost always tags the b-jets, will still be low. A pretag-like assignment, where

the tags are only required to accept the event, and not used in the construction, also

leads to a smaller matching efficiency.

Thus, we are led to requiring two tags in the event. Taking again the pre-tag

construction as the base, this time associating the two highest pT b-tagged jets with the

top b-quarks. Figure 5.13 shows the reconstructed mass distributions and the matching

efficiency in the muon channel. The requirement of two tagged jets in the events reduces

the background to an almost imperceptible level, while the matching efficiency is above
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Figure 5.12: Efficiency to completely match the pseudo-tops constructed at reconstruction and
particle level as a function of the hadronic top pT in the muon (left) and electron
(right) channels. POWHEG+PYTHIA MC is used and pre-tag, single-tag and
double-tag constructions are compared.

the 70% level across the entire hadronic pseudo-top pT spectrum, independent of the MC

used to derive this quantity.

Having settled on trying to find a two tag construction, we adjusted the algorithm

and see if it can be improved. To begin, an obvious point of inquiry is the hadronic W

construction. Several methods of identifying the hadronic W jets were considered and are

compared in the hadronic W mass distributions for the reconstruction and particle level

(both of which are also independent of the top b-jet association method) and the hadronic

top mass distributions (which uses the lepton ∆R method as before) in figure 5.14. The

constructions that were looked at are: the two highest pT jets, the two jets closest in ∆R,

the two jets which form the highest pT dijet, and the two jets whose combined invariant

mass is closest to the known W mass of 80.4 GeV [4]. The parton matched distribution

is also shown as a comparison point. The figures show that the closest mass construction

gives the best peak, with the other constructions giving shorter and fatter mass peaks. It

also shows that the parton-matched events form only a small subset of the events, with

long tails of events seen in all the constructions, and in particular, the ∆R construction

has a secondary mass peak below the W mass. This indicates that in many of the events,

the W to two jet description of the decay is unsatisfactory, with one of the the jets going

out of the fiducial volume, or the jets merging together into a single jet, or the one or
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Figure 5.13: The two tag construction based on the pre-tag construction in data compared
with Monte Carlo predictions in the muon channel showing the hadronic pseudo-
W mass (top left) and pseudo-top mass (top right) and leptonic pseudo-top mass
(bottom left). POWHEG+PYTHIA is used as the signal sample. The lower
right figure shows the matching efficiency between reconstruction and particle
level for the semi-leptonic top pair signal for various MCs with respect to the
hadronic top pT.
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Figure 5.14: Comparison of the various W hadronic mass construction techniques using the
POWHEG+PYTHIA signal sample in the electron channel. The left figure shows
the reconstructed mass distributions, and the right figure shows the particle-level
mass distributions for the hadronic pseudo-W (top) and pseudo-top (bottom).

both of the partons splitting into multiple jets. The parton matched distribution gives

those events where we can say that the two jet description is valid, and, again, we can

see from the peaks that the closest mass construction is finding all of these events.

Parton-level matching, however, is only a secondary consideration. Figure 5.15 shows

the matching efficiency for the constructions as a function of several of the variables

of interest. From the figures, the closest mass, our front-runner based on the mass

distributions, fails dismally in matching between particle and reconstruction level, while

the hardest jets gives the best matching efficiency. This is explainable in terms of the

complexity of the constructions: the hardest jets simply uses the pT of the objects in

isolation, while the mass boils down the complete di-object descriptions and compares

it against a fixed number and is therefore more susceptible to combinatoric problems.

Therefore, the closest mass is rejected on matching grounds, while the ∆R construction

is suspicious due to the second, low mass peak. The hardest jets is then the best based

on matching.
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Figure 5.15: Comparison of the various W hadronic mass construction techniques using the
POWHEG+PYTHIA signal sample in the electron channel. The figures show
the matching efficiency for the various constructions between the reconstruction
and particle levels for the hadronic pseudo-top pT (top left), leptonic pseudo-top
pT (top left), pseudo-top pair pT (bottom left) and mass (bottom right).
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Figure 5.16: Comparison of the various top association techniques using the
POWHEG+PYTHIA signal sample in the electron channel. For all the
methods, the two hardest remaining jets are associated to the hadronic W .

Several methods of how to assign the jets to the hadronic and leptonic tops were also

considered. There are two jets set aside for this purpose, so its a matter of trying to

assign at least one, then the other is fixed. As for the hadronic W , two methods are to

either: assign the jet that gives the mass closest to the top mass for the leptonic top side,

or assign the jet giving the closer mass to the hadronic top. Figure 5.16 shows that this

improves the mass peak for the top that we compare with the true mass, at the expense

of a worse resolution for the other top. This implies that we are sculpting the peaks with

these methods, without necessarily selecting the best matches. Along the same line of

thought, we can try assigning the tops based on the assignment which gives the smaller

difference between the masses. This method treats both sides equivalently, and from

the figures we can see that the resolutions are more similar. Another method is the one

already used, which is to pick the jet closer to the lepton as the leptonic top jet. This

method is justified by figure 5.17, which shows that for the parton matched distributions,

the leptonic jet does tend to be closer to the lepton. This method gives similar mass

resolution on both sides, similar to the resolution of the wrong-side top mass.
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Figure 5.17: ∆R between the top jet and the lepton for the parton matched top construction
using the POWHEG+PYTHIA signal sample in reconstruction (left) and at
particle level (right).

Figure 5.18 shows the matching efficiency for the top jet association methods. These

figures show that the mass difference are worse in terms of matching than the lepton

association method. As for the hadronic mass constructions, this is explainable in terms

of the masses being more sensitive to fluctuations in the input 4-vectors, than the simple

geometrical relationships (in this case) or simple, single variable kinematic information

(in the W case).

Neutrino pz

When a W decays into a lepton and neutrino pair, the neutrino escapes as missing

momentum, which can only be measured in the transverse plane, since the momentum

along the z-axis of the hard interaction is unknown and in general for proton collisions

non-zero. Since the neutrino is the only major source of missing transverse momentum,

we assign the total reconstructed Emiss
T to the neutrino. This leaves the pz of the neutrino

unknown, however since we know that the lepton (which is fully measured by ATLAS)

and the neutrino come from a W decay, the mass of their Lorentz vector sum must be

that of the W boson.

M2
W = (pν + pl)

2

= (Eν + El)
2 − |pν + pl|2

= (Eν + El)
2 − (px,ν + px,`)

2 − (py,ν + py,`)
2 − (pz,ν + pz,`)

2

(5.3)
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Figure 5.18: Comparison of the various top jet association techniques using the
POWHEG+PYTHIA signal sample in the electron channel. For all the methods,
the two hardest remaining jets are associated to the hadronic W . The figures
show the matching efficiency for the various constructions between the recon-
struction and particle levels. The bottom part of the figure shows the ratio of
the method to the nominal lepton ∆R method, which is represented as the data
points in the plots. The top row shows this as a function of the hadronic (left)
and leptonic (right) pseudo-top pT, the bottom row shows the top pair ptt̄T (left)
and mtt̄ (right).
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manipulating this equation and then solving for the neutrino z momentum gives

pz,ν =
pz,`

(
M2
W−M

2
l

2
− px,νpx,` − py,νpy,`

)
E2
l − p2

z,`

±
El

√(
M2
W−M

2
l

2
− px,νpx,` − py,νpy,`

)2

−
(
p2
x,ν + p2

y,ν

) (
E2
l − p2

z,`

)
E2
l − p2

z,`

(5.4)

The equation has two real solutions when(
M2

W −M2
l

2
− px,νpx,` − py,νpy,`

)2

−
(
p2
x,ν + p2

y,ν

) (
E2
l − p2

z,`

)
≥ 0 (5.5)

Since the neutrino is known to have come from the W boson decay, and an imaginary

momentum component has no physical meaning, this equation should always be satisfied

and will be at the particle level, where we take the true value of the neutrino transverse

momentum as Emiss
T . However, since the reconstructed Emiss

T will be smeared by detector

effects, the solution can be pushed into the non-physical region with imaginary solutions.

In this case, the default solution we have used is to simply drop the imaginary component

and take the pz as the real part of equation 5.4. One may also be more rigorous and

scale the variables considered fixed to restore the equation to giving real solutions.

We consider first scaling the missing transverse energy. In general, this is the least

well-measured quantity involved in forming the top pair system and so the most likely to

have been mismeasured, causing the failure of equation 5.5. The minimal scaling needed

to satisfy that equation will be such that the equation gives 0. So, if we equate the

expression to 0 and replace Emiss
T with fEmiss

T for some scaling factor f (rewriting with

the two-vectors pνT = (pνx, p
ν
y) and p`T = (p`x, p

`
y)), we have

(
M2

W −M2
l

2
− fpνT ·plT

)2

− f 2|pνT |2|p`T |2 = 0 (5.6)

if we solve for f (ignoring the negative solution since this would give non-physical,

negative Emiss
T ), we find that (taking m` ≈ 0)

f =
M2

W

2 (|pT ||p`| − pT ·p`)
(5.7)

If we rewrite the bottom term as 2|pT ||p`|(1 − cos θ), it is easily recognisable as the

missing transverse mass shown previously in equation 4.4. Applying the scale factor to
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the Emiss
T and then re-evaluating equation 5.4 for the pz gives a new momentum vector

for the neutrino, satisfying equation 5.5 and summing with the lepton to the W mass,

which is the output of this method.

Another option is to rescale the W mass to give a real value for the z momentum.

The justification for this is that an off shell W boson would have mass M2
W + δm2 for

some value of δm2. This could then cause equation 5.4 to have an imaginary component.

Choosing δm2 to give an invariant mass closest to the W pole and a real solution implies

solving equation 5.5 equal to zero for the new W mass

M2
W →M2

W + δm2 = 2
√(

p2
x,ν + p2

y,ν

) (
E2
l − p2

z,`

)
+ 2 (px,νpx,` + py,νpy,`) +M2

l (5.8)

Substituting this into equation 5.4 then gives

pz,ν = pz,`

√
p2
x,ν + p2

y,ν

E2
l − p2

z,`

(5.9)

Considering now the case of a real solution, there will be two solutions to the quadratic

equation, and we consider taking either the higher of the two solutions, or the lower, there

being no other handle to choose from. We can also investigate the effect of the choice of

the imaginary component by creating a new selection that requires the neutrino pz fit to

have only real solutions. It should also be noted in passing that the pT distributions are

unaffected by this concern.

Figure 5.19 shows the distribution of the relative difference between the particle-level

pseudo-top and the parton top and the reconstruction-level and particle-level pseudo-top

for the leptonic top rapidity in the POWHEG+PYTHIA sample. The figure compares

the pseudo-top constructed choosing the smallest |pz| neutrino and the largest magnitude

|pz| neutrino when simply dropping the imaginary component, as well as the two variable

scaling methods presented above. The smallest |pz| solution has both a larger peak at

zero, and a smaller spread across the distribution. This implies that it is superior to

the higher |pz| in terms of matching to parton level. The difference between the two

methods at reconstruction to particle level is similar. The two scaling methods are almost

equivalent to the dropping the imaginary component method for the particle to parton

distribution. This is to be expected since we are using the actual neutrino pz, so there

should not be smearing effects which cause equation 5.5 to be unsatisfied. Our definition

of the Emiss
T at particle level, though, does include all neutrinos not from hadrons or

quarks, of which there may occasionally be more than one in a given event. This explains
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Figure 5.19: The distribution of the relative difference between the particle-level pseudo-top
and the parton top (left) and between the reconstruction level and particle level
pseudo-top (right, i.e.) for the leptonic top rapidity in the POWHEG+PYTHIA
sample for several different methods of neutrino pz reconstruction methods. For
each event in the signal sample, the particle-parton

parton and particle-parton
parton is calculated

and added into the respective distribution. The ratio of a given method is given
compared with the nominal imaginary part dropped if a non-real solution is
found, and take the lowest |pz| for multiple solutions method.

the minor differences between the distributions. The reconstruction to particle level

efficiency distributions show that the two scaling methods perform slightly better than

the dropped imaginary component method, and similar to each other.

For simplicity, and since the distributions remain relatively unaffected, the method of

simply dropping the imaginary component and taking only the real component as the pz

of the neutrino is used for the remainder of the thesis. The other methods have been

tested and result in negligible changes to the final unfolded distributions presented in

section 6.3.

5.3.3. Pseudo-Top Analysis Definition in Data

To summarise our findings, the final analysis uses the following definition of a pseudo-top.

The pseudo-top is defined for hadronic-top and leptonic-top observables. The two highest

pT b-jets were reserved for combination with W -bosons. The hadronic W -boson was

constructed from the remaining two highest pT jets. The ∆R(jet, e/µ) was calculated
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Figure 5.20: Reconstructed mass distributions for (left to right) the hadronic W , hadronic
top, and leptonic top in the electron (top) and muon (bottom) channels.

for the two hardest b-jets and the electron or muon. The b-jet closest to the lepton was

assigned as a decay product of the leptonic top-quark decay. The hadronic pseudo-top

was then defined from the hadronic W -boson candidate and the larger ∆R b-jet. The

leptonic W was constructed from the lepton and the Emiss
T , using the world average W

mass of 80.4 GeV to constrain the pz solution of the Emiss
T , taking the lower of the two

values from the solution to the quadratic equation. Finally, the leptonic pseudo-top was

formed from the combination of the leptonic W and the b-jet assigned from the minimum

∆R(jet, e/µ).

Figure 5.20 shows the reconstructed mass distributions for the pseudo-objects, along

with the overall Monte Carlo prediction. Agreement in line with the overall MC/data

for the objects, discussed in section 4.3.4, is seen. From this, it is inferred that the

background estimations are good and so the subtraction is justified. Also, the topology of

the top decays are well-described, and so the correction factors derived from the samples

should also give a good description, within caveats on signal shape differences, between

samples to be estimated as a systematic uncertainty (see section 6.2).
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Moving to the distributions we are interested in studying, the reconstructed distribu-

tions and Monte Carlo comparisons for the top pair system are presented in figure 5.21.

Relatively good agreement is seen, though some discrepancies are now showing. These

will be further commented upon after the analysis procedure and final particle-level

measurement is presented, for now it is simply noting as interesting that the Monte Carlo

overestimates the tails in all these distributions.

The final distributions are for the analysis of the |yt| and ptT of the hadronic and

leptonic tops, shown in figure 5.22 and figure 5.23. Good agreement between data and

MC can be seen in these figures with again some disagreement in the high-pT tails of the

pT distributions.
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Figure 5.21: Reconstructed distributions for (top to bottom) the the mtt̄, ptt̄T , |ytt̄| in the
electron (left) and muon (right) channels.
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Figure 5.22: Reconstructed distributions for (left to right) the hadronic and leptonic top pT

in the electron (top) and muon (bottom) channels.
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Figure 5.23: Reconstructed distributions for (left to right) the hadronic and leptonic top |yt|
in the electron (top) and muon (bottom) channels.
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Chapter 6.

Differential tt̄ Cross-Section

Analysis

Building on the definitions of the procedure arrived at in the previous chapter, this

chapter presents the measurement of the kinematic distributions in semi-leptonic top

pair events at ATLAS. Section 6.1 details the corrections applied, to account for detector

effects and inefficiencies, to take the reconstructed data distributions, presented at the

end of the previous chapter, to the unfolded distributions at particle level. Section 6.2

explains the source of, and the procedures used to estimate the size of, the systematic

uncertainties. These systematics include uncertainties in modelling the detector response,

the production and decay of the top, and the background composition and size. Section 6.3

presents the results of applying the correction procedures to the 2011 ATLAS dataset.

Section 6.4 discusses these results in the context of the theory of top production and

decay as presented in section 5.1. Finally, section 6.5 applies an additional correction to

present the distributions at the parton level, and compares these results to the results of

the dedicated ATLAS parton-level differential cross-section analysis [171].

6.1. Corrections and unfolding

Our goal in this analysis is to provide a selection of kinematic distributions related to the

top quark which can be used to compare with theoretical and phenomenological models

of top pair production at the LHC. As discussed in chapter 4, the detector will smear

and distort the physical distribution, and we may misreconstruct the physics objects

which go into the pseudo-top variables. The detector also rejects (accepts) some events

129
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events which fall outside (inside) the fiducial range after reconstruction but were inside

(outside) the range at particle level. To compare with theory, these detector effects must

be taken into account.

One option is to provide the reconstructed data and smearing matrices, and for any

given theory pass the generated distribution through the analysis chain to compare

with the data. However, this requires extensive computing power which may not be

available to all groups wishing to make comparisons and the results presented would not

be directly comparable between different experiments. We will thus present, along with

the untouched reconstructed distribution, a corrected distribution which accounts for

these detector effects.

6.1.1. Basic Cross-Section Measurement

First, let us consider performing an inclusive cross-section measurement. The starting

point is to relate the number of events produced to the delivered integrated luminosity

of the machine:

Np = Lσp (6.1)

where Np is the number of events produced due to a process p (e.g. pp→ tt̄+X), L is

the integrated luminosity, and σp is the cross-section of the process p. Due to detector

inefficiencies, the selection criteria applied by the analysis, and a finite fiducial volume,

the detector will not be able to reconstruct all the events of process p. Typically, these

inefficiencies are accounted for in two separate factors. The first is εp which is the fraction

of p events that the analysis accepts at reconstruction compared with the number of

events possible to reconstruct given the fiducial volume of the detector (that is, asking for

the particle-level objects to be within the allowed angular ranges and the requirements on

the energies of the objects). The efficiency then accounts for reconstruction inefficiencies.

This gives a correction from the number of events at reconstruction level to the number

of events that actually occurred in the fiducial volume. Secondly, the acceptance factor

A is the fraction of the total number of events that fall within the fiducial volume. The

acceptance factor is therefore a purely theoretical quantity since the detector, even in

principle, does not have access to the events outside the fiducial volume. Also, the

process in question may be a sub-process of the process to be measured (for example,

semi-leptonic top events compared with all top pair events), so a branching fraction B
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Table 6.1: Numbers entering the simple example calculation of the measured tt̄ cross-section.

ε A L (pb) Ndata Nbkgd σtt̄ (pb)

0.3241 0.0783 4591.01 8791 1458 166.6

to this sub-process is also required. Finally, in any measurement there will be a certain

number of background events Nbkgd. So Nbkgd must be estimated and then subtracted

from the total data yield Ndata to give the number of signal events in the data sample.

Putting this together the cross-section is calculated as:

σp =
1

LBAε(Ndata −Nbkgd) (6.2)

To illustrate, we apply this formula to the results from data and use the POWHEG+PYTHIA

simulation to find A and ε, and the background modelling from section 4.3 we have for

the electron channel, an measurement of σtt̄ = 166.6 pb for the overall cross-section. The

factors used to derive this are shown in table 6.1.

This simple demonstration, where we have not attempted to calculate systematics,

agrees well with the ATLAS measurement of 165± 2(stat.)± 17(syst.)± 3(lumi.) pb [174].

The ATLAS measurement was made using this background subtraction procedure, and

the same data and a signal region similar to ours, but requiring only one jet tagged as a

b-jet with an algorithm that searches for a semi-leptonic B decay.

6.1.2. Unfolding to a Differential Cross-Section

Now we extend the previous section to obtain the differential distribution that we are

trying to measure. We must take into account the distribution of events in our binning

and the correlations of the bins when we move from reconstruction to particle level.

For a variable x that describes some portion of the kinematics of the events, there

will be a true, underlying distribution that we are trying to measure dσ
dx

. As before, there

will be restrictions to the fiducial volume of the detector, and detector inefficiencies, but

now these effects may be a function of the variable being measured. The distribution

will therefore be distorted from the nominal by an acceptance function, an efficiency

function, and a response matrix, to account for the detector resolution smearing out the

measured variable. Therefore, we measure the variable in variable-width bins, where the
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bin width is approximately the resolution of the detector over that region, to limit the

smearing between the bin (more on the binning procedure is covered in section 6.1.4).

As previously discussed, for our main measurements we also correct only to the fiducial

volume, to avoid large corrections into detector-inaccessible regions. The goal is thus to

go from the number of events in each bin i in the reconstructed data di to a cross-section

measurement in the fiducial detector volume
dσfidi
dx

.

The correction procedure then proceeds as follows. First, the estimate of the expected

background events in each bin bi is subtracted from the data. Then, a per-bin correction

factor ρi is applied to account for the fraction of signal events that were reconstructed,

but which are outside the fiducial volume at particle level. This can occur when the

detector reconstructs a physics object with more transverse momentum than it really

had, moving it into the fiducial region (for instance, there is a large Emiss
T resolution and

so a small Emiss
T can easily be reconstructed larger), or if the object is misidentified (for

example, a jet is reconstructed as an electron, where the true electron in the event falls

outside the fiducial volume). This correction is obtained from signal Monte Carlo. Then,

we use the per-bin matching efficiency mi of section 5.3.1 to correct for events where the

reconstructed pseudo-top objects do not correspond at particle and reconstruction level.

This is done as we only want to unfold the distributions for detector smearing, whereas

for non-matched events the objects are not the same and so the difference in the variable

at particle and reconstruction is a pseudo-top construction error, not detector smearing.

The resulting distribution is unfolded (a procedure described below) to particle level,

using a response matrix Uij which measures the probability for an fully-matched event in

bin j at reconstruction level to be in bin i at particle level. Uij is obtained from Monte

Carlo. Finally, a per-bin particle-level efficiency factor εi is applied to correct for events

within the fiducial volume that are either not reconstructed or not matched. After this

correction, the number of signal events at particle-level per bin is obtained. Finally,

the overall luminosity L is applied to turn the number of events at particle level into a

cross-section.

Putting the above together, the equation for correcting from the data distribution to

the fiducial cross-section is given by:

dσfidi
dx

=
1

Lεi

∑
j

[U−1]ij[mjρj(dj − bj)] (6.3)

The matrix Uij is defined as taking the particle level distribution to the reconstruction level,

because the effect of the detector is to take the particle level objects and give a smeared
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reconstructed output. It is a well-known problem that simply inverting the response

matrix and unfolding leads to severe numerical instabilities of the solution, where small

changes in the input matrix lead to large differences in the output. So, we do the unfolding

step (applying and summing the [U−1]ij response matrix to the matched, fiducial volume

corrected, background subtracted distribution) using the iterative Bayesian unfolding

technique [175] implemented in RooUnfold [176]. This procedure treats the problem in

probabilistic terms, using the matrix and data to construct a likelihood and using Bayes’

theorem with a prior distribution (usually the true MC) to obtain a new posterior and

iteratively applying the posterior as a prior to converge on a smooth output distribution.

For brevity and consistency of notation between the factors, we often present the

factors with a different notation. The purity ρj is freco!part, that is, the correction factor

for reconstructed events without a pseudo-top at particle level. The matching efficiency is

fmisassign, for the correction for misassigned events. And the inverse of the reconstructed to

particle efficiency is fpart!reco, the correction factor (now applied as a multiplicative factor)

for particle events which are not reconstructed. There is also an additional correction

factor, not used for the analysis, which corrects the particle level distribution to the

parton level ftruth!part. These factors for all the distributions are shown in appendix B.

The number of iterations is a free parameter in the Bayesian unfolding. There is a

trade off in the number of steps, where fewer steps will give higher weighting to the initial

prior (i.e. give higher weighting to the initial MC) while more iterations leads to larger

uncertainties (similar to the numerical instabilities in the original inversion problem).

The technique, however, converges in very few steps, so usually less than 10 is sufficient.

6.1.3. Unfolding configuration study

The reconstruction-level data distributions were corrected according to equation 6.3. The

[U−1]ij term in this equation represents a Bayesian unfolding with two iterations. The

number of iterations used for the Bayesian unfolding was selected by comparing the final

statistical uncertainty and the closure of the measurement. Two iterations were found

to ensure closure. As the number of iterations increases, the uncertainty from the MC

statistical uncertainty in the response matrix and the statistical uncertainty in the input

histogram is expected to become larger.

The leptonic pseudo-top pT spectrum in the electron channel was used to study the

performance of the unfolding. Other observables behaved in a similar manner. The
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raw relative statistical uncertainty on the data before the corrections were applied is

given in table 6.2. As described in section 6.2.1, the statistical uncertainty on the

input distribution was propagated through the unfolding by using pseudo-experiments

(ensemble tests), following a Poisson distribution according to the number of events in the

given bin. The statistical uncertainty on the final distribution is tabulated in table 6.3, as

a function of the number of iterations used for the unfolding. As expected, the statistical

uncertainty increases as the number of iterations increases. The effect of the number of

iterations on the final measurement and total systematic uncertainty was also studied

and is shown in tables 6.4 and 6.5 respectively. The values converge quickly during the

first iteration and then change by a relatively small fraction as the number of iterations

increase.

Bin range (GeV)

[0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 1000]

Stat 0.035 0.023 0.026 0.029 0.034 0.038 0.050 0.067 0.085 0.094

Table 6.2: The relative statistical uncertainty on the reconstruction-level leptonic pseudo-top
pT in the electron channel data.

Bin range (GeV)

[0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 1000]

1 Iter. 0.036 0.025 0.025 0.027 0.029 0.030 0.041 0.049 0.065 0.105

2 Iter. 0.047 0.029 0.030 0.029 0.036 0.039 0.051 0.067 0.087 0.144

3 Iter. 0.057 0.033 0.033 0.036 0.043 0.046 0.058 0.075 0.107 0.152

4 Iter. 0.058 0.037 0.036 0.038 0.042 0.051 0.059 0.089 0.119 0.179

5 Iter. 0.062 0.038 0.042 0.040 0.046 0.061 0.068 0.094 0.132 0.159

6 Iter. 0.062 0.039 0.043 0.041 0.048 0.057 0.074 0.100 0.146 0.183

7 Iter. 0.063 0.041 0.042 0.043 0.053 0.060 0.076 0.103 0.156 0.179

Table 6.3: The relative statistical uncertainty on the tt̄ production cross-section, as a function
of the leptonic pseudo-top pT in the electron channel and the number of itera-
tions used for the Bayesian unfolding. The correction factors from the nominal
POWHEG+PYTHIA MC sample are used in the pseudo-experiments to derive
the statistical uncertainty on the unfolded distribution.

6.1.4. Binning Procedure

In order to obtain the most information on the kinematic distributions being measured,

we aim to set the binning as small as is reasonable, or conversely, to measure in as many
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Bin range (GeV)

[0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 1000]

1 Iter. 11.747 27.761 32.009 25.901 17.101 10.100 5.880 3.234 1.539 0.085

2 Iter. 11.691 27.544 32.374 26.158 17.100 9.895 5.948 3.305 1.529 0.080

3 Iter. 11.693 27.385 32.597 26.276 17.099 9.738 6.001 3.355 1.528 0.078

4 Iter. 11.717 27.265 32.750 26.331 17.115 9.620 6.044 3.384 1.525 0.077

5 Iter. 11.746 27.170 32.862 26.349 17.147 9.530 6.080 3.401 1.521 0.077

6 Iter. 11.774 27.093 32.951 26.343 17.187 9.459 6.112 3.410 1.516 0.077

7 Iter. 11.798 27.031 33.025 26.322 17.234 9.401 6.139 3.414 1.511 0.077

Table 6.4: The fully corrected differential tt̄ production cross-section, as a function of the
leptonic pseudo-top pT in the electron channel and the number of iterations used
for the Bayesian unfolding. The results were propagated to the final distribution
using correction factors from the nominal POWHEG+PYTHIA MC sample.

Bin range (GeV)

[0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 1000]

1 Iter. 0.116 0.090 0.106 0.102 0.115 0.112 0.150 0.135 0.161 0.257

2 Iter. 0.129 0.092 0.108 0.104 0.120 0.117 0.156 0.146 0.174 0.279

3 Iter. 0.140 0.094 0.109 0.108 0.124 0.120 0.159 0.153 0.187 0.287

4 Iter. 0.143 0.097 0.111 0.109 0.125 0.122 0.161 0.162 0.194 0.301

5 Iter. 0.149 0.099 0.114 0.110 0.128 0.126 0.166 0.166 0.203 0.292

6 Iter. 0.148 0.100 0.115 0.112 0.129 0.125 0.169 0.171 0.214 0.307

7 Iter. 0.150 0.100 0.115 0.112 0.131 0.126 0.170 0.174 0.221 0.306

Table 6.5: The total (statistical ⊕ systematic) relative uncertainty on the differential tt̄
production cross-section, as a function of the leptonic pseudo-top pT in the electron
channel and the number of iterations used for the Bayesian unfolding. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA MC sample.
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Figure 6.1: Response matrix (left) and RMS of the reconstructed pseudo-topmtt̄ at a given par-
ticle level mtt̄ based on the response matrix (right), for the POWHEG+PYTHIA
signal in the electron channel.

bins as possible for a given distribution. The detector resolution sets the natural limit

to the granularity that we can use for our measurements, since we are not sensitive to

differences smaller than the resolution, as they get smeared out. The procedure we use

to set the bin sizes is to start by taking from the signal MC a finely binned response

matrix between reconstruction and particle level. Each column of the matrix represents

the reconstruction distribution for a fixed (approximately) particle level value. The

root-mean-square (RMS) of the column is then the detector resolution for that particular

particle level value. As an example, figure 6.1 shows the response matrix and RMS

distributions for the mtt̄ distribution. The response matrices for all the distributions

(after binning) are shown in section 6.1.5. The binning is set by starting from the edge of

the distribution, and taking a bin size of twice the average RMS (to cover the full width

of the resolution) of those particle level values being covered by the bin. At the edge of

the first bin, this procedure is repeated until the entire distribution is covered with bins,

taking the final bin to be the rest of the range once the RMS starts diverging, due to the

low statistics in those bins.

In the tails of the distribution, some of the bins need to be merged together, as the

low statistics in the tail lead to large systematic uncertainties from large fluctuations due

to small statistics. This merging is done empirically after setting the binning based on

the resolutions by checking the expected systematic sizes (to be discussed in section 6.2),

and merging until the systematics in the bins that have large systematic fluctuations,

due to the small statistics of the sample, reduce to approximately the level of the bulk

distribution.
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Table 6.6: Bin edges used in the analysis of the given kinematic distribution.

Distribution Bin edges No. of bins

top y 0.0, 0.4, 0.8, 1.1, 1.4, 1.8, 2.5 6

top pT 0, 45, 90, 120, 150, 180, 220, 260, 300, 350, 800 10

tt̄ y 0.0, 0.1, 0.25, 0.4, 0.55, 0.7, 0.85, 1.0, 1.2, 1.6, 2.5 10

tt̄ mass 225.0, 400, 500, 600, 700, 850, 1000, 1250, 2500 8

tt̄ pT 0.0, 25, 50, 85, 125, 500 5

To enable the combination of the channels (discussed in section 6.3.1), the same

binning is used for both the electron channel and the muon channel. The differences

between the channel, however, are minimal enough that this has a negligible effect on

the binning used. Also, to facilitate comparison, and for a final combination to parton

level, the binning for the hadronic and leptonic sides use the same binning, taken from

the distribution with the larger bin widths. For both the individual pseudo-top pT and

rapidity, this is the leptonic distribution. The bin edges found from this procedure for

the kinematic distributions we will measure are tabulated in table 6.6.

6.1.5. Correction Factors and Response Matrices

Figures B.1 to B.7 in appendix B show the correction factors for the distributions to be

measured, derived from the various signal samples (except the response matrix, which is

exclusively derived from the POWHEG+PYTHIA sample). The correction factors that

we use in the measurements are from the POWHEG+PYTHIA sample, since this has

good agreement between Monte Carlo and data as well as a large number of generated

events (5 million), which helps to reduce the size of the systematics due to low statistics

in the tails of the distributions. Generally however, good agreement is seen between

the various Monte Carlo samples for all of the correction factors used in the analysis.

This should be compared with figure 6.2, which shows the efficiency for a generated top

pair event to end in the fiducial volume (the parton acceptance). The figure shows that

this correction is highly dependent on the sample being used to estimate it. That is,

the correction to outside the fiducial volume, where we have no detector information, is

highly dependent on the model being used to make the correction. This quantifies part of

the argument we made previously, that parton level measurements are highly dependent

on model-dependent correction factors whose effects are hard to disentangle and use for
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Figure 6.2: The fraction of tt̄ signal events at particle level that are accepted at reconstruction
level (left), and similarly, the parton to particle level acceptance fraction (right).
The acceptances are shown as a function of the top pair pT in the muon channel.
Several tt̄ MC model for these quantities are compared and shown in ratio to the
nominal POWHEG+PYTHIA sample (shown with points points) in the bottom
of the figure.

constraining the models themselves. This is to be compared with the reconstruction to

particle level efficiency, which is comparatively independent of the MC used.

Figure 6.3 (along with figure B.5) shows the analysis distribution after each of

the correction factors has been applied and through the unfolding. Starting from the

reconstructed distribution, it shows the effect of applying, in turn, the correction for

reconstruction phase space, the misassigned reconstruction, the unfolding, and the

correction to the full particle level. Also displayed is the parton level distribution for the

events accepted in the particle level reconstruction. The figure shows that the the largest

correction is for the particle level acceptance, that the unfolding has only a minimal

impact on the distribution and also that the particle and parton level distributions have a

shape difference in the tt̄ distributions. In particular, the shape of the tt̄ pT distribution

is significantly softer in the pseudo-top particle level than the parton level, as the particle-

level pseudo-top construction can pick up a jet which the tt̄ system is recoiling against,

thereby reducing the pT of the pseudo-top pair. We have also checked the alternative

pseudo-top constructions and this is a generic feature of all of the constructions based

on physics level objects. Comparing the electron and muon channels, the reconstructed

distributions are slightly different between the two channels, due to the smaller η ranges
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Figure 6.3: Distributions stepping through the analysis corrections with the leptonic pseudo-
top pT in the muon channel (left) and electron channel (right) using the
POWHEG+PYTHIA signal sample. The bottom of the figure shows the ra-
tio of the particle-level leptonic pseudo-top pT restricted to the fiducial region to
the given distribution.

accessible to the ATLAS detector for electrons and muons. This difference, however,

does not propagate through to the final particle level distribution since the ranges have

been defined to be the same for both leptons, and so the correction factors account for

the reconstruction level differences.

6.2. Systematic Uncertainties

Systematic uncertainties represent our ignorance of the true underlying distributions

relevant for our analysis. This may be uncertainty of the exact shape and normalisations

used for both the background and signal modelling, uncertainties on the extraction of

data to simulation scale factors, or uncertainties in the detector calibrations. This section

describes the sources systematic uncertainty affecting our analysis, and how we estimate

the size of these uncertainties. The final systematic uncertainty tables of the analysis are

shown in appendix C, which show the size of the effect of each systematic for each bin of

each distribution.



140 Differential tt̄ Cross-Section Analysis

6.2.1. Propagation of Uncertainties

The correction factors (fpart!reco, [U−1]ij, fmisassign, freco!partintroduced in section 6.1.2)

were determined from the nominal POWHEG+PYTHIA tt̄ MC sample. The statis-

tical uncertainty on each correction factor was estimated by performing 1000 pseudo

experiments following the statistical uncertainties on each term. Poisson and normal

distributions were used for the [U−1]ij and (fpart!reco, fmisassign, freco!part) correction factors

respectively. The difference between the mean of all 1000 unfolded distributions and the

true ALPGEN+HERWIG tt̄ distribution was taken to be the systematic uncertainty due

to the statistical uncertainty on the correction factors.

The uncertainty on the background estimation was determined at the reconstruction-

level. All of the systematic uncertainties were evaluated for the non-W + jets MC

samples. The total uncertainty on the non-W+jets MC was then determined by adding

the individual systematic uncertainties and statistical uncertainty in quadrature. The

uncertainties on each of the W+jets data-driven normalisation factors and the statistical

uncertainty of the MC sample were added together in quadrature. Finally, the shape and

normalisation uncertainties on the data-driven estimate of the multijet background were

added together in quadrature. The non-W+jets MC, W+jets and multijet background

templates were then added together with their combined uncertainties. The systematic

uncertainty on the unfolded spectrum from the background was evaluated by performing

1000 pseudo-experiments, following a normal distribution with a width matching the

total uncertainty band. The square root of the variance of the unfolded spectra of the

pseudo-experiments was taken as the uncertainty on the background.

Systematic uncertainties affecting the tt̄ sample used to unfold the pseudo-top pT

spectrum were evaluated as relative bias. That is, the uncertainty attributed to a

particular signal systematic, S, which is a systematic variation from some nominal

sample N in the ith bin ∆i is obtained by first taking the reconstructed distribution and

unfolding with our nominal unfolding procedure, producing Sunfoldedi and Nunfolded
i for

the systematic and nominal samples respectively. Then the distributions at particle level

from the MCs are produced for the systematic Sparticlei and nominal Nparticle
i samples.

The uncertainty is then calculated according to

∆i = (Sunfoldedi − Sparticlei )− (Nunfolded
i −Nparticle

i ), (6.4)
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that is, the difference in the number of events at particle level between the unfolded

distribution and the truth distribution for the systematic sample, the systematic bias, and

subtracting off the bias from the nominal sample. The nominal sample bias is attributed

to using a different sample generator for the systematic variation. This procedure is

performed to avoid double counting the generator bias, which has its own systematic

uncertainty. The modelling systematics are included in the list in the next section and

are the parton shower uncertainty, the initial and final state radiation uncertainty, the

colour reconnection uncertainty, and the generator uncertainty.

6.2.2. Sources of Systematic Uncertainty

This section enumerates the sources of systematic uncertainty that were considered in the

analysis and details the procedure used to estimate their sizes in the final distributions.

MC statistics of the correction factors The samples used to make the correction

factors, freco!part, fpart!reco, fmisassign and [U−1]ij, are of limited statistics. Particularly in

the tails of the 2D unfolding matrices, there are only a few events. Therefore, there is

some uncertainty in the value of these unfolding matrices due to the limited statistics.

The size of the uncertainty is estimated by generating 1000 sets of unfolding correction

factors and the unfolding matrix, where each set has been fluctuated according the

statistical uncertainty of the distributions used to generate the correction factor. For

example, for the unfolding matrix, each bin of the 2d matrix has been filled by weighted

MC events. The statistical uncertainty of each bin is therefore the square root of sum

of the weights square of the events filling that bin. Each sample set is filled with a

value generated by picking a random value from a Gaussian distribution with mean the

weighted value of the bin and width equal to the statistical uncertainty. The matrix is

then normalised as required for the unfolding procedure. The other correction factors

are constructed in a similar manner. The reconstructed data is the passed through all of

the sets of fluctuated correction factors, and the uncertainty on each bin of the unfolded

output is the root mean square of the distribution of values for the bin. In this way,

correlations between the bins, which change due to the fluctuating unfolding matrix, are

taken into account in the uncertainty.

Muon Momentum The muon momentum resolution is extracted from the Z width in

Z→µµ events [177]. Uncertainties due to the momentum scale are estimated by smearing
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the muon pT in MC by the resolution. This smearing is applied separately to the Inner

Detector and the Muon Spectrometer. The size of the uncertainty is taken as the shift

with respect to the nominal unfolding using the smeared sample.

Electron Energy The energy scale for the electrons are obtained from studying

dielectron peaks resulting from the decay of particles of well-known mass: Z→ ee,

J/ψ→ ee, and energy over momentum using isolated electrons from W → eν. The energy

scale is corrected as a function of η, φ and ET and uncertainties from the measurements

are taken as systematic uncertainties. An energy smearing term is also applied to MC

samples so that the resolution of the MC samples match the energy resolutions in data.

To obtain the uncertainty, we rerun the MC with the resolution smearing taken as the

extremes of the uncertainty band on the resolution, and the uncertainty is the difference

between these bands and the nominal.

Lepton Efficiencies For both the muons and electrons, there are uncertainties on the

difference in efficiency between MC and data for a lepton to be (1) triggered on, (2)

reconstructed offline and (3) identified as a good quality lepton. For the electrons this is

done using the Z→ ee tag and probe method for the trigger and reconstruction efficiencies,

and Z→ ee and W → eν for the identification efficiency. The systematic uncertainty from

these factors is mostly due to the uncertainty in subtracting the backgrounds from these

analyses. The muon reconstruction efficiency is measured using the Z→µµ tag and probe

method [178]. The muon identification and trigger efficiencies were also measured using

tag and probe methods [179,180]. The systematic uncertainty is obtained by rerunning

the nominal sample with the extremes of the uncertainty of the measurements, and taking

the difference between these samples and the nominal in the final unfolded distributions

as the uncertainty.

Jet Energy Scale As discussed in section 4.1.4, reconstructed jets need to be energy

corrected to the jet energy scale. The jet energy scale (JES) is a correction from the

initial calorimeter calibrated energy based on electromagnetic response (EM scale) to

the energy of the hadronic jets. The JES is derived initially from MC by constructing

jets from stable particle level objects to the reconstructed EM scale jet energy. The

jets used for this correction are isolated jets from an inclusive MC sample included

pileup. Then, to account for residual differences between data and simulation, an in-situ

correction method has been used and applied as a last step of jet reconstruction [181].
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This correction is derived from dijet events, where it is known that the jets should be

pT balanced (up to parton radiation modelling effects, the size of which are estimated

by comparing PYTHIA and HERWIG in MC). The pseudo-rapidity dependence for jets

with |η| < 2.8 is analysed by testing the transverse momentum balance in dijet events of

the jet against a jet lying in a reference region |η| < 0.8. The reference region is used

as jets in this region are seen to be well-modelled in simulation and require no extra

calibration. At |η| = 2.8 the uncertainties of this procedure become large, but as this

analysis only uses jets with |η| < 2.5, we will not discuss this further. The energy scale

for central jets (|η| ¡ 1.2) is tested by comparing the transverse momentum of events with

a Z boson and a recoiling jet. Since the Z bosons are well-measured at the EM scale

(as they decay to muons or electrons) with much less uncertainty than the JES, these

provide a clean, robust test of the momentum calibration.

A large number of sources of uncertainty have been identified and the size of these esti-

mated. These are broadly categorised into: statistical uncertainties (due to the statistical

uncertainties of the jet-balance and photon-balance calibrations), model uncertainties

(for example, the contribution of particles outside the jet cone to the jet pT), detector

uncertainties (for example, photon purity uncertainties and electron or photon energy

scales), mixed uncertainties (for example, the sensitivity of the calibrations to pileup inter-

actions), the uncertainty of the jet-balance η intercalibration, pileup offset uncertainties,

close-by jet uncertainties, single particle response uncertainties, high-pT jet uncertainties,

uncertainties due to non-closure of the calibration and flavour composition and response

uncertainties. The number of components is reduced by combining the parameters which

are found to be highly correlated in terms of their uncertainty with respect to the η and

pT of the jet, leaving a total of 16 parameters which are independently varied in our

analysis to give the JES uncertainty. We obtain the uncertainty by rerunning, once for

each component of uncertainty, with a JES given by the extremes of the allowed JES for

the particular component and comparing the final unfolded distributions to the nominal.

Each component is considered as a separate uncertainty in the final analysis, and in the

list of systematics (presented in Appendix C), shown as a JES with the component name

listed next to it.

Jet Energy Resolution The MC description of the jet energy resolution (JER) was

evaluated using the dijet balance measurement and the bi-sector technique on data [182].

Both measurements show that JER in the MC simulation agrees with the observed data

distribution. Therefore, by default no extra smearing is applied to reconstructed MC jets,
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and for the systematic uncertainty, the uncertainty of the JER measurement is added as

an extra smearing to evaluate the effect on our measurement, by comparing the final

unfolded distributions obtained with the extra smearing to the nominal.

Jet Reconstruction Efficiency The efficiency of the calorimeter to reconstruct jets

was measured using data by reconstructing jets from tracks and searching for a matching

calorimeter jet [183,184]. The MC simulation efficiency agreed with the data within the

uncertainty bands of the measurement. The extremes of the uncertainty bands of the

relative efficiency between MC and data was taken as a systematic uncertainty. In order

to estimate the effect of this uncertainty, the main signal sample was rerun discarding a

random fraction of jets in the inefficient regime and the difference between this and the

nominal unfolded distributions was taken as the jet reconstruction efficiency uncertainty.

Jet Vertex Fraction The systematic uncertainty due to the Jet Vertex Fraction

(JVF) cut (described in section 4.1.4) was estimated by varying the scale factors for the

hard-scatter jet selection efficiency (the fraction of hard-scatter jets that are classified as

hard-scatter by the JVF selection) and for the pileup jet rejection efficiency (the fraction

of jets from pile-up energy deposits classified as pile-up jets by the JVF selection).

The scale factors for the JVF are defined as the ratio of the data efficiency and the

MC efficiency, and are applied to MC. The efficiencies are measured using a Tag and

Probe method looking for a Z boson recoiling back-to-back against a single jet [116].

From this sample a hard-scatter enriched region is defined as having a Z boson with

pT > 30 GeV and ∆φ(Z, jet) > 2.9. Very few of the events in this region have pile-up

jets, since the pT requirement implies the Z boson is recoiling off of QCD radiation. A

pile-up enriched region is defined by requiring the Z boson has pT < 10 GeV, and the jet

has pT > 20 GeV, without any requirements on the ∆φ(Z, jet). The low pT requirement

on the Z, along with the requirement that only one jet is reconstructed, implies that the

Z boson was produced with negligible QCD radiation in this region, and the jet is being

constructed from the energy due to pile-up interactions. From the corresponding regions,

efficiencies for correct classification of hard-scatter or pile-up jets are measured in data

and MC and a scale factor correcting the difference, K = εdata/εMC is produced which

is applied to the analysis of MC. The scale factor is parameterised with respect to the

jet pT by a falling exponential f(x) = aebp
jet
T + c where a, b and c are free parameters

that are found by fitting to the distribution K(pjetT ). The JVF systematic uncertainty is

then found by using the K value given by the maximal difference when the parameters
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are varied within the uncertainty allowed by the fit. This uncertainty is summed in

quadrature given by taking the maximally varied K for different signal selection regions

(for example, varying ∆φ in the definition of the hard-scatter region) and rerunning

the K analysis. This is to account for the uncertainty in region selection purity, for

example the contamination of hard-scatter events in the pile-up region. Further details

on the scale factor derivation (in particular, how contamination of hard-scatter jets in

the pile-up region is accounted for) is given in [116].

b-tagging Scale Factors b-tagging scale factors were applied to correct for data and

MC efficiency differences. The efficiencies are measured from samples of dileptonic tt̄

events [185,186]. In these events, two b-tagged jets are expected, and any additional

jets are light jets. 2 and 3 jet bins are used to fit a likelihood function which gives

the b-tagging efficiency as a function of the jet pT . From the efficiencies in data and

MC, scale factors can be determined as a function of jet pT for both the efficiency of a

b-jet being tagged (b-jet efficiency) and the efficiency for a light jet to be tagged as a

b-jet (mistag rate). The uncertainties on these rates, determined from the uncertainties

on the likelihood minimisation, are the b-tagging systematics. As usual, the unfolded

distributions with the systematic scale factors are compared with the nominal to obtain

the uncertainty due to b-tagging scale factors.

Missing Transverse Momentum For all the systematics involving object energy

recalibration, the missing transverse momentum term is also recalculated to take into

account the object rescaling, which affects the Emiss
T according to equation 4.2. There

are two further sources of uncertainty in the missing transverse momentum not taken

into account: the cellout term (discussed in section 4.1.6, this term also includes the

uncertainty on the soft jets described in that section), and the effect of pileup. The

cellout uncertainty is estimated using samples of Z→ `` events [187], as these events

have a well-measured Z boson, recoiling against soft energy deposits (i.e. no hard jets or

other hard scale physics objects). The observed discrepancy between data and MC of the

cellout Emiss
T term in scale and resolution (as a function of the total transverse energy

of the events) is taken as the total uncertainty due to soft energy Emiss
T uncertainties.

Samples with the soft terms varied up and down by the derived uncertainties are produced

and compared with the nominal unfolded distributions to derive the uncertainty of this

component on our analysis.



146 Differential tt̄ Cross-Section Analysis

The uncertainty in the description of extra energy deposits due to pileup interactions

is estimated by varying the jet, soft-jet and cellout components by 6.6%, as determined

from studying the dependence of the MC to data ratio in Z→ `` events on the number of

pileup interactions and taking the maximum difference as the uncertainty to be applied.

Samples with the varied terms are compared to the nominal unfolded distributions to

obtain these additional uncertainties.

Background Subtraction For the background samples which are completely deter-

mined from simulation, the above systematics are used to determine the uncertainty of

the size of the background contribution, and therefore the uncertainty on the background

subtraction. This comprises all samples except the W+jets and the QCD. For the QCD

sample, the size of the uncertainty is estimated by running the QCD estimation procedure

of section 4.3.3 with (separately) the fake rates and the real rates varied up and down

within the uncertainties of their determination. For the W+jets samples, the overall

uncertainty on the charge asymmetry normalisation method (see section 4.3.2) is run,

as well as the uncertainty on the flavour fractions are run separately to determine the

size of the uncertainty. In the final analysis, the square root of the sum of the squares

combination of the size of all the background uncertainties are taken as a single, overall

background subtraction uncertainty. The analysis was rerun with the background size in-

creased and decreased based on this uncertainty, and the resultant distributions compared

with the nominal distribution to obtain the background subtraction uncertainty.

Parton Shower Since parton showering is described phenomenologically by MCs, and

there are various ways of modelling it, the effect of different models needs to be accounted

for. The size of this uncertainty is estimated by taking the relative difference between the

ALPGEN+HERWIG tt̄ and ALPGEN+PYTHIA tt̄ samples as the systematic uncertainty.

Since neither of these samples is being used as the main analysis sample, both will give

slightly different results from the main POWHEG+PYTHIA tt̄ sample. However, the

relative offset from POWHEG+PYTHIA tt̄ is not considered as a systematic due to

the parton showering, but instead attributed as coming from the difference between

ALPGEN and POWHEG, only the relative offset between the samples per equation 6.4.

Initial and Final State Radiation The amount of initial and final state radiation

produced in top events has been constrained by measurements of the jet gap fraction by

ATLAS[150]. This measurement was presented in section 5.1. ATLAS tuned the ISR/FSR
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parameters for two samples of ALPGEN+HERWIG tt̄ which provide an envelope of

the uncertainty on the gap fraction measurement. The size of the ISR/FSR systematic

uncertainty is then estimated for this analysis by taking the maximum difference between

these two samples and the nominal ALPGEN+HERWIG tt̄ and taking this as a symmetric

error.

Colour Reconnection Top quarks are coloured objects and so treating them decaying

independently leaves a coloured parton and anti-coloured parton on opposite sides of the

event. Since stable, coloured objects are not observed in nature, the event must reconnect

the colour across the branches to produce colour-singlet states. This is implemented

purely phenomenologically in MCs, and currently there are no observations that constrain

the effect of this colour reconnection. The size of the uncertainty is estimated by rerunning

a sample of POWHEG+PYTHIA tt̄ turning off the colour reconnection parameter and

taking the relative difference of this result with the POWHEG+PYTHIA tt̄ sample with

the colour reconnection parameter on as the systematic uncertainty.

Generator The nominal POWHEG+PYTHIA tt̄ sample used to describe the signal

is made by an NLO generator, which produces diagrams up to the one loop level with

no extra partons, or with an additional parton in the final state, relying on the parton

shower for additional jets. We also have access to multileg LO generators, which account

for only tree-level Feynman diagrams, but may produce several additional partons in

the final state and so should in principle account for the jet distribution better. As

noted, additional radiation effects can influence the analysis results, for example the top

pair pT spectra can be decreased from the analysis using a recoil jet in the pseudo-top

construction. On the other hand, the NLO generators should better account for the top

production kinematics. We account for uncertainty due to these potential these differences

with a generator uncertainty. The difference between the nominal POWHEG+PYTHIA

tt̄, an NLO generator, and the ALPGEN+HERWIG tt̄ sample, a multileg LO generator,

was used to estimate the size of the generator uncertainty.

Luminosity The integrated luminosity of the total data sample was measured in

ATLAS using van der Meer scans. The systematic uncertainty of this procedure was

estimated to be 1.8% [188]. This is applied uniformly to all final distributions.
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6.3. Results

The tt̄ cross-section is presented, as a function of pseudo-top ptT and after correction

for all detector effects, in figures 6.4, 6.5 and 6.6. Overall statistical and systematic

uncertainties are indicated in the figures. For a complete breakdown of the uncertainties

discussed in the previous section, appendix C contains tables of the size of each source of

systematic uncertainty for each of the distributions for all bins. Generically, the b-tagging,

I/FSR, and generator uncertainties are the largest contributors to the total systematic

uncertainty. In the high pT and mass tails, the background subtraction uncertainty and

some of the components of the JES uncertainty also become large.

The unfolded data are compared with several MC models, which have different matrix

element calculations, matching schemes and fragmentation models. Most of the MC

models are consistent with the measurements, although they appear to be systematically

lower than the central values at lower values of pseudo-top ptT .

6.3.1. Particle Level Combination

The corrected particle level pseudo-top distributions are independent of whether they

are measured in the electron or muon channel, since we ensured that we defined the

fiducial volume to be the same for both leptons, and there is no measurable difference

in the W decay distribution to either lepton. Therefore the distributions for the two

decay channels can be combined into a single result. This increases the statistics for

the distribution and decreases their overall systematic uncertainty, since many of the

systematics are correlated between the analyses. Thus, the combination of the results

increases the overall discrimination power.

The measurements were combined by using the BLUE (Best Linear Unbiased Es-

timator) method [189]. The BLUE method takes a set of n measurements yi, of the

same observable y and creates the best fit for them, taking into account the correlations

between correlated sources of systematic uncertainty as represented by a covariance

matrix E. BLUE constructs an estimate of y from the measurements yi by requiring that

(1) the estimate ŷ is a linear combination of the individual estimates, (2) is an unbiased

estimate, and (3) has the minimum possible variance σ2. The first condition implies that
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Figure 6.4: Unfolded and corrected distributions for (top to bottom) the the mtt̄, ptt̄T , |ytt̄| in
the electron (left) and muon (right) channels. The corrections used are derived
from the POWHEG+PYTHIA tt̄ sample. Data points are shown with error bars
for statistical uncertainties and error bands for total statistical and systematic
uncertainties.
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Figure 6.5: Unfolded and corrected distributions for (left to right) the hadronic and leptonic
top distributions of top ptT in the electron (top) and muon (bottom) channels.
The corrections used are derived from the POWHEG+PYTHIA tt̄ sample. Data
points are shown with error bars for statistical uncertainties and error bands for
total statistical and systematic uncertainties.
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Figure 6.6: Unfolded and corrected distributions for (left to right) the hadronic and leptonic
top distributions of top |yt| in the electron (top) and muon (bottom) channels.
The corrections used are derived from the POWHEG+PYTHIA tt̄ sample. Data
points are shown with error bars for statistical uncertainties and error bands for
total statistical and systematic uncertainties.
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the estimate is given by

ŷ =
∑

αiyi (6.5)

for some set of weighting factors αi. For this to be unbiased, assuming that yi are

unbiased, this implies ∑
αi = 1. (6.6)

Finally, the variance for a given set of α is given by

σ2 = αTEα, (6.7)

so the BLUE technique is to simply minimise this equation by varying α subject to the

constraint 6.6. This can be solved analytically using the method of Lagrange multipliers

to give

α = (UTEU)−1E−1U (6.8)

where U is a n-vector with all entries unity. The α can then be substituted back into

equation 6.5 to give the estimate and 6.7 for the variance.

In our case, we are combining the electron and muon channels, and considering each

bin of each distribution independently, so we have two measurements for each bin. The

covariance matrix between the two channels is constructed by assuming zero or full

correlation for channel-specific or common systematic uncertainty sources, respectively.

That is, if the ith systematic source is only applicable to one of the channels, we construct

a covariance matrix for that uncertainty ofσ2
e,i 0

0 0

 ,

0 0

0 σ2
µ,i

 (6.9)

for an electron or muon channel systematic respectively. For a systematic from a common

source, we assume that the uncertainties between the channels are fully correlated σ2
e,i σe,iσµ,i

σe,iσµ,i σ2
µ,i

 . (6.10)
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The full covariance matrix is then the sum of the individual sources of uncertainty

E =
∑
Ei. This matrix along with the data points from the channels y = (ye, yµ) are

then used in the BLUE method outlined above to give the combined result. Finally, the

overall contribution of the ith systematic source σi to the final uncertainty can also be

obtained from the method by calculating σi =

√
αTEiα√
αTEα

. The statistical uncertainties are

treated as uncorrelated in the combination.

The uncertainties we take to be correlated are the JES components, jet efficiency,

JVF and JER uncertainties, the data to MC uncertainties such as for the b-tagging scale

factors, the lepton energy scale uncertainties, the Emiss
T uncertainties from pileup, the

tt̄ modelling uncertainties, the PDF uncertainties and the luminosity uncertainty. The

background components and MC statistical uncertainties are taken uncorrelated. The

lepton efficiency uncertainties are only valid in the separate channels and so only included

as an uncertainty component in the relevant distribution.

Figures 6.8 and 6.8 show the ratio of the electron and muon channels to the final

combination for each bin of the analysis distributions for, respectively, the individual

pseudo-top and the pseudo-top pair variables. The distributions can be seen to be in

agreement with each within the uncertainties of the analysis, and slight reductions in the

overall uncertainty can be seen after combination.

Results of the channel combination are presented in figures 6.12 to 6.15 for the

pseudo-top pT and |yt|, and figures 6.9 to 6.11 for the pseudo-top pair distributions,

mtt̄, ptt̄T , and |ytt̄| in comparison with several Monte Carlo simulation predictions. In

appendix E, figures E.5 and E.6 present the combinations compared with the ALPGEN

generator combined with different parton showers, and with the I/FSR up and down

tunes. Figures E.3 and E.4 show the combinations and Monte Carlos normalised with

respect to the cross-section. This enable us to compare just the shapes of the distributions.

Also given in appendix D are tables for the contribution of each systematic source to the

overall uncertainty.

6.4. Discussion

The individual top rapidity (figure 6.14 for the hadronic pseudo-top rapidity and figure 6.15

for the leptonic pseudo-top) is well described by all the MC samples in shape and mostly

within uncertainties for the normalisation. The exception is the ALPGEN+HERWIG tt̄
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Figure 6.7: The ratio of the electron and muon channels to the output of the BLUE combina-
tion for the pseudo-top pair (top to bottom) mass, pT and rapidity.
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Figure 6.8: The ratio of the electron and muon channels to the output of the BLUE combi-
nation shown for the individual pseudo-top (top to bottom) hadronic rapidity,
leptonic rapidity, hadronic pT, and leptonic pT.
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Figure 6.9: The fiducial differential tt̄ cross-section for pseudo-top pair mtt̄ after the combi-
nation of electron and muon channel results compared against several tt̄ models
predictions, which are shown in ratio against the data in the bottom figure. The
data points are shown with the associated combined systematic and statistical
uncertainties.
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Figure 6.10: The fiducial differential tt̄ cross-section for pseudo-top pair ptt̄T after the combi-
nation of electron and muon channel results compared against several tt̄ models
predictions, which are shown in ratio against the data in the bottom figure. The
data points are shown with the associated combined systematic and statistical
uncertainties.
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Figure 6.11: The fiducial differential tt̄ cross-section for pseudo-top pair |ytt̄| after the combi-
nation of electron and muon channel results compared against several tt̄ models
predictions, which are shown in ratio against the data in the bottom figure. The
data points are shown with the associated combined systematic and statistical
uncertainties.



Differential tt̄ Cross-Section Analysis 159

 [GeV]
T

hadronic pseudo-top p

G
eVfb

 
ht T

dp

fid σd

-410

-310

-210
Data

ALPGEN+HERWIG

POWHEG+PYTHIA P2011C

POWHEG+PYTHIA w/HERA PDF

ALPGEN+PYTHIA

MC@NLO

POWHEG+HERWIG

-1
 L dt = 4.59 fb∫
 = 7 TeVs

 [GeV]
T

hadronic pseudo-top p
0 200 400 600 800

P
re

d.
/D

at
a

0.5

1

1.5

Work in Progress ATLAS

Figure 6.12: The fiducial differential tt̄ cross-section for individual pseudo-top kinematics ptT
for the hadronic top after the combination of electron and muon channel results
compared against several tt̄ models predictions, which are shown in ratio against
the data in the bottom figure. The data points are shown with the associated
combined systematic and statistical uncertainties.
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Figure 6.13: The fiducial differential tt̄ cross-section for individual pseudo-top ptT for the
leptonic top after the combination of electron and muon channel results compared
against several tt̄ models predictions, which are shown in ratio against the data
in the bottom figure. The data points are shown with the associated combined
systematic and statistical uncertainties.
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Figure 6.14: The fiducial differential tt̄ cross-section for individual pseudo-top |yt| for the
hadronic top after the combination of electron and muon channel results. The
data points are shown with the associated combined systematic and statistical
uncertainties.
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Figure 6.15: The fiducial differential tt̄ cross-section for individual pseudo-top |yt| leptonic
top after the combination of electron and muon channel results. The data points
are shown with the associated combined systematic and statistical uncertainties.
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sample, which has a higher normalisation than the other samples. As the samples are

normalised to the same theoretical cross-section at parton-level, we can attribute this to

the larger parton to particle-level acceptance for ALPGEN+HERWIG compared to the

other MCs, which can be seen in figure B.6.

The individual top pT is poorly described at high pT for many of the samples.

While generally, the distributions are within the uncertainties of the analysis, there is

a systematic tendency to predict a higher cross-section than the data in the high pT

region for the ALPGEN tt̄ samples and one of the POWHEG+PYTHIA tt̄ sample. The

POWHEG+PYTHIA tt̄ sample with the HERA PDF best describes the top pT spectrum,

while the POWHEG+PYTHIA with the P2011C tune sample begins to overestimate the

high pT regime. This implies that the HERA PDF, which predicts a softer gluon PDF,

is a better description of the data than the currently used CT10 PDFs. This also implies

that the data will provide useful inputs for the PDF fitting groups to use to adjust their

gluon PDFs.

The tt̄ system variables are not, in general, as well predicted as the the kinematic

variables of the individual top quarks. All the MCs over-predict the low mtt̄ region

(figure 6.9). This implies that the threshold region description used by the MCs is

inadequate and higher order corrections need to be taken into account in order to fit this

regime. The low mass mtt̄ phase space is in any case hard to predict since at threshold

soft gluon corrections become important and the resummation terms, hard to calculate

within the MCs, dominate. The POWHEG+PYTHIA with HERA PDF sample here

slightly underestimates the data at high mtt̄, while the other samples overestimate it.

This is consistent with the HERA PDF predicting a softer gluon PDF (implying lower

average centre of mass energy since the gluon PDF dominates production) than the other

samples. All the samples, however, are within the 1σ uncertainties of the measurement

at high mtt̄.

The shape of the |ytt̄| distribution (figure 6.11) is generally well predicted for low |ytt̄|,
but all the samples over-predict the high |ytt̄| region, again with the exception of the

HERA PDF POWHEG+PYTHIA sample which provides a good prediction of the data

across the entire |ytt̄| spectrum. Given that for |ytt̄| = 0 it is required (at leading order),

that x1 = x2 = mtt̄/
√
s, and that the more extreme the |ytt̄|, the further apart the two

values of x become, this is again showing that the softer high-x gluon spectrum of the

HERA PDF sample gives a better description of the proton than the other PDFs.
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The ptt̄T spectrum (figure 6.10), as noted previously, is sensitive to the overall extra

radiation produced in the parton collision process. The spectrum is poorly modelled by

the MC@NLO+HERWIG sample, which predicts that the ptt̄T should be larger at low ptt̄T
and smaller at high ptt̄T . This trend is also present in the POWHEG+PYTHIA HERA

PDF sample, though the prediction remains within 1σ uncertainty of the measurement.

This trend is also present in the ALPGEN+HERWIG tt̄ sample. The ALPGEN+PYTHIA

and POWHEG+PYTHIA tt̄ samples with the Perugia tune both give good predictions

of the data distribution. The Perugia tune of POWHEG+PYTHIA tt̄ was explicitly

fitting data to achieve good descriptions of Initial and Final State Radiation, so as it

is the only NLO sample to give a good description of this distribution, it implies that

the distribution will be particularly useful for fitting the phenomenological radiation

parameters in future MC tunes. The calculations of ptt̄T are also only available to leading

order, since it requires an additional parton, so the NLO generators will only include a

tree-level Feynman diagram for this process. Thus, the difference may also be due to

higher-order effects. There is an ongoing effort to produce differential distributions at

NNLO, so this distribution is potentially an interesting test of the effect of higher-order

corrections.

Ultimately, however, the utility of the measurements is not the comparison between

the samples currently in use at ATLAS, but to allow for new generator parameter and

PDF fits to be made based on the results presented. The deviations of the samples from

the data show that there is scope for the results to be used in future tunes of the MCs

that will be of benefit in future measurements which require detailed description of top

production kinematics. This includes both precision measurements of the top quark, as

well as searches and measurements where the top is a dominant background and where

more precise top MCs would reduce the background uncertainty of the analysis. To

facilitate this, a suitable function has been made for Rivet (discussed in section 5.2),

which should allow automatic parameters fitters, such as Professor [190] to be able to use

the data in future tunes.

6.5. Extrapolation to top partons

The final result that we present is the extrapolation of the fiducial cross-section to parton

level. As mentioned, unlike previous results, this is not the main result being presented,

but instead is done to allow quick cross checks with parton level calculations and for
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comparison to the recent top parton measurements [171]. The POWHEG+PYTHIA tt̄

MC sample was used to derive bin-by-bin correction factors that were used to extrapolate

from the pseudo-top measurements. The extrapolation factor used was defined as

Ci = Nparton
i /Nparticle

i (6.11)

where Nparton
i is the number of parton-level events with the parton-top variable in the bin

range, and Nparticle
i the number of particle level events with pseudo-top variable falling in

the bin range for a given measurement variable. The POWHEG+PYTHIA tt̄ MC sample

used to derive this cross-section did not include fully hadronic tt̄ events and we further

restricted our signal definition to semi-leptonic events with the lepton being an electron,

muon or tau decaying to an electron or muon. Therefore, an additional correction of

1/0.378 was applied to account for the branching fraction of these events.

For the top-pair variables: mtt̄, ptt̄T , and |ytt̄|, the electron and muon fiducial cross-

sections were corrected to the parton level and then the two channels combined using

the method of the previous section. For the top variables: ptT and |yt|, at the parton

level, before the top has decayed, there is no distinguishing the hadronic and leptonic

tops. Thus, all of the pseudo-top distributions were corrected to the parton level using

the individual correction factors for the given top decay-type and lepton channel, and

then the four distributions were combined into a single result. Figure 6.17 shows the

final results of the measurements to the parton level compared with several Monte Carlo

predictions.

In figure 6.16, the parton level analysis distributions from the dedicated parton level

analysis performed at ATLAS [171], and our distributions corrected to the parton level

are displayed. The parton level analysis distributions are multiplied by the overall

cross-section of our distribution to display them unnormalised. Due to the parton-level

analysis correcting to normalised distributions, many systematics which only cause shifts

in the overall normalisation cancel out in their analysis. No attempt has been made here

to include these systematics, and therefore the uncertainties shown in the figure for the

parton-level analysis are artificially smaller than those for our analysis. Similarly, no

attempt has been made to estimate the size of the uncertainties of our analysis due to

the particle to parton-level acceptance correction differences between the various tt̄ MCs.

The figure shows good agreement between the two analysis methods with our results

in accordance with the dedicated parton-level result. It should be noted that as the

binnings in the analyses are different, and so one must be careful when interpreting the
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figures to average across the bins where we have presented finer details. In particular, for

the top-pair mass distribution the first two points of the parton-level analysis (in red)

are of similar height, while our first two points jump from low to high. This is an effect

of our smaller binning being on the edge of a rise in the expected cross-section, while the

first data point of the parton analysis averages the first bin and a half of our analysis

and therefore lies between them, similarly with the second bin of the parton-analysis.
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Figure 6.16: The tt̄ production cross-section after channel combination as a function of the
leptonic-hadronic pseudo-top system (a) rapidity, (b) mass and (c) pT. The data
points are shown with the total statistical and systematic uncertainties. The
data are compared with the parton level analysis results normalised to be the
same as our distribution.
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Figure 6.17: The inclusive tt̄ cross-section is shown after channel combination and extrapola-
tion to the parton level, and in comparison to several MC generator predictions.
The data points are shown with the total statistical and systematic uncertainties
from the particle level unfolding. No model dependence uncertainty due to the
parton level extrapolation is added.



168



Chapter 7.

Conclusion

The successful operation of the LHC since 2010 has given particle physicists an incredible

opportunity to probe their theories at the highest energies ever achieved by a particle

collider. This is most evident by the discovery of the Higgs boson, and therefore

confirmation of the Higgs mechanism, by the ATLAS and CMS experiments in 2012. It

also allowed broad, detailed studies of the known SM physics, such as the differential

top cross-section analysis presented in this thesis using the 2011
√
s = 7 TeV ATLAS

dataset.

Where previous measurements sought to present the top-pair differential cross-sections

corrected through to the top parton level, this analysis has taken a more conservative

approach in the analysis of the data. This approach seeks to address the limitations of

previous measurements, as requested by the theoretical community. In particular, we have

presented an analysis of proxy observables related to the top decay. These “pseudo-top”

observables are definable completely independently of the simulation description of the

top. This has allowed us to avoid correcting the observables for effects only describable

by theory or phenomenological models, some of which the measurements actually seek to

constrain. It has also allowed us to present, for the first time, differential measurements

of the top quark at the fiducial level – the experimentally accessible phase space of top

quark decays. This allows us to avoid large, theory-dependent corrections into regions

of phase space that cannot be probed by the detector. These considerations together

should allow for more robust interpretations of the analysis results presented by the

theory community than has previously been allowed.

After briefly reviewing the theory of top quarks (chapter 2) and the experimental

setup of ATLAS on the LHC (chapters 3 and 4), we have presented in this thesis a set of

observables for top pair production events which can be used for differential kinematic
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studies (in chapter 5). The observables are applicable at the reconstruction and particle

levels, and are independent of the parton-level definition of the top. We have called these

observables “pseudo-top” to distinguish them from existing measurements extrapolating

to the parton-level top, and to emphasize that the constructions are not directly related

to the partonic top propagator. The observables are then useful for generator tunings of

top production and fits of the proton parton distribution functions (PDFs). In particular,

the gluon PDFs are currently only loosely constrained at large x, which is an important

regime for top-pair production.

We then presented (in chapter 6) the first measurement of the pseudo-top observables.

We measured the fiducial cross-section as a function of the differential pseudo-top ptT ,

|yt| and pseudo-top pair |ytt̄|, mtt̄, ptt̄T using the 2011 ATLAS
√
s = 7 TeV proton–

proton collision data set with the complete evaluation of the systematic uncertainties.

We compared the results to several models which are currently in use by the ATLAS

experiment to model the production of top-pair events. We showed that no single one

of these Monte Carlos currently reproduces all of the features of the distributions. The

POWHEG+PYTHIA tt̄ sample produced with HERA PDF, however, gives the best

description across most of the distributions. The discrepancies we find show that the

results will be useful inputs for future tunings of the Monte Carlos and for improving the

fits of the proton PDFs. As well as being useful for testing the predictions of perturbative

QCD and for modelling the top for other top physics analyses, top production is generically

an important background for new physics searches. These searches will therefore also

benefit from better descriptions of the top production process through a reduction of the

top modelling systematics, which the results of this thesis provide.

7.1. Future Work

There are several directions that this work may be taken from the baseline established in

this thesis. In 2012, ATLAS collected 20 fb−1 of data from LHC proton–proton collisions

with
√
s = 8 TeV. At 8 TeV, the top cross-section also increases to 240 pb [191], so there

is an order of magnitude more top events in the 2012 dataset than in the 2011 7 TeV data.

As well as repeating the measurements presented in this thesis, the extra data would

allow for doubly-differential measurements to be performed. For example, a measurement

with respect to the top’s or top pair’s pT and rapidity could be made simultaneously.

This would provide better sensitivity to the gluon PDF which is dependent on both of



Conclusion 171

these quantities. Further reduction in the systematics is also possible in this dataset,

since several of the sources of systematic uncertainty are estimated using data-driven

techniques. For example, the b-tagging uses dileptonic top events to estimate the

tagging efficiency uncertainties, so a larger dataset would allow these uncertainties to

be reduced. Another route is to provide results of the ratio of 8 TeV to 7 TeV data.

This allows a more robust theoretical interpretation of the results, since many of the

theory uncertainties cancel in the ratio [162]. Similarly, the LHC is due to restart in 2015

with
√
s = 13 TeV proton–proton collisions, and run at this energy for several years.

This will bring both an additional increase in the cross-section for top pair production to

950 pb [69] and an expected order of magnitude more collision data. This would again

allow the measurements to be performed at new energies with larger datasets, so the

techniques presented in this thesis are the start of a programme of measurements which

will continue to probe our understanding of the top quark for the next several years.



172



Appendix A.

Inner Detector Studies for the

ATLAS Phase-II Upgrade

As of 2013, the LHC has provided 5 fb−1 of
√
s = 7 TeV and 20 fb−1 of

√
s = 8 TeV

proton–proton collisions. The 2013–2014 shutdown is the first (Long Shutdown 1 or LS1)

of a series of planned shutdowns, in which both the LHC machine and the detectors

on the beamline will be upgraded. When collisions restart in 2015, the repairs to the

LHC will allow it to deliver either 13 or 14 TeV collisions to the detectors. This period

(Phase 0) will continue until 2018, when Long Shutdown 2 (LS2) will start and a new

linear accelerator injector, LINAC4, will replace the current injector and the PS Booster

upgraded to provide lower emittance. This will allow higher luminosities of around

2 − 3× 10−34 cm−2 sec−1 during the subsequent phase I running of the LHC. A final

shutdown (Long Shutdown 3) is then planned for 2022 when the LHC will be upgraded to

the High Luminosity LHC (HL-LHC), which will deliver an instantaneous luminosity of

approximately 5× 10−34 cm−2 sec−1 during the subsequent Phase II operations. Phase 0

is expected to deliver a total luminosity of 50–100 fb−1, Phase 1 300–400 fb−1 and Phase

2 3000 fb−1 over the lifetime of the experiments. For each of these shutdowns, the ATLAS

detector will also undergo upgrades so that it may maintain or improve performance with

the higher pileup that the increased luminosity will entail. In particular, this chapter

deals with the proposed new Inner Detector which will be installed in ATLAS during LS3.

First, the ATLAS upgrades proposed for the shutdowns will be briefly outlined, then the

initial, preliminary design and study of the proposed new tracker will be presented in

the context of these upgrades. This work was performed as part of the mandate of the

ATLAS Layout Task Force and is also documented in [192].
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A.1. The ATLAS Upgrade Schedule

A new innermost pixel layer is currently being constructed (as this is being written

during LS1) as the first major upgrade of the ATLAS detector since operations began.

This is the Insertable B-Layer (IBL) [193]. For the IBL upgrade, the beampipe is being

replaced by a thinner, lighter beampipe, and a layer of pixels will be inserted between

the new beampipe and the current innermost pixel layer. Since it gives a charged particle

measurement closer to the interaction point, the IBL allows better vertexing resolution

and therefore superior b-tagging performance. It also keeps the tracking robustness high

in the face of failures. Since the pixel layers closest to the interaction point experience

the highest radiation, they degrade faster than the outer layers. Therefore, the IBL will

then compensate for these radiation-induced losses. It benefits from new technologies,

and so is also more radiation hard and has fewer radiation lengths than the previous

pixel layers, and so will stay performant over a longer period without adding a significant

amount to the material budget (the IBL radiation length is 60% of the current pixel

B-layer). The IBL will be integrated into the detector in time for the Phase 0 2015 LHC

restart.

During the next shutdown, LS2 in 2018, ATLAS will undergo the “Phase I up-

grade” [194]. During this phase, several of the detectors will be upgraded in order to

exploit the luminosity increase provided by the LINAC4 upgrade. The granularity of

the calorimeter information at the Level-1 trigger will be increased by installing new

read-out boards in the EM and forward calorimeters and new muon triggers and tracking

detectors will be installed in the forward direction. These upgrades will allow the ATLAS

trigger to maintain low pT lepton trigger thresholds at the larger expected luminosities.

Finally, during LS3 in 2022, the “Phase-II Upgrade” of ATLAS will be an extensive

detector replacement and upgrade in order to maintain performance during the HL-LHC

era [195]. The largest upgrade will be the complete replacement of the inner tracking

detector, which is described in the remaining sections of this chapter.

A second major upgrade for Phase II is that of the trigger system. To cope with the

intense luminosity expected from the HL-LHC, the complete trigger chain is planned

to be replaced. The hardware L1 trigger will be split into two, a Level 0 and Level 1

trigger system, both on the hardware. The Level 0 will be approximately equivalent to

the current L1; that is, it will use information from the EM and hadronic calorimeters
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and muon spectrometer to make the initial trigger decision. The increase in luminosity

means that the L0 trigger needs to operate at 500 kHz.

The L0 information will then be fed to the hardware-based Level 1 trigger, which adds

hardware pattern-recognition to the inner detector to be able to perform tracking in the

regions of interest defined by L0. This track information is then used for the L1 decision,

and so the trigger will be able to do an initial electron and muon reconstruction and

isolation test, b-tagging, and so on, at the hardware level. The L1 trigger will also use the

full calorimeter granularity and the full MDT information from the muon spectrometer,

which is restricted to the higher level triggers in the current ATLAS detector. It is

expected that the L1 trigger will reduce the event rate to 200 kHz. The L1 information

will then be passed to the high level trigger, which is expected to operate at an output

rate of 5–10 kHz.

In order to accommodate the extra information needed by the hardware triggers, both

the LAr and tile calorimeters will have the front end electronics replaced. In the LAr

calorimeters, there will be a complete change of architecture: the hardware triggers will

be moved to dedicated boards off the detector. This means that the trigger electronics

will not be exposed to intense radiation, and therefore not degrade, and as well can

be easily replaced as technology improves. This also implies that all the data recorded

from the calorimeter will need to be transferred off the detector. This will require high

transfer lines, outputting around 140 Tbps. Since the data is transferred off the detector,

it also means there are no space limitations for the hardware triggers. This allows the

full detector granularity to be used at L1. In the tile calorimeters, the front end will be

replaced to adapt it to the L0/L1 split.

In the muon spectrometer, the front-end electronics will also be replaced. This is

because the current information from the RPC and TGC detectors is not sufficient to keep

the trigger rates sufficiently reduced to cope with the increased luminosity. Therefore,

the MDT front-end electronics will be replaced to allow them to be used in the new

hardware trigger chain.

A.2. Inner Detector Requirements

The increase in luminosity provided by the HL-LHC comes with a corresponding increase

in the pileup. It is expected that the mean number of pileup events per bunch crossing
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will increase to 〈µ〉 ≈ 140. For this level of pileup, the expected TRT occupancy will

make it inadequate for track recognition. Also, by the time of the Phase-II upgrade,

the current inner detector will have been in service for a decade, approximately the

design lifetime of the inner detector layers due to accumulated radiation. The entire

Inner Detector will therefore be replaced as part of the Phase-II upgrade. The detector

is currently being designed as an all-Si tracker.

A highly performant tracker is key to the ATLAS physics program, and so the design

of the upgrade to the tracking system needs careful consideration. The design study of

the current chapter was performed in the context of preparing a preliminary simulation

to be used in the Phase II Letter of Intent [195], which is distributed to funding agencies

as the case for the upgrade. As such, it was decided to maintain a traditional barrel

and end-cap design. Other, novel tracking layout proposals were welcome, but were not

fleshed out in detail. Based on the experience from the initial running of ATLAS from

2009 – 2013, several design criteria have been formulated for the tracker upgrade.

The first point concerns the excellent tracker performance during this initial run

period. As such, the goal of the upgrade is that the performance should not degrade.

This is a more lofty goal than it might first appear, because tracking in the high pileup

environment of Phase-II will need a more granular and more radiation resistant tracker

than at present. This is required to allow robust pattern recognition performance to keep

the fake rejection rate high, while maintaining excellent track reconstruction efficiency.

From the current inner detector operations, at least 11 hits are judged necessary for good

fake rejection. Including detector inefficiencies and hit misses from non-instrumented

areas, the effect of modules damaged by radiation or other reasons, the design aims

to allow 14 hits in the fiducial volume of the tracker. This requirement is to hold for

both the nominal interaction point at the centre of the detector, and for points away

from this point within 15 cm (nominally 2σ) along z of the interaction point. Adding

the judgement based on current tracking performance that at least 4 pixel hits are

required, this implies splitting the detector into 4 pixel layers close to the interaction

point, and 5 double-sided Si strip layers further away from the interaction point. The

10 hits from the strip detectors also allow backtracking to enable photon conversion

and bremsstrahlung recovery, as made done in the current detector by the TRT. The

final hit should also be as close to the calorimeters as possible and of high precision,

to allow an accurate extrapolation of tracks into the calorimetry. One of the major

issues in tracking in the current detector is the distance between hits at high η, so the

extrapolation distance between points across the entirety of the fiducial volume should be
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kept to a minimum. Currently, there is also a mismatch in the tracking volume between

the inner detector and the muon spectrometer: the inner detector tracks up to |η| < 2.5,

while the muon spectrometer can reconstruct muons to |η| < 2.7. An additional design

goal is to be able to match this tracking volume with the new detector, albeit with less

traversed hits. Finally, the material budget should be kept to a minimum, both in order

to minimize bremsstrahlung electrons and to keep the cost of the detector at a reasonable

level. This final goal, of course, is at odds with the other criteria.

Several external constraints on the design have also been imposed. The inner pixel

layers need to be removable separately from the rest of the inner detector. This is to

facilitate extraction, since it is expected that over the course of the HL-LHC, the high

levels of radiation that these layers will be exposed to means that these layers will need

to be replaced. This implies that the inner layers will be contained in a support tube,

the Inner Support Tube (IST), which traverses the length of the detector, so that these

layers may be removed by removing the IST. For similar reasons, it was imposed that

the entire pixel detector should be removable separately from the strip detectors, and are

to be placed in a Pixel Support Tube (PST). These tubes also imply that the services

(power and readout cables, cooling tubes and so on) must be routed down these tubes,

since they are attached to the pixels and so must be removed simultaneously with them.

A.3. Studies

The starting point for the studies was the Utopia layout [196]. Utopia was used for

engineering studies and initial tracking simulation studies. The design studies were made

on the basis of a single particle analytic tracking model program, idres [197].The idres

program calculates the error matrix of a single particle track as it propagates through a

simplified model of the layout and a user specified magnetic field. The layout is specified

in terms of idealized cylindrical and disc layers, which are given a material density in

terms of radiation lengths. Each active detector element is also given a resolution in

rφ and z for cylindrical elements, and rφ and r for discs. The model calculates the

errors based on the multiple scattering of the particle in the material and the detector

granularity. As an example of the description, the Utopia layout, as given to the program,

is shown in figure A.1. This figure shows the components in a quarter r − z slice.

This slice is sufficient to represent the entire detector, since the detector is nominally

forward-backward and radially symmetric (so that horizontal lines in the image represent
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Figure A.1: idres description of the Utopia layout. Pixel detectors are shown in red, and
silicon strip detectors in blue. Non-active components are in grey.

cylindrical components, while vertical lines are disc components). Charged particles will

originate from collisions at the centre of the detector, the bottom-left corner in the figure,

and will nominally travel in straight lines in the figure, since the solenoidal magnetic

fields will bend the tracks in the φ direction.

Figure A.2 shows the idres results for the Utopia layout. The most important

observation is the problems in the barrel–end-cap transition region. At η ≈ 1, the number

of hits falls below the desired 14 when the track falls between the edge of the final

barrel layer and the first end-cap disc. This effect is exacerbated with a track originating

displaced from the exact origin of the detector, at a z value 15 cm = 1σz of the expected

width of the interaction region away. This dropping off, and the subsequent dropping off

of the subsequent end-cap disc layers, also leads to a reduction in momentum resolution

of the tracks. This is due to a decrease of the lever arm for these tracks, the measurable

length of the track perpendicular to the magnetic field (so, the length in the r direction

for these tracks, assuming a constant field in z). In the barrel, the lever arm is constant,

while in the end-caps, the lever arm decreases with respect to η from the top of the

end-cap, and decreases until the track can hit the next end-cap. This leads to the spiky

behaviour seen in the resolution. For the final layer, the lever arm constantly decreases

and so the pT resolution quickly decreases (σpT
∼ 1/L2 for lever arm L), since there is

no detector past this layer. Finally, the tracking quickly degrades, both in terms of

number of hits, and pT resolution, above η = 2.5 for the Utopia layout, with degradation

occurring before this point for the z-displaced particles.
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Figure A.2: Results of running idres over the Utopia layout. The distributions are all shown
as a function of the η of a single particle. Starting top left and going clockwise,
the figures are: the number of detector hits that the particle makes (also shown
with the particle z position starting offset from the origin by 15 cm, the nominal
interaction point spread of the upgraded LHC), the resolution of 1/pT (in %) for
various pT of the particle, the maximum distance between two subsequent hits,
and the total detector material the particle passes through.
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From this, several design considerations are apparent. There needs to be improvement

in the barrel–end-cap region, by some means. The final disc needs to be placed as far

in z as allowed in order to avoid the rapid tracking degradation as much as possible, to

keep tracking ability for the full η range. Also, the pixel end-caps being confined to low

z leads to very large distances between hits at high η. This is undesirable since it means

a larger extrapolation between points is needed in this tracking, which leads to efficiency

losses. It would thus be desirable for the layers to be more evenly spaced.

These considerations, after several discussions and refinements, led to the layout

shown in figure A.3, referred to as the “cartigny” layout as it was presented during

a layout retreat in Cartigny which brought together the layout task force, tracking

experts and detector engineers to discuss the designs. The layout makes several radical

modifications in order to achieve the criteria just discussed. A “stub-cylinder” layer is

added between the final two layers of the barrel, in order to improve the number of hits in

the barrel–end-cap region, and “stub-discs” are added between the disc layers to keep the

hits at 14 and tame the pT resolution spikes. In particular, the stub disc between the first

and second “full” discs in the end-cap strips allow the second disc to move back slightly,

to keep a more even spacing between the points. The pixel end-cap discs have also been

spread further out to allow more pixel hits at larger η and to reduce the distance between

the last pixel hit and the first strip hit, which was the largest extrapolation distance in

the previous layouts (and the current ATLAS detector). Finally, the placement of the

detectors allows the detector to maintain performance even with displaced tracks and at

large η. Figure A.4 shows the results of running the layout through the idres program,

and illustrates the above points.

Objections were raised, however, to the design by the engineering teams. In particular,

the stub cylinders and discs would require additional manpower to design and implement

the staves on which the detectors sit and the services to cool and power the detectors

(the detectors themselves would be just one layer of a standard module, remembering

that each barrel or endcap layer consists of overlapping modules to fill the space). The

design also uses a larger number of detectors, leading to an increase in the cost of the

detector relative to Utopia. These objections led to a final design for the ATLAS letter

of intent layout.
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Figure A.3: idres description of the Cartigny layout. Pixel detectors are shown in red, and
silicon strip detectors in blue. Non-active components are in grey.
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Figure A.4: Results of running idres over the Cartigny layout. The distributions are all
shown as a function of the η of a single particle. Further description of the figure
is as for figure A.2
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Figure A.5: LoI layout as input into the idres program.

A.4. The Letter of Intent Layout

Figure A.5 shows a sketch of the layout that was the final design used for the Phase-II

Letter of Intent studies, which we will call the LoI layout. The design keeps the stub

cylinder to improve the barrel–end-cap gap performance, but drops the stub discs in

the end-cap and reoptimizes the distances between layers. To maintain pT resolution

performance, it does however increase the number of layers to seven. Figure A.6 shows

the results of running the layout through the idres program.

For the Letter of Intent, simulation studies using the layout have been performed

using the full ATLAS GEANT4 simulation suite with a detailed description of the

upgrade tracker and the standard ATLAS reconstruction algorithms, adapted to use the

new detector geometry [195]. These studies have been performed to show the tracking

capabilities of the detector for the expected 〈µ〉 = 140 pileup events at the HL-LHC.

Figure A.7 shows the material distribution as a function of η for the detailed, full

simulation version of the upgrade tracker. Across the entire tracking volume range, the

material is less than 0.7X0 except in a few regions, while the current tracker has > 1.2X0

for |η| > 1. This is achieved mostly through the services for the pixels being routed out

along the service tubes and so leaving the tracking volume as soon as possible, while in

the current layout, all the services are routed up through the barrel–end-cap gap.

Figure A.8 shows the efficiency for reconstructing 100 GeV particles of various types

with the full 〈µ〉 = 140 pileup overlaid, showing that the detector is able to maintain

very high efficiency even at very high pileup levels. In addition, the number of fake
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Figure A.6: Results of running idres over the letter of intent layout. The distributions are
all shown as a function of the η of a single particle. Further description of the
figure is as for figure A.2

η
-2 -1 0 1 2

0
X

0

0.2

0.4

0.6

0.8

1 Beampipe

Pixel

Strip

Services (inside tracker volume)

ATLAS Simulation

Figure A.7: The material in X0 as a function of η for the LoI layout. From [195].



184 Inner Detector Studies for the ATLAS Phase-II Upgrade

η
0 0.5 1 1.5 2 2.5

E
ffi

ci
en

cy

0.7

0.8

0.9

1.0

>=140µ100GeV Electrons, <

ATLAS Simulation

>=140µ100GeV Pions, <

>=140µ100GeV Muons, <

Figure A.8: Efficiencies as a function of η for pT = 100 GeV muons, pions and electrons for
the LoI layout using full detector simulation at a pileup of 140. From [195].

b-jet efficiency

0.5 0.6 0.7 0.8 0.9 1.0

Li
gh

t j
et

 r
ej

ec
tio

n

1

10

210

310

 pileup=0, ITk

 pileup=50, ITk

 pileup=140, ITk

 pileup=0, IBL

 pileup=50, IBL

t, IP3D+SV1t

ATLAS Simulation

Number of Pileup Interactions

0 50 100 150 200

P
rim

ar
y 

V
er

te
x 

C
an

di
da

te
s

0

20

40

60 ATLAS Simulation

Figure A.9: The left figure shows the performance of b-tagging in tt̄ events, for a range of pileup
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From [195].

reconstructed tracks (that is, tracks reconstructed that cannot be associated to a single

charged particle) was studying, and found to be less than 10−3 of all reconstructed tracks.

Figure A.9 shows the light-jet rejection for various b-tagging efficiencies, using the current

ATLAS b-tagging algorithms. The upgrade tracker is able to reject more light-jets, even

with higher pileup levels, than the current detector. The figure also shows the number of

primary vertices reconstructed, as a function of the number of pileup events generated.

Many of the pileup events do not have associated vertices because they have too few

tracks, however, the fraction of vertices reconstructed is approximately independent

of the number of pileup events, showing that the tracker is maintaining good primary

vertexing capabilities at the expected level of pileup.

Thus, the simulation studies show that the upgrade tracker that has been designed

maintains or exceeds the capabilities of the current tracker, even in the more extreme

conditions of the HL-LHC.



Appendix B.

Correction Factors and Response

Matrices

This appendix presents the correction factors and response matrix for each of the

distributions we have measured. Also shown are the acceptance factor for a parton level

event to be seen at particle level (figure B.6) and figures stepping through the analysis

corrections from the reconstructed distributions (figure B.5).
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Figure B.1: Correction factors for the hadronic pseudo-top pT in the electron channel
(top) and muon channel (middle) and response matrices (bottom) using the
POWHEG+PYTHIA tt̄ signal sample.
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Figure B.2: Correction factors for the leptonic pseudo-top pT in the electron channel
(top) and muon channel (middle) and response matrices (bottom) using the
POWHEG+PYTHIA tt̄ signal sample.
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Figure B.3: Correction factors for the hadronic pseudo-top |yt| in the electron channel
(top) and muon channel (middle) and response matrices (bottom) using the
POWHEG+PYTHIA tt̄ signal sample.
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Figure B.4: Correction factors for the leptonic pseudo-top |yt| in the electron channel
(top) and muon channel (middle) and response matrices (bottom) using the
POWHEG+PYTHIA tt̄ signal sample.
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Figure B.5: Correction factors for the pseudo-top mtt̄ in the electron channel (top) and muon
channel (middle) and response matrices (bottom) using the POWHEG+PYTHIA
tt̄ signal sample.
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Figure B.6: Correction factors for the pseudo-top ptt̄T in the electron channel (top) and muon
channel (middle) and response matrices (bottom) using the POWHEG+PYTHIA
tt̄ signal sample.
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Figure B.7: Correction factors for the pseudo-top |ytt̄| in the electron channel (top) and muon
channel (middle) and response matrices (bottom) using the POWHEG+PYTHIA
tt̄ signal sample.
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Figure B.6: Efficiency of a parton level event being inside the particle level fiducial volume.
Each figure shows the muon channel on the left and the electron channel on the
right.
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Figure B.5: Distributions obtained using the POWHEG+PYTHIA tt̄ signal sample, showing
the effect of applying each correction, in turn, on the reconstructed distribution
and showing that the particle level distribution is reobtained by the correction
factors. All figures display the muon channel on the left and the electron channel
on the right.



Appendix C.

Tables of Systematic Uncertainties

This appendix presents table of the breakdown of the sources of systematic uncertainty

in the measured distributions, for the individual lepton channels.
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Bin Range [GeV] [225, 400] [400, 500] [500, 600] [600, 700] [700, 850] [850, 1000] [1000, 1250] [1250, 2500]

dσ/dm(tt̄) [fb/GeV] 5.172 14.913 10.543 6.377 3.317 1.549 0.621 0.058

Total Uncertainty [%] 10.98 9.72 10.50 10.90 12.00 14.16 15.76 21.59

Statistics [%] 2.72 2.06 2.24 2.85 3.54 5.14 7.00 10.95

Systematics [%] 10.63 9.50 10.26 10.52 11.47 13.20 14.13 18.61

MC Stats on Correction Factors [%] 0.62 0.49 0.55 0.69 0.80 1.14 1.53 2.32

Background Subtraction Unc. [%] 1.45 1.09 1.87 1.91 2.78 3.52 4.56 7.55

Cellout [%] 0.30 0.34 0.21 0.06 0.03 0.17 0.25 0.51

Pileup [%] 0.22 0.22 0.09 0.03 0.06 0.18 0.28 0.31

Mistag [%] 0.92 0.73 0.79 0.94 1.06 1.42 1.50 2.66

Btag [%] 4.81 4.36 4.37 4.57 4.78 5.00 5.20 5.61

Ctag [%] 2.01 1.84 1.93 2.08 2.22 2.51 2.46 2.73

Jet Eff [%] 0.09 0.03 0.04 0.05 0.02 0.06 0.06 0.19

Jet Energy Resolution [%] 4.18 0.92 0.78 1.51 1.18 1.91 2.80 0.25

JVF [%] 1.53 1.48 1.50 1.58 1.73 1.92 1.86 2.22

Lepton Trigger Eff. [%] 1.40 1.33 1.27 1.33 1.35 1.34 1.37 1.60

Lepton Identification Eff. [%] 0.82 0.74 0.73 0.80 0.74 0.76 0.76 0.97

Lepton Reconstruction Eff. [%] 0.37 0.32 0.32 0.36 0.30 0.41 0.49 0.27

JES EffectiveNP STAT1 [%] 1.03 1.34 1.18 0.96 0.96 0.95 0.62 0.29

JES EffectiveNP STAT2 [%] 0.35 0.06 0.04 0.07 0.21 0.36 0.37 0.70

JES EffectiveNP STAT3 [%] 0.75 0.06 0.26 0.43 0.59 0.72 0.63 0.81

JES EffectiveNP MODEL1 [%] 0.28 2.02 2.38 2.09 2.14 1.97 1.47 1.65

JES EffectiveNP MODEL2 [%] 1.07 0.25 0.13 0.31 0.56 0.76 0.77 1.28

JES EffectiveNP MODEL3 [%] 1.31 0.26 0.26 0.47 0.69 0.93 0.70 0.93

JES EffectiveNP MODEL4 [%] 0.09 0.01 0.08 0.06 0.18 0.21 0.38 0.28

JES EffectiveNP DET1 [%] 2.43 0.45 1.32 1.71 2.31 2.83 3.68 4.03

JES EffectiveNP DET2 [%] 0.19 0.09 0.09 0.12 0.14 0.18 0.31 0.34

JES EffectiveNP MIXED1 [%] 0.16 0.04 0.07 0.10 0.27 0.13 0.43 0.81

JES EffectiveNP MIXED2 [%] 0.11 0.36 0.38 0.33 0.33 0.46 0.40 0.45

JES EtaIntercalibration TotalStat [%] 0.17 0.45 0.59 0.52 0.70 0.88 0.62 0.54

JES EtaIntercalibration Theory [%] 1.89 0.66 1.40 2.17 3.11 3.30 4.71 7.26

JES SingleParticle HighPt [%] 0.02 0.01 0.02 0.02 0.04 0.03 0.08 0.19

JES RelativeNonClosure MC11b [%] 0.27 0.22 0.36 0.41 0.73 0.90 0.51 0.75

JES Pileup OffsetMu [%] 0.31 0.31 0.07 0.28 0.26 0.36 0.05 0.79

JES Pileup OffsetNPV [%] 0.33 0.21 0.24 0.36 0.38 0.44 0.42 0.58

JES closeby [%] 1.90 2.73 3.21 3.08 3.06 2.75 3.15 3.09

JES flavor comp [%] 1.50 1.10 1.81 1.98 2.16 2.47 3.59 3.54

JES flavor response [%] 1.02 0.59 1.03 1.12 1.34 1.48 2.24 2.31

JES B Jes Unc. [%] 3.68 1.22 2.43 3.11 3.37 3.55 4.23 3.72

Muon ID [%] 0.03 0.01 0.04 0.04 0.05 0.01 0.14 0.01

Muon MS [%] 0.01 0.00 0.05 0.04 0.03 0.02 0.22 0.06

Muon Momentum Scaling [%] 0.12 0.25 0.35 0.18 0.36 0.38 0.01 0.60

Parton Shower [%] 0.13 3.01 3.65 1.62 2.35 1.53 0.74 0.43

I/FSR [%] 3.29 4.94 4.07 4.20 4.86 5.76 4.45 8.24

Color Reconnection [%] 0.18 0.93 0.39 0.06 1.53 0.90 3.20 2.32

Generator [%] 3.26 2.18 2.67 3.31 1.47 4.59 2.22 5.14

PDF [%] 0.35 0.43 0.24 0.21 0.17 0.13 1.05 2.43

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.1: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic-leptonic pseudo-top quark system m(tt̄) in the muon channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [225, 400] [400, 500] [500, 600] [600, 700] [700, 850] [850, 1000] [1000, 1250] [1250, 2500]

dσ/dm(tt̄) [fb/GeV] 4.885 14.338 10.513 6.269 3.412 1.516 0.570 0.056

Total Uncertainty [%] 13.31 10.57 11.68 13.60 13.79 17.49 18.16 25.43

Statistics [%] 3.35 2.22 2.51 3.16 3.74 5.96 7.92 13.20

Systematics [%] 12.88 10.33 11.41 13.23 13.28 16.45 16.35 21.73

MC Stats on Correction Factors [%] 0.71 0.51 0.60 0.74 0.86 1.24 1.55 2.49

Background Subtraction Unc. [%] 2.31 1.58 1.83 2.67 3.38 5.19 5.52 9.90

Cellout [%] 0.22 0.18 0.08 0.27 0.20 0.18 0.42 0.00

Pileup [%] 0.04 0.06 0.08 0.26 0.11 0.25 0.20 0.28

Mistag [%] 0.78 0.78 0.88 1.04 1.08 1.31 1.61 2.13

Btag [%] 5.17 4.54 4.47 4.69 4.70 5.04 5.41 5.75

Ctag [%] 2.13 1.90 1.88 1.99 2.31 2.53 2.89 2.74

Jet Eff [%] 0.14 0.09 0.02 0.02 0.03 0.19 0.07 0.07

Jet Energy Resolution [%] 3.89 0.72 0.40 0.90 2.42 2.05 2.03 2.53

JVF [%] 1.56 1.53 1.58 1.69 1.70 1.82 1.87 2.49

Lepton Trigger Eff. [%] 0.64 0.58 0.57 0.59 0.57 0.58 0.64 0.73

Lepton Identification Eff. [%] 2.57 2.30 2.23 2.35 2.26 2.38 2.62 2.97

Lepton Reconstruction Eff. [%] 1.06 0.95 0.88 0.84 0.86 0.93 1.00 0.91

JES EffectiveNP STAT1 [%] 1.16 1.44 1.26 1.10 0.79 0.67 0.39 0.17

JES EffectiveNP STAT2 [%] 0.35 0.00 0.03 0.15 0.20 0.08 0.17 0.77

JES EffectiveNP STAT3 [%] 0.74 0.11 0.25 0.50 0.57 0.82 0.81 0.73

JES EffectiveNP MODEL1 [%] 0.74 2.29 2.31 2.43 1.89 1.90 1.85 1.36

JES EffectiveNP MODEL2 [%] 1.20 0.31 0.14 0.26 0.50 0.75 1.17 1.06

JES EffectiveNP MODEL3 [%] 1.37 0.18 0.21 0.51 0.65 0.87 1.14 0.79

JES EffectiveNP MODEL4 [%] 0.14 0.12 0.03 0.12 0.25 0.30 0.33 0.61

JES EffectiveNP DET1 [%] 2.45 0.59 1.20 1.79 2.18 2.84 3.62 4.30

JES EffectiveNP DET2 [%] 0.16 0.12 0.13 0.12 0.16 0.15 0.25 0.19

JES EffectiveNP MIXED1 [%] 0.24 0.10 0.10 0.13 0.18 0.40 0.37 1.22

JES EffectiveNP MIXED2 [%] 0.03 0.45 0.43 0.42 0.30 0.27 0.35 0.38

JES EtaIntercalibration TotalStat [%] 0.18 0.57 0.59 0.59 0.63 0.66 0.56 0.54

JES EtaIntercalibration Theory [%] 1.85 0.98 1.66 2.47 3.04 3.94 5.06 8.17

JES SingleParticle HighPt [%] 0.01 0.05 0.04 0.01 0.00 0.01 0.03 0.00

JES RelativeNonClosure MC11b [%] 0.18 0.35 0.43 0.60 0.56 0.72 0.38 1.15

JES Pileup OffsetMu [%] 0.21 0.43 0.10 0.25 0.24 0.21 0.58 0.55

JES Pileup OffsetNPV [%] 0.24 0.42 0.29 0.28 0.29 0.52 0.99 0.51

JES closeby [%] 1.63 3.72 3.63 3.74 3.17 3.53 4.71 3.02

JES flavor comp [%] 1.59 1.44 1.76 2.21 2.29 2.99 3.94 3.63

JES flavor response [%] 0.98 0.79 1.09 1.34 1.34 1.82 2.73 2.13

JES B Jes Unc. [%] 3.93 1.34 2.34 3.19 3.23 3.68 4.02 3.51

Electron Energy Resolution [%] 0.02 0.06 0.21 0.21 0.21 0.14 0.30 0.18

Electron Energy Scale [%] 0.23 0.43 0.48 0.63 0.73 0.77 0.74 0.75

Parton Shower [%] 0.21 0.43 1.16 3.50 1.93 1.89 0.22 0.68

I/FSR [%] 6.45 5.24 6.55 7.36 5.82 9.75 6.44 10.64

Color Reconnection [%] 3.23 0.17 0.78 0.39 0.75 0.45 0.21 0.18

Generator [%] 3.08 3.20 3.13 3.25 5.53 4.58 4.82 5.31

PDF [%] 0.47 0.54 0.33 0.30 0.38 0.85 0.55 4.57

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.2: Relative uncertainties on the final differential tt̄ cross-section as a function of the
hadronic-leptonic pseudo-top quark system m(tt̄) in the electron channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 25] [25, 50] [50, 85] [85, 125] [125, 500]

dσ/dpT(tt̄) [fb/GeV] 73.560 72.483 28.393 7.590 0.287

Total Uncertainty [%] 10.70 10.23 13.44 18.32 24.59

Statistics [%] 1.77 1.42 2.18 4.17 8.08

Systematics [%] 10.55 10.14 13.26 17.84 23.23

MC Stats on Correction Factors [%] 0.42 0.37 0.51 0.98 2.01

Background Subtraction Unc. [%] 2.09 1.39 1.66 2.13 3.90

Cellout [%] 3.45 2.65 2.99 3.35 3.26

Pileup [%] 2.00 1.61 1.81 2.02 1.81

Mistag [%] 0.79 0.92 1.12 1.17 0.98

Btag [%] 4.60 4.65 4.65 4.31 3.88

Ctag [%] 1.90 2.06 2.22 2.12 1.76

Jet Eff [%] 0.01 0.08 0.15 0.09 0.05

Jet Energy Resolution [%] 0.65 1.03 0.47 0.14 1.15

JVF [%] 1.31 1.53 1.90 2.18 2.33

Lepton Trigger Eff. [%] 1.33 1.35 1.38 1.39 1.29

Lepton Identification Eff. [%] 0.72 0.77 0.78 0.74 0.69

Lepton Reconstruction Eff. [%] 0.33 0.34 0.33 0.28 0.38

JES EffectiveNP STAT1 [%] 0.80 0.97 1.35 1.65 1.34

JES EffectiveNP STAT2 [%] 0.07 0.05 0.02 0.15 0.26

JES EffectiveNP STAT3 [%] 0.04 0.06 0.19 0.38 0.87

JES EffectiveNP MODEL1 [%] 1.43 1.65 2.51 3.36 3.24

JES EffectiveNP MODEL2 [%] 0.10 0.12 0.12 0.13 0.77

JES EffectiveNP MODEL3 [%] 0.09 0.08 0.09 0.33 0.78

JES EffectiveNP MODEL4 [%] 0.05 0.06 0.10 0.18 0.26

JES EffectiveNP DET1 [%] 0.45 0.51 1.00 2.01 3.03

JES EffectiveNP DET2 [%] 0.03 0.04 0.08 0.23 0.21

JES EffectiveNP MIXED1 [%] 0.01 0.03 0.07 0.18 0.19

JES EffectiveNP MIXED2 [%] 0.20 0.25 0.38 0.48 0.56

JES EtaIntercalibration TotalStat [%] 0.27 0.34 0.57 1.09 1.15

JES EtaIntercalibration Theory [%] 0.22 0.55 2.25 4.94 8.84

JES SingleParticle HighPt [%] 0.02 0.01 0.05 0.01 0.02

JES RelativeNonClosure MC11b [%] 0.11 0.17 0.49 0.89 1.36

JES Pileup OffsetMu [%] 0.46 0.26 0.28 0.55 0.86

JES Pileup OffsetNPV [%] 0.23 0.20 0.17 0.19 0.65

JES closeby [%] 1.40 1.73 3.20 5.33 7.34

JES flavor comp [%] 0.63 0.87 1.99 4.12 5.43

JES flavor response [%] 0.36 0.48 1.07 2.27 3.02

JES B Jes Unc. [%] 1.28 1.29 1.30 1.27 1.97

Muon ID [%] 0.01 0.02 0.02 0.06 0.03

Muon MS [%] 0.02 0.03 0.03 0.01 0.04

Muon Momentum Scaling [%] 0.28 0.26 0.30 0.22 0.16

Parton Shower [%] 6.76 2.40 3.69 6.42 5.86

I/FSR [%] 1.96 5.78 6.78 8.46 13.13

Color Reconnection [%] 0.17 0.45 1.81 1.62 0.63

Generator [%] 0.45 2.30 5.29 7.03 7.33

PDF [%] 0.57 0.45 0.32 0.18 3.36

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80

Table C.3: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic-leptonic pseudo-top quark system pT (tt̄) in the muon channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 25] [25, 50] [50, 85] [85, 125] [125, 500]

dσ/dpT(tt̄) [fb/GeV] 71.460 72.159 28.721 6.475 0.226

Total Uncertainty [%] 11.54 11.54 16.96 23.86 35.89

Statistics [%] 2.02 1.64 2.44 4.96 10.18

Systematics [%] 11.36 11.43 16.79 23.33 34.42

MC Stats on Correction Factors [%] 0.44 0.38 0.57 1.00 2.07

Background Subtraction Unc. [%] 2.73 1.79 2.37 3.84 5.04

Cellout [%] 3.77 2.57 3.06 4.35 2.98

Pileup [%] 2.35 1.57 1.72 2.53 1.70

Mistag [%] 0.78 0.94 1.13 1.32 1.63

Btag [%] 4.73 4.72 4.60 4.99 5.06

Ctag [%] 1.97 2.08 2.18 2.27 1.94

Jet Eff [%] 0.06 0.11 0.12 0.02 0.26

Jet Energy Resolution [%] 0.56 0.86 0.51 0.38 0.73

JVF [%] 1.34 1.55 1.87 2.51 2.99

Lepton Trigger Eff. [%] 0.57 0.56 0.57 0.67 0.76

Lepton Identification Eff. [%] 2.34 2.34 2.33 2.59 2.90

Lepton Reconstruction Eff. [%] 0.92 0.94 0.96 1.07 1.32

JES EffectiveNP STAT1 [%] 0.84 1.04 1.53 1.88 1.77

JES EffectiveNP STAT2 [%] 0.03 0.04 0.08 0.25 0.60

JES EffectiveNP STAT3 [%] 0.07 0.06 0.25 0.66 1.00

JES EffectiveNP MODEL1 [%] 1.46 1.80 2.60 3.84 4.40

JES EffectiveNP MODEL2 [%] 0.08 0.15 0.09 0.43 0.87

JES EffectiveNP MODEL3 [%] 0.05 0.11 0.07 0.53 1.18

JES EffectiveNP MODEL4 [%] 0.00 0.03 0.13 0.29 0.44

JES EffectiveNP DET1 [%] 0.51 0.64 1.14 2.42 4.27

JES EffectiveNP DET2 [%] 0.03 0.01 0.11 0.25 0.36

JES EffectiveNP MIXED1 [%] 0.05 0.06 0.10 0.13 0.45

JES EffectiveNP MIXED2 [%] 0.27 0.32 0.44 0.67 0.68

JES EtaIntercalibration TotalStat [%] 0.29 0.39 0.66 1.05 1.67

JES EtaIntercalibration Theory [%] 0.44 0.74 2.29 5.81 10.78

JES SingleParticle HighPt [%] 0.02 0.01 0.02 0.05 0.16

JES RelativeNonClosure MC11b [%] 0.18 0.24 0.51 1.26 2.16

JES Pileup OffsetMu [%] 0.37 0.28 0.33 0.41 0.94

JES Pileup OffsetNPV [%] 0.34 0.22 0.09 0.38 0.25

JES closeby [%] 2.03 2.34 3.60 6.79 9.19

JES flavor comp [%] 0.84 0.98 2.08 4.75 7.31

JES flavor response [%] 0.44 0.51 1.20 2.89 4.35

JES B Jes Unc. [%] 1.32 1.27 1.42 2.20 1.78

Electron Energy Resolution [%] 0.01 0.04 0.04 0.18 0.39

Electron Energy Scale [%] 0.49 0.48 0.50 0.48 0.54

Parton Shower [%] 6.89 0.01 3.98 5.70 12.31

I/FSR [%] 1.76 6.86 11.44 15.09 22.05

Color Reconnection [%] 0.75 0.83 0.23 0.63 3.53

Generator [%] 0.81 3.89 6.18 6.96 10.29

PDF [%] 0.61 0.56 0.30 0.23 0.93

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80

Table C.4: Relative uncertainties on the final differential tt̄ cross-section as a function of the
hadronic-leptonic pseudo-top quark system pT (tt̄) in the electron channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.1] [0.1, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 0.7] [0.7, 0.8] [0.8, 1.0] [1.0, 1.2] [1.2, 1.6] [1.6, 2.5]

dσ/d|y(tt̄)| [fb/rapidity] 5993.229 5667.218 5328.119 4896.724 4003.569 3170.661 2227.882 1677.694 704.375 39.690

Total Uncertainty [%] 9.20 8.94 9.35 9.22 10.24 11.79 12.49 10.79 12.64 32.33

Statistics [%] 3.49 2.48 2.67 2.74 3.08 3.43 4.00 4.40 5.12 15.20

Systematics [%] 8.52 8.59 8.96 8.81 9.76 11.28 11.83 9.85 11.55 28.54

MC Stats on Correction Factors [%] 0.77 0.57 0.61 0.67 0.69 0.77 0.87 0.98 1.12 3.28

Background Subtraction Unc. [%] 1.73 1.79 1.87 1.92 1.81 1.78 1.75 1.61 1.81 2.92

Cellout [%] 0.26 0.21 0.32 0.15 0.36 0.28 0.40 0.15 0.44 0.67

Pileup [%] 0.05 0.21 0.26 0.16 0.30 0.15 0.23 0.30 0.30 0.13

Mistag [%] 0.87 0.91 0.95 0.86 0.83 0.94 1.09 0.94 0.91 0.09

Btag [%] 4.45 4.51 4.51 4.41 4.62 4.78 5.18 4.72 4.76 6.12

Ctag [%] 1.98 2.03 1.99 1.97 2.10 2.11 2.23 1.80 2.01 1.93

Jet Eff [%] 0.00 0.09 0.06 0.01 0.03 0.09 0.04 0.14 0.02 0.09

Jet Energy Resolution [%] 0.80 0.47 0.25 0.28 0.75 0.84 0.42 1.25 1.91 0.37

JVF [%] 1.56 1.61 1.56 1.52 1.56 1.58 1.68 1.57 1.45 2.04

Lepton Trigger Eff. [%] 1.35 1.41 1.34 1.29 1.36 1.39 1.43 1.28 1.19 1.39

Lepton Identification Eff. [%] 0.76 0.78 0.77 0.74 0.83 0.82 0.83 0.76 0.80 1.07

Lepton Reconstruction Eff. [%] 0.31 0.31 0.30 0.32 0.30 0.34 0.42 0.37 0.42 0.57

JES EffectiveNP STAT1 [%] 1.06 1.02 1.00 1.11 1.20 1.21 1.33 1.14 0.88 1.06

JES EffectiveNP STAT2 [%] 0.06 0.03 0.00 0.04 0.06 0.03 0.10 0.00 0.03 0.31

JES EffectiveNP STAT3 [%] 0.09 0.15 0.11 0.13 0.18 0.13 0.20 0.19 0.16 0.07

JES EffectiveNP MODEL1 [%] 1.75 1.74 1.79 1.87 2.06 1.92 2.06 1.83 1.80 2.26

JES EffectiveNP MODEL2 [%] 0.08 0.14 0.09 0.06 0.06 0.10 0.17 0.12 0.10 0.33

JES EffectiveNP MODEL3 [%] 0.03 0.08 0.13 0.08 0.00 0.04 0.03 0.00 0.02 0.23

JES EffectiveNP MODEL4 [%] 0.11 0.08 0.08 0.10 0.01 0.10 0.13 0.08 0.08 0.47

JES EffectiveNP DET1 [%] 0.76 0.71 0.65 0.70 0.75 0.74 1.10 0.76 0.90 1.75

JES EffectiveNP DET2 [%] 0.04 0.07 0.08 0.10 0.07 0.01 0.07 0.01 0.17 0.54

JES EffectiveNP MIXED1 [%] 0.06 0.04 0.03 0.09 0.09 0.13 0.17 0.01 0.07 0.10

JES EffectiveNP MIXED2 [%] 0.31 0.27 0.26 0.29 0.35 0.45 0.39 0.29 0.16 0.46

JES EtaIntercalibration TotalStat [%] 0.38 0.35 0.37 0.47 0.59 0.52 0.68 0.34 0.41 0.53

JES EtaIntercalibration Theory [%] 0.37 0.77 0.80 0.87 1.33 1.60 2.26 2.20 3.25 6.45

JES SingleParticle HighPt [%] 0.02 0.01 0.01 0.01 0.00 0.01 0.06 0.00 0.00 0.11

JES RelativeNonClosure MC11b [%] 0.01 0.15 0.25 0.43 0.32 0.43 0.61 0.32 0.58 2.06

JES Pileup OffsetMu [%] 0.36 0.27 0.28 0.20 0.28 0.20 0.23 0.23 0.49 0.01

JES Pileup OffsetNPV [%] 0.21 0.12 0.24 0.25 0.13 0.06 0.05 0.30 0.04 0.82

JES closeby [%] 2.17 2.01 1.85 1.83 2.16 2.35 2.92 2.56 2.69 4.42

JES flavor comp [%] 1.19 1.05 1.35 1.54 1.62 1.34 1.53 1.33 1.31 2.00

JES flavor response [%] 0.78 0.61 0.77 0.76 0.78 0.68 0.91 0.77 0.74 1.20

JES B Jes Unc. [%] 1.41 1.31 1.31 1.35 1.25 1.31 1.57 1.50 1.40 2.76

Muon ID [%] 0.05 0.02 0.01 0.05 0.02 0.09 0.10 0.08 0.06 0.37

Muon MS [%] 0.02 0.01 0.08 0.02 0.01 0.14 0.10 0.00 0.02 0.11

Muon Momentum Scaling [%] 0.08 0.30 0.25 0.25 0.35 0.14 0.46 0.44 0.41 0.14

Parton Shower [%] 0.74 1.92 0.92 2.89 2.65 1.58 5.32 3.35 1.12 18.95

I/FSR [%] 3.16 4.04 4.57 3.56 5.22 4.97 5.64 3.99 5.36 14.76

Color Reconnection [%] 1.40 1.67 0.02 0.36 0.81 0.78 0.18 0.09 0.49 7.81

Generator [%] 2.97 0.69 2.79 2.31 1.64 6.29 2.38 2.84 5.63 3.49

PDF [%] 0.48 0.25 0.24 0.22 0.20 0.25 0.12 0.21 0.34 1.71

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.5: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic-leptonic pseudo-top quark system |y(tt̄)| in the muon channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.1] [0.1, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 0.7] [0.7, 0.8] [0.8, 1.0] [1.0, 1.2] [1.2, 1.6] [1.6, 2.5]

dσ/d|y(tt̄)| [fb/rapidity] 5794.787 5585.784 5161.710 4796.959 4038.601 3045.171 2403.770 1491.000 591.524 38.287

Total Uncertainty [%] 12.14 11.75 11.50 10.90 11.73 12.08 13.33 15.07 16.82 31.94

Statistics [%] 3.65 2.71 2.93 3.02 3.36 3.80 4.53 5.47 6.68 19.85

Systematics [%] 11.58 11.43 11.12 10.47 11.23 11.47 12.54 14.04 15.44 25.03

MC Stats on Correction Factors [%] 0.80 0.62 0.65 0.73 0.73 0.85 1.00 1.16 1.37 3.78

Background Subtraction Unc. [%] 2.46 2.34 2.48 2.19 2.52 2.29 2.18 3.16 2.51 4.34

Cellout [%] 0.04 0.12 0.41 0.15 0.19 0.47 0.30 0.27 0.28 0.55

Pileup [%] 0.11 0.16 0.29 0.12 0.26 0.44 0.41 0.49 0.11 0.45

Mistag [%] 0.96 0.92 0.95 0.88 0.95 1.11 0.83 1.00 1.18 1.51

Btag [%] 4.55 4.52 4.70 4.54 4.61 5.04 4.91 5.42 5.72 6.56

Ctag [%] 2.00 2.07 2.00 1.99 1.99 2.10 1.91 2.35 2.53 1.63

Jet Eff [%] 0.03 0.07 0.02 0.05 0.05 0.07 0.05 0.10 0.02 0.34

Jet Energy Resolution [%] 0.40 0.60 0.34 0.77 0.73 0.32 1.45 0.97 1.36 7.44

JVF [%] 1.58 1.58 1.63 1.61 1.58 1.71 1.61 1.66 1.73 1.99

Lepton Trigger Eff. [%] 0.56 0.61 0.59 0.56 0.53 0.63 0.68 0.65 0.61 1.02

Lepton Identification Eff. [%] 2.20 2.27 2.31 2.20 2.27 2.45 2.42 2.74 3.02 3.55

Lepton Reconstruction Eff. [%] 0.95 0.94 0.98 0.94 0.92 0.91 0.90 0.91 0.74 0.89

JES EffectiveNP STAT1 [%] 1.14 1.08 1.06 1.14 1.03 1.29 1.58 1.50 1.36 1.28

JES EffectiveNP STAT2 [%] 0.00 0.01 0.08 0.04 0.01 0.00 0.00 0.07 0.07 0.51

JES EffectiveNP STAT3 [%] 0.17 0.08 0.12 0.17 0.15 0.17 0.31 0.22 0.27 0.66

JES EffectiveNP MODEL1 [%] 1.95 1.85 2.02 1.98 1.89 1.94 2.54 2.46 2.80 2.76

JES EffectiveNP MODEL2 [%] 0.11 0.06 0.08 0.10 0.05 0.14 0.14 0.07 0.02 0.71

JES EffectiveNP MODEL3 [%] 0.02 0.06 0.07 0.04 0.03 0.20 0.29 0.15 0.10 0.93

JES EffectiveNP MODEL4 [%] 0.07 0.08 0.08 0.06 0.11 0.16 0.11 0.07 0.08 0.47

JES EffectiveNP DET1 [%] 0.58 0.73 0.86 0.87 0.80 0.99 1.37 1.10 1.06 1.16

JES EffectiveNP DET2 [%] 0.08 0.14 0.08 0.07 0.08 0.12 0.17 0.25 0.12 0.39

JES EffectiveNP MIXED1 [%] 0.04 0.07 0.09 0.04 0.01 0.22 0.08 0.17 0.09 0.04

JES EffectiveNP MIXED2 [%] 0.33 0.29 0.34 0.31 0.29 0.47 0.46 0.31 0.52 0.88

JES EtaIntercalibration TotalStat [%] 0.30 0.40 0.47 0.51 0.45 0.58 0.90 0.46 0.80 0.54

JES EtaIntercalibration Theory [%] 0.45 0.63 0.65 1.11 1.66 1.95 2.76 3.90 5.54 4.98

JES SingleParticle HighPt [%] 0.02 0.00 0.04 0.02 0.00 0.06 0.07 0.11 0.03 0.28

JES RelativeNonClosure MC11b [%] 0.25 0.28 0.26 0.31 0.32 0.35 0.92 0.54 1.11 0.12

JES Pileup OffsetMu [%] 0.18 0.08 0.10 0.27 0.14 0.53 0.50 0.09 0.47 0.82

JES Pileup OffsetNPV [%] 0.16 0.19 0.26 0.22 0.26 0.46 0.69 0.21 0.46 0.23

JES closeby [%] 2.73 2.60 2.81 2.43 2.60 3.01 3.27 3.76 5.79 5.81

JES flavor comp [%] 1.42 1.16 1.34 1.51 1.20 1.39 2.17 1.74 2.59 1.79

JES flavor response [%] 0.74 0.69 0.80 0.98 0.71 0.90 1.46 0.93 1.38 0.26

JES B Jes Unc. [%] 1.21 1.49 1.35 1.07 1.31 1.57 1.79 2.10 2.16 4.08

Electron Energy Resolution [%] 0.20 0.13 0.16 0.16 0.08 0.24 0.21 0.21 0.43 0.50

Electron Energy Scale [%] 0.41 0.36 0.56 0.53 0.55 0.72 0.69 0.81 0.92 0.69

Parton Shower [%] 1.92 1.12 1.04 1.08 1.45 3.25 0.15 1.61 3.45 4.66

I/FSR [%] 5.68 6.77 6.82 5.61 7.33 6.56 6.12 8.07 8.12 16.72

Color Reconnection [%] 2.01 0.88 0.02 0.35 0.05 0.51 0.60 3.01 0.40 3.04

Generator [%] 5.66 4.67 3.19 3.90 2.31 0.49 5.23 2.79 1.15 1.41

PDF [%] 0.19 0.24 0.25 0.23 0.18 0.20 0.10 0.91 0.44 7.81

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.6: Relative uncertainties on the final differential tt̄ cross-section as a function of the
hadronic-leptonic pseudo-top quark system |y(tt̄)| in the electron channel. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 13.031 30.769 32.628 24.796 16.518 9.615 5.701 2.965 1.418 0.119

Total Uncertainty [%] 9.45 8.75 9.35 10.10 12.14 13.27 16.23 13.62 18.20 23.62

Statistics [%] 3.58 2.17 2.48 2.76 3.15 3.71 4.77 6.63 9.12 12.63

Systematics [%] 8.75 8.48 9.01 9.71 11.72 12.74 15.51 11.89 15.75 19.95

MC Stats on Correction Factors [%] 0.83 0.49 0.55 0.64 0.74 0.85 1.14 1.53 2.01 2.55

Background Subtraction Unc. [%] 2.70 1.91 1.80 1.65 1.69 1.73 1.74 1.97 1.92 5.03

Cellout [%] 0.14 0.26 0.37 0.36 0.33 0.04 0.25 0.29 0.18 0.93

Pileup [%] 0.07 0.18 0.19 0.22 0.12 0.02 0.08 0.14 0.09 0.92

Mistag [%] 1.03 1.01 0.85 0.89 0.96 0.89 0.83 0.83 0.96 1.24

Btag [%] 4.23 4.30 4.44 4.61 4.74 5.19 5.25 5.69 6.24 7.43

Ctag [%] 2.21 2.21 2.04 2.00 1.97 1.84 1.58 1.51 1.50 1.50

Jet Eff [%] 0.02 0.09 0.02 0.08 0.03 0.16 0.10 0.15 0.15 0.06

Jet Energy Resolution [%] 1.06 0.84 0.37 0.31 1.18 1.54 0.21 1.25 2.63 0.97

JVF [%] 1.48 1.53 1.55 1.61 1.62 1.66 1.62 1.68 1.90 2.18

Lepton Trigger Eff. [%] 1.33 1.28 1.31 1.30 1.32 1.42 1.39 1.43 1.61 1.86

Lepton Identification Eff. [%] 0.72 0.76 0.75 0.75 0.77 0.76 0.76 0.81 0.92 0.97

Lepton Reconstruction Eff. [%] 0.25 0.33 0.32 0.34 0.31 0.37 0.39 0.42 0.40 0.62

JES EffectiveNP STAT1 [%] 1.10 1.11 1.19 1.10 0.96 0.91 0.71 0.70 0.78 0.41

JES EffectiveNP STAT2 [%] 0.11 0.06 0.02 0.03 0.11 0.18 0.29 0.21 0.45 0.58

JES EffectiveNP STAT3 [%] 0.28 0.08 0.05 0.33 0.34 0.52 0.62 0.88 0.86 1.02

JES EffectiveNP MODEL1 [%] 1.42 1.59 1.91 2.02 2.08 2.00 1.69 2.29 2.08 1.37

JES EffectiveNP MODEL2 [%] 0.53 0.34 0.19 0.10 0.14 0.54 0.79 1.05 1.37 1.64

JES EffectiveNP MODEL3 [%] 0.53 0.30 0.13 0.14 0.32 0.63 0.79 0.94 1.03 0.58

JES EffectiveNP MODEL4 [%] 0.13 0.01 0.01 0.16 0.22 0.22 0.32 0.19 0.64 0.46

JES EffectiveNP DET1 [%] 0.51 0.04 0.30 1.11 1.69 2.07 2.00 2.91 4.90 5.87

JES EffectiveNP DET2 [%] 0.01 0.03 0.05 0.08 0.11 0.18 0.27 0.18 0.29 0.44

JES EffectiveNP MIXED1 [%] 0.09 0.03 0.04 0.08 0.13 0.34 0.31 0.23 0.82 1.67

JES EffectiveNP MIXED2 [%] 0.19 0.29 0.29 0.36 0.28 0.26 0.40 0.21 0.42 0.49

JES EtaIntercalibration TotalStat [%] 0.32 0.34 0.42 0.68 0.58 0.48 0.51 0.74 0.66 0.69

JES EtaIntercalibration Theory [%] 0.26 0.50 1.06 1.84 1.99 2.06 2.23 3.13 3.40 3.73

JES SingleParticle HighPt [%] 0.03 0.00 0.03 0.01 0.03 0.02 0.00 0.04 0.07 0.08

JES RelativeNonClosure MC11b [%] 0.22 0.17 0.26 0.30 0.31 0.50 0.56 0.52 0.66 0.46

JES Pileup OffsetMu [%] 0.18 0.30 0.14 0.10 0.28 0.09 0.28 0.13 0.34 0.87

JES Pileup OffsetNPV [%] 0.08 0.22 0.21 0.18 0.17 0.26 0.29 0.17 0.47 1.25

JES closeby [%] 1.13 1.22 1.87 2.82 3.17 3.49 2.60 3.41 5.08 5.16

JES flavor comp [%] 0.30 0.40 0.67 1.52 2.27 2.75 2.47 3.34 5.22 6.58

JES flavor response [%] 0.14 0.24 0.38 0.84 1.17 1.63 1.76 2.12 2.91 4.06

JES B Jes Unc. [%] 0.31 0.27 1.54 1.92 2.37 2.91 2.50 2.74 3.52 3.99

Muon ID [%] 0.02 0.00 0.02 0.05 0.05 0.09 0.12 0.16 0.22 0.22

Muon MS [%] 0.07 0.00 0.05 0.06 0.01 0.04 0.06 0.05 0.05 0.03

Muon Momentum Scaling [%] 0.37 0.32 0.35 0.25 0.28 0.18 0.01 0.12 0.13 0.06

Parton Shower [%] 3.69 3.61 1.26 0.58 3.33 1.06 2.95 2.00 4.61 3.95

I/FSR [%] 3.68 3.68 4.21 3.23 5.89 6.45 11.00 4.17 5.54 10.49

Color Reconnection [%] 0.06 1.09 0.37 0.17 1.40 0.86 0.75 1.07 2.52 0.96

Generator [%] 1.58 0.65 3.45 4.51 3.74 5.17 5.31 1.98 1.05 0.80

PDF [%] 0.23 0.40 0.24 0.21 0.20 0.25 0.89 0.20 0.67 1.05

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.7: Relative uncertainties on the final differential tt̄ cross-section as a function of the
hadronic pseudo-top quark pT (t) in the muon channel. The systematic uncertainties
were propagated to the final distribution using correction factors from the nominal
POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 13.357 28.792 32.961 24.849 15.626 9.502 5.700 2.805 1.188 0.116

Total Uncertainty [%] 11.08 10.40 10.86 11.81 14.46 15.10 15.70 17.61 25.69 33.13

Statistics [%] 4.11 2.43 2.72 2.95 3.56 3.99 5.34 7.19 10.43 14.04

Systematics [%] 10.29 10.11 10.51 11.44 14.02 14.57 14.76 16.08 23.48 30.00

MC Stats on Correction Factors [%] 0.85 0.54 0.60 0.65 0.79 0.89 1.17 1.53 2.13 2.73

Background Subtraction Unc. [%] 3.18 3.16 2.31 1.76 2.05 2.18 2.11 2.80 3.48 4.96

Cellout [%] 0.11 0.01 0.24 0.33 0.39 0.37 0.14 0.10 0.47 0.06

Pileup [%] 0.14 0.08 0.17 0.23 0.27 0.00 0.01 0.11 0.17 0.27

Mistag [%] 0.92 1.03 0.94 0.90 0.93 0.99 0.77 0.61 0.91 1.09

Btag [%] 4.24 4.60 4.47 4.65 4.94 5.18 5.05 5.87 7.30 7.23

Ctag [%] 2.04 2.35 2.07 1.93 1.98 1.95 1.56 1.79 2.21 2.30

Jet Eff [%] 0.03 0.14 0.15 0.06 0.01 0.02 0.00 0.17 0.01 0.06

Jet Energy Resolution [%] 0.77 0.47 0.57 0.34 0.82 1.35 0.72 1.43 1.64 7.28

JVF [%] 1.47 1.61 1.51 1.52 1.69 1.67 1.61 1.75 2.23 2.53

Lepton Trigger Eff. [%] 0.63 0.62 0.54 0.58 0.62 0.60 0.68 0.67 0.71 0.96

Lepton Identification Eff. [%] 2.20 2.44 2.30 2.33 2.45 2.42 2.24 2.58 3.01 2.95

Lepton Reconstruction Eff. [%] 0.92 0.96 0.89 0.92 0.98 0.96 0.78 0.82 1.29 1.24

JES EffectiveNP STAT1 [%] 1.25 1.25 1.25 1.27 1.19 1.19 0.77 0.72 0.58 0.73

JES EffectiveNP STAT2 [%] 0.14 0.15 0.08 0.05 0.07 0.20 0.23 0.12 0.39 0.84

JES EffectiveNP STAT3 [%] 0.18 0.13 0.11 0.21 0.45 0.36 0.65 0.54 1.02 1.30

JES EffectiveNP MODEL1 [%] 1.63 1.95 1.86 2.22 2.54 2.49 2.19 1.48 2.18 2.09

JES EffectiveNP MODEL2 [%] 0.47 0.36 0.31 0.08 0.17 0.41 1.06 0.62 0.87 2.40

JES EffectiveNP MODEL3 [%] 0.45 0.41 0.28 0.06 0.24 0.53 0.86 0.79 1.67 0.68

JES EffectiveNP MODEL4 [%] 0.05 0.03 0.02 0.04 0.09 0.08 0.31 0.21 0.54 0.45

JES EffectiveNP DET1 [%] 0.60 0.09 0.37 1.35 1.51 1.74 2.53 3.10 4.22 7.36

JES EffectiveNP DET2 [%] 0.07 0.05 0.13 0.11 0.15 0.15 0.23 0.22 0.30 0.41

JES EffectiveNP MIXED1 [%] 0.02 0.07 0.07 0.06 0.10 0.09 0.45 0.10 0.45 2.02

JES EffectiveNP MIXED2 [%] 0.31 0.23 0.43 0.37 0.30 0.25 0.29 0.53 0.54 0.63

JES EtaIntercalibration TotalStat [%] 0.27 0.43 0.48 0.55 0.69 0.49 0.59 0.65 0.86 0.88

JES EtaIntercalibration Theory [%] 0.39 0.70 1.22 1.75 1.92 2.45 2.68 2.50 3.64 4.99

JES SingleParticle HighPt [%] 0.00 0.01 0.04 0.00 0.06 0.08 0.05 0.00 0.02 0.00

JES RelativeNonClosure MC11b [%] 0.29 0.24 0.33 0.37 0.54 0.46 0.55 0.19 0.96 0.81

JES Pileup OffsetMu [%] 0.42 0.17 0.48 0.24 0.38 0.30 0.22 0.30 0.65 0.81

JES Pileup OffsetNPV [%] 0.17 0.17 0.30 0.27 0.27 0.26 0.44 0.47 0.95 1.00

JES closeby [%] 2.13 2.08 2.24 3.62 3.65 3.82 4.18 3.90 4.65 6.21

JES flavor comp [%] 0.71 0.41 0.83 1.78 2.03 2.99 3.36 3.51 5.10 7.60

JES flavor response [%] 0.43 0.15 0.43 1.07 1.25 1.63 2.08 2.15 2.81 4.67

JES B Jes Unc. [%] 0.35 0.38 1.32 2.24 2.48 2.57 2.71 2.67 3.10 5.14

Electron Energy Resolution [%] 0.13 0.03 0.04 0.10 0.07 0.10 0.06 0.32 0.36 0.20

Electron Energy Scale [%] 0.63 0.56 0.52 0.38 0.39 0.48 0.49 0.36 0.85 1.01

Parton Shower [%] 0.04 0.91 0.28 1.54 0.80 4.65 5.43 0.55 0.71 7.53

I/FSR [%] 5.58 5.37 5.33 6.52 8.85 9.01 8.74 11.41 18.43 11.11

Color Reconnection [%] 2.16 0.13 1.03 0.58 0.49 0.63 1.21 0.83 0.22 0.10

Generator [%] 3.54 3.08 4.69 2.94 5.31 2.35 0.11 1.47 1.45 15.34

PDF [%] 0.32 0.43 0.38 0.39 0.47 0.46 0.58 0.54 0.39 8.61

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.8: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic pseudo-top quark pT (t) in the electron channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 12.127 29.065 32.459 25.747 17.101 10.853 5.937 2.880 1.404 0.167

Total Uncertainty [%] 10.45 8.66 8.53 9.95 12.32 11.80 14.63 17.01 18.76 20.56

Statistics [%] 3.62 2.07 2.19 2.41 2.84 3.24 4.26 6.26 9.07 10.93

Systematics [%] 9.80 8.41 8.25 9.65 11.98 11.34 13.99 15.81 16.42 17.41

MC Stats on Correction Factors [%] 0.82 0.49 0.50 0.57 0.69 0.79 1.07 1.42 1.93 2.29

Background Subtraction Unc. [%] 2.92 1.72 1.35 1.35 1.52 1.63 1.64 1.76 3.07 3.42

Cellout [%] 0.38 0.35 0.25 0.31 0.21 0.14 0.58 0.80 0.68 0.56

Pileup [%] 0.22 0.27 0.17 0.13 0.24 0.25 0.35 0.24 0.25 0.63

Mistag [%] 1.12 0.95 0.84 0.85 0.84 0.82 0.88 1.14 1.01 0.52

Btag [%] 4.34 4.21 4.36 4.60 4.88 4.91 5.37 6.42 6.90 5.93

Ctag [%] 2.06 2.19 2.08 2.03 2.03 1.94 1.61 1.35 1.59 1.19

Jet Eff [%] 0.07 0.00 0.06 0.06 0.10 0.09 0.04 0.05 0.03 0.17

Jet Energy Resolution [%] 0.73 1.15 0.35 0.31 0.93 0.78 0.65 0.86 0.23 1.57

JVF [%] 1.52 1.53 1.53 1.58 1.63 1.57 1.61 1.88 1.96 1.99

Lepton Trigger Eff. [%] 1.32 1.33 1.30 1.32 1.38 1.36 1.39 1.66 1.72 1.37

Lepton Identification Eff. [%] 0.79 0.77 0.77 0.78 0.83 0.79 0.76 0.87 0.99 0.81

Lepton Reconstruction Eff. [%] 0.32 0.31 0.31 0.33 0.32 0.34 0.40 0.46 0.56 0.41

JES EffectiveNP STAT1 [%] 1.21 1.08 1.06 1.18 1.15 0.99 0.88 0.96 0.56 0.32

JES EffectiveNP STAT2 [%] 0.14 0.10 0.02 0.04 0.14 0.13 0.23 0.20 0.46 0.56

JES EffectiveNP STAT3 [%] 0.18 0.12 0.10 0.19 0.43 0.43 0.73 0.81 0.79 0.67

JES EffectiveNP MODEL1 [%] 1.62 1.53 1.74 2.12 2.28 2.08 2.15 2.10 2.01 1.22

JES EffectiveNP MODEL2 [%] 0.48 0.34 0.16 0.09 0.28 0.38 0.70 0.77 1.28 1.22

JES EffectiveNP MODEL3 [%] 0.49 0.32 0.11 0.12 0.37 0.43 0.73 0.72 0.69 0.68

JES EffectiveNP MODEL4 [%] 0.08 0.07 0.06 0.09 0.07 0.15 0.28 0.47 0.60 0.33

JES EffectiveNP DET1 [%] 0.38 0.18 0.39 0.92 1.60 1.79 2.53 3.35 5.17 5.41

JES EffectiveNP DET2 [%] 0.03 0.03 0.05 0.08 0.11 0.05 0.15 0.34 0.24 0.28

JES EffectiveNP MIXED1 [%] 0.09 0.00 0.00 0.09 0.15 0.17 0.37 0.51 1.00 1.40

JES EffectiveNP MIXED2 [%] 0.36 0.25 0.26 0.32 0.38 0.34 0.31 0.44 0.41 0.51

JES EtaIntercalibration TotalStat [%] 0.37 0.30 0.37 0.50 0.66 0.65 0.73 0.73 0.54 0.54

JES EtaIntercalibration Theory [%] 0.36 0.33 0.80 1.49 2.17 2.54 3.06 3.15 3.57 3.26

JES SingleParticle HighPt [%] 0.02 0.01 0.01 0.00 0.01 0.02 0.07 0.04 0.00 0.06

JES RelativeNonClosure MC11b [%] 0.22 0.17 0.18 0.30 0.52 0.55 0.59 0.58 0.50 0.47

JES Pileup OffsetMu [%] 0.12 0.24 0.16 0.13 0.22 0.27 0.55 0.35 0.33 0.25

JES Pileup OffsetNPV [%] 0.02 0.05 0.20 0.29 0.25 0.36 0.48 0.36 0.73 1.17

JES closeby [%] 1.06 1.18 1.66 2.48 3.09 3.54 4.04 4.23 5.78 5.36

JES flavor comp [%] 0.46 0.21 0.61 1.40 2.18 2.69 3.09 3.77 5.91 5.72

JES flavor response [%] 0.35 0.05 0.40 0.93 1.40 1.65 1.95 2.56 3.87 3.40

JES B Jes Unc. [%] 0.37 0.53 1.33 2.08 2.40 2.37 2.65 3.12 3.69 2.90

Muon ID [%] 0.08 0.02 0.01 0.03 0.02 0.06 0.18 0.17 0.08 0.17

Muon MS [%] 0.05 0.01 0.05 0.03 0.05 0.12 0.13 0.09 0.26 0.29

Muon Momentum Scaling [%] 0.41 0.38 0.28 0.24 0.19 0.14 0.13 0.16 0.16 0.12

Parton Shower [%] 4.05 3.42 1.70 1.55 2.03 1.27 0.30 3.02 3.07 4.61

I/FSR [%] 4.74 3.85 3.60 4.26 6.79 4.93 7.42 8.56 5.91 9.20

Color Reconnection [%] 0.04 0.90 1.13 0.14 1.24 0.86 0.97 0.34 0.42 0.45

Generator [%] 2.77 1.03 2.47 3.61 3.68 4.05 5.74 5.24 0.96 0.17

PDF [%] 0.40 0.36 0.25 0.21 0.19 0.25 0.16 0.18 1.14 0.26

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.9: Relative uncertainties on the final differential tt̄ cross-section as a function of the
leptonic pseudo-top quark pT (t) in the muon channel. The systematic uncertainties
were propagated to the final distribution using correction factors from the nominal
POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [GeV] [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 11.670 27.522 32.347 26.159 17.083 9.889 5.940 3.304 1.529 0.115

Total Uncertainty [%] 11.67 10.16 10.15 11.23 14.66 15.69 15.70 18.13 21.77 30.82

Statistics [%] 4.37 2.42 2.45 2.56 2.91 3.59 4.75 6.11 8.70 13.14

Systematics [%] 10.83 9.87 9.85 10.93 14.37 15.27 14.97 17.07 19.95 27.88

MC Stats on Correction Factors [%] 0.90 0.57 0.55 0.60 0.73 0.82 1.11 1.46 1.94 2.55

Background Subtraction Unc. [%] 4.47 2.86 2.09 1.69 1.79 2.16 1.87 2.33 3.16 4.65

Cellout [%] 0.50 0.24 0.20 0.41 0.28 0.37 0.99 0.74 0.84 0.65

Pileup [%] 0.46 0.18 0.22 0.35 0.23 0.17 0.80 0.60 0.52 0.52

Mistag [%] 1.09 0.98 0.94 0.89 0.95 0.97 0.80 0.62 0.69 1.16

Btag [%] 4.50 4.52 4.45 4.54 4.79 5.36 5.25 5.37 6.17 8.13

Ctag [%] 2.19 2.30 2.09 1.96 2.00 2.03 1.61 1.47 1.73 2.50

Jet Eff [%] 0.00 0.15 0.11 0.09 0.06 0.04 0.02 0.09 0.04 0.08

Jet Energy Resolution [%] 0.93 0.15 0.82 0.41 0.41 0.77 1.28 3.28 1.28 0.85

JVF [%] 1.58 1.58 1.49 1.51 1.64 1.73 1.67 1.64 1.83 2.78

Lepton Trigger Eff. [%] 0.69 0.62 0.54 0.56 0.59 0.62 0.69 0.64 0.65 1.06

Lepton Identification Eff. [%] 2.39 2.40 2.30 2.30 2.38 2.50 2.33 2.37 2.52 3.24

Lepton Reconstruction Eff. [%] 0.99 0.94 0.89 0.91 0.96 0.98 0.81 0.77 1.05 1.37

JES EffectiveNP STAT1 [%] 1.13 1.22 1.17 1.24 1.29 1.03 1.01 0.96 0.70 1.06

JES EffectiveNP STAT2 [%] 0.22 0.09 0.09 0.13 0.10 0.25 0.31 0.37 0.47 0.89

JES EffectiveNP STAT3 [%] 0.19 0.09 0.02 0.19 0.42 0.55 0.79 0.72 0.66 0.96

JES EffectiveNP MODEL1 [%] 1.76 1.88 1.89 2.15 2.51 2.40 2.40 1.97 2.11 2.68

JES EffectiveNP MODEL2 [%] 0.48 0.34 0.21 0.10 0.22 0.47 0.95 0.97 0.77 1.64

JES EffectiveNP MODEL3 [%] 0.51 0.36 0.21 0.11 0.26 0.55 0.91 0.94 0.91 0.80

JES EffectiveNP MODEL4 [%] 0.05 0.01 0.03 0.10 0.12 0.22 0.38 0.51 0.47 0.62

JES EffectiveNP DET1 [%] 0.59 0.18 0.38 1.06 1.76 1.98 2.48 3.01 4.28 5.96

JES EffectiveNP DET2 [%] 0.06 0.05 0.04 0.11 0.18 0.16 0.19 0.32 0.26 0.34

JES EffectiveNP MIXED1 [%] 0.00 0.02 0.08 0.14 0.20 0.27 0.50 0.66 0.60 1.49

JES EffectiveNP MIXED2 [%] 0.21 0.28 0.26 0.34 0.42 0.39 0.49 0.69 0.49 0.66

JES EtaIntercalibration TotalStat [%] 0.23 0.36 0.41 0.47 0.75 0.80 0.78 0.71 0.60 0.96

JES EtaIntercalibration Theory [%] 0.25 0.59 0.89 1.52 2.22 2.71 3.06 3.10 3.55 4.52

JES SingleParticle HighPt [%] 0.00 0.01 0.04 0.01 0.05 0.08 0.04 0.00 0.01 0.01

JES RelativeNonClosure MC11b [%] 0.20 0.27 0.28 0.36 0.48 0.65 0.88 0.59 0.59 0.79

JES Pileup OffsetMu [%] 0.43 0.31 0.07 0.07 0.27 0.42 0.51 0.31 0.45 0.15

JES Pileup OffsetNPV [%] 0.34 0.19 0.14 0.28 0.52 0.25 0.28 0.51 0.61 0.76

JES closeby [%] 1.90 2.04 2.24 2.93 3.86 4.21 4.49 4.16 4.52 7.07

JES flavor comp [%] 0.74 0.46 0.78 1.46 2.13 2.88 3.63 4.20 5.11 6.50

JES flavor response [%] 0.50 0.23 0.36 0.91 1.58 1.87 2.01 2.17 2.58 3.98

JES B Jes Unc. [%] 0.67 0.45 1.27 2.25 2.53 2.21 2.65 3.18 3.53 4.02

Electron Energy Resolution [%] 0.06 0.07 0.03 0.02 0.13 0.19 0.12 0.14 0.13 0.24

Electron Energy Scale [%] 0.62 0.60 0.47 0.43 0.37 0.56 0.50 0.39 0.55 0.81

Parton Shower [%] 0.52 0.64 1.54 0.86 0.04 4.34 4.59 1.46 2.80 9.29

I/FSR [%] 4.70 5.31 5.40 6.06 8.83 10.05 8.60 11.38 13.45 14.68

Color Reconnection [%] 0.07 1.49 0.62 0.54 0.14 0.04 1.88 2.04 0.58 0.29

Generator [%] 4.74 2.69 2.96 3.71 6.11 2.02 1.40 3.63 3.62 12.11

PDF [%] 0.30 0.45 0.36 0.33 0.49 0.60 0.57 0.87 4.17 1.22

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80

Table C.10: Relative uncertainties on the final differential tt̄ cross-section as a function of
the leptonic pseudo-top quark pT (t) in the electron channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 4391.421 3686.303 2738.081 1781.439 926.038 131.131

Total Uncertainty [%] 9.00 9.35 10.40 11.18 11.15 17.12

Statistics [%] 1.96 2.24 3.04 3.78 4.67 9.46

Systematics [%] 8.78 9.08 9.95 10.53 10.12 14.27

MC Stats on Correction Factors [%] 0.47 0.52 0.70 0.85 1.09 2.26

Background Subtraction Unc. [%] 2.25 2.10 1.82 1.74 1.53 1.89

Cellout [%] 0.19 0.23 0.23 0.43 0.01 0.33

Pileup [%] 0.07 0.19 0.20 0.23 0.21 0.49

Mistag [%] 0.93 0.94 0.84 0.93 0.94 0.97

Btag [%] 4.50 4.59 4.67 4.91 4.75 5.34

Ctag [%] 2.04 2.12 1.96 1.86 1.58 1.79

Jet Eff [%] 0.08 0.05 0.03 0.03 0.12 0.25

Jet Energy Resolution [%] 0.03 0.73 0.27 0.75 1.05 0.38

JVF [%] 1.61 1.56 1.59 1.71 1.65 1.49

Lepton Trigger Eff. [%] 1.34 1.36 1.34 1.34 1.28 1.47

Lepton Identification Eff. [%] 0.74 0.74 0.75 0.84 0.76 0.82

Lepton Reconstruction Eff. [%] 0.33 0.36 0.38 0.40 0.26 0.36

JES EffectiveNP STAT1 [%] 1.05 1.14 1.16 0.98 1.19 1.29

JES EffectiveNP STAT2 [%] 0.02 0.01 0.01 0.00 0.07 0.14

JES EffectiveNP STAT3 [%] 0.08 0.13 0.10 0.12 0.08 0.14

JES EffectiveNP MODEL1 [%] 1.80 1.94 1.89 1.91 1.92 2.05

JES EffectiveNP MODEL2 [%] 0.12 0.05 0.08 0.12 0.08 0.34

JES EffectiveNP MODEL3 [%] 0.06 0.05 0.11 0.08 0.01 0.20

JES EffectiveNP MODEL4 [%] 0.05 0.03 0.03 0.15 0.05 0.02

JES EffectiveNP DET1 [%] 0.77 0.77 0.71 0.77 0.83 1.36

JES EffectiveNP DET2 [%] 0.07 0.03 0.00 0.10 0.18 0.01

JES EffectiveNP MIXED1 [%] 0.04 0.05 0.00 0.06 0.07 0.12

JES EffectiveNP MIXED2 [%] 0.35 0.29 0.31 0.24 0.31 0.63

JES EtaIntercalibration TotalStat [%] 0.41 0.47 0.48 0.44 0.63 1.03

JES EtaIntercalibration Theory [%] 0.43 1.04 1.58 2.52 3.67 4.40

JES SingleParticle HighPt [%] 0.02 0.04 0.05 0.02 0.06 0.01

JES RelativeNonClosure MC11b [%] 0.16 0.18 0.32 0.44 0.82 1.52

JES Pileup OffsetMu [%] 0.24 0.33 0.34 0.13 0.19 0.14

JES Pileup OffsetNPV [%] 0.16 0.20 0.23 0.10 0.22 0.40

JES closeby [%] 2.10 2.11 2.36 2.40 2.51 3.17

JES flavor comp [%] 1.32 1.28 1.41 1.59 1.33 1.15

JES flavor response [%] 0.76 0.76 0.70 0.65 0.78 0.42

JES B Jes Unc. [%] 1.22 1.45 1.62 1.39 1.10 1.15

Muon ID [%] 0.02 0.01 0.02 0.03 0.03 0.06

Muon MS [%] 0.01 0.02 0.01 0.03 0.08 0.09

Muon Momentum Scaling [%] 0.28 0.22 0.35 0.18 0.25 0.17

Parton Shower [%] 2.13 1.32 3.57 2.38 3.84 3.32

I/FSR [%] 3.80 4.20 4.29 3.10 3.44 6.88

Color Reconnection [%] 1.66 0.32 0.58 1.09 1.19 0.66

Generator [%] 1.55 2.60 3.06 5.45 2.18 7.08

PDF [%] 0.51 0.42 0.34 0.17 0.50 0.51

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80

Table C.11: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic pseudo-top quark |y(t)| in the muon channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 4278.304 3703.712 2693.016 1624.920 884.475 119.407

Total Uncertainty [%] 11.85 10.64 11.75 15.68 12.91 19.13

Statistics [%] 2.25 2.43 3.32 4.27 5.47 11.44

Systematics [%] 11.64 10.36 11.27 15.08 11.70 15.33

MC Stats on Correction Factors [%] 0.50 0.55 0.76 0.91 1.12 2.48

Background Subtraction Unc. [%] 2.71 2.77 2.51 2.55 2.51 2.75

Cellout [%] 0.17 0.12 0.06 0.22 0.05 0.20

Pileup [%] 0.09 0.03 0.09 0.13 0.08 0.38

Mistag [%] 0.99 0.94 0.85 1.05 0.99 0.79

Btag [%] 4.66 4.54 4.74 5.26 4.94 5.65

Ctag [%] 2.14 2.02 2.00 2.27 1.74 1.83

Jet Eff [%] 0.08 0.05 0.11 0.14 0.03 0.14

Jet Energy Resolution [%] 0.18 0.19 0.80 0.36 0.20 1.14

JVF [%] 1.63 1.53 1.58 1.71 1.51 1.83

Lepton Trigger Eff. [%] 0.60 0.60 0.61 0.64 0.60 0.67

Lepton Identification Eff. [%] 2.33 2.31 2.41 2.63 2.44 2.75

Lepton Reconstruction Eff. [%] 0.92 0.91 0.88 0.99 0.93 0.91

JES EffectiveNP STAT1 [%] 1.07 1.06 1.15 1.54 1.30 1.07

JES EffectiveNP STAT2 [%] 0.00 0.01 0.02 0.04 0.01 0.10

JES EffectiveNP STAT3 [%] 0.08 0.09 0.10 0.16 0.07 0.23

JES EffectiveNP MODEL1 [%] 1.97 1.78 1.86 2.58 2.05 2.59

JES EffectiveNP MODEL2 [%] 0.03 0.07 0.08 0.09 0.13 0.00

JES EffectiveNP MODEL3 [%] 0.01 0.06 0.08 0.13 0.01 0.04

JES EffectiveNP MODEL4 [%] 0.09 0.04 0.03 0.13 0.01 0.13

JES EffectiveNP DET1 [%] 0.73 0.81 0.94 1.00 0.99 0.82

JES EffectiveNP DET2 [%] 0.04 0.09 0.06 0.12 0.20 0.34

JES EffectiveNP MIXED1 [%] 0.10 0.04 0.08 0.20 0.08 0.05

JES EffectiveNP MIXED2 [%] 0.34 0.25 0.25 0.44 0.52 0.35

JES EtaIntercalibration TotalStat [%] 0.37 0.40 0.46 0.60 0.69 0.70

JES EtaIntercalibration Theory [%] 0.43 0.98 1.69 2.87 4.10 6.05

JES SingleParticle HighPt [%] 0.01 0.03 0.02 0.05 0.04 0.17

JES RelativeNonClosure MC11b [%] 0.23 0.25 0.35 0.82 0.82 0.68

JES Pileup OffsetMu [%] 0.06 0.10 0.28 0.75 0.09 0.21

JES Pileup OffsetNPV [%] 0.25 0.25 0.33 0.43 0.09 0.16

JES closeby [%] 2.67 2.61 3.06 3.19 3.68 3.59

JES flavor comp [%] 1.24 1.35 1.57 2.00 1.89 1.08

JES flavor response [%] 0.72 0.87 0.93 1.14 1.02 0.66

JES B Jes Unc. [%] 1.36 1.30 1.63 1.26 1.37 2.07

Electron Energy Resolution [%] 0.03 0.01 0.00 0.07 0.01 0.83

Electron Energy Scale [%] 0.54 0.45 0.54 0.46 0.54 0.26

Parton Shower [%] 0.33 2.90 0.06 2.39 0.35 1.96

I/FSR [%] 6.26 5.75 6.02 11.08 5.32 7.71

Color Reconnection [%] 0.34 0.97 1.23 0.14 1.28 0.07

Generator [%] 5.55 1.16 4.11 2.31 3.51 5.07

PDF [%] 0.49 0.52 0.33 0.40 0.32 3.66

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80

Table C.12: Relative uncertainties on the final differential tt̄ cross-section as a function of
the hadronic pseudo-top quark |y(t)| in the electron channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 5065.907 3587.717 2342.454 1623.573 798.645 113.690

Total Uncertainty [%] 9.45 9.05 9.51 10.66 11.01 21.45

Statistics [%] 1.96 2.12 2.75 3.13 4.21 9.86

Systematics [%] 9.24 8.80 9.10 10.19 10.17 19.06

MC Stats on Correction Factors [%] 0.45 0.47 0.64 0.77 0.97 2.13

Background Subtraction Unc. [%] 1.70 1.93 1.90 1.73 2.37 4.53

Cellout [%] 0.22 0.16 0.34 0.39 0.11 1.09

Pileup [%] 0.13 0.14 0.12 0.28 0.08 0.44

Mistag [%] 0.92 0.96 0.90 0.90 0.84 0.86

Btag [%] 4.46 4.55 4.73 4.60 4.97 6.07

Ctag [%] 2.10 2.10 1.96 1.76 1.64 1.86

Jet Eff [%] 0.00 0.04 0.05 0.09 0.12 0.35

Jet Energy Resolution [%] 0.05 0.22 0.13 0.76 1.68 2.27

JVF [%] 1.53 1.55 1.58 1.53 1.64 1.90

Lepton Trigger Eff. [%] 1.40 1.47 1.31 1.05 1.02 1.43

Lepton Identification Eff. [%] 0.74 0.78 0.76 0.72 0.81 0.96

Lepton Reconstruction Eff. [%] 0.36 0.36 0.38 0.35 0.32 0.56

JES EffectiveNP STAT1 [%] 1.01 1.00 1.12 1.02 1.08 1.20

JES EffectiveNP STAT2 [%] 0.02 0.00 0.04 0.07 0.00 0.00

JES EffectiveNP STAT3 [%] 0.10 0.11 0.13 0.07 0.06 0.06

JES EffectiveNP MODEL1 [%] 1.79 1.84 1.87 1.75 1.91 2.71

JES EffectiveNP MODEL2 [%] 0.09 0.04 0.11 0.04 0.03 0.09

JES EffectiveNP MODEL3 [%] 0.07 0.05 0.00 0.11 0.03 0.13

JES EffectiveNP MODEL4 [%] 0.06 0.03 0.06 0.12 0.08 0.05

JES EffectiveNP DET1 [%] 0.68 0.71 0.78 0.84 0.83 1.57

JES EffectiveNP DET2 [%] 0.08 0.05 0.11 0.05 0.10 0.31

JES EffectiveNP MIXED1 [%] 0.05 0.06 0.04 0.06 0.03 0.27

JES EffectiveNP MIXED2 [%] 0.29 0.22 0.33 0.27 0.30 0.48

JES EtaIntercalibration TotalStat [%] 0.40 0.42 0.43 0.45 0.53 0.78

JES EtaIntercalibration Theory [%] 0.89 1.13 1.48 1.57 2.11 2.78

JES SingleParticle HighPt [%] 0.02 0.02 0.02 0.00 0.07 0.03

JES RelativeNonClosure MC11b [%] 0.23 0.24 0.30 0.38 0.42 0.46

JES Pileup OffsetMu [%] 0.19 0.20 0.16 0.16 0.24 0.71

JES Pileup OffsetNPV [%] 0.13 0.26 0.29 0.18 0.03 0.55

JES closeby [%] 2.11 2.15 2.16 2.11 2.45 2.75

JES flavor comp [%] 1.35 1.16 1.24 1.24 1.42 3.53

JES flavor response [%] 0.75 0.70 0.71 0.71 0.76 1.95

JES B Jes Unc. [%] 1.03 1.49 1.64 1.41 1.57 0.94

Muon ID [%] 0.01 0.04 0.03 0.08 0.03 0.13

Muon MS [%] 0.03 0.04 0.06 0.07 0.07 0.12

Muon Momentum Scaling [%] 0.12 0.25 0.42 0.33 0.53 0.92

Parton Shower [%] 2.47 1.51 1.11 3.82 2.25 0.81

I/FSR [%] 4.90 3.41 3.98 5.39 4.44 7.86

Color Reconnection [%] 0.18 0.58 1.03 0.68 1.14 2.93

Generator [%] 2.16 3.02 2.76 2.54 3.16 12.74

PDF [%] 0.58 0.40 0.18 0.32 0.42 0.35

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80

Table C.13: Relative uncertainties on the final differential tt̄ cross-section as a function
of the leptonic pseudo-top quark |y(t)| in the muon channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Bin Range [rapidity] [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 4800.593 3599.739 2275.813 1566.744 813.557 125.110

Total Uncertainty [%] 12.42 10.56 11.43 12.86 13.06 19.49

Statistics [%] 2.03 2.27 3.43 4.24 5.39 11.30

Systematics [%] 12.26 10.31 10.91 12.14 11.90 15.88

MC Stats on Correction Factors [%] 0.45 0.52 0.74 0.93 1.20 2.41

Background Subtraction Unc. [%] 2.43 2.20 2.78 2.91 3.08 4.45

Cellout [%] 0.09 0.03 0.19 0.73 0.79 0.22

Pileup [%] 0.02 0.08 0.21 0.51 0.53 1.01

Mistag [%] 0.97 0.92 0.93 0.88 0.86 1.11

Btag [%] 4.75 4.52 4.84 4.77 4.78 5.47

Ctag [%] 2.19 1.98 1.98 1.96 1.71 1.65

Jet Eff [%] 0.04 0.04 0.06 0.04 0.24 0.32

Jet Energy Resolution [%] 0.32 0.16 0.18 0.63 1.04 1.95

JVF [%] 1.64 1.55 1.63 1.66 1.59 1.81

Lepton Trigger Eff. [%] 0.60 0.59 0.57 0.57 0.62 0.89

Lepton Identification Eff. [%] 2.31 2.21 2.40 2.56 2.83 3.20

Lepton Reconstruction Eff. [%] 1.07 0.90 0.81 0.64 0.60 0.87

JES EffectiveNP STAT1 [%] 1.16 1.01 1.15 1.28 1.03 1.19

JES EffectiveNP STAT2 [%] 0.00 0.04 0.04 0.03 0.08 0.20

JES EffectiveNP STAT3 [%] 0.12 0.10 0.11 0.21 0.31 0.01

JES EffectiveNP MODEL1 [%] 1.98 1.87 2.00 1.93 1.81 2.74

JES EffectiveNP MODEL2 [%] 0.06 0.08 0.04 0.26 0.20 0.00

JES EffectiveNP MODEL3 [%] 0.04 0.07 0.05 0.10 0.09 0.01

JES EffectiveNP MODEL4 [%] 0.12 0.05 0.04 0.05 0.09 0.09

JES EffectiveNP DET1 [%] 0.78 0.77 0.81 0.77 0.89 1.39

JES EffectiveNP DET2 [%] 0.05 0.01 0.10 0.09 0.13 0.15

JES EffectiveNP MIXED1 [%] 0.12 0.07 0.01 0.06 0.09 0.02

JES EffectiveNP MIXED2 [%] 0.38 0.30 0.32 0.34 0.28 0.76

JES EtaIntercalibration TotalStat [%] 0.41 0.39 0.46 0.54 0.66 0.61

JES EtaIntercalibration Theory [%] 0.98 1.23 1.66 2.39 2.21 3.02

JES SingleParticle HighPt [%] 0.01 0.01 0.03 0.07 0.01 0.12

JES RelativeNonClosure MC11b [%] 0.32 0.24 0.42 0.52 0.64 0.67

JES Pileup OffsetMu [%] 0.02 0.26 0.20 0.21 0.15 0.63

JES Pileup OffsetNPV [%] 0.12 0.28 0.21 0.24 0.35 0.96

JES closeby [%] 2.81 2.63 2.98 3.02 2.92 3.47

JES flavor comp [%] 1.60 1.29 1.22 1.39 1.55 1.42

JES flavor response [%] 0.80 0.79 0.77 0.94 0.97 0.56

JES B Jes Unc. [%] 1.27 1.34 1.66 1.50 1.50 2.52

Electron Energy Resolution [%] 0.06 0.10 0.19 0.16 0.17 0.54

Electron Energy Scale [%] 0.22 0.58 0.79 0.93 0.84 0.60

Parton Shower [%] 0.23 3.81 0.90 1.18 2.97 5.37

I/FSR [%] 8.02 4.85 6.42 6.78 6.80 7.25

Color Reconnection [%] 0.76 0.83 0.12 0.30 0.99 4.56

Generator [%] 4.19 2.64 1.98 4.57 2.31 0.57

PDF [%] 0.56 0.39 0.23 0.47 0.39 4.78

Lumi. Uncertainty [%] 1.80 1.80 1.80 1.80 1.80 1.80

Table C.14: Relative uncertainties on the final differential tt̄ cross-section as a function of
the leptonic pseudo-top quark |y(t)| in the electron channel. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA tt̄ MC sample.
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Appendix D.

BLUE Combination Systematic

Uncertainties

This appendix presents information and table of the breakdown of the sources of systematic

uncertainty in the measured distributions after the electron and muon combination with

the BLUE method.

From running f2av [198], a program which performs a measurement combination

similar to BLUE, over the particle level distributions, the χ2 and the number of degrees

of freedom (equivalent to the number of bins here) of the combination is obtained:

distr. chi2 ndof

absyttu2 2.03 10

mttu2 0.70 8

ptttu2 1.33 6

thptuttl2 0.96 10

tlptuttl2 2.49 10

absthyul2 0.70 6

abstlyul2 0.42 6

showing compatability between the channels.

The BLUE combinations also have as an output tables of systematics for the overall

uncertainty contribution of each systematic to the combination systematic. These are

given in tables D.1 to D.7.
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Bin Range [225, 400] [400, 500] [500, 600] [600, 700] [700, 850] [850, 1000] [1000, 1250] [1250, 2500]

dσ/dm(tt̄) [fb/GeV] 5.15 14.75 10.54 6.38 3.34 1.55 0.61 0.06

Total Uncertainty [%] 10.97 9.56 10.38 10.90 11.83 14.09 15.12 20.35

Statistics [%] 2.57 1.61 1.83 2.97 2.88 4.57 5.43 8.56

Systematics [%] 10.66 9.42 10.22 10.48 11.47 13.33 14.11 18.46

Background Subtraction Unc. 1.37 0.90 1.51 2.00 2.29 3.15 3.59 6.03

Btag 4.83 4.41 4.39 4.56 4.76 5.00 5.26 5.66

Cellout 0.29 0.29 0.18 0.05 0.07 0.17 0.30 0.35

Color Reconnection 0.37 0.72 0.48 0.05 1.36 0.85 2.28 1.63

Ctag 2.02 1.86 1.92 2.09 2.24 2.51 2.59 2.73

Electron Energy Resolution 0.00 0.02 0.05 0.01 0.05 0.02 0.09 0.06

Electron Energy Scale 0.01 0.12 0.11 0.03 0.16 0.09 0.23 0.24

Electron Identification Eff. 0.16 0.64 0.49 0.10 0.50 0.29 0.80 0.95

Electron Reconstruction Eff. 0.07 0.27 0.19 0.04 0.19 0.11 0.31 0.29

Electron Trigger Eff. 0.04 0.16 0.13 0.03 0.13 0.07 0.20 0.23

Generator 3.24 2.46 2.77 3.32 2.37 4.59 3.02 5.19

I/FSR 3.49 5.02 4.62 4.07 5.07 6.25 5.06 9.01

JES B Jes Unc. 3.69 1.25 2.41 3.11 3.34 3.57 4.16 3.66

JES EffectiveNP DET1 2.43 0.49 1.29 1.71 2.28 2.83 3.66 4.12

JES EffectiveNP DET2 0.19 0.10 0.10 0.12 0.14 0.17 0.29 0.29

JES EffectiveNP MIXED1 0.17 0.06 0.08 0.10 0.25 0.16 0.41 0.94

JES EffectiveNP MIXED2 0.10 0.38 0.39 0.32 0.32 0.43 0.39 0.42

JES EffectiveNP MODEL1 0.31 2.09 2.36 2.08 2.08 1.97 1.59 1.55

JES EffectiveNP MODEL2 1.07 0.27 0.14 0.32 0.55 0.76 0.89 1.21

JES EffectiveNP MODEL3 1.32 0.24 0.25 0.46 0.68 0.92 0.84 0.89

JES EffectiveNP MODEL4 0.09 0.04 0.07 0.06 0.19 0.22 0.36 0.39

JES EffectiveNP STAT1 1.03 1.37 1.20 0.96 0.92 0.91 0.55 0.25

JES EffectiveNP STAT2 0.35 0.04 0.04 0.07 0.21 0.32 0.31 0.72

JES EffectiveNP STAT3 0.75 0.07 0.26 0.43 0.59 0.73 0.69 0.79

JES EtaIntercalibration Theory 1.89 0.75 1.45 2.16 3.09 3.38 4.82 7.55

JES EtaIntercalibration TotalStat 0.17 0.48 0.59 0.51 0.68 0.86 0.60 0.54

JES Pileup OffsetMu 0.30 0.34 0.08 0.28 0.25 0.34 0.21 0.71

JES Pileup OffsetNPV 0.32 0.27 0.25 0.36 0.36 0.45 0.60 0.56

JES RelativeNonClosure MC11b 0.26 0.26 0.37 0.41 0.69 0.88 0.47 0.88

JES SingleParticle HighPt 0.02 0.02 0.02 0.02 0.03 0.03 0.06 0.13

JES closeby 1.88 3.01 3.31 3.05 3.09 2.85 3.63 3.07

JES flavor comp 1.51 1.19 1.80 1.97 2.19 2.53 3.70 3.57

JES flavor response 1.02 0.64 1.05 1.11 1.34 1.52 2.39 2.25

JVF 1.53 1.49 1.52 1.57 1.72 1.91 1.87 2.31

Jet Eff 0.10 0.05 0.03 0.05 0.02 0.08 0.06 0.15

Jet Energy Resolution 4.16 0.87 0.69 1.53 1.45 1.92 2.56 0.98

Luminosity 1.69 1.39 1.46 1.88 1.46 1.60 1.36 1.35

MC Stats on Correction Factors 0.58 0.38 0.45 0.72 0.65 1.01 1.16 1.77

Mistag 0.91 0.75 0.81 0.94 1.07 1.41 1.53 2.48

Muon ID 0.03 0.01 0.03 0.04 0.04 0.01 0.09 0.01

Muon Identification Eff. 0.77 0.54 0.57 0.84 0.58 0.67 0.53 0.66

Muon MS 0.01 0.00 0.04 0.05 0.02 0.02 0.15 0.04

Muon Momentum Scaling 0.11 0.18 0.27 0.18 0.28 0.33 0.01 0.41

Muon Reconstruction Eff. 0.35 0.23 0.25 0.37 0.23 0.36 0.34 0.19

Muon Trigger Eff. 1.31 0.96 0.99 1.39 1.05 1.18 0.95 1.09

PDF 0.35 0.46 0.26 0.21 0.22 0.22 0.89 3.12

Parton Shower 0.13 2.29 3.10 1.54 2.26 1.57 0.58 0.51

Pileup 0.21 0.17 0.09 0.02 0.07 0.19 0.25 0.30

Table D.1: Relative uncertainties on the final, particle-level differential tt̄ cross-section as
a function of the pseudo-top pair mass after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0, 25] [25, 50] [50, 85] [85, 125] [125, 500]

dσ/dpT(tt̄) [fb/GeV] 73.05 72.45 28.27 8.01 0.31

Total Uncertainty [%] 10.59 10.21 13.11 17.81 23.57

Statistics [%] 1.43 1.28 3.14 6.01 11.48

Systematics [%] 10.50 10.13 12.73 16.77 20.59

Background Subtraction Unc. 1.71 1.26 2.45 3.26 5.55

Btag 4.63 4.66 4.67 4.06 3.46

Cellout 3.53 2.64 2.97 2.98 3.36

Color Reconnection 0.31 0.49 2.40 1.98 0.38

Ctag 1.92 2.06 2.24 2.07 1.70

Electron Energy Resolution 0.00 0.00 0.01 0.07 0.14

Electron Energy Scale 0.12 0.05 0.19 0.18 0.19

Electron Identification Eff. 0.57 0.25 0.88 0.96 1.02

Electron Reconstruction Eff. 0.22 0.10 0.36 0.40 0.46

Electron Trigger Eff. 0.14 0.06 0.22 0.25 0.26

Generator 0.54 2.47 4.95 7.06 6.30

I/FSR 1.91 5.89 5.03 6.00 10.01

JES B Jes Unc. 1.29 1.29 1.25 0.92 2.04

JES EffectiveNP DET1 0.47 0.53 0.95 1.86 2.59

JES EffectiveNP DET2 0.03 0.04 0.06 0.23 0.15

JES EffectiveNP MIXED1 0.02 0.03 0.06 0.20 0.11

JES EffectiveNP MIXED2 0.22 0.26 0.35 0.41 0.52

JES EffectiveNP MODEL1 1.44 1.67 2.48 3.19 2.83

JES EffectiveNP MODEL2 0.09 0.12 0.13 0.01 0.74

JES EffectiveNP MODEL3 0.08 0.08 0.10 0.26 0.65

JES EffectiveNP MODEL4 0.04 0.06 0.08 0.14 0.20

JES EffectiveNP STAT1 0.81 0.98 1.28 1.57 1.19

JES EffectiveNP STAT2 0.06 0.05 0.00 0.12 0.15

JES EffectiveNP STAT3 0.04 0.06 0.17 0.27 0.82

JES EtaIntercalibration Theory 0.27 0.57 2.24 4.62 8.16

JES EtaIntercalibration TotalStat 0.27 0.34 0.54 1.11 0.97

JES Pileup OffsetMu 0.44 0.27 0.26 0.60 0.83

JES Pileup OffsetNPV 0.25 0.20 0.19 0.12 0.79

JES RelativeNonClosure MC11b 0.13 0.18 0.49 0.75 1.08

JES SingleParticle HighPt 0.02 0.01 0.06 0.00 0.03

JES closeby 1.56 1.79 3.05 4.79 6.69

JES flavor comp 0.68 0.88 1.95 3.88 4.77

JES flavor response 0.38 0.48 1.02 2.04 2.55

JVF 1.31 1.53 1.91 2.05 2.09

Jet Eff 0.02 0.08 0.16 0.11 0.03

Jet Energy Resolution 0.63 1.01 0.45 0.04 1.30

Luminosity 1.43 1.62 2.57 2.56 2.51

MC Stats on Correction Factors 0.33 0.33 0.73 1.40 2.81

Mistag 0.79 0.92 1.11 1.11 0.76

Muon ID 0.01 0.02 0.02 0.08 0.04

Muon Identification Eff. 0.55 0.69 1.08 1.02 0.93

Muon MS 0.01 0.02 0.04 0.01 0.05

Muon Momentum Scaling 0.21 0.24 0.41 0.30 0.22

Muon Reconstruction Eff. 0.25 0.30 0.45 0.38 0.52

Muon Trigger Eff. 1.01 1.20 1.90 1.91 1.75

PDF 0.58 0.47 0.33 0.17 4.21

Parton Shower 6.79 2.15 3.58 6.68 3.60

Pileup 2.08 1.61 1.84 1.83 1.85

Table D.2: Relative uncertainties on the final, particle-level differential tt̄ cross-section as a
function of the pseudo-top pair pT after the channel combination. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.

And there are parton-level combinations systematic tables resulting from the BLUE

method, given in tables D.8 to D.12.
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Bin Range [0.0, 0.1] [0.1, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 0.7] [0.7, 0.8] [0.8, 1.0] [1.0, 1.2] [1.2, 1.6] [1.6, 2.5]

dσ/d|y(tt̄)| [fb/rapidity] 5986.46 5663.52 5321.77 4879.07 4010.64 3112.57 2297.11 1672.06 692.04 38.97

Total Uncertainty [%] 9.20 8.94 9.34 9.14 10.13 10.91 11.84 10.78 12.56 27.80

Statistics [%] 3.37 2.37 2.57 2.32 2.55 2.55 3.01 4.27 4.61 12.58

Systematics [%] 8.56 8.62 8.98 8.84 9.80 10.61 11.45 9.90 11.68 24.79

Background Subtraction Unc. 1.67 1.71 1.80 1.63 1.53 1.43 1.36 1.57 1.64 2.64

Btag 4.45 4.51 4.51 4.43 4.62 4.90 5.07 4.74 4.86 6.35

Cellout 0.25 0.20 0.33 0.15 0.33 0.37 0.36 0.16 0.42 0.61

Color Reconnection 1.42 1.64 0.02 0.36 0.66 0.66 0.34 0.18 0.48 5.37

Ctag 1.98 2.03 1.99 1.98 2.08 2.10 2.10 1.82 2.06 1.78

Electron Energy Resolution 0.01 0.01 0.01 0.03 0.02 0.11 0.08 0.01 0.05 0.26

Electron Energy Scale 0.01 0.02 0.02 0.09 0.11 0.33 0.27 0.02 0.10 0.35

Electron Identification Eff. 0.08 0.10 0.09 0.39 0.46 1.13 0.95 0.08 0.33 1.82

Electron Reconstruction Eff. 0.03 0.04 0.04 0.17 0.19 0.42 0.35 0.03 0.08 0.45

Electron Trigger Eff. 0.02 0.03 0.02 0.10 0.11 0.29 0.27 0.02 0.07 0.52

Generator 3.06 0.87 2.80 2.59 1.78 3.61 3.50 2.84 5.14 2.42

I/FSR 3.24 4.17 4.65 3.92 5.65 5.71 5.83 4.12 5.66 15.76

JES B Jes Unc. 1.41 1.31 1.32 1.30 1.26 1.43 1.65 1.52 1.48 3.44

JES EffectiveNP DET1 0.76 0.71 0.66 0.73 0.76 0.85 1.21 0.77 0.92 1.45

JES EffectiveNP DET2 0.05 0.07 0.08 0.09 0.07 0.06 0.11 0.02 0.16 0.46

JES EffectiveNP MIXED1 0.06 0.04 0.03 0.08 0.08 0.17 0.14 0.01 0.07 0.07

JES EffectiveNP MIXED2 0.31 0.27 0.26 0.29 0.33 0.46 0.42 0.29 0.20 0.67

JES EffectiveNP MODEL1 1.75 1.74 1.79 1.89 2.03 1.93 2.25 1.85 1.91 2.51

JES EffectiveNP MODEL2 0.08 0.13 0.09 0.06 0.06 0.12 0.16 0.12 0.09 0.52

JES EffectiveNP MODEL3 0.02 0.08 0.13 0.07 0.01 0.11 0.13 0.01 0.03 0.59

JES EffectiveNP MODEL4 0.11 0.08 0.08 0.09 0.03 0.13 0.12 0.08 0.08 0.47

JES EffectiveNP STAT1 1.06 1.02 1.00 1.12 1.17 1.25 1.43 1.15 0.93 1.17

JES EffectiveNP STAT2 0.05 0.03 0.01 0.04 0.05 0.02 0.06 0.01 0.03 0.41

JES EffectiveNP STAT3 0.09 0.15 0.11 0.14 0.17 0.15 0.24 0.19 0.17 0.37

JES EtaIntercalibration Theory 0.37 0.76 0.79 0.91 1.40 1.76 2.46 2.26 3.50 5.70

JES EtaIntercalibration TotalStat 0.38 0.35 0.38 0.48 0.56 0.55 0.77 0.34 0.46 0.53

JES Pileup OffsetMu 0.35 0.26 0.28 0.21 0.25 0.35 0.34 0.22 0.49 0.43

JES Pileup OffsetNPV 0.21 0.13 0.24 0.25 0.15 0.25 0.30 0.30 0.08 0.52

JES RelativeNonClosure MC11b 0.02 0.16 0.25 0.41 0.32 0.39 0.73 0.33 0.64 1.07

JES SingleParticle HighPt 0.02 0.01 0.01 0.01 0.00 0.04 0.06 0.01 0.00 0.20

JES closeby 2.19 2.03 1.88 1.94 2.25 2.66 3.06 2.59 3.03 5.13

JES flavor comp 1.19 1.06 1.35 1.53 1.53 1.36 1.79 1.34 1.45 1.89

JES flavor response 0.78 0.61 0.77 0.80 0.77 0.79 1.13 0.77 0.81 0.72

JVF 1.56 1.61 1.56 1.54 1.56 1.64 1.65 1.58 1.48 2.01

Jet Eff 0.00 0.08 0.06 0.02 0.04 0.08 0.05 0.14 0.02 0.21

Jet Energy Resolution 0.78 0.48 0.25 0.37 0.74 0.60 0.83 1.24 1.85 3.99

Luminosity 1.74 1.72 1.73 1.52 1.48 1.28 1.30 1.75 1.62 1.27

MC Stats on Correction Factors 0.74 0.54 0.59 0.56 0.57 0.57 0.66 0.95 1.01 2.51

Mistag 0.87 0.91 0.95 0.86 0.85 1.02 0.98 0.94 0.94 0.81

Muon ID 0.05 0.02 0.01 0.04 0.02 0.05 0.06 0.08 0.06 0.18

Muon Identification Eff. 0.73 0.74 0.74 0.61 0.66 0.44 0.50 0.73 0.71 0.52

Muon MS 0.02 0.01 0.07 0.02 0.01 0.07 0.06 0.00 0.02 0.05

Muon Momentum Scaling 0.08 0.29 0.24 0.21 0.28 0.07 0.28 0.42 0.37 0.07

Muon Reconstruction Eff. 0.30 0.30 0.29 0.27 0.24 0.18 0.25 0.36 0.37 0.28

Muon Trigger Eff. 1.30 1.34 1.29 1.06 1.08 0.74 0.87 1.24 1.06 0.68

PDF 0.47 0.25 0.24 0.22 0.20 0.23 0.11 0.23 0.35 4.84

Parton Shower 0.78 1.89 0.92 2.57 2.41 2.35 3.28 3.30 1.38 11.63

Pileup 0.05 0.21 0.27 0.15 0.29 0.28 0.30 0.31 0.28 0.30

Table D.3: Relative uncertainties on the final, particle-level differential tt̄ cross-section as
a function of the pseudo-top pair rapidity after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 4386.44 3690.28 2725.83 1771.17 914.12 126.76

Total Uncertainty [%] 8.99 9.22 10.17 11.16 10.77 15.93

Statistics [%] 1.88 1.82 2.39 3.54 3.68 7.31

Systematics [%] 8.79 9.04 9.88 10.58 10.12 14.15

Background Subtraction Unc. 2.15 1.74 1.49 1.63 1.31 1.57

Btag 4.50 4.58 4.69 4.94 4.80 5.45

Cellout 0.19 0.21 0.18 0.42 0.02 0.28

Color Reconnection 1.60 0.47 0.75 1.03 1.21 0.44

Ctag 2.05 2.10 1.97 1.88 1.62 1.81

Electron Energy Resolution 0.00 0.00 0.00 0.00 0.00 0.31

Electron Energy Scale 0.02 0.10 0.15 0.03 0.15 0.10

Electron Identification Eff. 0.10 0.53 0.66 0.17 0.70 1.03

Electron Reconstruction Eff. 0.04 0.21 0.24 0.06 0.27 0.34

Electron Trigger Eff. 0.03 0.14 0.17 0.04 0.17 0.25

Generator 1.73 2.27 3.35 5.24 2.57 6.33

I/FSR 3.91 4.55 4.76 3.63 3.98 7.19

JES B Jes Unc. 1.22 1.42 1.62 1.38 1.18 1.49

JES EffectiveNP DET1 0.77 0.78 0.77 0.79 0.88 1.16

JES EffectiveNP DET2 0.07 0.04 0.02 0.11 0.19 0.13

JES EffectiveNP MIXED1 0.04 0.05 0.02 0.07 0.07 0.09

JES EffectiveNP MIXED2 0.35 0.28 0.29 0.25 0.37 0.53

JES EffectiveNP MODEL1 1.81 1.90 1.88 1.96 1.95 2.25

JES EffectiveNP MODEL2 0.11 0.06 0.08 0.12 0.09 0.21

JES EffectiveNP MODEL3 0.06 0.06 0.10 0.08 0.01 0.14

JES EffectiveNP MODEL4 0.05 0.03 0.03 0.15 0.04 0.06

JES EffectiveNP STAT1 1.05 1.12 1.16 1.02 1.22 1.21

JES EffectiveNP STAT2 0.02 0.01 0.01 0.01 0.05 0.12

JES EffectiveNP STAT3 0.08 0.12 0.10 0.12 0.08 0.18

JES EtaIntercalibration Theory 0.43 1.02 1.61 2.55 3.79 5.01

JES EtaIntercalibration TotalStat 0.41 0.45 0.47 0.45 0.65 0.91

JES Pileup OffsetMu 0.23 0.28 0.32 0.17 0.16 0.17

JES Pileup OffsetNPV 0.16 0.21 0.26 0.12 0.18 0.31

JES RelativeNonClosure MC11b 0.16 0.19 0.33 0.47 0.82 1.21

JES SingleParticle HighPt 0.02 0.04 0.04 0.02 0.05 0.07

JES closeby 2.12 2.23 2.55 2.45 2.85 3.33

JES flavor comp 1.32 1.30 1.45 1.61 1.49 1.12

JES flavor response 0.76 0.78 0.76 0.68 0.85 0.51

JVF 1.61 1.55 1.59 1.71 1.61 1.62

Jet Eff 0.08 0.05 0.05 0.03 0.09 0.21

Jet Energy Resolution 0.04 0.61 0.41 0.72 0.81 0.66

Luminosity 1.72 1.45 1.40 1.69 1.38 1.31

MC Stats on Correction Factors 0.45 0.42 0.55 0.80 0.84 1.69

Mistag 0.93 0.94 0.84 0.94 0.96 0.90

Muon ID 0.02 0.01 0.01 0.03 0.02 0.04

Muon Identification Eff. 0.71 0.57 0.55 0.78 0.54 0.52

Muon MS 0.01 0.02 0.01 0.03 0.06 0.05

Muon Momentum Scaling 0.27 0.17 0.26 0.17 0.18 0.10

Muon Reconstruction Eff. 0.32 0.28 0.28 0.37 0.19 0.23

Muon Trigger Eff. 1.28 1.05 0.98 1.25 0.92 0.92

PDF 0.51 0.44 0.34 0.19 0.45 1.69

Parton Shower 2.05 1.68 2.61 2.38 2.84 2.81

Pileup 0.07 0.15 0.17 0.22 0.17 0.45

Table D.4: Relative uncertainties on the final, particle-level differential tt̄ cross-section as a
function of the hadronic pseudo-top rapidity after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d|y(t)| [fb/rapidity] 5095.10 3589.56 2332.97 1615.44 802.04 120.31

Total Uncertainty [%] 9.41 9.00 9.45 10.59 10.79 17.07

Statistics [%] 2.19 1.83 2.41 2.75 3.47 7.75

Systematics [%] 9.15 8.81 9.13 10.23 10.22 15.21

Background Subtraction Unc. 1.91 1.67 1.67 1.54 1.96 3.21

Btag 4.43 4.54 4.74 4.62 4.93 5.72

Cellout 0.23 0.14 0.32 0.44 0.27 0.58

Color Reconnection 0.12 0.62 0.90 0.62 1.11 3.88

Ctag 2.09 2.08 1.96 1.79 1.66 1.74

Electron Energy Resolution 0.01 0.02 0.03 0.02 0.04 0.31

Electron Energy Scale 0.02 0.09 0.11 0.13 0.19 0.35

Electron Identification Eff. 0.25 0.34 0.34 0.37 0.64 1.86

Electron Reconstruction Eff. 0.12 0.14 0.12 0.09 0.14 0.50

Electron Trigger Eff. 0.07 0.09 0.08 0.08 0.14 0.52

Generator 1.93 2.97 2.65 2.83 2.96 5.68

I/FSR 4.55 3.63 4.32 5.59 4.98 7.50

JES B Jes Unc. 1.00 1.47 1.65 1.42 1.55 1.86

JES EffectiveNP DET1 0.66 0.72 0.79 0.83 0.85 1.47

JES EffectiveNP DET2 0.08 0.05 0.11 0.05 0.10 0.22

JES EffectiveNP MIXED1 0.04 0.06 0.03 0.06 0.05 0.13

JES EffectiveNP MIXED2 0.28 0.23 0.32 0.28 0.29 0.64

JES EffectiveNP MODEL1 1.76 1.84 1.89 1.78 1.89 2.73

JES EffectiveNP MODEL2 0.09 0.04 0.10 0.07 0.07 0.04

JES EffectiveNP MODEL3 0.07 0.06 0.01 0.11 0.05 0.06

JES EffectiveNP MODEL4 0.06 0.03 0.06 0.11 0.08 0.07

JES EffectiveNP STAT1 0.99 1.00 1.13 1.06 1.07 1.20

JES EffectiveNP STAT2 0.02 0.01 0.04 0.06 0.02 0.12

JES EffectiveNP STAT3 0.10 0.11 0.13 0.09 0.12 0.03

JES EtaIntercalibration Theory 0.88 1.14 1.50 1.69 2.13 2.92

JES EtaIntercalibration TotalStat 0.39 0.42 0.44 0.46 0.56 0.68

JES Pileup OffsetMu 0.21 0.21 0.16 0.16 0.22 0.67

JES Pileup OffsetNPV 0.13 0.26 0.28 0.19 0.11 0.79

JES RelativeNonClosure MC11b 0.22 0.24 0.32 0.40 0.47 0.58

JES SingleParticle HighPt 0.02 0.02 0.02 0.01 0.05 0.08

JES closeby 2.03 2.23 2.28 2.24 2.56 3.16

JES flavor comp 1.32 1.18 1.24 1.27 1.45 2.31

JES flavor response 0.75 0.72 0.72 0.75 0.81 1.15

JVF 1.51 1.55 1.59 1.55 1.63 1.85

Jet Eff 0.00 0.04 0.05 0.08 0.15 0.33

Jet Energy Resolution 0.02 0.21 0.13 0.74 1.54 2.08

Luminosity 2.01 1.55 1.56 1.56 1.45 1.29

MC Stats on Correction Factors 0.50 0.41 0.56 0.68 0.80 1.66

Mistag 0.91 0.96 0.90 0.90 0.85 1.00

Muon ID 0.01 0.04 0.03 0.07 0.02 0.05

Muon Identification Eff. 0.82 0.66 0.65 0.62 0.62 0.40

Muon MS 0.04 0.04 0.06 0.06 0.05 0.05

Muon Momentum Scaling 0.14 0.21 0.36 0.28 0.41 0.39

Muon Reconstruction Eff. 0.40 0.31 0.32 0.30 0.25 0.23

Muon Trigger Eff. 1.55 1.24 1.12 0.90 0.79 0.60

PDF 0.58 0.40 0.19 0.34 0.41 2.92

Parton Shower 2.71 1.86 1.08 3.44 2.42 3.45

Pileup 0.14 0.13 0.13 0.31 0.18 0.77

Table D.5: Relative uncertainties on the final, particle-level differential tt̄ cross-section as a
function of the leptonic pseudo-top rapidity after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 13.13 30.30 32.68 24.80 16.48 9.59 5.70 2.94 1.39 0.12

Total Uncertainty [%] 8.96 8.56 9.30 10.04 12.14 13.15 14.97 13.43 18.03 23.23

Statistics [%] 2.77 1.76 2.15 2.38 3.04 3.10 3.67 5.66 8.13 10.91

Systematics [%] 8.52 8.38 9.05 9.75 11.75 12.78 14.52 12.18 16.09 20.50

Background Subtraction Unc. 2.10 1.64 1.57 1.42 1.63 1.46 1.42 1.71 1.74 4.33

Btag 4.23 4.37 4.44 4.62 4.75 5.19 5.14 5.72 6.36 7.40

Cellout 0.13 0.20 0.35 0.35 0.33 0.11 0.19 0.26 0.22 0.79

Color Reconnection 0.73 0.87 0.46 0.24 1.37 0.81 1.01 1.03 2.25 0.83

Ctag 2.16 2.24 2.05 1.98 1.97 1.86 1.56 1.56 1.59 1.62

Electron Energy Resolution 0.04 0.01 0.01 0.01 0.00 0.02 0.03 0.05 0.04 0.03

Electron Energy Scale 0.20 0.13 0.08 0.06 0.01 0.09 0.28 0.06 0.10 0.15

Electron Identification Eff. 0.70 0.57 0.34 0.36 0.09 0.46 1.28 0.43 0.36 0.45

Electron Reconstruction Eff. 0.29 0.22 0.13 0.14 0.04 0.18 0.44 0.14 0.15 0.19

Electron Trigger Eff. 0.20 0.15 0.08 0.09 0.02 0.11 0.39 0.11 0.08 0.15

Generator 2.20 1.22 3.63 4.27 3.79 4.63 2.34 1.90 1.09 3.03

I/FSR 4.28 4.08 4.38 3.73 6.00 6.94 9.71 5.37 7.06 10.58

JES B Jes Unc. 0.32 0.29 1.51 1.97 2.37 2.84 2.62 2.73 3.47 4.17

JES EffectiveNP DET1 0.54 0.05 0.31 1.15 1.68 2.01 2.30 2.94 4.82 6.10

JES EffectiveNP DET2 0.03 0.04 0.06 0.09 0.11 0.17 0.25 0.19 0.29 0.43

JES EffectiveNP MIXED1 0.07 0.04 0.05 0.08 0.13 0.29 0.39 0.21 0.78 1.73

JES EffectiveNP MIXED2 0.22 0.28 0.32 0.36 0.28 0.26 0.34 0.26 0.44 0.51

JES EffectiveNP MODEL1 1.49 1.68 1.91 2.05 2.10 2.09 1.97 2.15 2.09 1.48

JES EffectiveNP MODEL2 0.51 0.35 0.21 0.10 0.14 0.52 0.95 0.98 1.31 1.75

JES EffectiveNP MODEL3 0.51 0.32 0.15 0.13 0.31 0.61 0.83 0.91 1.11 0.60

JES EffectiveNP MODEL4 0.11 0.02 0.01 0.14 0.22 0.19 0.32 0.19 0.63 0.46

JES EffectiveNP STAT1 1.15 1.15 1.20 1.13 0.97 0.96 0.74 0.70 0.75 0.46

JES EffectiveNP STAT2 0.12 0.09 0.03 0.04 0.10 0.19 0.26 0.20 0.44 0.62

JES EffectiveNP STAT3 0.25 0.09 0.06 0.31 0.34 0.49 0.64 0.82 0.88 1.07

JES EtaIntercalibration Theory 0.30 0.55 1.09 1.82 1.99 2.14 2.49 3.03 3.43 3.92

JES EtaIntercalibration TotalStat 0.30 0.36 0.43 0.66 0.59 0.48 0.56 0.72 0.69 0.72

JES Pileup OffsetMu 0.26 0.27 0.19 0.13 0.29 0.13 0.24 0.16 0.37 0.86

JES Pileup OffsetNPV 0.11 0.21 0.22 0.19 0.18 0.26 0.37 0.22 0.53 1.21

JES RelativeNonClosure MC11b 0.24 0.19 0.27 0.32 0.31 0.49 0.56 0.46 0.69 0.51

JES SingleParticle HighPt 0.02 0.00 0.03 0.01 0.03 0.04 0.03 0.03 0.06 0.07

JES closeby 1.45 1.42 1.92 2.95 3.18 3.55 3.50 3.49 5.03 5.32

JES flavor comp 0.43 0.40 0.69 1.56 2.26 2.79 2.98 3.37 5.21 6.73

JES flavor response 0.23 0.22 0.38 0.88 1.18 1.63 1.94 2.12 2.90 4.15

JVF 1.48 1.55 1.54 1.60 1.62 1.66 1.62 1.69 1.94 2.23

Jet Eff 0.02 0.10 0.04 0.08 0.03 0.13 0.04 0.15 0.14 0.06

Jet Energy Resolution 0.97 0.75 0.40 0.31 1.16 1.50 0.50 1.28 2.51 1.93

Luminosity 1.36 1.44 1.56 1.55 1.73 1.50 1.29 1.53 1.60 1.55

MC Stats on Correction Factors 0.63 0.40 0.47 0.55 0.72 0.71 0.83 1.30 1.79 2.20

Mistag 0.99 1.01 0.86 0.89 0.96 0.91 0.80 0.79 0.96 1.22

Muon ID 0.01 0.00 0.02 0.04 0.05 0.07 0.05 0.13 0.19 0.18

Muon Identification Eff. 0.50 0.58 0.64 0.64 0.74 0.62 0.33 0.67 0.81 0.83

Muon MS 0.05 0.00 0.04 0.05 0.01 0.03 0.03 0.04 0.05 0.02

Muon Momentum Scaling 0.25 0.24 0.29 0.21 0.27 0.14 0.00 0.10 0.11 0.05

Muon Reconstruction Eff. 0.17 0.25 0.28 0.28 0.30 0.30 0.17 0.35 0.36 0.53

Muon Trigger Eff. 0.91 0.98 1.12 1.10 1.27 1.15 0.60 1.19 1.42 1.58

PDF 0.26 0.40 0.26 0.24 0.21 0.29 0.71 0.25 0.64 2.21

Parton Shower 2.53 2.98 1.12 0.73 3.24 1.74 4.37 1.76 4.15 4.50

Pileup 0.09 0.15 0.18 0.22 0.13 0.02 0.04 0.14 0.10 0.82

Table D.6: Relative uncertainties on the final, particle-level differential tt̄ cross-section as
a function of the hadronic pseudo-top pT after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/dpT(t) [fb/GeV] 11.96 28.70 32.45 25.80 17.10 10.94 5.94 3.03 1.44 0.16

Total Uncertainty [%] 9.83 8.48 8.51 9.91 12.31 11.77 14.18 16.53 18.13 20.54

Statistics [%] 2.80 1.68 1.99 2.11 3.04 3.55 3.23 4.60 6.94 10.49

Systematics [%] 9.42 8.32 8.28 9.69 11.93 11.22 13.81 15.88 16.75 17.65

Background Subtraction Unc. 2.47 1.48 1.23 1.18 1.62 1.79 1.25 1.41 2.37 3.29

Btag 4.40 4.28 4.37 4.59 4.88 4.87 5.33 6.05 6.70 6.02

Cellout 0.42 0.33 0.24 0.33 0.21 0.12 0.72 0.78 0.72 0.56

Color Reconnection 0.05 1.04 1.08 0.19 1.31 0.93 1.29 0.93 0.47 0.45

Ctag 2.11 2.22 2.08 2.02 2.03 1.93 1.61 1.39 1.63 1.24

Electron Energy Resolution 0.02 0.02 0.00 0.00 0.01 0.02 0.04 0.05 0.04 0.01

Electron Energy Scale 0.22 0.14 0.05 0.06 0.02 0.05 0.17 0.14 0.16 0.03

Electron Identification Eff. 0.86 0.57 0.22 0.32 0.16 0.22 0.81 0.83 0.72 0.13

Electron Reconstruction Eff. 0.36 0.22 0.09 0.13 0.06 0.09 0.28 0.27 0.30 0.06

Electron Trigger Eff. 0.25 0.15 0.05 0.08 0.04 0.06 0.24 0.23 0.19 0.04

Generator 3.48 1.42 2.51 3.63 3.52 4.23 4.23 4.68 1.72 0.67

I/FSR 4.72 4.19 3.78 4.51 6.66 4.48 7.83 9.55 8.07 9.43

JES B Jes Unc. 0.48 0.51 1.33 2.10 2.40 2.38 2.65 3.14 3.65 2.95

JES EffectiveNP DET1 0.46 0.18 0.39 0.94 1.59 1.77 2.51 3.23 4.92 5.44

JES EffectiveNP DET2 0.04 0.03 0.04 0.09 0.11 0.04 0.17 0.33 0.25 0.29

JES EffectiveNP MIXED1 0.06 0.01 0.01 0.09 0.15 0.17 0.42 0.56 0.89 1.40

JES EffectiveNP MIXED2 0.30 0.25 0.26 0.33 0.37 0.33 0.37 0.53 0.44 0.52

JES EffectiveNP MODEL1 1.67 1.61 1.75 2.13 2.26 2.05 2.24 2.06 2.04 1.28

JES EffectiveNP MODEL2 0.48 0.34 0.16 0.09 0.29 0.37 0.79 0.84 1.13 1.24

JES EffectiveNP MODEL3 0.50 0.33 0.12 0.12 0.37 0.42 0.79 0.80 0.75 0.69

JES EffectiveNP MODEL4 0.07 0.05 0.06 0.09 0.07 0.14 0.31 0.48 0.56 0.35

JES EffectiveNP STAT1 1.18 1.11 1.07 1.18 1.14 0.99 0.92 0.96 0.60 0.35

JES EffectiveNP STAT2 0.17 0.09 0.02 0.06 0.14 0.11 0.26 0.26 0.46 0.58

JES EffectiveNP STAT3 0.18 0.11 0.09 0.19 0.43 0.42 0.75 0.78 0.75 0.68

JES EtaIntercalibration Theory 0.32 0.39 0.81 1.50 2.17 2.52 3.06 3.14 3.56 3.32

JES EtaIntercalibration TotalStat 0.32 0.32 0.37 0.49 0.66 0.64 0.74 0.72 0.56 0.56

JES Pileup OffsetMu 0.23 0.26 0.16 0.12 0.22 0.26 0.54 0.34 0.36 0.24

JES Pileup OffsetNPV 0.14 0.08 0.19 0.29 0.23 0.37 0.41 0.41 0.69 1.16

JES RelativeNonClosure MC11b 0.21 0.19 0.19 0.31 0.52 0.54 0.69 0.59 0.53 0.49

JES SingleParticle HighPt 0.01 0.01 0.01 0.00 0.00 0.01 0.06 0.03 0.01 0.06

JES closeby 1.36 1.38 1.71 2.54 3.04 3.48 4.20 4.21 5.42 5.43

JES flavor comp 0.56 0.27 0.63 1.41 2.19 2.68 3.28 3.92 5.68 5.75

JES flavor response 0.40 0.09 0.40 0.93 1.38 1.63 1.97 2.42 3.50 3.42

JVF 1.54 1.54 1.53 1.57 1.63 1.56 1.63 1.80 1.92 2.03

Jet Eff 0.04 0.04 0.06 0.07 0.10 0.10 0.03 0.07 0.03 0.17

Jet Energy Resolution 0.80 0.91 0.39 0.32 0.96 0.79 0.87 1.70 0.53 1.54

Luminosity 1.32 1.44 1.63 1.57 1.92 1.97 1.33 1.33 1.38 1.73

MC Stats on Correction Factors 0.62 0.40 0.45 0.50 0.74 0.86 0.80 1.05 1.49 2.20

Mistag 1.11 0.96 0.85 0.86 0.84 0.80 0.86 0.96 0.92 0.55

Muon ID 0.05 0.01 0.01 0.02 0.02 0.07 0.11 0.11 0.05 0.17

Muon Identification Eff. 0.51 0.59 0.69 0.67 0.89 0.86 0.50 0.57 0.71 0.78

Muon MS 0.03 0.01 0.05 0.03 0.05 0.14 0.08 0.06 0.18 0.28

Muon Momentum Scaling 0.27 0.29 0.25 0.21 0.20 0.15 0.09 0.11 0.12 0.11

Muon Reconstruction Eff. 0.20 0.24 0.28 0.29 0.34 0.37 0.26 0.30 0.40 0.39

Muon Trigger Eff. 0.85 1.02 1.18 1.13 1.47 1.48 0.91 1.08 1.23 1.32

PDF 0.36 0.38 0.26 0.23 0.17 0.21 0.30 0.42 2.01 0.30

Parton Shower 2.78 2.76 1.68 1.45 2.16 1.00 1.79 2.48 2.99 4.80

Pileup 0.31 0.25 0.18 0.16 0.24 0.25 0.51 0.36 0.33 0.62

Table D.7: Relative uncertainties on the final, particle-level differential tt̄ cross-section as
a function of the leptonic pseudo-top pT after the channel combination. The
systematic uncertainties were propagated to the final distribution using correction
factors from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [225, 400] [400, 500] [500, 600] [600, 700] [700, 850] [850, 1000] [1000, 1250] [1250, 2500]

dσ/dm(tt̄) [fb/GeV] 236.95 698.83 326.14 146.55 56.57 19.07 5.66 0.34

Total Uncertainty [%] 10.97 9.56 10.38 10.90 11.83 14.09 15.12 20.35

Statistics [%] 2.57 1.61 1.83 2.97 2.88 4.57 5.43 8.56

Systematics [%] 10.66 9.42 10.22 10.48 11.47 13.33 14.11 18.46

Background Subtraction Unc. 1.37 0.90 1.51 2.00 2.29 3.15 3.59 6.03

Btag 4.83 4.41 4.39 4.56 4.76 5.00 5.26 5.66

Cellout 0.29 0.29 0.18 0.05 0.07 0.17 0.30 0.35

Color Reconnection 0.37 0.72 0.48 0.05 1.36 0.85 2.28 1.63

Ctag 2.02 1.86 1.92 2.09 2.24 2.51 2.59 2.73

Electron Energy Resolution 0.00 0.02 0.05 0.01 0.05 0.02 0.09 0.06

Electron Energy Scale 0.01 0.12 0.11 0.03 0.16 0.09 0.23 0.24

Electron Identification Eff. 0.16 0.64 0.49 0.10 0.50 0.29 0.80 0.95

Electron Reconstruction Eff. 0.07 0.27 0.19 0.04 0.19 0.11 0.31 0.29

Electron Trigger Eff. 0.04 0.16 0.13 0.03 0.13 0.07 0.20 0.23

Generator 3.24 2.46 2.77 3.32 2.37 4.59 3.02 5.19

I/FSR 3.49 5.02 4.62 4.07 5.07 6.25 5.06 9.01

JES B Jes Unc. 3.69 1.25 2.41 3.11 3.34 3.57 4.16 3.66

JES EffectiveNP DET1 2.43 0.49 1.29 1.71 2.28 2.83 3.66 4.12

JES EffectiveNP DET2 0.19 0.10 0.10 0.12 0.14 0.17 0.29 0.29

JES EffectiveNP MIXED1 0.17 0.06 0.08 0.10 0.25 0.16 0.41 0.94

JES EffectiveNP MIXED2 0.10 0.38 0.39 0.32 0.32 0.43 0.39 0.42

JES EffectiveNP MODEL1 0.31 2.09 2.36 2.08 2.08 1.97 1.59 1.55

JES EffectiveNP MODEL2 1.07 0.27 0.14 0.32 0.55 0.76 0.89 1.21

JES EffectiveNP MODEL3 1.32 0.24 0.25 0.46 0.68 0.92 0.84 0.89

JES EffectiveNP MODEL4 0.09 0.04 0.07 0.06 0.19 0.22 0.36 0.39

JES EffectiveNP STAT1 1.03 1.37 1.20 0.96 0.92 0.91 0.55 0.25

JES EffectiveNP STAT2 0.35 0.04 0.04 0.07 0.21 0.32 0.31 0.72

JES EffectiveNP STAT3 0.75 0.07 0.26 0.43 0.59 0.73 0.69 0.79

JES EtaIntercalibration Theory 1.89 0.75 1.45 2.16 3.09 3.38 4.82 7.55

JES EtaIntercalibration TotalStat 0.17 0.48 0.59 0.51 0.68 0.86 0.60 0.54

JES Pileup OffsetMu 0.30 0.34 0.08 0.28 0.25 0.34 0.21 0.71

JES Pileup OffsetNPV 0.32 0.27 0.25 0.36 0.36 0.45 0.60 0.56

JES RelativeNonClosure MC11b 0.26 0.26 0.37 0.41 0.69 0.88 0.47 0.88

JES SingleParticle HighPt 0.02 0.02 0.02 0.02 0.03 0.03 0.06 0.13

JES closeby 1.88 3.01 3.31 3.05 3.09 2.85 3.63 3.07

JES flavor comp 1.51 1.19 1.80 1.97 2.19 2.53 3.70 3.57

JES flavor response 1.02 0.64 1.05 1.11 1.34 1.52 2.39 2.25

JVF 1.53 1.49 1.52 1.57 1.72 1.91 1.87 2.31

Jet Eff 0.10 0.05 0.03 0.05 0.02 0.08 0.06 0.15

Jet Energy Resolution 4.16 0.87 0.69 1.53 1.45 1.92 2.56 0.98

Luminosity 1.69 1.39 1.46 1.88 1.46 1.60 1.36 1.35

MC Stats on Correction Factors 0.58 0.38 0.45 0.72 0.65 1.01 1.16 1.77

Mistag 0.91 0.75 0.81 0.94 1.07 1.41 1.53 2.48

Muon ID 0.03 0.01 0.03 0.04 0.04 0.01 0.09 0.01

Muon Identification Eff. 0.77 0.54 0.57 0.84 0.58 0.67 0.53 0.66

Muon MS 0.01 0.00 0.04 0.05 0.02 0.02 0.15 0.04

Muon Momentum Scaling 0.11 0.18 0.27 0.18 0.28 0.33 0.01 0.41

Muon Reconstruction Eff. 0.35 0.23 0.25 0.37 0.23 0.36 0.34 0.19

Muon Trigger Eff. 1.31 0.96 0.99 1.39 1.05 1.18 0.95 1.09

PDF 0.35 0.46 0.26 0.21 0.22 0.22 0.89 3.12

Parton Shower 0.13 2.29 3.10 1.54 2.26 1.57 0.58 0.51

Pileup 0.21 0.17 0.09 0.02 0.07 0.19 0.25 0.30

Table D.8: Relative uncertainties on the final, parton-level differential tt̄ cross-section as a
function of the top-pair mass after the channel combination. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0, 25] [25, 50] [50, 85] [85, 125] [125, 500]

dσ/dpT(tt̄) [fb/GeV] 2596.03 1675.22 808.81 435.07 60.94

Total Uncertainty [%] 10.59 10.21 13.11 17.81 23.57

Statistics [%] 1.43 1.28 3.14 6.01 11.48

Systematics [%] 10.50 10.13 12.73 16.77 20.59

Background Subtraction Unc. 1.71 1.26 2.45 3.26 5.55

Btag 4.63 4.66 4.67 4.06 3.46

Cellout 3.53 2.64 2.97 2.98 3.36

Color Reconnection 0.31 0.49 2.40 1.98 0.38

Ctag 1.92 2.06 2.24 2.07 1.70

Electron Energy Resolution 0.00 0.00 0.01 0.07 0.14

Electron Energy Scale 0.12 0.05 0.19 0.18 0.19

Electron Identification Eff. 0.57 0.25 0.88 0.96 1.02

Electron Reconstruction Eff. 0.22 0.10 0.36 0.40 0.46

Electron Trigger Eff. 0.14 0.06 0.22 0.25 0.26

Generator 0.54 2.47 4.95 7.06 6.30

I/FSR 1.91 5.89 5.03 6.00 10.01

JES B Jes Unc. 1.29 1.29 1.25 0.92 2.04

JES EffectiveNP DET1 0.47 0.53 0.95 1.86 2.59

JES EffectiveNP DET2 0.03 0.04 0.06 0.23 0.15

JES EffectiveNP MIXED1 0.02 0.03 0.06 0.20 0.11

JES EffectiveNP MIXED2 0.22 0.26 0.35 0.41 0.52

JES EffectiveNP MODEL1 1.44 1.67 2.48 3.19 2.83

JES EffectiveNP MODEL2 0.09 0.12 0.13 0.01 0.74

JES EffectiveNP MODEL3 0.08 0.08 0.10 0.26 0.65

JES EffectiveNP MODEL4 0.04 0.06 0.08 0.14 0.20

JES EffectiveNP STAT1 0.81 0.98 1.28 1.57 1.19

JES EffectiveNP STAT2 0.06 0.05 0.00 0.12 0.15

JES EffectiveNP STAT3 0.04 0.06 0.17 0.27 0.82

JES EtaIntercalibration Theory 0.27 0.57 2.24 4.62 8.16

JES EtaIntercalibration TotalStat 0.27 0.34 0.54 1.11 0.97

JES Pileup OffsetMu 0.44 0.27 0.26 0.60 0.83

JES Pileup OffsetNPV 0.25 0.20 0.19 0.12 0.79

JES RelativeNonClosure MC11b 0.13 0.18 0.49 0.75 1.08

JES SingleParticle HighPt 0.02 0.01 0.06 0.00 0.03

JES closeby 1.56 1.79 3.05 4.79 6.69

JES flavor comp 0.68 0.88 1.95 3.88 4.77

JES flavor response 0.38 0.48 1.02 2.04 2.55

JVF 1.31 1.53 1.91 2.05 2.09

Jet Eff 0.02 0.08 0.16 0.11 0.03

Jet Energy Resolution 0.63 1.01 0.45 0.04 1.30

Luminosity 1.43 1.62 2.57 2.56 2.51

MC Stats on Correction Factors 0.33 0.33 0.73 1.40 2.81

Mistag 0.79 0.92 1.11 1.11 0.76

Muon ID 0.01 0.02 0.02 0.08 0.04

Muon Identification Eff. 0.55 0.69 1.08 1.02 0.93

Muon MS 0.01 0.02 0.04 0.01 0.05

Muon Momentum Scaling 0.21 0.24 0.41 0.30 0.22

Muon Reconstruction Eff. 0.25 0.30 0.45 0.38 0.52

Muon Trigger Eff. 1.01 1.20 1.90 1.91 1.75

PDF 0.58 0.47 0.33 0.17 4.21

Parton Shower 6.79 2.15 3.58 6.68 3.60

Pileup 2.08 1.61 1.84 1.83 1.85

Table D.9: Relative uncertainties on the final, parton-level differential tt̄ cross-section as
a function of the top-pair pT after the channel combination. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0.0, 0.1] [0.1, 0.2] [0.2, 0.4] [0.4, 0.6] [0.6, 0.7] [0.7, 0.8] [0.8, 1.0] [1.0, 1.2] [1.2, 1.6] [1.6, 2.5]

dσ/d|y(tt̄)| [fb/rapidity] 150221.20 143499.08 139236.58 134795.62 120157.10 102610.50 86729.88 76696.91 49835.21 9885.04

Total Uncertainty [%] 9.20 8.94 9.34 9.14 10.13 10.91 11.84 10.78 12.56 27.80

Statistics [%] 3.37 2.37 2.57 2.32 2.55 2.55 3.01 4.27 4.61 12.58

Systematics [%] 8.56 8.62 8.98 8.84 9.80 10.61 11.45 9.90 11.68 24.79

Background Subtraction Unc. 1.67 1.71 1.80 1.63 1.53 1.43 1.36 1.57 1.64 2.64

Btag 4.45 4.51 4.51 4.43 4.62 4.90 5.07 4.74 4.86 6.35

Cellout 0.25 0.20 0.33 0.15 0.33 0.37 0.36 0.16 0.42 0.61

Color Reconnection 1.42 1.64 0.02 0.36 0.66 0.66 0.34 0.18 0.48 5.37

Ctag 1.98 2.03 1.99 1.98 2.08 2.10 2.10 1.82 2.06 1.78

Electron Energy Resolution 0.01 0.01 0.01 0.03 0.02 0.11 0.08 0.01 0.05 0.26

Electron Energy Scale 0.01 0.02 0.02 0.09 0.11 0.33 0.27 0.02 0.10 0.35

Electron Identification Eff. 0.08 0.10 0.09 0.39 0.46 1.13 0.95 0.08 0.33 1.82

Electron Reconstruction Eff. 0.03 0.04 0.04 0.17 0.19 0.42 0.35 0.03 0.08 0.45

Electron Trigger Eff. 0.02 0.03 0.02 0.10 0.11 0.29 0.27 0.02 0.07 0.52

Generator 3.06 0.87 2.80 2.59 1.78 3.61 3.50 2.84 5.14 2.42

I/FSR 3.24 4.17 4.65 3.92 5.65 5.71 5.83 4.12 5.66 15.76

JES B Jes Unc. 1.41 1.31 1.32 1.30 1.26 1.43 1.65 1.52 1.48 3.44

JES EffectiveNP DET1 0.76 0.71 0.66 0.73 0.76 0.85 1.21 0.77 0.92 1.45

JES EffectiveNP DET2 0.05 0.07 0.08 0.09 0.07 0.06 0.11 0.02 0.16 0.46

JES EffectiveNP MIXED1 0.06 0.04 0.03 0.08 0.08 0.17 0.14 0.01 0.07 0.07

JES EffectiveNP MIXED2 0.31 0.27 0.26 0.29 0.33 0.46 0.42 0.29 0.20 0.67

JES EffectiveNP MODEL1 1.75 1.74 1.79 1.89 2.03 1.93 2.25 1.85 1.91 2.51

JES EffectiveNP MODEL2 0.08 0.13 0.09 0.06 0.06 0.12 0.16 0.12 0.09 0.52

JES EffectiveNP MODEL3 0.02 0.08 0.13 0.07 0.01 0.11 0.13 0.01 0.03 0.59

JES EffectiveNP MODEL4 0.11 0.08 0.08 0.09 0.03 0.13 0.12 0.08 0.08 0.47

JES EffectiveNP STAT1 1.06 1.02 1.00 1.12 1.17 1.25 1.43 1.15 0.93 1.17

JES EffectiveNP STAT2 0.05 0.03 0.01 0.04 0.05 0.02 0.06 0.01 0.03 0.41

JES EffectiveNP STAT3 0.09 0.15 0.11 0.14 0.17 0.15 0.24 0.19 0.17 0.37

JES EtaIntercalibration Theory 0.37 0.76 0.79 0.91 1.40 1.76 2.46 2.26 3.50 5.70

JES EtaIntercalibration TotalStat 0.38 0.35 0.38 0.48 0.56 0.55 0.77 0.34 0.46 0.53

JES Pileup OffsetMu 0.35 0.26 0.28 0.21 0.25 0.35 0.34 0.22 0.49 0.43

JES Pileup OffsetNPV 0.21 0.13 0.24 0.25 0.15 0.25 0.30 0.30 0.08 0.52

JES RelativeNonClosure MC11b 0.02 0.16 0.25 0.41 0.32 0.39 0.73 0.33 0.64 1.07

JES SingleParticle HighPt 0.02 0.01 0.01 0.01 0.00 0.04 0.06 0.01 0.00 0.20

JES closeby 2.19 2.03 1.88 1.94 2.25 2.66 3.06 2.59 3.03 5.13

JES flavor comp 1.19 1.06 1.35 1.53 1.53 1.36 1.79 1.34 1.45 1.89

JES flavor response 0.78 0.61 0.77 0.80 0.77 0.79 1.13 0.77 0.81 0.72

JVF 1.56 1.61 1.56 1.54 1.56 1.64 1.65 1.58 1.48 2.01

Jet Eff 0.00 0.08 0.06 0.02 0.04 0.08 0.05 0.14 0.02 0.21

Jet Energy Resolution 0.78 0.48 0.25 0.37 0.74 0.60 0.83 1.24 1.85 3.99

Luminosity 1.74 1.72 1.73 1.52 1.48 1.28 1.30 1.75 1.62 1.27

MC Stats on Correction Factors 0.74 0.54 0.59 0.56 0.57 0.57 0.66 0.95 1.01 2.51

Mistag 0.87 0.91 0.95 0.86 0.85 1.02 0.98 0.94 0.94 0.81

Muon ID 0.05 0.02 0.01 0.04 0.02 0.05 0.06 0.08 0.06 0.18

Muon Identification Eff. 0.73 0.74 0.74 0.61 0.66 0.44 0.50 0.73 0.71 0.52

Muon MS 0.02 0.01 0.07 0.02 0.01 0.07 0.06 0.00 0.02 0.05

Muon Momentum Scaling 0.08 0.29 0.24 0.21 0.28 0.07 0.28 0.42 0.37 0.07

Muon Reconstruction Eff. 0.30 0.30 0.29 0.27 0.24 0.18 0.25 0.36 0.37 0.28

Muon Trigger Eff. 1.30 1.34 1.29 1.06 1.08 0.74 0.87 1.24 1.06 0.68

PDF 0.47 0.25 0.24 0.22 0.20 0.23 0.11 0.23 0.35 4.84

Parton Shower 0.78 1.89 0.92 2.57 2.41 2.35 3.28 3.30 1.38 11.63

Pileup 0.05 0.21 0.27 0.15 0.29 0.28 0.30 0.31 0.28 0.30

Table D.10: Relative uncertainties on the final, parton-level differential tt̄ cross-section as a
function of the top-pair rapidity after the channel combination. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0.0, 0.4] [0.4, 0.8] [0.8, 1.1] [1.1, 1.4] [1.4, 1.8] [1.8, 2.5]

dσ/d [fb/GeV] 120181.04 106866.74 87109.56 69519.51 46179.42 18639.89

Total Uncertainty [%] 8.71 8.78 9.35 10.28 10.24 15.12

Statistics [%] 1.43 1.31 1.90 2.17 2.53 5.39

Systematics [%] 8.60 8.68 9.15 10.05 9.93 14.13

Background Subtraction Unc. 1.52 1.22 1.30 1.14 1.17 1.57

Btag 4.47 4.56 4.73 4.74 4.86 5.56

Cellout 0.20 0.17 0.29 0.43 0.14 0.40

Color Reconnection 1.03 0.56 0.86 0.78 1.16 1.77

Ctag 2.06 2.09 1.96 1.83 1.64 1.78

Electron Energy Resolution 0.00 0.01 0.02 0.01 0.02 0.23

Electron Energy Scale 0.02 0.07 0.09 0.08 0.12 0.15

Electron Identification Eff. 0.12 0.30 0.30 0.24 0.48 0.95

Electron Reconstruction Eff. 0.05 0.12 0.11 0.06 0.15 0.29

Electron Trigger Eff. 0.03 0.08 0.07 0.05 0.11 0.25

Generator 1.81 2.68 2.83 3.72 2.76 6.08

I/FSR 4.15 4.01 4.44 4.86 4.48 7.31

JES B Jes Unc. 1.14 1.45 1.64 1.41 1.36 1.64

JES EffectiveNP DET1 0.73 0.74 0.78 0.82 0.86 1.28

JES EffectiveNP DET2 0.07 0.05 0.09 0.07 0.15 0.17

JES EffectiveNP MIXED1 0.04 0.06 0.03 0.06 0.06 0.11

JES EffectiveNP MIXED2 0.32 0.25 0.32 0.27 0.33 0.57

JES EffectiveNP MODEL1 1.79 1.87 1.89 1.84 1.92 2.43

JES EffectiveNP MODEL2 0.10 0.05 0.10 0.09 0.08 0.14

JES EffectiveNP MODEL3 0.06 0.06 0.03 0.10 0.03 0.11

JES EffectiveNP MODEL4 0.06 0.03 0.05 0.12 0.06 0.07

JES EffectiveNP STAT1 1.03 1.05 1.13 1.04 1.15 1.20

JES EffectiveNP STAT2 0.02 0.01 0.03 0.04 0.04 0.12

JES EffectiveNP STAT3 0.08 0.12 0.12 0.10 0.10 0.12

JES EtaIntercalibration Theory 0.60 1.09 1.53 2.01 2.97 4.20

JES EtaIntercalibration TotalStat 0.40 0.43 0.45 0.46 0.60 0.82

JES Pileup OffsetMu 0.22 0.24 0.21 0.17 0.19 0.36

JES Pileup OffsetNPV 0.15 0.24 0.28 0.17 0.14 0.49

JES RelativeNonClosure MC11b 0.18 0.22 0.32 0.42 0.65 0.96

JES SingleParticle HighPt 0.02 0.03 0.02 0.02 0.05 0.08

JES closeby 2.09 2.23 2.35 2.32 2.70 3.26

JES flavor comp 1.32 1.23 1.29 1.39 1.47 1.58

JES flavor response 0.75 0.75 0.73 0.72 0.83 0.75

JVF 1.57 1.55 1.59 1.61 1.62 1.70

Jet Eff 0.05 0.04 0.05 0.07 0.12 0.26

Jet Energy Resolution 0.03 0.37 0.20 0.73 1.17 1.21

Luminosity 1.31 1.09 1.22 1.17 1.00 0.95

MC Stats on Correction Factors 0.34 0.29 0.44 0.52 0.58 1.22

Mistag 0.92 0.95 0.89 0.91 0.90 0.94

Muon ID 0.01 0.02 0.02 0.04 0.01 0.03

Muon Identification Eff. 0.54 0.45 0.50 0.49 0.41 0.35

Muon MS 0.01 0.02 0.04 0.04 0.04 0.04

Muon Momentum Scaling 0.17 0.14 0.28 0.19 0.22 0.16

Muon Reconstruction Eff. 0.25 0.21 0.25 0.23 0.15 0.17

Muon Trigger Eff. 0.99 0.85 0.87 0.73 0.60 0.61

PDF 0.53 0.42 0.23 0.28 0.43 2.16

Parton Shower 2.31 1.79 1.47 3.05 2.63 3.06

Pileup 0.10 0.14 0.14 0.28 0.18 0.57

Table D.11: Relative uncertainties on the final, parton-level differential tt̄ cross-section as
a function of the top rapidity after the channel combination. The systematic
uncertainties were propagated to the final distribution using correction factors
from the nominal POWHEG+PYTHIA P2011C tt̄ MC sample.
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Bin Range [0, 45] [45, 90] [90, 120] [120, 150] [150, 180] [180, 220] [220, 260] [260, 300] [300, 350] [350, 800]

dσ/d [fb/GeV] 527.25 1118.63 1042.81 783.90 535.32 324.08 165.99 82.86 36.65 3.99

Total Uncertainty [%] 8.80 8.23 8.44 9.66 11.81 11.72 14.03 13.42 17.00 19.86

Statistics [%] 2.14 1.22 1.63 1.58 2.16 3.07 2.54 5.52 5.37 8.03

Systematics [%] 8.53 8.14 8.29 9.53 11.61 11.31 13.80 12.23 16.13 18.16

Background Subtraction Unc. 1.66 1.10 1.02 0.91 1.15 1.55 0.98 1.67 1.46 2.64

Btag 4.28 4.32 4.39 4.60 4.81 4.92 5.28 5.73 6.53 6.44

Cellout 0.21 0.27 0.27 0.34 0.28 0.12 0.57 0.27 0.46 0.63

Color Reconnection 0.54 0.96 0.95 0.21 1.34 0.92 1.21 1.03 1.38 0.56

Ctag 2.14 2.23 2.07 2.00 2.00 1.92 1.60 1.55 1.61 1.36

Electron Energy Resolution 0.03 0.01 0.00 0.01 0.00 0.01 0.03 0.05 0.03 0.01

Electron Energy Scale 0.16 0.10 0.04 0.04 0.01 0.04 0.15 0.06 0.09 0.05

Electron Identification Eff. 0.56 0.40 0.19 0.24 0.09 0.20 0.68 0.42 0.40 0.17

Electron Reconstruction Eff. 0.23 0.16 0.07 0.09 0.03 0.08 0.24 0.13 0.17 0.07

Electron Trigger Eff. 0.16 0.10 0.04 0.06 0.02 0.05 0.20 0.11 0.10 0.05

Generator 2.56 1.33 2.76 3.92 3.67 4.29 3.70 1.96 1.40 1.38

I/FSR 4.40 4.14 3.91 4.16 6.29 4.83 8.36 5.47 7.55 9.78

JES B Jes Unc. 0.37 0.41 1.37 2.04 2.38 2.45 2.64 2.74 3.56 3.32

JES EffectiveNP DET1 0.52 0.12 0.37 1.03 1.64 1.80 2.45 2.95 4.87 5.64

JES EffectiveNP DET2 0.04 0.03 0.05 0.09 0.11 0.06 0.19 0.19 0.27 0.33

JES EffectiveNP MIXED1 0.07 0.02 0.02 0.09 0.13 0.18 0.41 0.22 0.83 1.50

JES EffectiveNP MIXED2 0.25 0.26 0.27 0.34 0.32 0.32 0.36 0.27 0.44 0.52

JES EffectiveNP MODEL1 1.54 1.64 1.79 2.09 2.17 2.05 2.16 2.15 2.07 1.34

JES EffectiveNP MODEL2 0.50 0.34 0.17 0.09 0.21 0.39 0.83 0.97 1.22 1.40

JES EffectiveNP MODEL3 0.50 0.33 0.13 0.12 0.34 0.45 0.80 0.91 0.93 0.66

JES EffectiveNP MODEL4 0.10 0.04 0.05 0.11 0.15 0.15 0.31 0.20 0.60 0.38

JES EffectiveNP STAT1 1.16 1.13 1.10 1.16 1.05 0.99 0.87 0.71 0.68 0.39

JES EffectiveNP STAT2 0.14 0.09 0.02 0.05 0.12 0.12 0.26 0.20 0.45 0.59

JES EffectiveNP STAT3 0.23 0.10 0.09 0.24 0.38 0.43 0.72 0.82 0.82 0.80

JES EtaIntercalibration Theory 0.31 0.46 0.87 1.64 2.07 2.47 2.90 3.03 3.49 3.50

JES EtaIntercalibration TotalStat 0.31 0.34 0.39 0.57 0.62 0.62 0.69 0.72 0.62 0.61

JES Pileup OffsetMu 0.25 0.26 0.16 0.12 0.26 0.24 0.46 0.16 0.37 0.43

JES Pileup OffsetNPV 0.12 0.14 0.20 0.25 0.20 0.35 0.40 0.22 0.61 1.17

JES RelativeNonClosure MC11b 0.23 0.19 0.21 0.31 0.41 0.54 0.65 0.47 0.61 0.49

JES SingleParticle HighPt 0.02 0.01 0.01 0.01 0.02 0.01 0.05 0.03 0.04 0.06

JES closeby 1.43 1.40 1.76 2.72 3.12 3.49 4.00 3.51 5.22 5.40

JES flavor comp 0.47 0.33 0.64 1.48 2.23 2.69 3.19 3.38 5.44 6.05

JES flavor response 0.28 0.15 0.40 0.90 1.27 1.63 1.96 2.13 3.19 3.64

JVF 1.50 1.54 1.53 1.59 1.62 1.57 1.63 1.69 1.93 2.09

Jet Eff 0.03 0.07 0.06 0.07 0.06 0.10 0.04 0.15 0.08 0.13

Jet Energy Resolution 0.92 0.84 0.39 0.32 1.07 0.89 0.77 1.29 1.54 1.66

Luminosity 1.04 1.02 1.32 1.11 1.29 1.70 1.02 1.49 1.06 1.29

MC Stats on Correction Factors 0.48 0.28 0.37 0.37 0.52 0.74 0.62 1.27 1.17 1.67

Mistag 1.03 0.98 0.85 0.87 0.91 0.82 0.84 0.79 0.94 0.75

Muon ID 0.02 0.01 0.01 0.02 0.03 0.06 0.08 0.13 0.10 0.13

Muon Identification Eff. 0.38 0.41 0.56 0.47 0.57 0.74 0.37 0.66 0.54 0.60

Muon MS 0.03 0.01 0.04 0.03 0.02 0.12 0.06 0.04 0.09 0.19

Muon Momentum Scaling 0.20 0.19 0.21 0.15 0.17 0.13 0.06 0.10 0.08 0.08

Muon Reconstruction Eff. 0.14 0.17 0.23 0.20 0.23 0.32 0.19 0.34 0.27 0.32

Muon Trigger Eff. 0.70 0.71 0.95 0.80 0.96 1.28 0.68 1.16 0.94 1.03

PDF 0.29 0.39 0.26 0.24 0.19 0.23 0.42 0.26 1.31 0.87

Parton Shower 2.60 2.86 1.56 1.13 2.76 1.10 2.51 1.78 3.59 4.71

Pileup 0.15 0.20 0.18 0.19 0.18 0.22 0.38 0.14 0.21 0.68

Table D.12: Relative uncertainties on the final, parton-level differential tt̄ cross-section as a
function of the top pT after the channel combination. The systematic uncertainties
were propagated to the final distribution using correction factors from the nominal
POWHEG+PYTHIA P2011C tt̄ MC sample.
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Appendix E.

Additional Results

This appendix presents further final results from the analysis in chapter 6. Section E.1

shows the final unfolded distributions after dividing through by the cross-section, that

is, showing the 1
σ
dσ
dX

distributions. These figures thus compare the shape of the data

distributions to the MC predictions, independent of the normalization. These are not the

default results as the full cross-section distributions add information about the fiducial

cross-section, and since the fiducial acceptance changing across the distributions, as

shown in figures in section B. Section E.2 shows the results of the fiducial cross-section

measurement after the channel combination compared against further signal MC models

not included in section 6.3.

E.1. Normalized Unfolded Results

This section presents the normalised differential cross-sections, 1
σfid

dσfid

dX
, for the distri-

butions X analysed in the thesis. Figures E.1 and E.2 present the individual electron

and muon channels for the, respectively, pseudo-top pair and individual pseudo-top

distributions. Figure E.3 and E.4 show these distributions after combination of the

channels.
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Figure E.1: Unfolded, corrected and normalized distributions for (left to right) the the mtt̄,
ptt̄T , |ytt̄| in the electron (top) and muon (bottom) channels.
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Figure E.2: Unfolded, corrected and normalized distributions for (left to right) the hadronic
and leptonic top pT, and the hadronic and leptonic top |yt| in the electron (top)
and muon (bottom) channels.
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Figure E.3: The fiducial differential tt̄ cross-section for pseudo-top pair kinematics (left to
right) ptt̄T , mtt̄, and |ytt̄|, after the combination of electron and muon channel
results. The data points are shown with the associated combined systematic and
statistical uncertainties.
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Figure E.4: The fiducial differential tt̄ cross-section for individual pseudo-top kinematics |yt|
(left) and pT,t (right), for the hadronic (top) and leptonic (bottom) tops after the
combination of electron and muon channel results. The data points are shown
with the associated combined systematic and statistical uncertainties.
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E.2. Combination Results with Alternate Signal

Models

Figures E.5 and E.6 present the combinations compared with the ALPGEN generator

combined with different parton showers, and with the I/FSR up and down tunes.
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Figure E.5: The fiducial differential tt̄ cross-section for pseudo-top pair kinematics (left to
right) ptt̄T , mtt̄, and |ytt̄|, after the combination of electron and muon channel
results. The data points are shown with the associated combined systematic and
statistical uncertainties.



234 Additional Results

|
t

hadronic pseudo-top |y

ra
pi

di
ty

fb
 |ht

d|
yfid σd

0

1

2

3

4

5

Data

ALPGEN+HERWIG

ALPGEN+PYTHIA

ALPGEN+PYTHIA, radLo, ktfac 2

ALPGEN+PYTHIA, radHi, ktfac 0.5

-1
 L dt = 4.59 fb∫
 = 7 TeVs

|
t

hadronic pseudo-top |y
0 0.5 1 1.5 2 2.5

P
re

d.
/D

at
a

0.5

1

1.5

Work in Progress ATLAS

 [GeV]
T

hadronic pseudo-top p

G
eVfb

 
ht T

dp

fid σd

-410

-310

-210 Data

ALPGEN+HERWIG

ALPGEN+PYTHIA

ALPGEN+PYTHIA, radLo, ktfac 2

ALPGEN+PYTHIA, radHi, ktfac 0.5

-1
 L dt = 4.59 fb∫
 = 7 TeVs

 [GeV]
T

hadronic pseudo-top p
0 200 400 600 800

P
re

d.
/D

at
a

0.5

1

1.5

Work in Progress ATLAS

|
t

leptonic pseudo-top |y

ra
pi

di
ty

fb
 |lt

d|
yfid σd

0

1

2

3

4

5

6

Data

ALPGEN+HERWIG

ALPGEN+PYTHIA

ALPGEN+PYTHIA, radLo, ktfac 2

ALPGEN+PYTHIA, radHi, ktfac 0.5

-1
 L dt = 4.59 fb∫
 = 7 TeVs

|
t

leptonic pseudo-top |y
0 0.5 1 1.5 2 2.5

P
re

d.
/D

at
a

0.5

1

1.5

Work in Progress ATLAS

 [GeV]
T

leptonic pseudo-top p

G
eVfb

 
lt T

dp

fid σd

-410

-310

-210
Data

ALPGEN+HERWIG

ALPGEN+PYTHIA

ALPGEN+PYTHIA, radLo, ktfac 2

ALPGEN+PYTHIA, radHi, ktfac 0.5

-1
 L dt = 4.59 fb∫
 = 7 TeVs

 [GeV]
T

leptonic pseudo-top p
0 200 400 600 800

P
re

d.
/D

at
a

0.5

1

1.5

Work in Progress ATLAS

Figure E.6: The fiducial differential tt̄ cross-section for individual pseudo-top kinematics |yt|
(left) and pT,t (right), for the hadronic (top) and leptonic (bottom) tops after the
combination of electron and muon channel results. The data points are shown
with the associated combined systematic and statistical uncertainties.
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