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Abstract

The study of the top quark physics covers a large part of the ATLAS exper-
iment physics program and represents an active research field for the theoretical
community. In this thesis, the measurement of the differential cross-sections of
top quark pair production in proton proton collisions at a centre of mass energy
of \/s = 13 TeV is presented. The measurement is performed in a fiducial phase-
space, as a function of top quark and ¢t system kinematic observables, and the data
set corresponds to an integrated luminosity of 3.2 fb™!, recorded in 2015 with the
ATLAS detector at the CERN Large Hadron Collider. Only events with exactly
one electron or muon in the final state are retained and the analysis employs two
separate selections and top quark reconstruction techniques, focusing on different
regions of the top quark momentum spectra. The measured spectra are corrected
for detector effects and are compared to several theoretical Monte Carlo simula-
tions through x? and p-values calculations. The measured spectra provide stringent
tests of perturbative QCD and can be used to tune the Monte Carlo simulations
and re-interpreted to set limits on the existence of processes beyond the standard
model. Finally, new techniques that will improve the sensitivity of future analysis
in the region where the top quark is produced with high transverse momentum are
presented.






Abstract

Lo studio della fisica del quark top ¢ tuttora uno dei principali ambiti nel pro-
gramma di ricerca dell’esperimento ATLAS, continuamente in sviluppo anche da
parte della comunita teorica. In questa tesi viene presentata la misura della sezione
d’urto di produzione di coppie tt in collisioni protone protone ad un’energia nel
centro di massa di /s = 13 TeV. La misura ¢é effettuata in una regione fidu-
ciale, in funzione delle variabili cinematiche del quark top e del sistema tt ed
i dati utilizzati corrispondono ad una luminosita integrata di 3.2 fb™!, raccolti
nel 2015 dall’esperimento ATLAS, situato al Large Hadron Collider del CERN.
Nell’analisi presentata sono selezionati solo eventi contenenti esattamente un muone
o un elettrone nello stato finale e sono utilizzate due diverse selezioni e tecniche
di ricostruzione, focalizzate su regioni diverse dello spettro dell'impulso del top
quark. Gli spettri misurati sono corretti per gli effetti indotti dal rivelatore e con-
frontati con diverse simulazioni teoriche Monte Carlo utilizzando i test statistici
x? e p-valori. Gli spettri misurati forniscono prove stringenti dei calcoli di QCD
perturbativa, e possono essere utilizzati per la calibrazione dei parametri delle sim-
ulazioni Monte Carlo e reinterpretati per estrarre dei limiti sull’esistenza di processi
previsti da modelli di nuova fisica. In conclusione sono presentate nuove tecniche
atte a migliorare la sensibilita delle analisi future nella regione di spazio delle fasi
in cui il quark top ¢ prodotto con un elevato impulso trasverso.






“Good morning, O Deep Thought” said Loonquawl nervously,

“Do you have an answer to Fverything? To the great Question of Life, the
Universe and Everything?”

“Yes, though I don’t think” said Deep Thought, “that you’re going to like it.”
“Doesn’t matter!” said Phouchg. “We must know it! Now!”

“Alright”, said the computer and settled into silence again.

“The Answer to the Great Question of Life, the Universe and Everything is

... Forty-two”, said Deep Thought, with infinite majesty and calm.
“Forty-two!”, yelled Loonquawl. “Is that all you’ve got to show for seven and a
half million years’ work?”

“I checked it very thoroughly”, said the computer,

“and that quite definitely is the answer. I think the problem, to be quite honest
with you, 1s that you’ve never actually known what the question 1s.”

“The Hitchhiker’s Guide to the Galaxy”, Douglas Adams
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Introduction

The top quark, discovered in 1995 at Fermilab, thanks to its peculiar properties still
represents one of the most interesting research fields in particle physics and in the
ATLAS experiment physics program. The top quark is the fundamental particle
with the largest mass observed until now, two order of magnitude heavier than all
the other quarks. It is also the only quark which decays before it hadronizes, giving
direct access to the property of a “bare” quark through its decay products. Thanks
to its properties the top quark has a large coupling with the Higgs boson and it is
involved in many theories beyond the standard model. Moreover the measurement
of the production cross-section of ¢t represents a stringent test of perturbative QCD.

The large sample of top quarks collected at the Large Hadron Collider (LHC)
allows the measurement of the top quark characteristics with high precision. The
high instantaneous luminosity of the collider and the center of mass energy of
Vs = 13 TeV, producing a four time increase of the tf production cross-section
with respect to the one at /s = 8 TeV, allow to collect large ¢t samples even
in limited data taking periods. The energy and luminosity reached from the LHC
allow the acquisition of large amount of data also in kinematic regions never studied
before such as the one in which the top quark has a large transverse momentum
(pr), where the application of specific techniques to reconstruct the top quark and
the ¢t system is necessary.

In this thesis, the measurement of the ¢¢ production differential cross-section
in proton proton collisions at a center of mass energy of /s = 13 TeV at the
ATLAS experiment is presented. The differential cross-section is measured in a
fiducial phase space, as a function of the kinematic properties of the top quark and
the tt system. The analysis selects only events with a single lepton in the final
state and uses two different approaches, depending on the transverse momentum
(pr) of the top quark, optimized to enhance the reconstruction and identification
efficiency of the tt system along the full top quark pr spectra. The results of the
analysis are compared with various theoretical predictions to assess the level of
accuracy reached from perturbative QCD calculations, a large disagreement with
the predictions could indicate the need for additional tuning of Monte Carlo (MC)
generator or the presence of new physics processes. In particular, the tuning of MC
simulations is of central importance to reduce the t¢ modelling uncertainties both
in analyses where the ¢ represents the signal and in measurement of rare processes
where the ¢t is among the main background sources. The results presented in this
thesis have been published in December 2017 [1].



The structure of the thesis is the following. In Chapter [I| an overview of the
Standard Model and of top quark physics is presented, together with the latest
experimental results obtained on the measurement of the ¢t production differential
cross-section. In Chapter 2] is given an overview of the ATLAS experiment. In
Chapter 3| all the steps of the Monte Carlo production and the detector simulation
are described, with a particular emphasis on the development of an alternative
algorithm for the simulation of the digitization step, explained in detail in Appendix
Bl The following Chapters cover the full analysis chain, starting from the object
calibration, event selection and background determination presented in Chapter
In Chapter [5| the determination of the corrections due to the limited acceptance
and resolution of the detector are described, together with the unfolding procedure.
The systematic uncertainties affecting the measurement, due to the reconstruction
of the objects and the tf system, the background determination and the modelling,
are presented in Chapter [6] The results of the measurement of the ¢f production
differential cross-section using data collected by the ATLAS experiment in 2015,
corresponding to 3.2 fb™! integrated luminosity are presented in Chapter In
conclusion, Chapter [§| presents some prospective and new techniques that will be
applied in future measurements to improve the accuracy of the tf production cross-
section measurements, in the region where the top quark is produced with high
transverse momentum. Appendix [A] shows an example of the re-interpretation of
cross-section measurements that can be performed to extract limits on the existence
of physics processes beyond the Standard Model.
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Chapter 1

Top Quark Physics

The particle physics era began in 1897 with the discovery of electrons by Joseph
J. Thomson. In the following fifty years the number of discoveries and related
theories increased rapidly and became clear the need for a larger scenario that
could describe and order all the different phenomena observed. Finally in the
1960s and 1970s the ideas of gauge symmetries and spontaneous symmetry breaking
was developed and the cooperation between theorists and experimentalists laid the
foundations of the large experimental-theoretical framework known as Standard
Model (SM) of particle physics. The SM included all the known elementary particles
and interactions, and foresaw the existence of processes and particles found in the
following decades, as the Higgs Boson, discovered in 2012. In the SM all the bricks
of matter are contained and organized in three generations of leptons and quarks.
Among all the quarks, the top was the latest to be discovered, in 1995 by CDF and
D@ experiments [2,3]. The top is the heaviest quark of the SM and the only one that
does not create bound states. These two properties open the possibility to many
interesting studies, to understand the basis of the weak and strong interactions,
and made top quark physics one of the main area of study in high energy physics.

1.1 The Standard Model of Particle Physics

The SM framework describes all the discovered elementary particles that form the
ordinary and unstable matter and the way they interact.
In the following paragraphs a short introduction to the SM will be given.

1.1.1 The Elementary Particles

The basis for the SM were settled in 1964 independently by Murray Gell-Mann and
George Zweig |4, 5. They introduced the idea of nucleons composed by charged
particles of spin %, called quarks. Initially, only three quarks were introduced, as
the components of the particles discovered at that time. Many other elementary
particles of the SM were predicted in the following years and observed in accelera-

tors experiments afterwards.

11



1.1. THE STANDARD MODEL OF PARTICLE PHYSICS 12

The charm quark was discovered in 1974 independently at the Stanford Linear
Accelerator Center |6] and the Brookhaven National Laboratory |7] with the obser-
vation of the J/1 resonance, the ¢¢ bound state. In 1977 at Tevatron (Fermilab)
another heavy meson state was observed [8, |9, [10], called Y, a bb bound state. This
represented the discovery of the bottom quark. The last quark, the top, was finally
observed in 1995 at Tevatron.

The electron, the first charged lepton, was discovered by J.J. Thomson, while

the muon and 7 were observed respectively in the cosmic rays in 1937 [11] and in
the accelerators in 1975 [12].
The first neutrino was postulated by Pauli in 1930, in order to account for the
energy and momentum distributions in Beta-decay. In the following years many
experiments were done to prove their existence and test the properties of these
particles.

The leptons and quarks are fermions, particles with half-integer spin, described
by the Dirac equation [13|. The equation leads to both positive and negative energy
solutions. The negative solutions are interpreted as anti-particles, with the same
mass and spin of the respective fermions, but opposite charges.

The quarks and the leptons are divided in three families as shown in Table [I.1]

aws (4) (2) (1)
s (£ (2 (1)

Table 1.1: Elementary particles of the Standard Model.

The quarks have fractional electric charge, —i—% for the ones in the first row in
Table , and —%e for the others. The quarks bring several internal charges: the
flavor (up, down, charm, strange, top, bottom), and the color charge (red, green,
blue and anti-red, anti-green, anti-blue for the anti-particles). The interaction
through the color charges creates color singlet bound states (hadrons) and only
color singlet states can be observed in nature, this property of the color charge is
called confinement. The quarks, being fermions, can combine to produce singlet
states in only two ways: a quark and an anti-quark (mesons) or three quarks/anti-
quarks (baryons). The mesons have integer spin while the baryons have half-integer
spin, multiple of % As a consequence, the baryons follow the Fermi-Dirac statistics,
that determines the properties of the atoms’s nuclei, composed by protons and
neutrons. These are the only stable hadrons, the neutron is not really stable outside
the nucleus but has a long lifetime of about fifteen minutes. The other composite
states, that can be formed also by heavier quarks s, b, ¢, decay rapidly (~ 107'3s)
to lighter particles and consequently do not play a role in ordinary matter.

The leptons are e, u and 7 and the three associated neutrinos that complete
the families. The leptons bring integer electric charge that is le for the first row

le = 1.60217662 - 10~1°C
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Interaction Relative strength Range (m) Mediator

Strong 1 10713 gluons
Electromagnetic 1072 00 photons
Weak 1075 <1071 W=, Z
Gravity 10739 00 graviton

Table 1.2: Relative strength and range of different interactions [17]. The strength
comparison of the four basic forces is determined as the force between two particles
placed on a certain distance, it has a meaning only in relative terms. The graviton,
indicated as gravity mediator, is a spin 2 boson introduced in quantum field theory,
but not included yet in the SM.

in Table and O for the neutrinos. All the leptons bring an internal charge,
called leptonic number, that is different for each family ( I, [,, [;) and is defined
on the basis of the weak interaction properties. The leptonic quantum number is
conserved in many interactions, the only phenomena that breaks this conservation
is the neutrino oscillation.

1.1.2 Interactions

The SM is a renormalisable field theory, that describes all particles as quanta of
an associated field, and includes also the interactions between particles, described
in terms of exchange of bosons. Three different fundamental interactions are in-
cluded: electromagnetic, weak and strong. The electromagnetic and weak forces
were unified in 1960s and 1970s, thanks to the work of Glashow, Weinberg, Salam,
t’Hooft [14], 15, [16] and others, while the gravity is still not included in the SM
framework.

The gravitational interaction is dominant at the scale of the universe, but is the
weakest at particle scale, as can be seen in Table where the relative strength
of different interactions is shown.

®) (b)

Figure 1.1: Examples of Feynman diagrams of the interaction between two fermions
to create a boson, on the left an example of a L.LO diagram while on the right a
higher order diagram with a virtual gluon radiation, in this case the two fermions
are a quark and an anti-quark.
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In quantum field theory the interaction between two particles is described by
the probability of transition between two different states. The common way to
visualize the interactions and evaluate this probability is through the Feynman di-
agrams, an example is given in Figure|l.1
In Feynman diagrams the time is represented on the horizontal axis, the straight
lines represent the fermions while the curved ones the bosons. The fermions (anti-
fermions) are represented with arrows toward the positive (negative) time direc-
tions. Each vertex represents an interaction, that could be strong or electroweak,
depending on the particles involved.

The diagrams are a useful tool to evaluate the matrix element of the interaction, the
square of which gives the probability amplitude of a process. The probability of the
process qq to ¢'q’, for example, is evaluated considering all the possible diagrams
that can represent that process. Every diagram brings a different contribution to
the total amplitude. Defining g the characteristic coupling of the interaction, each
vertex of a Feynman diagram contributes with a factor \/a o< g to the amplitude.
Thus diagrams involving loops and many vertexes are proportional to higher orders
of a. In perturbative theory « is smaller than one, consequently, diagrams as
give a lower contribution to the probability amplitude with respect to diagrams
as [I.Ta] The considered order of o determines the precision of a perturbative cal-
culation, for example leading-order (L.LO) means that only diagrams at the lower
order of « for a certain process are included in the calculation. The coupling « or
g and the mediators are the fundamental characteristics of each interaction.

A brief description of the three SM interactions will be given in the following para-
graphs.

Electromagnetic Interaction

The electromagnetic interaction is the most precisely known and is theoretically de-
scribed by Quantum Electrodynamics (QED). The quantum of the electromagnetic
field is the photon (), that is a mass-less, charge-less boson of spin 1.

The strength of the electromagnetic interaction is proportional to the inverse of
the square of the distance between the particles and to the coupling constant [18§]:

_ e2 _ 1 (L.1)
T Urhe  137.036° '

The vertex of QED interaction is shown in Figure [I.Ta] where the straight lines
indicate charged fermions while the curved line represents the photon. The field
theory does not allow self-interaction vertexes for charge-less particles, consequently
the QED does not include this kind of vertex for the ~.

Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the SU(3) gauge field theory that describes
the strong interactions between colored quarks and gluons.
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=3I

br
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Figure 1.2: Example of color-flow in a QCD diagram, the symbol 7 represents the
anti-red color, while the b represents the blue.

The color charge was initially introduced to explain the existence of observed parti-
cles as AT, which is a three u-quarks bound state of spin % The existence of this
particle seemed to break the Pauli principle, a state formed by fermions should be
anti-symmetric, while this composite state is completely symmetric with 3 quarks

of the same flavor and spin 1. The introduction of the color charge gives to the

2

quarks an additional degree of freedom, that allows to define anti-symmetric states
formed by 3 quarks with the same spin and flavor.

The color charge has three possible values, called (green) g, (red) r and (blue) b,

and the interaction between quarks are invariant under color interchange. The me-

April 2016
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Figure 1.3: Summary of measurements of a; as a function of the energy scale Q.
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Figure 1.4: Self-coupling gluon vertices.

diators of the interaction are an octet of color-charged bosons, called gluons, each
carrying a color and an anti-color. These particles, as the v, are mass-less and have
spin 1.

An example of the interaction is given in Figure The main characteristics of
the strong interaction are linked to the dependence on the momentum of the strong
coupling constant ag:

(%) o (1) (1.2)

T 1+ Lau(p?) In(%)

where ¢? indicates the transferred momentum of the interaction and 2 is a fixed
reference value of ¢*>. The trend of agep as function of the energy scale of the
interaction [18] is shown in Figure[I.3] For momentum transfers in the range 100
GeV - 1 TeV a, ~ 0.1 while the QCD is strongly interacting for scales around and
below 1 GeV.

From the behaviour of a, at large distances or low exchanged momentum, (¢*> —
0 = ag — 00), derives the property of the QCD interaction called confinement:
it is impossible to observe free colored states. The coupling increase with the
distance, so the interaction becomes so intense at large ranges (~ 1 fm) that is
impossible to separate a single colored state. This property is observed in high-
energy scattering processes when quarks or gluons are pulled out from hadrons.
In this case the strong interaction generate a process called hadronization, where a
bundle of color singlet hadrons are the outcome of the gluon radiation and branching
produced by the scattered colored particle. The experimental signature of this
"hadron shower" is called jet.

At large ¢, the coupling a,(¢?) tends to zero and the quarks behave as free particles.
This feature is called asymptotic freedom and is the only condition in which the
QCD can be described as a perturbative theory. This phenomena has great impact
in high-energy hadron colliders, where the dynamic of the scattering process can
be described using point-like and mass-less constituents rather than homogeneous
hadrons. This behaviour of the strong coupling constant is due to the not-abelian
nature of the interaction, that implies the presence of vertexes of self-interaction
among the gluons, shown in Figure (1.4}
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5 SM Higgs production

E|
LHC

qb — qth

| TeVALHC Higes working group

100 200 300 400 500

Figure 1.5: Higgs boson production cross-section in pp collisions at 13 TeV (a) 18]
and branching fraction in different channels (b) |21], in dependence of the Higgs
mass [18].

Weak Interaction

The first hint of the existence of this interaction was found in the lifetime of the
charged pions 7*. The neutral pion 7° decays through electromagnetic interaction
with a lifetime ~ 107!7s while the charged 7 have a lifetime of 10 orders of mag-
nitude larger. The 7 is the lightest meson, thus there are no possible hadronic
final state for its decay. In this case the decay through an interaction weaker than
the electromagnetic, usually swamped by other interactions, becomes possible. The
weak interaction, indeed, breaks many symmetries that are conserved by the strong
and electromagnetic interactions, such as the quark flavor conservation:

7 (ud) — pv, (1.3)

and it is the only interaction affecting the charge-less and color-less neutrinos.
The flavor changing is preferably inside the same family, however also decays across
different families are allowed, with lower probability. This mixing between the
families happens because the eigenstates of the weak interaction are different with
respect to the mass eigenstates.
The mixing is described by the matrix introduced by Cabibbo, Kobayashi, Maskawa
(CKM) in [19} [20]:

d, Vud Vus Vub d
sl = Vea Voo Vi S
v Via Vis Va b

The choice of the quark with negative charge as mixed state is only a formalism
convention. The weak interaction is mediated by massive, spin 1 bosons: W= and
ZY. The mass of these mediators has been introduced in the theory thanks to
the unification of electromagnetic and weak theory and the spontaneous symme-
try breaking proposed by Anderson, Higgs [22]|, Englert and Brout [23] in 1964.
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They added to the SM Lagrangian a scalar field that permeates the vacuum and
interacts with both the material fermion fields and the weak field. Through the
spontaneous symmetry breaking of the Lagrangian this field gives mass to W and
Z bosons (BEH mechanism) and interacting with material fields also to all the
fermions. This scheme furthermore requires a single coupling for the weak and
electromagnetic interaction leaving the photon mass-less. The theory includes also
a massive, chargeless boson (Higgs boson) that is the quantum of the scalar field
introduced. The proof of this theory has been the discovery of the Higgs boson,
announced by ATLAS [24] and CMS [25] experiments on 4" of July 2012 at CERN.

In Figure are reported the different branching fractiond?] and production
cross-section of the Higgs boson as a function of its mas{’, these depend on the
coupling of the Higgs boson to other particles, usually expressed as equation ([1.4):

2
A= V2L N, =2y, (1.4)
v v

where v represents the Higgs field expectation value in vacuum, my the mass of the
fermion and m; the mass of the boson. The fermion with highest coupling to the
Higgs is the top quark, but the decay in ¢t is forbidden because the Higgs mass is
well below two top masses. Nevertheless the top quark plays a fundamental role
in the main Higgs production mechanism: the gluon-gluon fusion, see Figure [L.6
that involves a loop in which the top-quark gives the main contribution.

g 0600000t
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Figure 1.6: Feynman diagram of Higgs production through gluon-gluon fusion.

1.2 Top Quark

The top quark was looked for since the introduction of a third quark family by
Kobayashi and Maskawa in 1973 20| to describe the CP violation in the weak in-
teraction. Due to its large mass, the experimental observation of the top quark
required more than two decades and many progresses in particle accelerator tech-
nique. The discovery was made by the experiments CDF and D{) at Fermilab’s Teva-
tron, a proton anti-proton collider working at a center of mass energy /s = 1.96
TeV.

2Probability of a particle to decay in a certain channel.
3The Higgs boson mass has been measured by ATLAS and CMS to be my = 125.09 £ 0.21 £
0.11 [26].
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1.2.1 Top Quark Mass

The top quark is the heaviest particle of the SM, its mass is comparable to the mass
of a Rhenium atom (atomic number Z=75). This characteristic is fundamental in
the study of top quark properties as the large mass drives all its phenomenology.
The top is the only quark that can decay to a W boson on-shell, therefore it has
a really short lifetime 7 ~ 107% s, (7 = A/T, I = 1417512 GeV [18]), an order
of magnitude lower than the average time for hadron formation. Consequently,
the top quark can be directly reconstructed from its decay products and gives the
opportunity to study the properties of a bare quark, including effects due to its
spin, which produce angular correlations among its decay products.

There are several techniques to measure the top quark mass (m?'), both direct and
indirect. The direct techniques perform the measurement exploiting the kinematic
of the decay products of the top quark, while the indirect techniques exploit the
theoretical relation between the ¢t cross-section and the top quark mass.

e Direct Techniques: the most widespread technique to measure the top
mass is the template method. An example of a measurement performed using
this method by the CDF collaboration can be found in [27]. In this case
probability density function (templates) for observable sensible to m' are
defined from the Monte Carlo simulations. Successively the templates are
used in a maximum-likelihood fit to the data which allows extract the m!
together with possible additional parameters, used to reduce the experimental
uncertainty. Other direct techniques include the matriz element [29] and

ATLAS+CMS Preliminary My, SUMMary, s =7-13 TeV September 2017
LHCtopwG
------- World Comb. Mar 2014, [7]

stat total stat

total uncertainty Mygp  total (stat £ syst) s Ref
ATLAS, I+jets (*) ———t 172,31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) —t—=— 173.09 £ 1.63 (0.64 + 1.50) 7Tev (2]
CMS, I+jets e+ 173.49 £ 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton —t—t= 172.50 + 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets = 173.49 + 1.41 (0.69 + 1.23) 7Tev [5]
LHC comb. (Sep 2013) LHctopwe e 173.29 +0.95 (0.35 + 0.88)
World comb. (Mar 2014) H+H 173.34 +0.76 (0.36 + 0.67)
ATLAS, l+jets H——tH 172.33 £1.27 (0.75 + 1.02)
ATLAS, dilepton ——— 173.79 £ 1.41 (0.54 + 1.30)
ATLAS, all jets H——=——1751:18(1.4£ 12)
ATLAS, single top = 1722+ 2.1 (0.7 £ 2.0)
ATLAS, dilepton = 172.99 + 0.85 (0.41% 0.74)
ATLAS, all jets = 173.72+ 1.15 (0.55 + 1.01)
ATLAS, I+jets = 172,08 + 0.91 (0.38 + 0.82)
ATLAS comb. (fjg{:";]) H-H 172.51 + 050 (0.27 + 0.42)
CMS, I+jets e 172.35+ 0.51 (0.16 + 0.48)
CMSs, dilepton —fo 172.82+1.23 (0.19 + 1.22)
CMS, all jets HeH 172.32 £ 0.64 (0.25  0.59)
CMS, single top ——c— 172.95 + 1.22 (0.77 + 0.95)
CMS comb. (Sep 2015) = 172.44 +0.48 (0.13 +0.47)
CMS, I+jets = 172.25+0.63 0.08 £ 0.62)
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Figure 1.7: Summary of the ATLAS and CMS direct m’ measurements. The figure
shows the latest results, as well as previous results that are now superseded. The
results are compared with LHC and Tevatron+LHC combination [28§].
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the ideogram method [30]. The first method was introduced to reduce the
statistical uncertainty and is based on the likelihood of observing a sample
of selected events, obtained as the product of single event likelihood derived
from theory. The ideogram method is a combination of the template and
matrix element used to extract the maximum amount of information on the
top quark mass out of each tt candidate event. A summary of the latest direct
measurements performed by ATLAS and CMS experiments, is reported in

Figure [28].

e Indirect Techniques: all the indirect methods measure the m/,., that is
the parameter representing the top quark mass in the MC used to build the
templates and not the theoretical definition of the mass my, ;. [31]. This defini-
tion requires a defined renormalisation scheme, used to define the parameters
in the theoretical prediction. Quantitatively the two masses are expected to
differ up to O(1 GeV) [32, 33]. The theoretical dependence of the production

cross-section oy from the mf,ole can be exploited, by comparing the measured

o4 with the corresponding theoretical prediction. The indirect measurements

have the disadvantage to reach a lower precision with respect to direct mea-

surements. Results form indirect measurements performed by ATLAS, CMS

and D@ are reported in Figure [1.8|[34].

T T T
ole
ATLAS o m
=u Stat. Uncertainty
— Full Uncertainty
DO inclusive ofit) o 172.8 + 3.3 GeV
ATLAS inclusive of(ti) o 172.9+ 2.6 GeV
CMS inclusive o(tt) ® 173.8+ 1.8 GeV
ATLAS differential o(tt+1j) ® 173.7£2.2 GeV
ATLAS leptonic (8 dist.) ® 1732+ 1.6 GeV
| | |
170 175 180
I
mf*"® [GeV]

Figure 1.8: Summary of the measurements of the m; ,  [34].

The top quark appears in higher order loop diagrams of the electroweak theory,
so m! is one of the most important parameters of the theory and is highly related
to the masses of the W boson and of the Higgs boson. A comparison between the
measurements of these three quantities can be interpreted as a powerful indirect
test of the SM electroweak symmetry breaking.
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1.3 Top Quark Production in Hadron Colliders

Top quarks are produced through two different mechanism in an hadron collider:
generation of tf pairs through strong interactions or single top production through
weak interaction. The expected rate of top quark production is evaluated through
the cross-section calculation [17]:

M2
amHthc/| | dQ (1.5)

1

where M is the matrix element of the process, v; is the speed of the incoming
particle and d(Q is the element of phase space.
In high energy hadron collisions, the matrix element is evaluated considering only
the hard scattering between the components of the hadrons and not including the
subsequent hadron formation. This factorization is possible due to the specific
conditions that are verified in the collisions. At LHC energies, indeed, the partons
during the collision behave as free particles and the uncertainty principle allows
to separate the time interval of parton scattering, 7,. p—lT, and the hadronization
time, Tpeq X Pr.

1.3.1 Top Quark Pair Production

In hadronic collisions at leading order, top quark pairs can be produced through
the strong interaction with two different mechanisms: quark anti-quark annihilation
and gluon-gluon fusion, whose Feynman diagrams are shown in Figure [1.9]

g t g t q t

., > ’ TTT Tt ————— CTTTun
\ &
/\-ﬁ-ﬁ-ﬁ-a-c- %E}ﬁaﬁ ’:E-< D<
6‘3
: . s “TETEE TS
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Figure 1.9: Leading order production diagrams of tf pairs.

The analytic expressions for the cross-section of the two partonic processes
are [35]:

dGggi  mo%
4 —gﬁ@ —(1-2%p) (1.6)

dogg i T , 7T+ 92°52
dz 965 (1 — 22/3?)

S(1+26% —2228° — 28% + 2228% — 2*6%) (1.7)

where s = 4F7 is the square of the center of mass energy, 8 = /(1 — 4m?/s)
is the top quark speed in the centre of mass system, m! is the top quark mass, and
z = cos(f), where 0 is the angle between the incoming parton and the outgoing top

quark. These expressions are valid for the parton scattering, in order to evaluate
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the full hadronic cross-section for top pair production in proton proton collisions is
necessary to consider the parton distribution functions (PDF) f(x) of the partons
inside the hadron. The PDF f;(z;) represents the probability of finding the parton
i, inside the hadron 1, with a momentum fraction x of the total hadron momen-
tum. The cross-section for t¢ production in hadron collisions can be written as a
convolution of PDF and partonic cross-section & [36]:

Up1p2—>tf(s7mt) = Z /dxidxjfl(x’iaﬂfc>f2($jau?‘)'a'ijﬁtt(g?mthufa,uraas> (18)
0,j=04,3,9
The sum runs over all partons (quark, anti-quark and gluons), and py and p,
are the factorization and renormalization scales, that are two cutoff needed to deal
with infrared and ultraviolet divergences arising in finite order calculations. The
dependence on these two parameters becomes weaker and weaker as higher orders
are included in the perturbative calculation.

The relative importance of the two mechanisms of ¢ production depends on the
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Figure 1.10: The CT14 parton distribution functions at Q* = 2 GeV and Q* = 100
GeV for u,u,d,d,s and g [37].

PDFs inside the hadrons. At Tevatron, a proton anti-proton collider, the quark
annihilation was the dominant process while at LHC, where there are two protons
beams and the center of mass energy is higher, ~ 90% of the ¢t pair are produced
through gluon-gluon fusion. At LHC most of the production involves sea partons
while at Tevatron, due to the proton anti-proton initial state and the much lower
centre of mass energy, the production is dominated by valence quark annihilation.
Figure shows the proton PDFs [37]. Indeed, at the energy of LHC, near the
kinematic threshold for the ¢t production (x ~ % = 0.03) the gluon PDF is much
higher than the one for the anti-quarks, consequently, the gluon fusion process be-
comes dominant with respect to the quark annihilation.
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In t¢ production, higher order diagrams (NLO and NNLO) need to be considered
when the theoretical predictions are compared to data since they give sizable con-
tributions to the evaluation of the total production cross-section. This is due both
to the relatively high value of ;s (O(0.1)) and to the large number of diagrams that
enter in the calculations. Some examples of ¢t production diagrams at NLO with
a real emission are reported in Figure [1.11

The latest NNLO calculations for o;; at two different center of mass energies are

Figure 1.11: Examples of NLO diagrams for ¢ production.

reported in Table [1.3]

Vs olNLO (pb)  Scale uncertainty (pb) PDF uncertainty (pb)
8 TeV 252.9 +6.4 -8.6 +11.7
13 TeV 832 +20 -29 +35

Table 1.3: In the table are reported the o, at NNLO in perturbative QCD at two
different center of mass energies. The calculation includes soft-gluon resummation
to next-to-next-to-leading-log order [38], and assuming a m' = 172.5 GeV. The
first uncertainty comes from the independent variation of ;i and p,, while the
second one is associated to variations in the PDF and ag, following the PDFALHC
prescription with the MSTW2008 68% CL NNLO, CT10 NNLO and NNPDF2.3 5f
FFN PDF sets [39, {40, |41].

Status of Theoretical Prediction of Differential ¢t Production

Together with the inclusive oz, a stringent test of the pQCD is the measurement
of the differential distributions of oy

| M*

do’pp%tX =

—-dQ (1.9)

where the cross-section value do,,_,;x depends on the specific region of the
phase space considered d(). The precise measurement and calculation of differen-
tial cross-section allows to identify, in comparison with data, hints of new physics,
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like for instance in the spectra of %"j{.
The inclusive o, NNLO calculations agree very well with the measurements, while
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Figure 1.12: Sample diagrams for the virtual electroweak corrections. I' stands for
all contributions from gauge bosons, photons and Higgs exchange [43].

some differential distributions, as ‘;;%;, show some tensions with the NLO theoret-
ical predictions. In many searches for new physics, ¢ production represents the
main source of background, consequently a discrepancy in the SM description of tt
could hide the presence of new physics. For this reason, the improvement of the
calculation of differential o, has been one of the central theoretical problem in the
top quark sector of the last years. Many progresses have been made toward a higher
precision in the o, calculation, to understand the reason of possible mis-modelling.
One of the first corrections calculated on the NLO predictions are electroweak con-
tributions [43]. Although the weak interactions are suppressed because of the small
coupling, diagrams of order up to a%a gy can give a sizable contribution to the total
os. The diagrams without a real emission of electroweak particles (virtual) lead to
negative contributions, that can be large at high energy, where the gauge bosons Z
and W behave as massless particles. Examples of these diagrams in ¢ production
through gluon-gluon fusion are given in Figure [1.12

A large difference between the measurement and the NLO predictions could come
from higher order corrections, for this reason a great effort has been done to derive
the NNLO predictions on differential distributions [44]. In Figure the NNLO
predictions are compared to LO and NLO predictions for the fl;?. The higher level
predictions appears to predict a lower cross-section at high pTT. The error bands
represent the uncertainty due to the variation by half and double of i, and py,
considered equal to m' and independent from event kinematic. The NNLO predic-
tions improve the agreement with the data, as shown in Figure [I.14a] where NNLO
and NLO distributions are compared with /s = 8 TeV CMS measurement [45].
In the NNLO predictions there is also a significant reduction of the theoretical
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uncertainty, due to the lower dependence on the scale choice.

Another significant improvement on the calculation is obtained with boosted
top resummation. For top quark pairs with high py there are two components
that could give a large contribution to the o;; and lead to divergences in the cal-
culation: the soft-gluons emission and the gluons emitted nearly parallel to top
quark. The formalism developed in [47] allows to parameterize the two effects at
the same time, introducing some un-physical scale to the calculation, to remove
divergences at a fixed order in perturbation theory. More details on this procedure
can be found in [46]. The results of this calculation can be matched to the NLO
predictions (NLO-+NNLL’) and allow to improve the agreement between the data
and the theoretical expectations, as shown in Figure |1 where the 8 TeV AT-
LAS measurement of d”“ [48] is compared with the NLO prediction and with the
NLO-+NNLL’. This method reduces also the theoretical uncertainty with respect
to the NLO predictions, as shown in the Figure [I where ATLAS measure-
ment of d"“ for high pr top quark [49] is compared Wlth NLO and NLO-+NNLL’

Calculatlons

The NLO-+NNLL’ predictions are available also at /s = 13 TeV for my; and pk,
Figure where the difference with NLO is enhanced with respect to 8 TeV cal-
culations. Consequently, it is a main experimental goal to provide enough precise
measurements at high-py to discriminate between the two theoretical predictions.
The level of agreement with data reached with this resummation method is even
better than that obtained using the NNLO corrections, as shown in Figure
where the NNLO corrections are compared with the NLO-+NNLL’ ones and with
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Figure 1.13: Comparison among LO, NLO and NNLO predictions on the da“. The
bands represent the scale uncertainty associated to the three predictions [44].
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Figure 1.14: Comparison between boosted top resummation procedure

(NLO-+NNLL’), NNLO prediction and the measurement performed by CMS at

Vs =8 TeV [45] on %. In (a) the NLO prediction is compared with NNLO and
T

LO [44], but only in the higher order distributions the error on the scale variations
are shown. In (b) the NNLO prediction is compared with the NLO+NNLL’ [46].
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Figure 1.15: Comparison between boosted top resummation procedure
. do.r do.r
(NLO+NNLL’) and NLO calculation on Z%t (b) and 7 (a) measurements per-
tt T

formed by the ATLAS experiment at /s = 8 TeV [46].

the CMS measurement of % [45]. A significant difference between the two ap-
proaches is in the choice of the ftr and pep scales. In the NNLO calculation the scales
are fixed to the top mass while in boosted top resummation method p, and py are
dependent on the kinematic of the event (dynamic scales), this choice appears to
be more suited to reproduce differential distributions, as shown in [50].
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TeV [46]

1.3.2 Single Top Production

The single top production is mediated by weak interaction. The production rate of
this process is suppressed with respect to pair production by a factor ~ 3, due to
the difference between ag and agy, partially compensated by the lower production
threshold. Leading order Feynman diagrams of single top production are reported
in Figure [1.17] The diagram (a) is called ¢-channel, (b) s-channel, (¢) and (d),
where the W production is real, are called Wi-channel.

The dominant diagram, both at LHC and Tevatron, is the t-channel. The second

p @ O t (© - ¢ ()
b w

Figure 1.17: LO diagrams of single top quark production

channel, for production rate, at LHC is the Wi-channel, while at Tevatron was the
s-channel. The NLO predictions for all single top production channels at /s = 8
and /s = 13 TeV at LHC are given in Table [I.4]

The single top production in Wi-channel represents one of the most important
backgrounds in the measurements of the top pair production cross-section (o),
since the final state of this process is similar to the ¢¢ final state. Moreover, NLO
Wt single top production diagrams are identical to LO tf production, where a
top decayed as: tt — tWb , shown in Figure [1.18f The contribution of these
diagrams is relevant in NLO oy, calculation and several methods exist [53] to
handle the overlap with o7, separate the two processes and avoid double counting
when evaluating the prediction pp — WbWh. In diagram removal, the amplitudes
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Channel o, at /s =8 TeV oy at /s = 13 TeV

t-channel  84.69137% pbh 219.997221 pb
s-channel 5.24103% pb 10.32103% pb
Wt 22.37 4 1.52 pb 71.7+ 3.84 pb

Table 1.4: In the table are reported the cross-sections for the single top production
(04) process computed at NLO at /s = 8 and /s = 13 TeV calculated with [51}
52|. The calculations have been derived considering a top-quark mass of 172.5 GeV.
The uncertainties include the scale and PDF uncertainties.

of doubly-resonant diagrams are set to zero, which also removes the interference
term. Another method, called diagram subtraction, preserves the interference but
cause an enhancement of the uncertainties related to the theoretical calculation.
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Figure 1.18: Examples of the interference diagrams between the Wt and ¢t produc-
tion. The doubled line represent the top-quark.

1.4 Top Quark Production Measurements

The cross-section, from an experimental point of view, is defined as:

o Nobs
N det ‘€

g

(1.10)

where N, is the number of selected events, L is the luminosity and e is the efficiency
of the detector and the selection applied on the collected events. In equation (|1.10)
the luminosity is integrated over the period of the data acquisition and it is called
integrated luminosity. The instantaneous luminosity depends on the features of the
collider, as will be described in Chapter The efficiency is determined through
Monte Carlo simulations described in Chapter [3

In the last years, thanks to advanced NNLO or NLO+NNLL calculation tech-
niques, the precision reached on the theoretical predictions is highly increased.
Consequently, the measurements of the integrated and differential ¢¢ production
cross-section have acquired a relevant role as test of the level of knowledge on per-
turbative QCD. Moreover, accurate measurements allow to discriminate between
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different predictions and individuate deviations from the expectations. The differ-
ential cross-section measurements, in particular, are used to tune the parameters
of the Monte Carlo generators at NLO, in order to increase the agreement with
the data in particular regions of the phase space and to reduce the uncertainties
related to the simulations, that affect many measurements and searches for new
physics. The results presented in this thesis have been already used to tune a par-
ticular parameter that regulates the amount of radiation emitted from the ¢f system
(hdamp), as shown in Figure Here the measured doy;/ dm' is compared with
NLO predictions differing for the value of hggmp. The value hggpmy = 1.5my,, shows
better agreement and is the new nominal value used in ATLAS for MC production.
Moreover, the differential distributions can be used to extract QCD parameters as
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Figure 1.19: Comparison between the do;/ dm'* measured from ATLAS collabora-
tion at y/s = 13 TeV in the semi-leptonic channel and various NLO predictions,
differing for the hgam, value employed in the simulation [54].

ag or m!. The extraction of these parameters is performed comparing the obtained
measurement with various predictions at NNLO. The differential distributions of o;;
are also included in the global fits used to derive the gluon PDFs inside the protons.

1.4.1 Top Pair Production Cross Section Measurements

The top quark has a lifetime of ~ 1072°s and consequently can’t be directly observed
by any detector. The only way to access the information on top quark is detecting
its decay products. The top quark decays in 99% of the cases in a W and a b quark,
so the detector signature of the ¢t is determined by the decay of the two W in the
event (tt — bW bW 7).

The final states of ¢t decay are divided in three categories:
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e All hadronic: both the W decay in quark anti-quark pairs (W — ¢q’). The
detector signature of these events is composed by 6 jets that derive from the
hadronization of the quarks. The branching ratio (BR)Y of this final state is
45.7% |18]. The disadvantage of this channel is the difficulty to discriminate
the ¢t from the overwhelming amount of multi-jet background.

e Di-leptonic: both the W decay in leptons (W — [v). The detector signature
of these events is composed by 2 high energy, isolated leptons, 2 jets coming
from b-quark hadronization, and missing energy in the transverse plane due
to the presence of 2 neutrinos, that can’t be directly detected. The BR of this
final state is 10.5% [18]. This channel is easy to identify because the presence
of the leptons allows to discriminate the signal from backgrounds.

e Semi-leptonic: one W decays in leptons while the other decays in hadrons.
The detector signature of these events is composed by 1 high energy, isolated
lepton, missing energy in the transverse plane, and 4 jets. The BR of this final
state is 43.8% [18]. This is called golden channel because the presence of the
lepton allows to easily trigger the event and separate the signal from multi-jet
background, and at the same time, the statistics is high since almost half of
the tf pairs decay in this channel. Moreover, the presence of a single neutrino
in the event, associated to the missing transverse energy, allows to completely
close the kinematic of the event by imposing the W mass constraint to the
[, v pair. Since 7 identification and reconstruction is more complicated with
respect to e and p, many analysis consider only final states including these
two leptons. This reduce the branching ratio in single lepton channel by ~
15 %

Integrated Cross Section

The total tf production cross-section has been measured using many different chan-
nels.

In Figure [28] the latest CMS and ATLAS measurements performed at
/s = 13 TeV in different channels are compared with the NNLO predictions, all the
results are in good agreement with the theoretical expectations. In Figure [28]
is reported a summary of all the measurements performed at Tevatron, ATLAS and
CMS at different center of mass energies, also in this case the agreement with the
NNLO theoretical calculation is within the error bands.

Differential Cross Section

Once established the agreement of pQCD calculation with the observed cross-
section, precise measurements of the differential do;/dx, where x is a kinematic

4The branching ratio is the fraction of particles which decay through a particular decay mode
with respect to the total number of possible decays, it is defined as the ratio between the decay
width in a particular channel i and the total width I';/ >, T';
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Figure 1.20: Summary of measurements of o, compared to the exact NNLO QCD
calculation. The band on theoretical calculations represents uncertainties due to
renormalisation and factorisation scale choice, parton density functions and asg.
In (a) the center of mass energy is /s = 13 TeV and the measurement are com-
pared also with predictions using different set of PDFs, while in (b) a summary
measurement at different center of mass energy is given |[28|.

quantity describing the ¢ system, can be used to further constrain pQCD predic-
tions and to identify possible signals of new physics, that could hide in limited
regions of the phase space and modify the shape of some kinematic distribution
without necessary increase the total 0.

The differential cross-section can be expressed as a function of efficiency ¢; and of
the number of selected events (N?) in certain interval i of the measured variable z:

datf ]\[Z
= — 1.11
de €Al [ Ladt’ (L.11)

where [ Ldt is the integrated luminosity, the superscript ¢ indicates a bin of the
variable and the A’ the bin width.

Both ATLAS and CMS provided an exceptional number of interesting results in
measuring doz/dx for a lot of variables, in many channels, at different center of
mass energies and luminosity. Hereafter only the latest measurements in the [+ jets
channel, the one studied in this thesis, are shown.

The differential cross-section can be measured in the whole phase space (at parton
level), or in a fiducial phase space (at particle level), where objects analogous to
the reconstructed ones are built from stable particles produced by the Monte Carlo
generators. The particle level selection is performed applying fiducial cuts that
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mimic the requirements applied during the event identification and reconstruction
in order to reduce the uncertainty due to the extrapolation in phase-space regions
not measured by the detector. A meaningful comparison between ATLAS and CMS
measurements can be performed only for parton level distributions, because the
particle level phase-space differ between the two experiments. Both experiments
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Figure 1.21: Comparison between %t (left) and Z7t (right) measured by ATLAS
T t

and CMS and the NLO and NNLO predictions [28]. The lower panel shows the
ratio of the data measurements and the NLO calculation to the NNLO calculation.
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Figure 1.22: Particle level measurement of ot boosted topology performed by
T

ATLAS [49] (left) and CMS [55] (right) experiment at /s = 8 TeV compared with
NLO MC generators.

provided particle and parton level measurements of do; at /s = 8 TeV in [ + jets
channel |45, 48|. The parton level comparison for a couple of variables between
the two experiments and the NNLO prediction 28] is shown in Figure [1.21] The
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comparison shows a good compatibility between the two measurements and the
agreement between theoretical predictions and the ATLAS measurement seems
improved by the NNLO calculations, however the large experimental uncertainty
prevents a good discrimination between the NLO and NNLO predictions.

ATLAS and CMS experiments also provided measurements at /s = 8 TeV in the
[ 4 jets channel, optimized to select high-pr top quarks [49], [55]. In these events,
presenting the so called boosted topology, the three jets deriving from the top
decaying hadronically are more collimated and may partially overlap, so the top
reconstruction and identification techniques need to be modified to increase the
selection efficiency in this particular phase space region. In Figure the particle
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Figure 1.23: Double-differential cross-sections at parton level as a function of |y
vs. ph. The measurements are compared to the predictions of POWHEG and MG5-
MC@QNLO (MG5) combined with PYTHIAS (P8) or HERWIG++ (H++) and the
multi-parton simulations MG5-MC@QNLO +PYTHIA8 MLM and MG5-MC@NLO
+PYTHIA8 FxFx. The ratios of the predictions to the measured cross-sections
are shown at the bottom of each panel together with the statistical and systematic
uncertainties of the measurement [56).

datt

level results for the are shown on the left for the ATLAS measurement and on

the right for the CMS one, both the measurements are compared with NLO MC
simulations. Both results show a tension between data and theoretical predictions.
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The theoretical predictions seem harder than the measured o7 at high pr, but the
systematic and statistical uncertainties in this region are still too high to draw
any firm conclusion. A better understanding of the level of agreement with the
SM expectations and a more stringent comparison with different predictions and
employing different PDF sets can be done using double differential distributions.
A measurement exploiting these distributions has been presented by CMS using

o2
Vs = 13 TeV data collected in 2015 |56]. The measurement of d};—ézt
9T
Figure [1.23] and compared with several NLO predictions. The agreement between
the data and the different MC simulations varies depending on the considered yk

region.

is reported in

1.4.2 Status of Measurement of Single Top Production

The single top production is still a challenging area for experimental measurements,
in particular when considering the s-channel, where the production cross-section
at /s = 8 TeV is ~ 50 times lower than ¢t production, which is one of the largest
source of background. A summary of the measurements performed by ATLAS
and CMS in all the three single top production channels at /s = 7,8,13 TeV is
reported in Figure [28], where the measurements are compared with the latest
theoretical predictions.
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Figure 1.24: Summary of ATLAS and CMS measurements of the single top pro-
duction cross-sections in the different channels as a function of the center of mass
energies. The measurements are compared to theoretical calculations based on:
NLO QCD, NLO QCD complemented with NNLL resummation and NNLO QCD
(t-channel only) [28].

The measurements result compatible between CMS and ATLAS in all channels
and in good agreement with the theoretical expectations.
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1.5 Top quark and New Physics Models

In previous sections precise measurements and SM predictions for top production
have been presented. A good understanding of the cross-section for ¢¢ production
is fundamental in the search for new physics, both for direct search in the top
sector and for a correct background estimation in many searches where the top
quark production is the main source of background. After twenty two years from
its discovery there are still many open questions raised by the top quark properties,
in particular on the reason for its large mass, so different with respect to the other
quarks. The large mass implies a high coupling with the Higgs boson and the
reason for this bond is another open question that could have implications on the
electroweak symmetry breaking mechanism.

There are many models of physics beyond the SM (BSM) that predict a strong
interaction with the top quark that could modify the top coupling or the production
cross-section. Many of these extensions of the SM predict new resonances decaying
mainly in ¢t pair. These new resonances are modeled to have an Higgs type coupling,
dependent on the mass of the fermions, and consequently coupling mainly with
the top quark and decaying with a negligible rate to lighter fermions. Various
models exist that predict scalar or pseudoscalar resonances and also color singlets
or octets. There are also searches for spin-2 resonances, interpreted as Kaluza-
Klein boson, introduced as gravity mediators in models that try to integrate this
interaction in the SM. Many analysis have been performed both from ATLAS and
CMS spanning on mass ranges from 1 to several TeV and also considering various
width for the resonances [57, 58, 59]. The decay products of top deriving from a
resonance with mass larger than 1 TeV tend to be collimated, and consequently,
techniques developed for this particular phase space are necessary to assess limit
on new particles production rate in these boosted regimes. An effect that is not yet
studied in detail in these searches is the effect of the interference between the new
physics signal and the standard model background. The incoming and outgoing

> > 2T

Figure 1.25: Comparison between BSM diagrams where a new resonance is created
and SM diagrams.

particles of ¢t creation are the same in BSM and SM feynman diagrams, as shown
in Figure [1.25] consequently the two processes are expected to interfere and the
total cross-section for ¢t production becomes:

o o |S|* +|B|? — 2Re(S - B), (1.12)

where S and B represent the matrix elements for the signal only and the back-
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Figure 1.26: Difference in percentage between the only signal hypothesis, the signal

plus interference hypothesis and the standard model prediction. In this case the

considered signal is a pseudoscalar resonance with mass equal to 500 GeV [60].

ground only hypothesis, while the remaining term represents the interference. The
interference component could have a constructive or destructive effect on the total
cross-section and the importance of this term depends on the couplings of the model
and the width of the resonance. These effects should be considered when deriving
limit for new resonances, since including or not the interference term could lead
to considerably different excluded regions. An example of the differences between
the production cross-section considering or not the interference term in the pro-
duction of a color singlet, pseudoscalar, resonance with m = 500 GeV is reported
in Figure The difference in percentage with respect to the background only
hypothesis is shown. Depending on the mass of the ¢t system the interference can
increase or decrease the production cross-section. More details on the effect of inter-
ference on the production cross-section for a scalar and pseudoscalar color-singlet
resonance and a color octet resonance are reported in Appendix [A]



Chapter 2

LHC and the ATLAS detector

The European Organization for Nuclear Research (CERN) is largest center for
high energy physics research and is also one of the leading institutions driving the
development of new detector technologies and computing facilities.

CERN was initially established in 1954 and is located astride the Franco-Swiss
border in the Geneva region. At the moment it includes 25 member states and
collaborates with many other nations all around the world. The main target of
CERN is to explore the fundamental structure of nature, focusing mainly on the
development and maintenance of particle accelerators experiments that allow to
investigate a distance scale of 1072° m. The largest accelerator facility actually
located at CERN is the Large Hadron Collider (LHC), and the largest experiment
located on his ring is the multi-purpose detector ATLAS.

2.1 LHC

The LHC is the latest accelerator built at CERN. With the circumference of 27 km
LHC is designed to accelerate colliding proton beams up to a center of mass energy
of \/s =14 TeV with a peak instantaneous luminosity L = 103*cm—2s7!.

LHC first became operational in November 2009, and operated till 2012 with /s =
7 and 8 TeV. After a three years upgrade LHC returned in operation in 2015 with
the 2 protons beam accelerated up to /s = 6.5 TeV each, and a peak luminos-
ity of approximately 1.2 - 10**cm™2s7!. The accelerating system consists of 16
radiofrequency cavities with a maximum electric field of 5.5 MV /m. The two pro-
ton beams are driven, in opposite directions, around the accelerator by a complex
magnet system. The required magnetic field is of =8 T, and is provided by the
1232 electromagnets that, operating in superconducting state (temperature of 1.9
K), endure a circulating current of 11.85 kA. The focusing system consists of 392
superconducting magnets quadrupoles producing a 6.8 T field.

In the data collected in 2015 and used in this theses, the beams were structured

in a maximum of ~2400 bunches of protons separated in time by 25 ns. The

37
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instantaneous luminosity of a collider can be calculated as [61]:

kN?fry
L=F
4 Be

(2.1)

where £ is the number of colliding bunch pairs, N the numbers of particles contained
in each bunch (~ 10" protons), f = 11.25 kHz is the LHC revolution frequency, €
is the normalized emittance (independent from energy), 5 the amplitude function
and + is the relativistic factor. 5*, € and ~ are related to the beam width (o) by
the equation:
o= p"/y (2.2)
The transverse emittance is strictly related to the beam quality, following the
beam preparation phase. A low emittance corresponds to a beam where the parti-
cles are confined to a small distance and have nearly the same momentum, for the
LHC in 2015 was € ~ 3.5um. The amplitude function is a beam optics quantity
and is determined by the accelerator magnet configuration. F in equation is
a factor that account for geometric luminosity reductions due to the presence of
the crossing angle among beams. An illustration of the change in the beam width
in correspondence with the collision point, due to the action of the quadrupoles
magnets, is shown in Figure [2.1
An high luminosity has the advantage to increase the production frequency of
physics events of interest. However, it has the drawback of increasing also the
number of collisions per bunch-crossing, called in-time pile-up. The tracks derived
from secondary vertices make more difficult the identification and reconstruction
of events originating in interesting vertices. A second source of background derives
from the out-of-time pileup, that increases reducing the spacing between different
bunch crossing. This is due to the remnants of previous collisions, that remain in
the detector because of the finite time required from the particles involved in a
collision to develop inside the detector and to the capability of detectors readout.
Before entering in the LHC, the proton beams are accelerated up to 300 GeV by

Relative bearn sizes around IP1 (Atlas) in collision

Figure 2.1: Illustration of the proton beams approaching the collision point inside
the ATLAS detector. The beam width is reduced in proximity of the collision point
to increase the instantaneous luminosity.

a sequence of accelerators: the linear accelerator (Linac2) and three synchrotrons,
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Proton Synchrotron Booster (PSB), Proton Synchrotron (PS) and Super Proton
Synchrotron (SPS). The accelerating chain of LHC is shown in Figure The two

LHC
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Figure 2.2: Illustration of the various accelerators composing the LHC injection
chain. Before entering LHC the beams are accelerated from Linac2, PBS, PS and
SPS. The illustration shows also the points where secondary beams are delivered
to experiments located outside the LHC ring.

protons beams collide in four interaction points around the LHC ring, in each of
this point is located a detector that aims for different physics targets:

e ATLAS (A Toroidal LHC Apparatus) is a multipurpose experiment built
to perform precise measurements of the building blocks of Standard Model
and to discover signature of new physics.

e CMS (Compact Muon Spectrometer) is the second multipurpose ex-
periment and pursues the same physics goals as ATLAS, using different and
complementary technologies.

e LHCD, has a completely different structure with respect to the other experi-
ments and is designed with the main goal to perform accurate measurements
on flavor physics of B mesons to explain the source of CP violation observed
in nature.

e ALICE (A Large Ion Collider Experiment) is dedicated to the study of
quark-gluon plasma. This experiment is designed to reconstruct and analyze
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the collisions produced in LHC in some special runs were ion-ion or proton-ion
beams are used.

2.2 The ATLAS Detector

ATLAS is a general purpose detector , that aims to exploit the full discovery
potential of LHC, perform precise SM measurements and investigate the character-
istics of the recent discovered Higgs boson. With a total length of 42 m, a radius
of 11 m and a weight of 7000 tons ATLAS is the largest LHC experiment, shown
in Figure ATLAS has a cylindrical symmetry and is designed to be totally
hermetic and handle high pile-up and luminosity conditions.

ATLAS uses a right-handed coordinate system with its origin at the nominal

25m

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation tracker

Figure 2.3: Overview of the ATLAS detector.

interaction point (IP) in the centre of the detector and the z-axis along the beam
pipe. The z-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢
being the azimuthal angle around the z-axis. The pseudorapidity (n) is defined in
terms of the polar angle 6 as n = — Intan(0/2).

ATLAS is composed by many sub-detectors, that play different roles in the recon-
struction of the various particles crossing the detector, as shown in Figure[2.4] The
innermost layers compose the inner detector (ID) that serves as tracking system.
It is immersed in a magnetic field of 2T generated from a solenoid, and reaches a
coverage |n| < 2.5. The middle section of ATLAS is filled from the calorimetric
system, that has an |n| coverage up to 4.9. The calorimeters measure the energy of
most of the particles and prevent them to enter in the outermost layer, the muon
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The dashed tracks

]—44 are invisible to
Neutrino the detector

Figure 2.4: Illustration of an ATLAS section showing how each type of particle
interact with a different sub-detector.

spectrometer (MS). The MS has a coverage |n| < 2.7 and is used for the identifica-
tion and reconstructions of muons. In the following sections will be presented the
main features of the ATLAS detector, important to understand the performances
in the reconstruction of the complex final state of the semileptonic decay of the ¢t
system.

2.2.1 The Inner Detector

The inner detector must be able to identify and reconstruct tracks and vertices in
the dense environment of the LHC, where several protons can collide at the same
time. The granularity of the inner detector has to be sufficient to discriminate the
origin of the tracks and measure the bending of the particles, due to the magnetic
field surrounding the ID. The ID is composed by three sub-sections: the silicon
pixel detector, the micro-strip detector (SCT) and a straw-tube tracking detector
(TRT), Figure The detectors with higher granularity (pixels and SCT) are
based on silicon technology and arranged on concentric cylinders around the beam
axis. In the end-cap regions they are located on disks perpendicular to the beam
axis. Figure [63] shows the resolution of the inner detector during 2015 data-
taking on the reconstructed longitudinal (zo) and transverse (dy) impact parameters
of minimum bias tracks, as a function of the track pr. dy is defined as the distance
of closest approach of the track to the measured beam-line and z, as the distance
along the beam-line between where dy is measured and the beam-spot position.

Pixel Detector

The pixel detector [65], is the nearest to the collision point and measures the
particle impact parameters and the decay vertices of short living particles. The
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Figure 2.5: Sketch of the ATLAS inner detector showing all its components, in-
cluding the new insertable B-layer (IBL). The distances to the interaction point

are also shown [63].
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Figure 2.6: Transverse (a) and longitudinal (b) impact parameter resolution mea-
sured in data as a function of pr compared with the expectations from Monte Carlo
simulations. The unfolded line (red) in the plots refers to data deconvoluted from
the dependency on n and pr of its reference point and has been obtained with the
procedure described in . The error on Monte Carlo simulation includes the sta-
tistical uncertainty and the non-closure of unfolded Monte Carlo data with respect
to the true resolution known from simulation. The average number of interactions
per bunch crossing for the used data set was about 0.005 .

pixel detector consists of 3 layers in the barrel and 3 in each end-cap composed
by 1744 pixel modules, containing approximately 80 million pixels. The modules
are the building blocks of the pixel detector and contain both the silicon sensors
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and the front-end electronics. The size of the pixel sensors are determined by a
compromise between physics requirements, that emphasize the R-¢ resolution (<15
pum per point), and constraints on the electronics layout. This leads to pixels that
have a length in R-¢ direction of 50 ym. The z dimension is determined from
the requirement of a resolution of ~ 100 pm and is 400 pm for the larger part of
the pixel sensors. The special pixels in the region between integrated circuits on
a module have larger dimensions. The sensor parameters are strictly related to
the electronics and to the noise threshold applied to consider a signal as coming
from a particle crossing the detector. The charge collected from the sensors and
the signal are represented by the time over threshold (ToT), that is the amount
of time in which a sensor stays over threshold when crossed from a particle. The
charge threshold for the pixel sensors is 3000e.

The modules are mounted on mechanical/cooling support called staves in the
barrel region and disks in the end-cap. During the ATLAS upgrade between Runl
(2009-2012) and Run2 (2015-2018) a fourth innermost layer has been added, to
increase the track and vertex reconstruction performances at the higher luminos-
ity expected during Run2 and to mitigate the impact of radiation damage to the
innermost layer of the pixel detector. The insertable B-layer (IBL) 66l 67] and a
new beam pipe were installed in place of the original beam pipe inside the previous
innermost pixel layer of the ID. The IBL consists of 14 staves instrumented with
planar and 3D silicon pixel sensor technology along 332 mm on each side from the
center of the ATLAS detector. The staves are arranged in turbine-like fashion,
with an overlap in ¢, and are mounted at an average radius of 35.7 mm. A rep-
resentation of the ATLAS Pixel detector is shown in Figure In Figure [2.73] is
represented the ID during Runl, while in Figure is shown the IBL inserted
inside the innermost layer of Runl.

The charge carriers, liberated by the particles passing within the silicon, drift
along the sensor thickness with an angle 6, (Lorentz angle), determined by the re-
lation F x B between the electric and magnetic field. The Lorentz effect produces
a systematic shift between the position of the signal induced on the electrodes and
the position of the track crossing point and needs to be considered during the recon-
struction. Since in the end-cap region the electric field is parallel to the magnetic
one this effect is significant only in the barrel.

The Micro-strip Detector

The second system composing the ID is the SemiConductor Tracker (SCT), that is
designed to contribute to the measurement of the track direction and momentum,
impact parameter and vertex position precision measurements in the intermediate
radial range. The SCT barrel consists of four concentric layers of microstrip silicon
wafers placed at a radius ranging from 30 to 51 cm from the beam axis, with full
coverage in the region |n| = 1.5. Each end-cap region is composed by 9 SCT disks,
covering up to |n| = 2.5. The disks are arranged such that there are always four
levels of sensors crossed from particles trajectories. Each SCT module is made of
two strip layers, each of which consists of two 6.4 cm long sensors with a strip
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430mm

End-cap disk layers

(a)

Figure 2.7: In (a) schematic drawing of the ATLAS Pixel Detector. The detector
comprises three concentric barrel layers and two end-caps with three disks each. In
(b) Schematic drawing of the ATLAS IBL Detector. The single detector modules
are mounted on carbon fibre support structures with incorporated COy cooling
circuits. [68]

pitch of 80 pum rotated of 40 mrad with respect to the other. This means that the
information of couple of strip sensors are combined in a space point. The accuracies
reached from strip sensors are 17 ym in the R-¢ direction and 580 pum along z.

The Straw-tube Tracking Detector

The Transition Radiation Tracker (TRT) is the outermost system of the ID and
combines drift tube chamber tracking capabilities with transition radiation detector
power, that allows also electron/pion discrimination. The building blocks of the
TRT system are composed by polyimide drift (straw) tubes of 4 mm diameter
containing 31 pum diameter tungsten wires plated in gold, which are the anodes
and are directly connected to the front-end electronics. The difference in potential
between cathode and the anode is kept at 1530V.

The gap between the straw and the wire is filled by a gas mixture composed by
70% Xe, 27% CO5 and 3% O,. A charged particle crossing the detector induces
by ionization a low energy signal on the anodes. At the same time, some particles
with high momentum that transit from the gas to the polypropylene fibers cause
the emission of radiations in the X-ray spectrum, absorbed by the Xe present in
the gas mixture. This last process leads to an high energy signal that can be
distinguished from ionization signal by the amplitude.

Particles crossing the TRT straw tubes originate ~ 36 hits per track up to ||
= 2.0, that corresponds to the coverage of this detector. The TRT only provides
R - ¢ information with an intrinsic resolution of 130 um, that is significantly lower
with respect to the pixel and SCT detectors. In the barrel region, the straws are
parallel to the beam axis and 144 cm long. In the end-cap region, the 37 cm long
straws are arranged in wheels positioned, radially with respect to the beam pipe.
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2.2.2 Magnetic System

The transverse momenta of the charged particles crossing the ATLAS detector is
determined by measuring the track bending caused by a magnetic field. The AT-
LAS magnet system , illustrated in Figure is composed by three toroids
and a solenoid superconducting magnets that provide a magnetic field covering a
volume of 12,000 m?.

The solenoid is aligned with the beam axis and provides a constant 2T axial mag-

Figure 2.8: Representation of the ATLAS magnet geometry, showing the solenoid
and the three toroid magnets.

netic field for the inner detector. The layout was carefully optimized to minimize
the amount of material in front of the calorimetric system.

The air-core toroid system provide the magnetic field for the MS, it is composed
by eight Barrel Toroids (BT) 25 m long, with an inner core of 9.4 m and an outer
diameter of 20.1 m, and two End-Cap Toroids (ECT) 5 m long (inner core 1.64
m, outer diameter 10.7 m). The BT provides the particle bending in the region
In| < 1, while in 1.4 < |n| < 2.7 charged tracks are bent by the ECTs. In the range
1 < |n| < 1.4, called transition region, the magnetic field derives by a combination
of BT and ECTs. This magnets configuration provides overall a ~ 3 T field in the
barrel and 6 in the end-cap, mostly orthogonal to the muon trajectories. All coils,
to be superconducting, need to be kept at a temperature of ~4K, and are therefore
inserted in a vacuum system and cryostats for optimum thermal insulation.
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2.2.3 Calorimetric System

The Calorimetric System is designed to trigger and precisely reconstruct all the
neutral and charged particles producing a shower: electrons, photons and hadrons.
Moreover the calorimeters play an important role in the reconstruction of the neu-
trinos as missing transverse energy, since they allow the measurement of the visible
energy in the event in the plane transverse to the beam pipe.

The interaction of a particle with the material of a calorimeter produces a cascade
of particles, called shower. There are two different type of showers, one produced
from primary photons and electrons, called Electromagnetic shower, and the other
deriving from various hadron sources, called Hadronic shower. The two types of
showers are completely different in the composition and the type of interactions
involved, this reflects in a different longitudinal and transverse evolution. Con-
sequently two different technologies are needed to reconstruct with high precision
the two types of showers. To reflect these differences the Calorimetric System is
divided in two different sub-systems, the Hadronic (HC) and Electromagnetic (EC)
calorimeter. The calorimeters are located outside the solenoid, and they occupy
a large volume of the ATLAS detector. This is important to completely contain
the showers, preventing to particles different from the muons to enter in the Muon
Spectrometer (MS). The capability to fully contain the showers is a key aspect
to perform precise measurements of particles’ energy. The calorimeter thickness
needed to reach a certain level of shower containment depends on the material and
the type of its interaction with impacting particles. The radiation length (X,) al-
lows to quantify the necessary calorimeter thickness to build an hermetic detector.
Xy is defined as the average distance of material which must be traversed to re-
duce the energy of an electron to 1/e of the starting value. An analogue quantity
introduced for the Hadronic shower is the nuclear interaction length defined as the
mean length required to reduce the numbers of relativistic charged particles in the
shower by the factor 1/e.

The total thickness of the EC is more than 22 radiation lengths in the barrel and
24 in the end-caps, while the length of the HC is 9.7 interaction lengths (10 in
the end-caps), sufficient to provide good resolution also for high-energy jets. The
coverage of the calorimetric system reaches |n| < 4.9 and its structure is shown in
Figure 2.9

Both the HC and EC are sampling calorimeters, meaning that they are composed
by alternating layers of absorbing and active material. The absorbing material
maximize the interaction with the particles, producing the electromagnetic and
hadronic showers, while the active layer is used to measure the energy of the orig-
inal particle. The advantage of the sampling calorimeters is that they provide an
excellent shower containment with a limited calorimeter thickness, on the other
hand, the precision of this type of detectors is reduced by the amount of energy
lost in the absorbing material. The fraction of energy observed is defined as the
sampling fraction fscamp = Eactive/ (Eactive + Epassive) and quantify the energy loss.
The knowledge of the sampling fraction of a calorimeter allows to rescale the mea-
sured energy to account for the unobserved contribution. The energy resolution of
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Figure 2.9: Sketch of the ATLAS calorimetric system.

a calorimeter may be calculated as:

o(E) a% _ b

=—® =% 2.3
i JE S i b c/ (2.3)
where E is in considered in GeV, a is the sampling term, b the noise term, and
¢ the constant term accounting for local non-uniformities in the response of the
calorimeter.

Electromagnetic Calorimeter

The absorbing part of the EC is made of lead, while the active part is liquid
argon (LAr), chosen for its uniform nature, stability, and radiation-hardness. Tt is
divided in two sections, the first reaching the || =3.2 and with accordion geometry
and a second with a compact design located in the forward region, described in the
following.

The first section is composed by two coaxial wheels in each end-cap and by three
active layers in the barrel. The granularity of each active layer is different, to reflect
the different reconstruction needs. The first layer is divided in strips that allow a
good resolution along 7, necessary to resolve two close-by photons originated from
a 7 decay. The outermost layer collects the energy of the final part of the shower
and therefore a broad granularity is sufficient.

The peculiar accordion geometry of the EC reduces the number of blind regions of
the calorimeter, and provides full ¢ coverage. In the region |n| < 1.8 the calorimeter
is preceded by a pre-sampler that allows to recover the energy lost in the cryostat
and superconductive coils located between the ID and the EC. The transition region
between the barrel and the endcap (1.37<|n|<1.52), called crack region, contains
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a large amount of material necessary to the inner detector services. This is a
source of energy loss that worsen the performance of electron reconstruction in this
area. The particles passing through the calorimeter ionize the LAr and the freed
electrons drift toward the copper electrodes, in approximately 450 ns. Since 450
ns cover a large number of bunch crossing, a shaping procedure is applied to the
signal distributions to create a bipolar pulse signal with a much shorter readout
time. A schematic representation of the EC calorimeter, in the barrel, is shown in
Figure [2.10}
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Figure 2.10: Schematic representation of the EM calorimeter, in the barrel (a) [62]
and detail of the accordion geometry in (b) [70]. In (a) is visible the granularity in
n and ¢ of the cells of each of the three layers.

Hadronic Calorimeter

The central part of the HC is the tile calorimeter (TILECAL), placed directly out-
side the EM calorimeter envelope. Overall it covers a range |n| < 1.7 and it employs
iron as absorber material and plastic scintillating tiles as active component. Pho-
tons are produced in proportion to the amount of energy deposited from particles
crossing the scintillating tiles and the signal is collected by two wavelength-shifting
fibres within each calorimeter cell. The tile calorimeter measures jet energies with
a resolution A(E)/E = 40%/vVE @ 2.5% @& 5/ E%.

The Hadronic End-cap Calorimeter (HEC) is located directly behind the EM
calorimeter end-caps and reach a coverage of |n| = 3.2, overlapping with the forward
calorimeter. The HEC active medium is the liquid argon while the absorbing layers
are made by copper, the detector is structured in two independent wheels for each
end-cap.
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Forward Calorimeters

The forward calorimeter (FCAL) has a coverage of 3.1 < |n| <4.9 and consists of
three modules in each end-cap. The first is optimized for electromagnetic measure-
ments and the other two, using tungsten as absorber, are useful predominantly for
the measurement of the hadronic showers energy. The LAr forward calorimeter is
integrated in the end-cap nearby the beam axis with the front face distant ~ 1.2 m
from the EM calorimeter. This calorimeter has to stand extremely high radiation
levels and consists of copper rods parallel to the beam axis inside an outer tube

filled of liquid Argon.

2.2.4 The Muon Spectrometer

The MS forms the outer part of the ATLAS detector. This is designed to detect
charged particles exiting the calorimeters and to measure their momentum in the
range |n| < 2.7.

A part from the shower that are not completely contained in the HC, the only SM
particles that can reach the MS are the muons, that release only a small fraction
of their energy in the calorimetric system.

For this reason the MS has a central role in the trigger of these particles in the
region |n| < 2.4. The layout of the muon spectrometer is shown in Figure
The MS is integrated with a series of toroid magnets, placed outside the calorimet-
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Figure 2.11: Schematic representation of the muon spectrometer [71], in (a) pro-
jection in the z — y direction while in (b) representation in the z — y plane.

ric system, that allow to bend the particle trajectories and measure their momen-
tum. The magnetic field is designed to be mostly orthogonal to the muon direction,
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minimizing the multiple scattering, that would imply a degradation of resolution.
In the barrel region, tracks are measured in chambers arranged in three cylindrical
layers parallel to the beam axis; in the transition and end-cap regions, the chambers
are installed in planes perpendicular to the beam.

The MS are composed by various sub-detectors.

e The Monitored Drift Tubes (MDTs) are installed on the full n coverage
and provide precise measurements of the track coordinates in the principal
bending direction of the magnetic field. The 1150 modules are organized
into three layers in the barrel and four in the endcap. The maximum time
to collect charge in the MDTs is 700ns, for this reason these detectors are
suitable for precise measurements but too slow to be used as trigger. The
spatial resolution reached by these chambers is 80 um in the bending plane.

e The Cathode Strip Chambers (CSCs) are located in the innermost end-
cap layer in the pseudorapidity range 2.0< |n| <2.7 and consist in multiwire
proportional chambers with cathodes segmented into strips. These have a
smaller maximum collection time to withstand the demanding rate and back-
ground conditions and reach a spatial resolution of 60 pym in the bending
plane.

e The Resistive Plate Chambers (RPCs) and Thin Gap Chambers
(TGCs) are the fast muon detectors, providing a signal within 15-25 ns,
providing the input to the trigger system. The RPCs are used in the barrel re-
gion, while the TGCs in the end-cap regions. The trigger chambers serve three
main purposes: provide bunch-crossing identification, provide well-defined pr
thresholds, and measure the muon coordinate in the direction orthogonal to
that determined by the MDT. The spatial resolution on the track position
(n,¢) reached using these detectors is 5-10 mm.

The overall MS resolution for the measurement of the transverse momentum of a
single muon varies between 3% and 12%, for pr values between 10 GeV and 1000
GeV, but the spectrometer can measure muon momenta with adequate momentum
resolution and excellent charge identification in the range between ~ 3 GeV and ~
3 TeV. The coverage and functions of the sub-detectors in the MS are summarized
in the Table :

2.2.5 The Trigger System

It is impossible to store the huge amount of information contained in all the col-
lisions in the ATLAS detector. The trigger system is designed to perform a fast
reconstruction of some quantities of interest in the event, that are used to decide
if the event should be rejected or stored for the offline analysis.
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Muon Spectrometer Performance

Monitored drift tubes
- Coverage In| < 2.7 (innermost layer:|n| < 2)
- Function Precision tracking

Cathode strip chambers
- Coverage 20 < |n| <27
- Function Precision tracking

Resistive plate chambers
- Coverage In| < 1.05
- Function Triggering, second coordinate

Thin gap chambers
- Coverage 1.05 < |n| < 2.7
- Function Triggering, second coordinate

Table 2.1: Coverage and use of the various components of the MS.

During the Runl the trigger [62] efficiently operated with an instantaneous lumi-
nosity of 8 -10** cm™2s~! and an energy in the center of mass varying from 900
GeV to 8 TeV. However, the increased energy and luminosity of Run2 required
an upgrade of the trigger system to handle the increased event rate. The trigger
system in Run2 is composed by 2 steps, the first is an hardware-based system,
called Level-1 trigger, that has a decision time of 2.5 us. The Level-1 trigger uses
information from the MS and the calorimeter layers with coarser granularity to
define regions of interest (Rol) in the detector and perform an initial selection on
the events, reducing the event rate from ~30 MHz to ~100 kHz.

The Level-1 calorimeter trigger uses information both from the HC and EM to
quickly reconstruct electrons, photons, taus, jets and missing transverse energy,
using simplified techniques with respect to the full offline reconstruction.

The Level-1 muon trigger combine information from TGCs and RPCs to individu-
ate the presence of a muon in the event. The information from the Level-1 trigger
pass directly to the software-based high level trigger (HLT). The complex set of
algorithms of the HLT analyze the information from the Rol and the full event,
applying a reconstruction similar to the offline one in a process time of ~200 ms.
The event rate is reduced by the HLT from ~100 kHz to ~1 kHz, increased by
more than a factor 2 with respect to the accepted rate in Runl (400 Hz).

The trigger used to collect the events analyzed in this thesis are single leptons trig-
gers. The HLT selects electrons using a likelihood-based identification which takes
as input the electromagnetic shower shape and tracking information, with different
working points: loose, medium and tight, with decreasing efficiency but increasing

purity, corresponding to the reconstruction efficiency working point that will be
described in Chapter [l Figure shows the efficiency of the combined Level-1
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and HLT single electron €24 lhmedium L1EM20VH trigger as a function of the
E7 of electron candidates reconstructed offline. This trigger requires an electron
candidate with Ep > 24 GeV satisfying the medium identification and is seeded by
the Level-1 trigger L1 EM20VH, that applies an E7 dependent veto against energy
deposited in the HC behind the electron candidates EM cluster. The non-sharp rise
of the efficiency curve is due to the difference in the reconstruction applied offline
and by the trigger software.

The muons reconstruction is performed at the HLT by combining the ID and
MS tracks. The efficiency of the Level-1 LIMU15 trigger and the combination
of HLT mu20_iloose and HLT mub0 are shown in Figure 2.12b| as a function of
the pr of the offline muon candidates in the barrel region. The L1IMUI15 trigger
requires that a candidate passed the quality requirement of the Level-1 muon trig-
ger system, based on the number of crossed sensors, and a pr threshold of 15 GeV.
The HLT mu20_iloose and HLT mud0 triggers are seeded by the LIMU15 and
L1MUZ20, respectively. The first HLT selects only muon candidates that fulfills iso-
lation requirements and has a pr larger then 20 GeV, while the second one applies
a threshold at 50 GeV.
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Figure 2.12: Efficiency for the triggers used in the analysis for the electrons (a) [72],
as a function of offline electrons Er, and muons (b) [73], as a function of the offline
ply. In (a) the efficiencies are obtained by a sample Z — ee and compared between
data (blue) and simulations (black). In (b) the efficiency, calculated in a Z — ppu is
computed with respect to the offline medium muon candidate, defined in Chapter

2.2.6 Luminosity Detectors

The integrated luminosity correlates the cross-section of a certain process with the
observed number of events, therefore it has a crucial role in all ATLAS measure-
ments.

In ATLAS there are four detector systems used for the luminosity measurement:
LUCID (LUminosity Cherenkov Integrating Detector), BCM (Beam Conditions
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Monitor), FCAL, and TILECAL, a redundancy that allows to mutually cross-check
luminosity measurements and their stability over time.

In 2015 LUCID |74} 75| has been the preferred detector, used to provide the lumi-
nosity measurement.

LUCID is a Cherenkov detector formed by two identical sections, each one com-
posed by 16 aluminum tubes filled with the C;Fjy gas and placed at a distance of
17 m from the interaction point. It is located around the beam pipe and covers a
pseudorapidity range 5.6 < |n| < 6.0. A charged particle passing through the gas
emits photons due to the Cherenkov effect, these are reflected by the tube walls
and collected by photomultipliers (PMTs) situated at the end of each tube. Ad-
ditional Cherenkov photons are produced in the quartz window of the PMT, for a
total of about 100 photoelectrons per incident charged particle. From the number
of tubes with signal above threshold is possible to evaluate the average number
of interactions per bunch crossing and extract the instantaneous luminosity. The
BCM detector [76] is composed by two stations of detectors, each formed by four
modules, and located symmetrically around the interaction point, at z = +184
cm and 7 = 55 mm. The diamond sensors measure the instantaneous rates of
collisions and average number of charged particles in the BCM, providing at the
same time a luminosity measurement and beam monitoring, necessary to prevent
detector damage.
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Chapter 3

Data Sample and Monte Carlo
Simulation

The measurement described in this thesis is performed on data collected from the
ATLAS detector in proton proton collisions. At the same time several simulations
are employed to evaluate the acceptance and efficiency of the detector and to esti-
mate the various processes that could mimic the ¢ final state.

The first step of the simulation is the calculation of the expected cross-section for a
particular process, that can be signal or background. Then the Monte Carlo (MC)
simulation chain proceeds through several steps: the hard scatter simulation, the
decay of unstable particles, the showering, the hadronization and the estimate of
the underlying events.

While the initial theoretical calculation of the cross-section at a certain fixed pertur-
bative order is unequivocally defined, various approaches and different approxima-
tions exist to analytically perform the calculation, generate the particles according
to the evaluated cross-section, simulate the evolution of each particle and combine
the colored partons to form hadrons. These differences reflect in a large number of
Monte Carlo generators. Differences among the generators are used to estimate the
impact of the theoretical uncertainties on the final measurement. In the following
chapter the main steps of the Monte Carlo simulation will be described, together
with the differences among the used generators.

The distributions obtained from the simulations (called truth-level predictions)
represent the expected kinematic distributions for a particular process, without
considering the effect of the limited resolution and acceptance of the experimen-
tal apparatus. To estimate these effects the simulated events are passed through
a detailed simulation of the detector, obtained with GEANT4 |77, |78| [79]. The
outcome event samples are completely analogous to the collision events recorded
with ATLAS detector, and the distributions obtained with these samples after pro-
cessing them with the same analysis chain used for real data, are called reco level
or detector level predictions. The comparison between reco and truth level predic-
tions on the same MC sample allows the calculation of all the identification and
reconstruction efficiencies and appropriate scale factors must be applied when the
MC is not able to perfectly reproduce effects determined on collisions data.

95
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3.1 Data Sample

The measurement of ¢t production differential cross-section is performed on data
collected in 2015 from the ATLAS detector in proton proton collisions at a center
of mass energy /s =13 TeV and a bunch spacing of 25 ns. The average number of
pp collisions for each bunch crossing ranges approximately between 5 and 25, with
an average of 14 interactions. Only data taken under stable beam conditions and
with all the relevant sub-detectors fully operational are considered. The collected
data correspond to an integrated luminosity of 3.2 fb~!. In Figure is shown
the luminosity delivered by LHC (in green), collected by ATLAS (in yellow) and
in blue are reported the classified good quality data.

[
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- [ LHC Delivered
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[ All Good for Physics

Total Delivered: 4.2 fb™
Total Recorded: 3.9 fb™
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Figure 3.1: Cumulative luminosity versus time delivered to ATLAS (green),
recorded by ATLAS (yellow), and certified to be good quality data (blue) dui-
ing stable beams for pp collisions at 13 TeV centre-of-mass energy in 2015 [80].

The recorded luminosity differs from the delivered due to the DAQ (Data Ac-
quisition System) inefficiency, as well as the inefficiency due to the time required
from tracker to reach the optimal working point conditions.

3.2 Monte Carlo Simulation Chain

The expectation value for an observable O in a pp — X collision can be evaluated
solving a complicated integral like:

0 =Y [ "M @p)FOL(Qp)n(p) (3.1)
nQ

where the sum runs on all the n initial partons and quantum numbers Q. In equa-
tion (3.1)) p indicates the momenta of the particles, ¢ the phase space density and
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M the matrix element for the process calculated perturbatively at a fixed order in
QCD (NNLO,NLO,LO).
A technique to solve complicated integrals is to introduce an appropriate proba-
bility function. For example calling f(z) the function to integrate on the multi-
dimensional dominion {2 is possible to re-write the integral including the function
px(z) with the property px(z) > 0 for each = belonging to the dominion © and 0
elsewhere: fa)
. n x
I /Qd xf(x) /Qd mpx(x)px(x) (3.2)
where Q can be really complicated and f(z) can have peaks and divergences. In
equation px(z) is the probability function of the random variable X such as:

P(z? < X0 < 20 4 dz0)) = py(x) (3.3)

Saying Y; a generic random variable and g a function of this variable it is possible
to write this relation between the expectation value (g(Y)) and the probability
function of the random variable Y py (y):

%;Q(Yi) ~(g(Y)) = /py(y)g(y)dy (3.4)

Consequently using relation (3.2)) and (3.4)) is possible to write:
f(X . fla
( ( >>: d"z ()px(x) (3.5)
Q

px(X) px(x)
and numerically estimate the integral (3.2)), extracting N random points X; and
f(X)

evaluating the average =7

The solution of the integral is complicated not only analytically but also
using numerical techniques since it is also to be considered that the matrix element
can be calculated at high order of precision (NNLO,NLO) just for a limited number
of particles, the determination of ¢,, is not trivial, and to find an appropriate px(x)
can be really complicated.

The generation is divided in different steps that allow to simulate the full pro-
cess: hard scattering, showering and hadronization. This splitting procedure, called
factorization, can be applied only if the o,,,x is mainly determined by the hard
partonic scattering and the following showering and hadronization happen at softer
scales with a negligible effect on the evaluated cross-section.

The MC production chain can be visualized in Figure [3.2[ [81]: the hard scatter
simulation represents the first step, where the particles are generated according to
the cross-section calculated for the partonic scattering. Successively the emissions
and evolution of the particles is described in the step called showering; at this stage
the remnants of the initial hadrons that did’t participate to the hard scattering are
included in the simulated event. The final steps are the hadronization, where the
colored partons are merged in color singlet hadrons, and the decay of the un-stable
hadrons.
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Figure 3.2: Different steps of the Monte Carlo event generation chain.

3.2.1 Hard Process: Matrix Element Generators

The simulation starts from the evaluation of a 2 — n inclusive matrix element.
A certain process can be described from three components at NLO order of

perturbation theory:
0—/0+/0—|—/ (3.6)

The born (¢f) and virtual components (¢") contains the diagrams with exactly
n particles in the final state, the latter considers also diagrams at higher order
in perturbation theory, including loops for example. The third component (o)
refers to the contributions of diagrams with a real emission, consequently with n+1
particles in the final state. Since the number of diagrams increases quickly with n,
usually only few emissions are considered.

The matrix element calculators can be divided in tree level or NLO, depending
on the components of equation considered.

e Tree level: allows the computation of tree-level matrix elements with a fixed
number of legs, virtual contributions are not considered.

e NLO: considers all the diagrams contributing to a certain process till a fixed
order in ayg, including also the virtual contributions.

For many observables the LO description, that includes only the o” component,
does not give an accurate description. In Figure for example, the p}. measured
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Figure 3.3: Comparison between data measured from the ATLAS experiment and
predictions performed with Sherpa at NLO or at LO considering at least 0,1 or 2
extra radiations.

by the ATLAS experiment at /s = 8 TeV is compared with predictions obtained
using an NLO generator and various tree-level generators, that differ for the number
of additional radiations. The LO prediction (in orange), is not sufficient to describe
the pk.. The calculation of tf + 25 is obtained merging different predictions: ¢, tt+
at least 1 jet and tt+ at least 2 jets. Since the sample are not exclusive in number
of additional jets the merging of these calculations is not simple and requires par-
ticular techniques to avoid double counting, since the same diagrams are present
in different generations. For example it is possible that a radiation accounted in
the matrix element of the process tf + 27 is also included in evolution of the ¢+
at least 1 jet process. The basic idea of the merging is introducing a suppression
term on the emissions over a certain py threshold after a certain number of hard
emissions. Recalling the previous example, in the ¢+ at least 1 jet calculation the
cutoff is applied after the first hard emission.

The initial momentum of the partons entering in the calculation is assigned fol-
lowing the PDFs (see [1.3.1]), that therefore enter in this step of the Monte Carlo
generation. Depending on which quarks are considered among the partons that
contribute to the cross-section, and are therefore included in the PDF sets, the
generators are divided in four and five flavor scheme (FS). The difference is on the
role played by the b-quark. In the four F'S the b-quark is massive and is excluded
from the sea quarks that can be involved in the hard scattering, while diagrams con-
taining the b-quark as initial parton are included in the five F'S. A clear difference
among the two approaches can be seen in the single top production in ¢-channel,
where the process can happen only at NLO in the four FS, as shown in figure (3.4
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Figure 3.4: Single top production in ¢-channel, in (a) using the four flavor scheme
and in (b) using the five flavor scheme. In the latter case b-quarks are considered
in the sea partons inside the protons.

3.2.2 Parton shower

The aim of this event generation step is to provide a model for QCD radiation,
accounting for high multiplicity states and for higher-order corrections, in partic-
ular in the phase space where the emissions are soft or collinear. This particular
phase space is separated from the one populated by the hard scattering step, to
avoid a double counting on the same diagrams. The separation is performed using
a matching procedure, that is based on the definition of a threshold on a scale
(distance, momentum) of the emissions included by the showering.

The parton shower starts from the external partons (outgoing and incoming) of the
hard-process. The showering incorporates higher order QCD effects allowing the
split of partons into other partons, (branching). In particular the (anti)quarks can
branch in a ¢¢ pair while a gluon in a ¢g or gg, the resultant partons can succes-
sively branch and the result is a shower or cascade of partons.

The showering is a Markov process [82], a random process where the probabilities
of future evolution depend on the most recent values of a certain set of variables.
In the Markov chain employed in the showering the set of variables contains the
Mandelstam variable tE], the momentum fraction and flavor of the emitted partons.
The evolution of the variable ¢ continues until it reaches a cutoff value ty, at this
point the parton can not emit any other particle and is ready for the hadronization
step.

The showering is applied both to the final partons of the hard process (final state
radiation) and in a similar way, to the initial partons of the process (initial state
radiation). In this latter case the evolution is done backward. It starts at a certain
tmaz scale of the hard process and the evolution is driven by the probability that a
parton is unresolved in another parton during a decrease in ¢.

1Saying pi,p» the four momenta of the incoming particles in a scattering and ps, p4 there of
the outgoing ones, ¢ is defined as the Lorentz invariant expression t = (p; — p3)? = (p2 — p4)?.
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An important difference among the various parton shower generators available is
the ordering used in the branching, that can depend on angular variables or be
based on pp.

3.2.3 Underlying Events

The Underlying Events (UE) [83] indicate everything that is present in a hadron-
hadron collision, except for the hard scattering part. The UE receives multiple
contributions, one is from the beam-beam remnants, that are the left-overs of initial
hadrons after the parton hard scattering. Other contributions come from initial and
final state radiation and from multiple parton interactions (MPI) that can happen
among the two initial hadrons.

The UE populate mainly the forward region of the event but it is possible that,
in rare cases, an energetic MPI give a rise to additional jets with high transverse
momentum. The physics of the UE contains both perturbative an not perturbative
QCD and is consequently hard to describe. For this reason in many generators it
is included a tuning of the UE simulation parameters to the data collected in pp
collisions.

3.2.4 Hadronization

The hadronization step starts from partons generated from the showering and un-
derlying events and converts these colored states in color singlet hadrons. This
process is non-perturbative and starts at the scale where the showering ends.
There are different methods that can be used to model this process:

e Cluster hadronization: this method [84] is based on the color pre confine-
ment [85] concept. The quarks and gluons produced in the showering step are
organized in finite mass, color singlet clusters. The mass spectrum of these
clusters is peaked at low masses with a rapid fall, as shown in figure [3.5b
The first stage of this hadronization technique consists in a ¢g branch of all
the remaining gluons after the showering, so the event contains only color
connected quarks and anti quarks. The clusters are formed in the second
step, grouping the partons. The original clusters momentum is given by the
momentum sum of the constituents. Afterwards the clusters with high mass
are split into lower masses clusters. As last step, the low masses clusters are
decayed isotropically into two hadrons, using weights depending on the phase
space. An anisotropic component is included if an heavy quark is present
in the cluster. A graphic representation of this hadronization technique is
reported in Figure [3.5a]

e String hadronization: the string method [86] is based on linear confine-
ment. The basic idea is that in non-perturbative QCD if the quarks of a
color connected qq pair move apart, they are slowed down by the strong in-
teraction and consequently more and more energy is stored in the color string
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Figure 3.5: Schematic representation of the clustering hadronization model (a), and
distribution of the mass spectrum of the primary clusters (b). The graph in (a)
shows how partons after the showering are grouped in massive, singlet color clusters
that decay originating the observable hadrons. In plot (b) the solid, dashed and
dot-dashed lines correspond at different center-of-mass energy of 100 GeV, 1 TeV
and 10 TeV respectively.

connecting them. If the energy is small the pair will form a meson, otherwise
a new ¢q pair is created. The method is graphically represented in Figure|3.6
The (anti)quarks or (anti)color triplets are the end of the strings while glu-
ons are the kinks that bring energy and momentum. Consequently a gluon
is attached to two strings, one related to its color and the other to the anti-
color, and is experiencing a confinement force double than that of a quark.
The production of a ¢¢ pair break the string and a quark can combine with
another to create a color singlet meson. The common implementation of this
technique in generators is the Lund string model |87, 8§].

After the formation, the unstable hadrons are decayed until a set of stable
particles is formed. The modelling of this step can vary among different generators,
that could have a different set of hadrons included in the simulation or a different
definition of decay modes and widths.

3.3 Monte Carlo Generators for Signal and Back-
ground

In this analysis several generators are used to simulate the ¢¢ signal and the various
sources of background:

e POWHEG. The Positive Weight Hardest Emission Generator |89, 90, 91| im-
plements NLO calculations for a large number of processes using pr ordered
emissions. To obtain a full event generation POWHEG needs to be interfaced
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(b)

Figure 3.6: Simple illustration of the string hadronization model, where the gluons
are represented as kink and the quarks and anti-quarks are at the end of the strings.

with a showering generator. This matching could originate an overlap be-
tween the hard emissions and the soft/collinear radiations generated from
the showering. For this reason a matching approach, involving various pa-
rameters, is used to separate the scales of the emissions and avoid the double
counting. The parameter Aqqm,, is one of these, it controls the pr of the first
additional emission and effectively regulates the high-pr radiations and has
been extensively studied in top physics modelling for the ATLAS MC tuning.

e MADGRAPHS aMC@NLO. This generator implements NLO calculations
(MADGRAPH) and the following matching with the showering, in an alter-
native way with respect to POWHEG [92]. In the particular procedure followed
by MC@NTLO is possible that negative weights are assigned to a small fraction

of events.

e PYTHIA. PYTHIA [93] is a multi-purpose generator that can provide hard
scatter simulation for various processes at the LO, or can be interfaced with
the output of POWHEG or MADGRAPHS aMC@NLO to generate the show-
ering, hadronization and decay of the particles. The showering approach used
in PYTHIA follows a pr ordering, while for the hadronization the Lund string
method is used. In the UE simulation MPI events are included. The data
tuning used in ATLAS to simulate UE using PYTHIA is the A2 tune [94].

e HErRwIG. HERWIG [95] is, similarly to PYTHIA, a multi-purpose genera-
tor that can be interfaced with an NLO generator that simulate the hard-
scattering step. The showering follows an angular ordering while the hadroniza-
tion approach is the cluster model.

e SHERPA. The Simulation of High-Energy Reactions of PArticles (SHERPA)
is a steering module that handle all the MC generation steps starting from
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the NLO calculations and proceeding with the matching with the showering,
the showering itself and the hadronization. The different steps are performed
by various programs that are initialized and controlled by SHERPA. The
hadronization is based on the cluster model and implemented as in HERWIG.

3.3.1 Monte Carlo Generators Employed in the Analysis

The generator used to simulate the ¢f signal and the single top produced in Wt—
and s— channel is POWHEG+PYTHIA 6, where the PDF sets CT14 [37] is used for
the matrix element calculation, events where both the W decays hadronically are
not included in the simulation. This simulation is referred to as nominal prediction.
The diagram removal scheme introduced in is used to remove the overlap be-
tween tf and single top processes. For the t—channel simulation POWHEG+PYTHIA
6 with the PDF set CTEQ6L1 PDF [96| is used, the four flavor scheme is employed
in the simulation.

Many alternative generators are used to simulate t¢ signal and evaluate the
effects on the measurement of the differences in various simulation steps:

e MADGRAPHS aMCQ@NLO+HERWIG+H+ and POWHEG+HERWIGH+ are com-
pared to estimate the impact of the matrix element simulation and the match-
ing to the showering.

e POWHEG+PYTHIA 6 and POWHEG+HERWIG++ are compared to estimate
the differences due to showering and hadronization approach

e Two POWHEG+PYTHIA 6 samples with different factorization scale, hadroniza-
tion scales and hgqmp parameter tune are used to estimate the impact of
differences in the tuning of initial and final state radiation model.

The tt samples are normalized to the NNLO prediction o = 832f§? pb, where the
uncertainty include PDF, p,, uy and ag variations [38].

The simulation of W+jets, Z+jets and diboson(WW/ZZ) background is per-
formed using SHERPA, the calculation of NLO for processes with up to 2 partons
at LO for processes up to 4 partons.

The tt + W/Z processes, where tt state is produced in association with elec-
troweak mediators, are simulated using the MADGRAPHS aMC@QNLO generator
at LO, interfaced to PYTHIA.

3.4 Detector Simulation

The detailed study of the detector response and efficiencies requires an accurate
simulation of the apparatus. The ATLAS collaboration developed a detector simu-
lation that, starting from the event generated as described in the previous section,
produces an output equivalent to the data collected from the ATLAS data acquisi-
tion system. Consequently, the same triggers and reconstruction algorithms applied
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to real data can be used on the simulated samples.
An overview of the various steps followed during the detector simulation is reported

in Figure [3.7]]97].
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Figure 3.7: Flow-chart of the ATLAS detector simulation from the MC generators
to the RAW objects, input to reconstruction algorithms. The algorithms employed
are placed in square-cornered boxes, while the data format obtained at each step
are placed in rounded-corner boxes [97].

The samples generated in HepMC [98| format from the Monte Carlo generators
are passed to the ATLAS detector simulation performed by GEANT4 |77, 78, [79].
The ATLAS geometry is loaded from an external database, that contains also all
the information regarding the real detector conditions, as mis-alignment or some
sub-detector parts that are not working at the optimal conditions. The simulation
performs a detailed description of the interactions between the particles and the
various regions of the detector and produces as output the collection of the energy
deposited (hits) in each sensitive portion of the detector. Information on time, total
energy and position of each deposit are recorded in the hit file. The digitization step
takes as input the hit file and emulates the conversion into digital signal operated
by the read-out electronic. The digitization output is a Raw Data Object, that can
be directly passed through the reconstruction algorithms. During the digitization
it is possible to overlay to the events hits collections from pile-up events, that are
generated separately to save CPU time. These collections are overlaid with a rate
optimized to match the real detector conditions. The electronic noise is simulated
during the digitization step.

The reconstruction step creates the particles tracks in the detector, this is done
by reconstructing the particle trajectories starting from digitized hits. The main
problem in reconstruction is to identify the hits belonging to the same trajectory.
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A way to solve this issue is through pattern recognition and the application of
ambiguity treatment techniques, used to identify the particles trajectory in the
inner tracker dense environment.

During the full detector simulation also the truth information are recorded. In
addition a map, that connects the hits in the sensitive regions of the detector to
the truth particle that generated the deposit, is created during the digitization.
The truth information are successively passed to the reconstruction algorithms to
quantify the performances of the reconstruction step.

3.4.1 Fast Chain

The amount of data collected by the ATLAS experiment is constantly increasing
and a luminosity of 100 fb™! is expected to be collected at the end of 2018. In par-
allel, also the size of the simulated sample needs to be increased, otherwise analysis
could be limited in precision from the generated sample statistical uncertainty.

MC Detector
Simulation

MC Reconstruction

Group Production

User Analysis

Figure 3.8: Relative CPU grid usage on all ATLAS sites in 2012.

In the current data taking the ATLAS CPU usage is highly dominated by the
detector simulation, as shown in Figure |3.8] and the increase of the resources for
simulation is not a viable solution. The need for faster, although slightly less ac-
curate, methods to produce simulated samples with a reasonable agreement with
full simulation is therefore evident. Several studies have been performed to has-
ten the detector simulation and find an alternative to an approach fully based on
GEANT4. At the moment two different packages exist to simulate different areas
of the detector:

e Fatras: used to simulate the tracker employing a simplified geometry
and interaction model, hastes the simulation of a factor 100 with respect to
GEANT4.

e FastCaloSim: [100] is a parameterized description of the interaction of the
particles with the calorimeter and allows a gain of a factor 20 in CPU time
with respect to GEANTA4.
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Figure 3.9: In (a) the increase in CPU time with respect to the average number
of pile-up interactions using the default reconstruction approach, based on pattern
recognition, and the truth seeded approach is shown. In (b) an example of the
maximum flexibility of the ISF is given: the use of different simulators in different
regions of the detector for the same event.

However, increasing the speed of the detector simulation is not sufficient. The time
required for digitization and reconstruction is comparable with the fast detector
simulation. Consequently, in order to speed up the full event simulation chain, it
is necessary to develop also a fast digitization and a fast reconstruction. The fast
digitization is obtained with a geometric simulation of the charge deposited in each
sensor, while the fast reconstruction is achieved skipping all the time consuming
pattern recognition techniques in favour of a truth seeded method, that employs
the truth information to assign the hits to the correct track. In Figure is
shown the gain in CPU time achieved with the fast reconstruction as a function of
the number of pile-up interactions per event.

The combination of fast detector simulation, fast digitization and fast reconstruc-
tion is called the fast chain. The fast chain can be combined with the integrated
simulation framework ISF, that allows to split the event in different sections that
can be simulated with different approaches, depending on the position in sub-
detectors or on cones of interest around important particles. A sketch of how an
event could be simulated using the ISF is shown in Figure [3.9b] The first applica-
tion of the fast chain and ISF will be the combination between the full simulation
for the hard scattering part of the event with the fast simulation for the pile-up com-
ponent. This approach allows to avoid an increase in requested CPU time without
lack of precision in the interesting regions of the events and will have a central role
in the high-luminosity LHC project foreseen for 2023, where the expected number
of pile-up events per bunch crossing will be ~200.

Fast Digitization

About 50% of the CPU usage during the digitization step is employed for the in-
ner tracker digitization, hence a faster alternative for the silicon tracker has been
developed. The fast silicon digitization approach is based on the relation of pro-
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portionality between the segment of the track inside the sensor and the charge
collected from it. The algorithm consists in a geometric projection of the track
segment on the readout surface. The entrance and exit point of the particle in the
detector module, evaluated from the detector simulation, are the input to the fast
digitization algorithm. Successively the segment of the track in each crossed sen-
sor is evaluated and the segment is projected on the read-out surface, taking into
account the Lorentz angle shift induced by the magnetic field. The path length is

Figure 3.10: Comparison of the clusters in the pixel detector (a),(b) and in the strip
detector (c),(d) employing the fast digitization (left) and standard digitization and
reconstruction (right).

converted in deposited charge employing the proportionality relation between the
two. At this point the charged deposits in sensors crossed from the same track
are grouped together in a cluster. The output of the algorithm is a collection of
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Figure 3.11: Comparison of the reconstructed track parameters (a) zo, (b) 1 and
track resolution (c) o(¢), (d) o(dy), using tt events. Events reconstructed with
the standard chain are represented in blue while for the red line the fast pixel
digitization is employed, together with full detector simulation and reconstruction.

clusters in each module of the pixel and strip tracker, directly used as seeds for the
reconstruction. The clusters formed using the two techniques are very similar as
visualized in Figure that shows, for the same event, a comparison between the
clusters formed employing fast digitization and standard digitization, for the pixel
detector and the strip detector In the standard simulation
the cluster formation is performed using sophisticated neural network techniques.
The cluster formation performed in the digitization step allows a further gain in
CPU usage. The central position of the clusters and the total energy stored in a
cluster are smeared in order to emulate diffusion and multiple scattering effects.

A comparison on the track reconstruction parameters obtained using the standard
simulation chain and the fast digitization algorithm in each sub-detector separately,
is shown in Figure and [3.12] The ratio plot shows the good agreement be-
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Figure 3.12: Comparison of the reconstructed track parameters (a) 2o, (b) 1 and
track resolution (c¢) o(¢), (d) o(dy), using Z — pp sample. Events reconstructed
with the standard chain are represented in blue while for the red line the fast strip
digitization is employed, together with full detector simulation and reconstruction.

tween the fast digitization and the standard approach on large part of the spectra.
Figure [3.13| shows the comparison on track parameters using fast digitization for
the whole silicon inner tracker and the standard MC production chain. Also in this
case the agreement between the two approaches is good and the largest disagree-
ment is in the tails of the resolution of the impact parameter dy, where differences
up to 10% are visible. A detailed description of the algorithm, the tuning of the
parameters and the applications is given in Appendix [B]
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Figure 3.13: Comparison of the reconstructed track parameters (a) n, (b) pr and
track resolution (¢) o(qo/pr), (d) o(dy) between two simulations differing just for
the digitization used in the silicon tracker: fast digitization (blue) and full digiti-
zation (red). The sample used for the comparison is Z — ppu
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Chapter 4

Object Definition and Event
Selection

The semi-leptonic decay of a ¢t pair leads to a complex final state that contains
charged leptons, neutrinos, light and heavy quarks. After subsequent hadronization
and decay these particles interact in different sections of the ATLAS detector and
are reconstructed using dedicated algorithms. The results of the reconstruction
process are called objects, and different objects are characterized by specific signa-
tures. The definition of each object is highly related to the detector characteristics,
for example the |n| range in which an electron is defined depends on the acceptance
of the detector.

This chapter will provide an overview of the signature of all the objects employed
in the analysis and the event selection applied to individuate ¢t events.

4.1 Physics Objects Definition

The objects are reconstructed starting from the responses of the various sub-
detectors, that are combined to create tracks and jets. Successively each complex
object (muon, electron, ...) is defined by a set of quality criteria and in an appro-
priate kinematic range, depending on the specific characteristics of the detector.
The charged particles interact in the inner tracker, so it’s possible to exploit these
information to reconstruct the momentum and the direction of these particles. The
tracks reconstructed from the ID are also used to find primary and secondary ver-
tices, fundamental to determine the presence of long-lived particles, as hadrons
containing b quarks (b-hadrons).

Electrons, photons and heavier particles loose their energy in the electromagnetic
and in the hadronic calorimeter, in case of energetic hadrons. These additional
information are used to identify the type of particle and measure its energy.

The muons are less interacting than the electrons, photons and hadrons and pass
the calorimeters without losing much energy. These are the only particles that
reach the external spectrometer, that allows their complete reconstruction.
ATLAS complete coverage in azimuthal angle allows to detect the presence of
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weekly interacting particles as missing energy in the momentum imbalance in the
transverse plane, so also the transverse component of the neutrino momenta can
be reconstructed.

4.1.1 Track and Vertices Reconstruction

The ATLAS track reconstruction [101] uses information collected by the inner
tracker.
The reconstruction proceeds through 3 steps:

e clusters are created from the deposits in Pixel and SCT, a schematic repre-
sentation is presented in Figure [{.1a] while TRT raw timing information are
translated into calibrated drift circles.

e a combination of at least 3 space-points information (3D location of the clus-
ters) from pixel layers and SCT layers is used to create track seeds, that are
successively extended in the remaining SCT and pixel layers to form track
candidates, using pattern recognition techniques. These candidates are fit-
ted using a global x? and a Kalman-filter, described in [102]. During these
procedures ambiguities in cluster-to-track association are resolved and out-
lier clusters are removed. Fake tracks are identified and removed, applying
several quality cuts:

— pr > 400 MeV, |n| < 2.5
— Minimum 7 pixels and SCT clusters,

No more than two holesﬂ in the combined pixel and SCT detectors,

— Not more than one hole in the pixel detector,
— |dBE| < 2.0 mm,

— |28t < 3.0 mm

where dFl is the transverse impact parameter calculated with respect to the
measured beam-line position and zP* is the longitudinal difference along the
beam line between the point where dF’ is measured and the primary vertex
and @ is the polar angle of the track. During the last step the drift-circle
information are added to the tracks and the tracks are refitted. In Figure
is shown the average number of reconstructed tracks as a function of the
number of interactions per bunch crossing () in minimum bias events.

e Once the tracks have been reconstructed, a dedicated vertex finder is em-
ployed to find primary and secondary vertices. Only vertices with at least
two associated tracks are retained and among all the vertices reconstructed
in a bunch crossing, the primary vertex is defined as the one with the highest
sum of squared transverse momenta of the associated tracks.

!Defined as an active sensor traversed by the track but containing no hits.
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Figure 4.1: Track reconstruction. In (a) is shown a sketch of the cluster formation
(colored pixel groups), starting from the crossed sensors in the pixel layer. [103].
In (b) is shown the number of reconstructed tracks as a function of the average
number of interactions per bunch crossing (1) for data and minimum bias simula-
tion, applying a looser (black) and a tighter (red) requirement on the track quality.
[104]

4.1.2 Electrons

The electron reconstruction in ATLAS is performed in the pseudo-rapidity region
In| < 2.47, excluding the transition region between the barrel and endcap sections
of the electromagnetic calorimeter 1.37 < |n| < 1.52, the so called crack region. The
reconstruction employs information derived from the electromagnetic calorimeter
and the inner tracker.

The electron candidate clusters (EM calo electrons) are initially seeded from small
group of cells in the electromagnetic calorimeter with global E7 > 2.5 GeV and
successively expanded with clustering algorithms [105].

The tracks are reconstructed using the techniques described in [4.1.1] but allowing
for looser criteria in case of track’s seeds formed by 3 space-points and with pr > 1
GeV that can’t be successively extended in the other pixel and SCT layers. In
this case, if the tracks are matched to an EM calo electron candidate, a pattern
recognition approach, that allows for larger energy loss is employed, to take in
account possible bremsstrahlung. In the end, in addition to the standard track fit,
a Gaussian Sum Filter (GSF) [106] is used, to take into account the effects of a
non-linear bremsstrahlung. The reconstruction procedure is ended by the matching
between the tracks and the EM calo electrons.

The first quality criteria applied to the electron requires the track to be associated
with the primary interaction vertex. This is reached applying two cuts:

e Azysinf < 0.5 mm

o dyog, <5
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Figure 4.2: Efficiency of electron reconstruction and identification evaluated in a
Z — ee sample, as a function of Er (left) and of n (right). The efficiency are shown
for the 3 working points defined using the LH method. The ratio plots show the
comparison between data and MC events [107].

where dj is the transverse impact parameter, o4, the associated uncertainty, 2y is
the longitudinal impact parameter and Az is the distance between the track and
the primary vertex. 6 is the polar angle of the track.

The separation between real electrons and fakes is reached applying an identification
(ID) algorithm that employs a likelihood-based method (LH). This is a multivariate
analysis that evaluate simultaneously several properties of the electron and combine
them in a discriminant, used to separate signal and background (fake tracks) [107]:

Lg

dp = —5
L LS‘I‘LB,

where Lg(p)(x) = HPS(B),Z-(%) (4.1)
i=1

where x represents all the electron properties used in discrimination and Pg( B),i(:vz-)
is the probability density function that an electron with property x; is a real(fake)
electron. The properties included in the likelihood are related to track quality, EM
calorimeter shower shape, track-cluster matching related quantities and information
deriving from the TRT. Three different working points ( Tight, Medium and Loose)
corresponding at different levels of signal acceptance and background rejection are
defined, depending on the cut applied on the discriminant. The electrons used in
the analysis are identified using the T%ght working point.

The comparison between the efficiency of reconstruction and identification in
simulated Z — ee events and data is shown in Figure [4.2| as a function of electron
n and Ep. In the analysis presented in this thesis event by event scale factors,
derived in Z — ee samples, are applied to correct for the difference between data
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Figure 4.3: Comparison between data and MC simulation of E$"02 and pyareoned-2
in a Z — ee events. The MC distribution is normalized to data. The negative tail
in £5"02 i due to the corrections for pile-up and underlying events activity [107].

and MC efficiencies of electron identification and reconstruction.
An isolation requirement is used in addition to the identification criteria to improve
the separation from fake. This is based on the definition of two variables:

o E£m02: gum of the transverse energy of EM clusters within a cone AR = 0.2
around the electron candidate.

o pyarcone0-Z: gum of transverse momenta of all tracks, satisfying specific quality

requirements, within a cone of AR = min(0.2,10 GeV/Er) from the track
of the electron candidate and excluding the electron associated tracks. The
quality requirement for the tracks are: Er > 1 GeV, |Azpsinf| < 3 mm and
a sufficient number of hits (> 7) in the silicon tracker.

The distributions of these two variables are reported in Figure Various cuts
on these two variables correspond to different isolation efficiencies. The isolation
requirement applied in the analysis are depending on electron 1 and py and ensure
an efficiency of 90%(99%) for electrons of 25(60) GeV. To correct for the difference
between isolation efficiency in data and MC events, an event by event scale factor,
calculated in a Z — ee sample, is applied in the analysis.

4.1.3 Muons

The muon reconstruction is performed in ATLAS combining information deriving
from the inner tracker and the muon spectrometer. The reconstruction is performed
independently in the two detectors and the information are combined using four
techniques, corresponding to different definitions of muon. The track reconstruction
in the inner tracker is performed as described in [4.1.1]

In the muon spectrometer the reconstruction starts from the creation of segments
in the MDT chambers. A Hough transformation [108] is used to find the hits
on a trajectory in the bending plane of the detector, while the hits in RPCs and
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TGCs are used to measure the coordinate orthogonal to the bending direction.
The tracks are created merging information from different layers and at least two
matching segment are required to build a track, with the exception of the transition
region between the barrel and endcap, where a single segment can be used. An
overlap removal procedure is applied when multiple tracks share the same segment.
However, in order to allow high efficiency in close-by muons reconstruction, all
tracks with a segment in all the 3 spectrometer layers are kept even if they share
segments in the two innermost layers, the only request is the absence of shared hits
in the outermost layer.

Four definition of muons are derived combining the information of ID, MS and
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Figure 4.4: Comparison of reconstruction (a) and isolation (b) efficiency between
MC and data. In (a) the reconstruction efficiency for Medium muon selection, is
shown as a function of the muon pr in the region 0.1 < |n| < 2.5, obtained using
Z — pp and J/Psi — pp events [109]. In (b) is shown the isolation efficiency in a
Z — pp sample [109].

calorimeter in various ways, differing for the fake discrimination and the 7 coverage:

e Combined muons (CB): The hits detected in ID and MS are combined in
a global fit. The larger part of the muons are reconstructed starting from the
MS track and then extrapolated inward and matched to a track in the inner
detector. These are defined only in the region |n| < 2.5.

e Segment-tagged (ST): A track reconstructed in the ID is identified as muon
if when extrapolated to the MS is associated to at least one segment in the
MDT or CSC chambers.

e Calorimeter tagged (CT): The ID track’s segments are identified as muon
if they are matched to a calorimeter deposit compatible with a minimum
ionizing particle (MIP). This muon definition has the lowest purity but al-
lows to recover acceptance in the regions of the MS that are only partially
instrumented.
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e Extrapolated muons (ME): The muon trajectory is reconstructed only
from MS information. This allows to recover muons in the region (2.5 <
In| < 2.7) not covered from the inner tracker.

After the muon reconstruction, the muon identification is performed to suppress
backgrounds, due mainly to pion and kaon decays. A muon candidate originated
from these decays is usually characterized from the presence of a “kink” in the re-
constructed track, resulting in a poor fit quality and an incompatibility between
the measured pr in the ID and MS. The identification selection on CB muons, used
in the analysis, contains requirements on the ¢/p significance and on the number
of hits in the ID and MS. The ¢/p significance is defined as the absolute value of
the difference between the ratio of the charge and momentum of the muons mea-
sured in the ID and MS, divided by the sum in quadrature of the corresponding
uncertainties [109].

Different working points can be defined depending on the cuts applied on the num-
ber of hits and on ¢/p significance. In the analysis the working point used, called
Medium, is the one that minimizes the systematic uncertainties associated with
muon reconstruction and calibration. The Medium requirements are:
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Figure 4.5: Comparison of the isolation variables E5"02 and py@cone93 hetween
data and a simulated Z — pp sample. The ratio plot shows the data over MC
ratio [109].

e at least 3 hits in at least two MDT layers, except in || < 0.1 where one MDT
layer and no hole are sufficient,

e ¢/p significance less than 7,
e at least one Pixel hit, five SCT hits and less than 3 Pixel or SCT holes,

e in the region of TRT acceptance 0.1 < |n| < 1.9, at least the 10% of the TRT
hits originally assigned to the muon candidate track should be included in
the final global re-fit.
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The comparison between data and MC efficiency in muon reconstruction, using
Medium identification, is shown in Figure 4.4al as a function of the muon pr.
Similarly to the electron case, also for the muon, the isolation requirement is a
powerful tool to discriminate signal from background. The variables used to quan-
tify the isolation are the same used for electron isolation, the only difference being
the radius of the cone in the track based parameter. In the muon case, it is defined
as AR = min(0.3,10 GeV /p.). The distribution of the two isolation variables for
a Z — pup sample is shown in Figure The cuts on E"02 and pyercone03 ap-
plied in the analysis ensure an isolation efficiency equivalent to the electron case, as
shown in Figure [4.4bl To account for the difference in muon isolation, reconstruc-
tion and identification efficiency between data and MC in the analysis are applied
event by event scale factors, derived in Z — pp and J/W — pp samples.

4.1.4 Small-R Jet Reconstruction and Calibration

The jets are collimated showers of hadrons built to collect all the products of the
hadronization of a colored particle.

In ATLAS jets are initially reconstructed using cells in the calorimeter, but the
association to the ID tracks is crucial for the calibration and pile-up suppression.
The starting point for the jets reconstruction is a collection of three dimensional,
massless, positive-energy topological clusters (topo-clusters). These are built from
neighboring calorimeter cells that contain a significant energy above a noise thresh-
old, estimated from pile-up and calorimeter electronic noise simulations. The
calorimeter cells energies are measured at the electromagnetic scale (EM), cor-
responding to the energy deposited by particles interacting electromagnetically.
The topo-clusters form the first collection of proto-jet that are passed to the anti-
kt algorithm [110], used to build the jets. Two distances in the n — ¢ plane are
associated to each proto-jet :

. AR;;)?
pij = mzn(p%,p?ﬁé)% (4.2)
pip = pa (4.3)
ARy = \Jni—m)? + (6 — 6)? (4.4)

where p;; represents the distance between two proto-jets in the collection and p;p
represents the distance from the beam pipe. In equation AR;; is a measure
of the opening angle between two proto-jet in the (n — ¢ plane) and R is the jet
radius parameter used to define the final size of the jet. The following step of the
algorithm is the comparison between p;; and p;p:

o if p;p < p;; the proto-jet 7 is closer to the beam pipe than to any other
proto-jet in the event, it is considered a jet and removed from the proto-jet
list,

o if pip > pi; the proto-jets ¢ and j are combined in a new proto-jet.
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Figure 4.6: Representation of the final jets obtained in the y-¢ plane using the
C/A, kt and anti-kt algorithms, starting from the same proto-jet collection [111].

The procedure is iterated until the collection of jets with a certain R is created. In
ATLAS the parameter chosen to build the jets is 0.4.

The algorithm described allows to define various jet reconstruction strategies, de-
pending on the value of d and consequently on the definition of the distance p.
The anti-k; algorithm sets d = —1. The other options are the Cambridge-Achen
(C/A), where d = 0, and the k; algorithm, where d = 1. All the three algorithms
create an infrared and collinear safe collection of jets, meaning that, if an event is
modified by a collinear split or a soft emission, the reconstructed collection of jets
remains unchanged. Among the three algorithms the anti-k; provides stable and
robust jets, that are defined starting from the hardest proto-jets. In this way the
axes of the final jets are fixed after few iterations and the jets tend to be close to
circular in the y-¢ plane, as shown in Figure 1.6l Here the R = 1.0 jets obtained
with the three algorithms are shown. The disadvantage of the anti-k; algorithm is
that it does not provide information about the substructure of the jets while the
other two algorithms allow access to the clustering history, defined as the ordering
and structure of the pair-wise recombinations built during the creation of the jets.
The jet substructure is useful to discriminate the origin of the hadron shower in
case of large-R jets, as it will be described in the next section.
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Figure 4.7: Calibration sequence used in ATLAS for the EM-scale jets [112].

The reconstructed jets with R = 0.4 are calibrated following the scheme described
in Figure [4.7 The first step consists in a correction on the jet direction to point
toward the primary vertex. The second and third steps aim to reduce the pile-up
contamination of the jets. The jet area-based pile-up correction |113| subtracts the
per-event pile-up contribution to the pr of each jet depending on its area. To define
this quantity, particles of infinitesimal momentum are generated uniformly in a solid
angle and added to the input of the clustering algorithm. The area is then defined
as the fraction of momentum-less particles associated to each jet. The association is
obtained through the ghost matching procedure that is the re-clustering of the jets
including particles characterized by a direction but infinitesimal momentum, these
don’t modify the jet four momentum but result as jet constituents. After the area
subtraction a residual pile-up correction derived from MC is applied to jets. The
fourth step consists in the MC-based calibration of the jets, correcting their energy
and direction to the ones of the matched truth-level jets. The truth-level jets are
obtained by clustering the stable simulated particles (lifetime > 1071° s) before the
interaction with the detector, and these are matched to the reconstructed-level jets
requiring a AR(truth — jet,reco— jet) < 0.3. The following step in the calibration
chain, the Global Sequential Calibration (GSC), aims to reduce the dependence in
jet response from the distribution of the energy within the jet and the jet particle
composition, which depend on the initial parton that originated the jet. A jet
originated from a quark usually includes hadrons with a large fraction of the jet
pr, with respect to gluon-initiated jet that typically contains many softer particles,
leading to a lower calorimeter response and a wider transverse profile. This algo-
rithm employs information deriving from the calorimeter, the MS, and tracks. The
last step of the calibration accounts for the difference in jets response in MC simu-
lations and data, quantified balancing the pr of a jet against other well-measured
reference objects (photons, Z bosons and calibrated jets). These corrections are
applied only on data jets and highly constraint the uncertainties on the jet energy
scale.
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b-tagging

The signature of a semileptonic decay of a ¢t pair contains two jets deriving from a
b-quark. The capability to identify these jets (b-tag) has a fundamental role in the
identification of ¢ events and in their discrimination from the background.

The identification of the presence of a hadron containing a b-quark inside the jet
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Figure 4.8: Variables used to discriminate the jet flavour in b-tagging algorithms
[114]. In (a) is shown the transverse signed impact parameter significance of tracks
in ¢t events associated with b, ¢ and light-flavour jets. In (b) is presented the
invariant mass of the reconstructed secondary vertex for b, ¢ and light-flavour jets
in tt events.

is possible thanks to the long decay time (~ 1 ps [18]) [f] of these hadrons. This
leads to the existence of a secondary vertex that is well separated from the primary
one where the b-hadron was created (1-107'?sx3-10%m/s ~ 0.3 mm) that can be
exploited to b-tag the jets.

In ATLAS three different b-tagging algorithms exist, that employ charged parti-
cle tracks information to define variables used to discriminate between different
jet flavours. The first algorithm uses the significance of the impact parameter of
the tracks matched to the jet, as shown in Figure [4.8a] which represents a very
good discriminant among jets with different flavour. The second is based on the
reconstruction and identification of the secondary vertex and of its properties. The
distributions of the invariant mass of the secondary vertex for jets originated from
different sources is shown in Figure [1.8b] The last algorithm exploits the topologi-
cal structure of b-hadrons and c-hadrons decay inside the jet and try to reconstruct

2The b-quark is by far the lightest quark in the third generation, consequently its weak decay
to lighter quarks occurs only via generation-changing. Since the CKM matrix, that regulates these
decays, is almost diagonal, the off diagonal decays are suppressed and the life time of particles
containing b-quarks are longer than for lighter quarks.
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Figure 4.9: In (a) is shown the output discriminant obtained from the BDT that
combines the 3 b-tagging algorithms for b, ¢ and light-flavour jets [114]. In (b) is
shown the b-tagging efficiency as a function of the jet pr at 60, 70, 77, 85% WP,
obtained applying various cuts on the discriminant [114).

the full decay chain. The variables built from the three algorithms are successively
given as input to a boosted decision tree (BDT) that combines the information in
a discriminant used to separate the different jet flavours. The discriminant distri-
bution is shown in Figure 4.9a

The operating point used in the analysis corresponds to an overall 77% b-tagging
efficiency in tf events. Figure shows the b-tagging efficiency as a function of
the jet pr for the four available working points (WP).

4.1.5 Large-R Jet Reconstruction and Calibration

The high energy and luminosity reached by the LHC collider increases the fre-
quency for the production of heavy objects with high momentum (boosted massive
objects). The decay products of these objects are collimated and can’t be com-
pletely resolved using jets with R = 0.4 (small-R jets). The angular separation of
the decay products of an heavy particle is approximately:
N 2m

pr

AR (4.5)

~

where m and pr refer to the the decaying particle. Consequently, when the pr is
sufficiently high the decay products of the heavy particles can be fully contained
in a jet with radius 1.0. Figure [£.10]shows the AR distributions between the decay
products of the top quark as a function of its py, the fraction of events where AR
is smaller than 1 is significant for pr > 300 GeV.
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Figure 4.10: Distance in the n — ¢ plane between the decay products of the top
quark, as a function of its pr. In (a) is shown the AR between the W and b
quark originated from the decay of the top quarks, while in (b) is presented the
AR between the quarks originated from the decay of the W derived from the top
quark.

The input used for the large-R jet reconstruction are calorimeter topological clus-
ters, as for the small-R jet case, but with applied energy corrections specifically
derived for hadronic case (LCW clusters). Successively the jets are built with the
anti-k; algorithm described in the previous section, but using R=1.0, and calibrated
correcting the energy response to the energy of the truth large-R jet.

A single jet containing all the decay products of a single heavy particle has different
properties with respect to a jet generated from a single gluon or light quark with
the same py. The three body decay of the top quark reflects in an hard substruc-
ture of the large-R jet, that can be identified and used to discriminate signal from
the multi-jet QCD background. The jet substructure is highlighted using the k;
algorithm to re-cluster the anti-k; large- R jets components and then applying tech-
niques to remove the soft radiation contained in the jets, usually called grooming
techniques.

Large-R Jet Trimming

Initial jet piT/p'Tet < feut Trimmed jet

Figure 4.11: Schematic description of the trimming procedure [115].
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The standard grooming technique used in ATLAS and in this thesis is the trim-
ming [116]. The idea underlying the trimming procedure is that the contributions
to large-R jets deriving from pile-up, initial state radiation and underlying events
are much softer than the jets components deriving from the decay of the heavy
particles. The removal of these parts is possible because such radiation sources
usually contribute creating new topological clusters in the calorimeter, instead of
increasing the energy deposited in the clusters of interest, typically much harder in
pr.

The trimming procedure starts with the re-clusterization of the large-R jets com-
ponents using the k; algorithm with radius parameter equal to R,;. Afterward all
the sub-jets i with pr;/prjet < feur are removed, here f.,; indicates a parameter of
the method. The values of Ry, and f., used in the present analysis are 0.2 and
0.05, respectively. An illustration of the procedure is shown in Figure [£.11]
The trimming procedure, as shown in Figure highly reduces the mass of jets
originated from light quarks or gluons (30%-50%) while leaving almost unchanged
the jets derived from boosted objects. Figure shows how the trimming helps
to highlight the substructure of the large-R jet, that is used in top-tagging, de-
scribed in the next section.

The trimming procedure is applied also on truth jets, where the soft components
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Figure 4.12: Effect of the trimming on the on the mass (a) and N-subjettiness of
large-R jets (b) originated from a top quark and in a dijet sample [115].

derive from the underlying event included in the simulation. The trimming applied
on truth jets, shown in Figure [4.13] enhances the top mass peak. In this case the
trimming reduces also the difference between the two generators, mitigating the ef-
fect on the underlying events, simulated with different approaches in SHERPA and
MadGraph+PYTHIA 8.
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Figure 4.13: Truth jet mass distribution, before (a) and after (b) the trimming on
truth jets is applied. In the ratio plots is compared the distribution obtained using
SHERPA and MadGraph+PyTHIA 8. The colored band represents the statistical
uncertainty.

Top Tagging

The differences between a large-R jet originated from a heavy quark or from a light
quark or a gluon can be exploited to define a set of substructure variables, used in
boosted objects tagging:

e m’“: the jet mass is calculated from the energies and momenta of its con-
stituents:
miy = E)? = _p) (4.6)
i i

where F; and p; are the energy and momenta of the i** constituent. In
Figure [£.14] is shown the mass distribution of the large-R jet for the samples
tt and W+jet, where the W boson decays leptonically, as a function of the
large-R jet pr. The peak around the top mass becomes more visible at high
pr where the 3 decay products of the top quark, and their hadronization
shower, are fully contained in the large-R jet.

e N-subjettiness: the N-subjettiness variable is related to the sub-
jet multiplicity. The starting point to define this variable is the usage of the k;
algorithm to re-cluster the k constituents of the large-R jets until N sub-jets
are built. Then the N sub-jets are used to define the axes around which the
AR in equation are defined. The N-subjettiness is defined as:

1 . :
TN = @ Zka xmin(ARig, ARy, ..., ARyy), with  dy = Zka xR (4.7)
- k
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Figure 4.14: Comparison of the large-R jet mass distributions for ¢t and W+jets
samples, in different regions of large-R jet pr. Only events with a single u or e,
Emiss > 20 GeV, EF* + mM > 60 GeV and containing at least one large-R jet
with pr larger than 200 GeV and a small-R jet with pp larger than 25 GeV are
considered. All large-R jets in the events are included, without applying any jet
tagging algorithm.

where R is the radius parameter used to build the initial jet. In order to obtain
an observable independent from the recoil of soft radiation inside the jet,
the sub-jets are reconstructed with a winner-takes-all (WTA) recombination
scheme [119].

The quantity 7y quantifies the goodness of the description of the large-R jet
as formed from N sub-jets, it is small only if all the constituents k are close
to one of the NN axes corresponding to the sub-jets. Various combinations
of 7 are used as discriminant variables to identify jets originating from top
quarks or heavy bosons. In this thesis the tagger used to identify boosted top
quarks employs 732 = 73/79. This quantity is small if a three body hypothesis
describes a large-R jet better than a two body one. The distribution of 735 for
the signal and the W+jets sample is shown in Figure4.15] as a function of the
pr of the large-R jet. The discriminating power of the variable decreases at
high large-R jet pr, because the sub-jets are more collimated and the values
of 7 tend to be similar for N =2 and N = 3.

In the analysis presented in this thesis, the top tagging algorithm used to iden-
tify the hadronically decaying boosted top quarks is based on a combination of
requirements on 735 and m’“*. The cuts applied on these two variables are defined
to obtain a constant 80% selection efficiency on the full p{fet range. The tagger
has been developed using a Z’' — ¢t sample, where both the top quarks decay
hadronically, as signal and considering only reconstructed large-R jets matched to
the corresponding truth jet (AR < 0.75). The signal efficiency is defined as the

ratio between the top-tagged jets and all the reconstructed jets. The background
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Figure 4.15: Comparison of normalized 73 distribution for t¢ signal and W -+jets
background, in different regions of large-R jet pr. The small peak at zero cor-
responds to jets with less than 3 constituents, afterward discarded from the top
tagger. Only events with a single y or e, EF*s > 20 GeV, BN + m)Y > 60 GeV
and containing at least one large-R jet with pr larger than 200 GeV and a small-R
jet with pr larger than 25 GeV are considered. All large-R jets in the events are
included, without applying any jet tagging algorithm.

rejection, instead, is defined as the reciprocal of the fraction of jets from a simulated
QCD di-jet sample, matched to a truth-jet, passing the top-tagging algorithm. Fig-
ure [4.16| shows the signal efficiency and the background rejection of the tagger as a
function of the large-R jet pr for two different working points, where the efficiency
has been fixed to 50% and 80%. The cuts on m/° and 735" vary with the large-R jet
pr between the edges requirements shown in Table [£.1] The top tagger is applied

i
Pt =300 GeV  pit = 1500 GeV | p&" =300 GeV  pi = 1500 GeV
WP 50% > 85 GeV >140 GeV < 0.75 < 0.57
WP 80% | > 70 GeV >135 GeV < 0.85 < 0.7

Table 4.1: Edge requirements on the two variables used in the top tagging proce-
dure.

in the present analysis using the 80% WP.

The signal sample used in this thesis is tf, the cuts applied to select the signal
differs from the ones used to derive the tagger and no matching are applied among
reconstructed and truth jets, therefore a different efficiency of the tagger with re-
spect to the nominal one is expected. The efficiency observed in the analysis is
shown in Figure |4.17]
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Figure 4.16: Efficiency and rejection of the top-tagging algorithm versus jet trans-
verse momentum pr for simulated Z' — ¢t events and for simulated QCD di-jet
production at two different working point 50% (a) and 80% (b) [120].
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Figure 4.17: Tagging efficiency evaluated using tf sample as signal, without any
matching to the truth jets and after a pre-selection that contains requirement on
the presence of a single lepton and missing transverse energy.

4.1.6 Missing Transverse Energy

The conservation of momentum implies that the total momentum of the collisions
products in the plane transverse to the beam pipe should be zero. The ATLAS
detector has a complete coverage in the transverse plane and this allows to indi-
viduate weakly-interacting particles by computing the momentum imbalance of all
the visible transverse momentum, called missing transverse momentum (E7¢),
The measurement of E7** can be affected by the presence of particles not properly
reconstructed or falling outside the acceptance of the detector. For these reasons
the performance of the reconstruction of this quantity is studied in samples that
contain neutrinos as W — [v, where an high component of E}"* is expected, and
in Z — puu, where the expected EM%* from not interacting particles is zero and its
measurement gives an estimate of the detector performance.

The imbalance to determine EX*$ can be written as [121]:

miss __ miss,e MESS, miss,y MisSs,T miss,jets miss,soft
o) = Loy T Euy " T Ey  FEuy By T T gy (4.8)
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where the terms for jets, charged leptons, and photons are the negative vector
sum of the momenta of the respective calibrated objects. The soft term can be
reconstructed using the calorimeter cells that are not associated to hard objects
(Calorimeter Soft Term, CST) or using a track based approach (Track Soft Term,
TST). In this latter case the tracks from the primary vertex, not matched to other
objects or ghost associated to jets are considered. Also a third approach completely
based on the tracks can be used to determine the E75. In this case it is recon-
structed as the negative sum of the momenta of good ID tracks.

The method used to reconstruct the soft term influences the performance of the
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Figure 4.18: Comparison of the performance of TST EZ**  CST EI** and Track
Emiss | quantified by the resolution as a function of Er in tf events [121].

reconstructed EF$% as can be seen in Figure , where the resolution on recon-
structed EN* in a ¢ sample is compared among the three methods. Here the
resolution is presented as a function of > Er, defined as the scalar sum of trans-
verse momenta of the objects used to calculate E;@S)S

In the analysis presented in this thesis the TST method is used to reconstruct the
E?L’LSS'

4.1.7 Overlap Removal

In some cases the object reconstruction, as described in this paragraph, can produce
two different objects from the same energy deposit and lead to an energy double
counting or to a mis-reconstruction of the objects. To avoid these problems an
overlap removal among collections of objects is applied.

If a small-R jet is within a AR < 0.2 from a reconstructed electron it is removed
from the jets collection. Subsequently, to reduce the impact of non-prompt leptons,
electrons in a AR < 0.4 from a jet are removed. If a small-R jet has less than three
tracks and is within a AR < 0.4 from a muon it is removed from the good jet
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collection, then the muons separated by AR < 0.4 from a small-R jet with at least
3 tracks are removed.

4.2 FEvent Selection

The objects defined as described in Section are used to identify ¢f events and re-
construct the tf system. The analysis applies two different not-exclusive selections.
One is optimized to reconstruct the ¢t system in the resolved topology, where the
3 jets deriving from the decay of the hadronic top can be resolved by the detector.
The other is specifically designed to deal with the collimated decay topology of
highly energetic top quarks (boosted topology).

The common requirements applied in both topologies are the presence in the event
of a single lepton (u or €) with pf > 25 GeV, matching the trigger object, and the
presence of a primary vertex with two or more associated tracks.

For the resolved selection, each event must also contain at least four small-R jets
with pr > 25 GeV and || < 2.5 of which at least two must be tagged as b-jets.
The boosted selection requires events with at least one small-R jet close to the
lepton, i.e. with AR(small-R jet, lepton) < 2.0, and at least one large-R jet with
pr > 300 GeV. Only events with a top tagged large-R jet are retained. The large-
R jet must be well separated from the small-R jet associated with the lepton,
AR(large-R jet, small-R jet) > 1.5 and from the lepton itself, A¢(large-R jet,
lepton) > 1.0. This cut, as shown in Figure doesn’t have a large discriminat-
ing power between signal and background, but helps in rejecting fake large-R jets,
seeded by a hard lepton. All the small-R jets that fulfill the angular separation
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Figure 4.19: Normalized kinematic distribution in the boosted topology at the
detector level: (a) A¢(large-R jet, lepton) > 1.0, (b) b-tagged jets multiplicity. The
blue line represent the t¢ signal, while the red line the sum of all the backgrounds.
All events passing all the requirement till the fourth row in Table are included.

requirement with the lepton and the large-R jet are considered associated to the
lepton. In addition, it is required that at least one b-tagged small-R jet fulfills the
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following requirements: it is either inside the large-R jet, AR(large-R jet, b-tagged
jet) < 1.0, or it is associated with the lepton. Since the decay products of the tt
system always include two b quarks, the presence of b-tagged jets is a very good
discriminant to select ¢t events, as shown in Figure However the b-tagging
efficiency decreases at high pr, as shown in Figure 4.9b] and in dense environment
as the large-R jets, therefore in the boosted topology only one b-tag is required,
to avoid a drop in signal efficiency at high py. Finally, in order to suppress the
multijet backgroundﬁ] in the boosted topology the missing transverse momentum
must be larger than 20 GeV and the sum of E7*** and m}! (transverse mass of the
|14 bosonﬁ) must be larger than 60 GeV.

In order to reduce the number of small-R jets originated by pile-up contamination,
an additional requirement on all the small-R jets with pr < 60 GeV and || < 2.4
based on the Jet Vertex Tagger (JVT) [122] is applied in both boosted and resolved
topologies. This quantity is a likelihood discriminant that combines information
deriving from tracking and quantifies the match of a jet to the primary vertex.
The event selection is summarized in Table [£.2]

4.2.1 Kinematic Reconstruction of the ¢t System

In the boosted topology, the highest-pr large-R jet that satisfies the top-tagging
requirements is identified as the hadronic top-quark candidate. The number of
events with 2 top-tagged large-R jets is ~ 10% of the total, as shown in Figure
4.201

In the resolved topology, the pseudo-top algorithm [123| reconstructs the four-
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Figure 4.20: Normalized distribution of the number of top-tagged large-R jets
present in an event.

momenta of the top quarks and their complete decay chain from final-state objects,
namely the charged lepton (electron or muon), missing transverse momentum, and

3Also referred to as non-prompt real-leptons and fake-leptons background, as described in

Section 4.3.2}

ImlV = \/prrE%ﬁss(l — cos Ag(¢, Ex%)), where ¢ stands for the charged lepton.
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Level Detector
Topology Resolved ‘ Boosted
|do|/o(dp) < 5 and |zpsinf| < 0.5 mm
Lentons Track and calorimeter isolation
1 In| < 1.37 or 1.52 < |n| < 2.47 (e), |n| < 2.5 (1)
Er (e), pr (1) > 25 GeV
In| < 2.5
Small-R jets pr > 25 GeV
JVT cut (if pr < 60 GeV and |n| < 2.4)
Num. of small-R jets > 4 jets > 1 jet
Eypiss, mly Episs > 20 GeV, B+ m > 60 GeV
Lentonic Kineméti{c least one small-R jet
eptomie top top-quar ) with AR(¢, small-R jet) < 2.0
reconstruction
The leading-pr trimmed large-R jet has:
Kinematic In| < 2.0, 300 GeV < pr < 1500 GeV, m > 50 GeV,
Hadronic top top-quark Top-tagging at 80% efficiency
reconstruction AR(large-R jet, small-R jet associated with lepton) >
1.5, A¢(¢, large-R jet) > 1.0
At least one of:
1) the leading-pr small-R jet with
b-tagging At least 2 b-tagged jets | AR({, small-R jet) < 2.0 is b-tagged
2) at least one small-R jet with
AR(large-R jet, small-R jet) < 1.0 is b-tagged

Table 4.2: Summary of the requirements for detector-level events, for both the
resolved and boosted event selections. The description of the kinematic top-quark
reconstruction for the resolved topology is in Section Leptonic (hadronic)
top refers to the top quark that decays into a leptonically (hadronically) decaying
W boson.
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four jets, two of which are b-tagged. In events with more than two b-tagged jets,
only the two with the highest transverse momentum are considered as b-jets.

The algorithm starts with the reconstruction of the neutrino four-momentum.
The x and y components of the neutrino momentum are taken directly from the
E7ss while the z component is calculated imposing the W boson mass constraint
on the invariant mass of the charged-lepton and neutrino system. If the resulting
quadratic equation has two real solutions, the one with the smaller value of |p,|
is chosen. If the discriminant is negative, only the real part is considered. The
leptonically decaying W boson is reconstructed from the charged lepton and the
neutrino. The leptonic top quark is reconstructed from the leptonic W and the
b-tagged jet closest in AR to the charged lepton. The hadronic W boson is re-
constructed from the two non-b-tagged jets whose invariant mass is closest to the
mass of the W boson. Finally, the hadronic top quark is reconstructed from the
hadronic W boson and the other b-tagged jet.

4.3 Background Determination

Due to the presence of a prompt lepton and the requirements on b-tagging and top-
tagging, the fraction of non tf events selected in the signal region is small (~ 15%).
However there are various processes that contribute to the background and can be
reconstructed as a tt event: single top, W-jets, Z-+jets, WW or ZW (Diboson)
and ¢tV

The single top produced in t-channel and Wit-channel shares a very similar final
state with the signal, as shown in Figure [4.21] and represents the main background
both in boosted and resolved topology. Also the processes where the W and Z
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Figure 4.21: Feynman diagram of the single top process in t-channel (a) and Wt-
channel (b), that could mimic the ¢t production. The Wt-channel has exactly the
same final state of the ¢ decay while in the ¢-channel is sufficient the presence of
an extra jet to mimic perfectly the tf decay.

bosons are produced in association with jets and decay leptonically have a final
state similar to the semileptonic decay of the ¢t system. These can be reconstructed
as signal if one or more of the additional jets derive from an heavy quark or are mis-
tagged as a b-jets. The W+jets process has an high production cross-section, two
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order of magnitude larger than the ¢t production one, and represents a main source
of background in boosted regime, where only one b-jet is required. Analogously
also the WW and ZZ events, where one of the bosons decay hadronically and the
other leptonically can be reconstructed as signal, if additional jets are radiated in
the process. The ¢tV process can be easily reconstructed as ¢, but its cross-section
is three order of magnitude lower than ¢f production, consequently it represents a
tiny background in both boosted and resolved topologies.

An additional source of background is represented by events with a mis-identified
lepton (multijet background), in this case the estimate is performed using a data
driven technique.

The contributions of the single top, Z-+jets, Diboson, ttV is estimated directly
through Monte Carlo simulations. The W+jets prediction, instead, is corrected
using data driven scale factors.
tt events where both top quarks decay leptonically, that pass the selection, are
considered signal and contribute to ~ 5% of the total yield. Semileptonic ¢t decays
including a 7 are considered signal only if the 7 decays leptonically, the events
where the 7 decays hadronically are accounted for in the multijet background.

4.3.1 W-+jets Data-driven Estimation

The initial estimate of the W+jets background is obtained from the SHERPA MC
samples described in Section [£.2] but additional data-driven weights are estimated
and applied to correct the overall normalization and the flavour composition to
match what is observed in data.

The Charge Asymmetry (CA) method is used to obtain the overall normalization.
This method exploit the difference in production cross-section for W+ and W,
due to the LHC beam composition. The W™ production is due to the interaction
of a u quark with a see quark, while W~ is produced from the interaction of a d
quark. Since in pp collisions the number of valence u quarks is higher with respect
to d quarks, the production of a W is favoured with respect to W ™.

(Upp*}W"’ )

The cross-section ratio is predicted [124] with a better precision than the

(gppﬁ)wi)
single W production cross-section and can be used to extract the normalization.
The equation used is:

1
Npataw = Nw+ + Ny- = M(DJr - D7) (4.9)

rve — 1
where the W charge is determined from the charge of the prompt lepton in the
event. In equation (4.9) D* indicates the data, once subtracted the MC estimate
of the other processes that could give a contribution to charge asymmetry (single

top, ttV and W Z events), while rj/c represents the w estimated from MC
—W—

NData.,‘Z:;)

Nyow *

To increase the Wjet sample the scale factors are obtained applying a looser selec-
tion with respect to the one indicated in Section and no b-tagging requirement
is applied. The normalization is extracted in the region where the W is produced

simulations. The CA weight is then extracted as
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with exactly two jets and then extrapolated to the region with higher jet multiplic-
ity. The normalization weights, obtained applying the CA method, are reported in
Table

Beside the normalization weights, additional scale factors are derived to correct

Channel 2j ex 3j ex 4j incl
e+jets  0.967 £ 0.033 0.824 £ 0.023 0.959 + 0.037
p+jets  1.024 £ 0.020 0.944 4+ 0.016 0.925 + 0.039

Table 4.3: The W+jets scale factors derived via the charge asymmetry method in
separate jet multiplicity bins, including their statistical uncertainties.

the flavour composition of the W+jet sample (HF). These weights are extracted
at the same time of the normalization weights in an iterative procedure and don’t
have effects on the normalization of the sample. These weights, as the normaliza-
tion ones, are extracted in the region where the W is produced with 2 additional
jets and then extrapolated to the region of interest for the analysis.

The weights are extracted by solving the following equation:

CA- (Nz}\)gc,wf + NI}SI)C,W*) CA- NJTIC,W* CA- NJ]'\ZC,Wf Kbb,cc Dyy -
(fob + fec) fe fu . K. = 1.0 (4.10)
CA-(Niow+ + Nijow+) CA-Nyowe CA Ny Ky Dyy+

where Dy + is the b-tagged yields evaluated after all the non-W-tjets events have
been subtracted to data:

Dy« = Dli)ata - Noitherbkg' (411)
In equation (4.10) N;fé’l‘lyﬂ_) represents the b-tagged W-jets yield with charge

+(—) and (c,bb,l) represents the jet flavour, while the factors f; represent the
fraction of W+jets events for a given flavour j € [light, ¢, bb, cc] before the b-tagging

is applied (pre-tag):
Nj,preftag

MCW
fi= Ny (4.12)

The second equation of represents an unitariety constraint. The first and
third equation of represents the adaption of the MC yields to the data yields,
applying the scaling factors. The linear equation system is solved for the vector of
scaling factors (Kpp cc, Kee, K.) in an iterative process, applying the scaling factors
to the pre-tag yields after each iteration and recalculating the charge asymmetry
normalization CA. The iterative procedure can be described in four steps and starts
with K; =1.0:

1. Apply scaling factors K; to MC pre-tag yields used for calculation of CA.

2. Calculate charge asymmetry normalization CA.
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3. Solve the linear system (4.10]).
4. Return to step 1.

The scale factors are applied in the analysis to the events and depend on the jet

multiplicity and the lepton flavour. A set of CA and HF scale factors is extracted for
each detector level systematic uncertainty, using the MC samples shifted for each
systematic source. The effect of the systematic uncertainties enter the procedure as
a change in the MC yields subtracted to the data during the extraction of the scale
factors. More details on the various systematic sources are reported in Chapter [6
The W+jets estimate is derived in a pre-tag region shared between resolved and
boosted and the estimate, being done in bins of jet multiplicity, can be applied to
both topologies.
The agreement reached using the CA and HF scale factors is shown in Figure [4.22
where the data are compared with the predictions in a region dominated by the
W +jet events. This region is obtained removing the b-tagging and top tagging
requirements from the boosted selection, listed in Table The agreement is
below 10% in all the distributions shown, a part for the large-R jet pr tail.
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Figure 4.22: Comparison between data and MC predictions in a phase space region
dominated by the Wjet. The selection applied on the events includes the same
cuts applied for boosted topology in Table a part from the b-tagging and
top-tagging requirements. The number of events is presented as a function of the
large-R jets pr (a), the lepton pr (b) and the EF¥%¢ (c).
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4.3.2 Multijet Background Data-driven Estimation

Events with non-prompt leptons or non-leptonic particles identified as leptons,
may satisfy the analysis selection criteria giving rise to the so called multijet/fake
background. The estimate of this source of background is performed using a data-
driven technique, called Matrix Method [125].

The first step of the estimate is the definition of two levels of lepton selection: tight
and loose. The first corresponds to the lepton selection used in the analysis while
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the loose selection contains less stringent identification and isolation requirements.
The two definitions are summarized in Table

The inclusive data sample (S) is selected by requiring exactly one loose lepton, and
at least one jet. The sample S can be divided in two sub-samples, called T and L,
based on the presence of a tight (T) or a loose (L) lepton in the event, or can be
divided in a subset of events containing a real lepton (R) or just a fake lepton (F):

S=T+L=R+F (4.13)

Background events that enter in the selected data sample are defined by the inter-
section of T and F.
The matrix method is based on the equation:

(o )= (2 2) 00 w18
(nr) & &y np

which relates the expected number of tight and loose events, (ny) and (nr), to
the unknown number of real and fakes events, ng and nr. The coefficient &,
(¢f) is defined as the probability of a real (fake) lepton to pass the tight selection
criteria and it is called the real (fake) efficiency. The coeflicients g; are defined as
g, = 1 —¢;. The real (fake) efficiency is measured in data control regions dominated

by real (fake) leptons events.
In order to estimate the number of fake leptons in the tight selection (e(ny)) the

\ Loose selection Tight selection
Identification: MediumLH Identification: TightLH
Electron . ) .
Isolation: None Isolation: Gradient
Muon Identification: Medium Identification: Medium
Isolation: None Isolation: Gradient

Table 4.4: Summary of differences between loose and tight lepton selection require-
ments.

equation is inverted, with the assumption ¢, # ¢:
nr o\ _ 1 Ef —¢y (nr) (4.15)
np e —ef \ —& & (nr) '

and the estimator of nyr can be constructed:

€

Nrp = €fip = (er(nr +mnp) —nr). (4.16)

Er —E&f
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and evaluated from the observed numbers of tight and loose events.

To account for the dependency of the efficiencies €, and € on kinematic properties
of an event, they are parameterized in the chosen observables and calculated per-
event. In practice, the estimation of the background in a certain bin of a distribution
is obtained summing all loose and tight events ¢ in that bin, weighted by:

£f
Ww; = Epr — 51' 4.17
(e b (417
where d;cr = 1 if the event passes the tight selection and 0 otherwise.
The fake efficiency is measured as the ratio of the number of tight lepton events
to the number of all events in a data control sample, dominated by multijet back-
ground, selected requiring;:

e cxactly one loose or tight lepton,
e at least one jet,
e in the etjets channel: EMs < 30 GeV and m¥ < 50 GeV,

e in the y-+jets channel: muon |d5%| > 5,
where d%ig is the transverse parameter significance defined as dy/cg4,. The residual
event yields from other processes (tt, single top, W+jets, Z+jets) are estimated
with MC simulation and subtracted separately in the numerator and denominator
of the efficiency.
The fake efficiency is parameterized using both one and two dimensional histograms
and the final efficiency is obtained combining several parameterizations:

e electron-channel:

€r = \S/gffD(pKT, Ny) - e32(A¢,nt) - e3P (A, ph). (4.18)

e muon-channel: in this case two different parameterizations are used for the
low and high pr regions,

pr" el = eplop) (4.19)
PR e = [P (AG ) e () (4.20)

Here ¢ represents the lepton, NN, the b-tagged jets multiplicity, A¢ the azimuthal
angle difference between the lepton and the EZ**. The two parameterizations are
combined as ey = (1 — f) - e} + f - e, where f is the Fermi function defined as:

p% —60GeV

f = Fh) = (1 4+ mew ) (421)

The real efficiency is measured with the tag-and-probe method on a Z — (¢ sam-
ple. Events with a pair of same-flavour opposite-sign loose or tight leptons and
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at least one jet are selected, requiring the invariant mass of the dilepton system
to be between 60 and 120 GeV. If one of the two leptons passes the tight lepton
requirements, it is considered a tag and the other lepton is considered a probe. The
denominator of the efficiency is the number of all probes, whereas the numerator
is the number of probes which pass the tight criteria. If both leptons pass the tight
criteria, the pair serves both as a tag-probe and as a probe-tag pair.

The parameterization used for the real efficiency is:

e electron-channel:
e = e (o)) (4:22)

e muon-channel: two different parameterizations are used for the low and
high pr regions,

it el = e (A0) - () (4.23)
plfw:s? = . (ph). (4.24)

The combination of the two parametrization is done in the same way as for the
fakes efficiencies.

4.4 Data MC Comparison at Detector Level

The selections described in applied on data, simulated signal and all background
components, lead to the yields reported in Table The purity of the signal is
high in both resolved and boosted topology, 87% and 84% respectively.

The two selections overlap in the region where the pr of the hadronic top is
larger than 300 GeV. In this region ~ 50 — 30% (depending on pr) of the events
passing the boosted selection are selected also by the resolved one, as shown in
Figure However, on the overlapping events the pseudo-top algorithm does
not provide a good reconstruction of the tf system, as shown in Figure [4.23] Here
only events with parton pé:h“d > 300 GeV are included, and is shown the pseudo-top
reconstruction leads to a large fraction of the reconstructed top not matched with
the parton level top, neither angular nor in pr. In Figure the peak around
AR = 3 is due to cases where the reconstruction algorithm peaks up the leptonic
top, this is possible due to the mis-reconstruction of some objects present in the
event.

Figure shows the distributions of the F2*** and the jet multiplicity in the
resolved selection. The difference between MC and data, shown in the ratio plot,
is covered by the uncertainties.

In Figure the distributions of the p4. and m} in boosted events, and the
mass and 735 of the hadronic top candidate, are shown. The invariant mass of the
reconstructed hadronic top quark has a peak on the W boson mass, indicating that
not all of the top-quark decay products are always contained within the jet. The
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Figure 4.23: Comparison between the truth hadronic top position in the y — ¢

plane (a) and pr (b) with respect to the reconstructed ones, using resolved (red)

and boosted (green) approaches, for events where the ph® is larger than 300 GeV.

Process Expected events
Resolved Boosted
tt 123800 £ 10600 7000 + 1100
Single top 6300 + 800 500 £ 80
Multijets 5700 4+ 3000 300 £+ 80
Wtjets 3600 3000 500 = 200
Z+jets 1300 £ 700 60 £ 40
ttV 400 £ 100 70 £ 10
Diboson 300 £ 200 60 £+ 10
Total prediction 142000 F11090 8300 + 1300
Data 155593 7368

Table 4.5: Event yields after the resolved and boosted selections. The signal model,
denoted ¢t in the table, is generated using POWHEG-+PYTHIAG, normalized to the
theoretical total NNLO cross-section. The uncertainties include the combined sta-
tistical and systematic uncertainties, excluding the systematic uncertainties related
to the modelling of the t¢ system [1].

agreement between the data and MC predictions is covered from the systematic
uncertainties for all the 4 distributions.

In the resolved topology the data tends to overestimate the predictions, while in
the boosted it is the opposite. The reason for this difference is shown in Figure
where the comparison between data and MC predictions is shown
with respect to the pglh“d in the boosted and resolved topology. The ratio pads

show a trend in the data MC agreement, at low pr the predictions underestimate
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Figure 4.24: Fraction of the boosted events that overlaps with the resolved selection
as a function of the large-R jet pr. In blue is represented the fraction of events
that pass only the boosted selection, while in green the fraction that pass both the
selections, with respect to all boosted events. The fraction is evaluated using ¢t
POWHEG+PYTHIAG simulation.
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Figure 4.25: Kinematic distributions in the resolved topology at the detector level:
(a) jet multiplicity, (b) E#*5. The hatched area indicates the combined statistical
and systematic uncertainties in the total prediction, excluding systematic uncer-
tainties related to the modelling of the ¢t system. Events beyond the range of the
horizontal axis are included in the last bin.

the data while in the boosted regime (p%"** > 300 GeV) the number of expected

events exceeds data. Figures and show all the observables that will
be unfolded to extract the differential cross-section measurement in resolved and
boosted regime. In all distributions the difference between MC and data is covered
by the uncertainties.
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Figure 4.26: Kinematic distributions in the boosted topology at the detector level:
(a) m¥¥, (b) p4, (c) large-R jet 732, (d) large-R jet mass. The hatched area indicates
the combined statistical and systematic uncertainties in the total prediction, ex-
cluding systematic uncertainties related to the modelling of the ¢f system. Events
beyond the range of the horizontal axis are included in the last bin [1].
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Figure 4.28: Kinematic distributions in the resolved topology at the detector level:
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Chapter 5

Cross Section Measurement

The cross-section measurement consists of various steps following the event selec-
tion. The first is the combination of the two channels (electron+jets and muon-+jets)
and the subtraction of the estimated background, the second is the definition of the
phase space where the measurement is defined. Afterward the effects of the limited
resolution and acceptance of the detector are evaluated using MC simulation. The
last step consists in the application of these corrections to the observed distribu-
tions (unfolding), to extract the final cross-section. In this chapter all these steps
are described.

5.1 Combination of Analysis Channels

The data is collected in two independent samples, depending on the flavor of the
lepton that triggers the event, and also the MC simulation and background esti-
mation are done depending on the lepton present in the event. Both the data and
MC samples are combined, before the evaluation of the corrections and before the
unfolding procedure is applied.

The combination is performed simply by adding the two channels at the recon-
structed level. This procedure can be followed only if the relative yield in the two
channels is the same in data and in MC, which is the case as shown in Table
and

One advantage of this approach is that it allows to properly account for all the cor-
relations among various sources of uncertainty, since correlated uncertainties will
add linearly while uncorrelated uncertainties, as specific lepton scale factors, will
enter only through the related channel and will be properly added in quadrature
to the other uncertainties.

5.2 Correction Evaluation

Every experimental apparatus is characterized by a specific resolution and accep-
tance that originate differences between the observed and the original kinematic

107
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Process Events Syst Process Events Syst
tt 357791 | £+ 572.19 tt 3168.6 | £ 538.60
W+jets 254.49 | + 181.71 W +jets 222.32 | + 117.89
Z+jets 25.88 | + 18.48 Z+jets 3762 | £ 23.15
Diboson 32.3 + 6.15 Diboson 30.31 + 6.02
Single top 242.1 + 43.32 Single top 205.43 + 38.9
Multijets 251.57 + 82.18 Multijets 21.24 + 25.46
ttV 37.99 + 7.83 ttV 33.63 + 7.58
Total prediction | 4422.24 | + 686.63 Total prediction | 3719.14 | + 634.32
Data 4007 Data 3361

Data/Pred 0.91 Data/Pred 0.9

Table 5.1: Yield in data, signal and estimated background in boosted topology
for electron (left) and muon (right) channels. Last row shows also the agreement
between data/MC ratio in the two channels.

Process Events Syst Process Events Syst
tt 62402.3 | TOI3287 tt 58140.5 | 1203060
W+jets 1796.175 | t1925-155 W +jets 1788.565 | Ti2yail
Z+jets 941.515 | 59309 Z+jets 393.965 | 20023
Singletop 3200 + 418 Singletop 2970 + 379
Diboson 185.848 | 9361 Diboson 162.36 | *51-0245
1V 927745 | T 4y 20047 | T321TT8
Multijet 4199.84 | +223080  Multijet 1494.38 | *770000
TotalPrediction | 72953.134 | T725°-919 TotalPrediction | 65149.843 | T8170-312
Data 81722 Data 73871

Data/Pred 1.12 Data/Pred 1.13

Table 5.2: Yield in data, signal and estimated background in resolved topology
for electron (left) and muon (right) channels. Last row shows also the agreement
between data/MC ratio in the two channels.

properties of the particles. The limited detector resolution reflects in a discrep-
ancy between the reconstructed momentum, energy and position with respect to
the true ones. The limited acceptance cause the loss of some particles that could
cross regions of space not covered from the detector. Also the analysis strategy,
optimized to separate tf events from background, reduces the acceptance of the
analysis, since also real ¢t events with all particles in detector acceptance could fail
the event selection. The measured ¢t yields in each bin of the considered kinematic
variable are corrected for these effects, whose impact is estimated using MC distri-
butions and detector simulation.

The first stage to determine these corrections is the definition of the truth, that
is the stage where the particles have not interacted with the detector yet. The
definition of the ¢ruth is not trivial, because previous to the interaction with the
detector the unstable particles, as the top quark, undergo several processes (radia-
tion, decay, hadronization) and it is necessary to identify at which stage to evaluate
the corrections. As described in section the radiation and hadronization de-
scriptions differ between different MC event generators. Consequently, to reduce
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the dependence on these effects, the truth used in this thesis is defined after all
these processes, when the top quark already decayed and the hadron formation is
concluded. Therefore the truth level is defined using objects (jets, leptons), analo-
gous to the ones reconstructed at the detector level.

Afterward a fiducial phase space is defined on the truth objects, applying a selec-
tion similar to the one presented in section [4.2] to reduce the extrapolation of the
measurement in regions not observed from the detector. This definition of the truth
is called particle level.

5.2.1 Particle Level Objects and Fiducial Phase-space Defi-
nition

Particle level objects are defined using only particles with mean lifetime 7 > 30 ps,
considered stable in the particle level definition.

Only prompt electrons, muons and neutrinos not originate, either directly or through
a 7 decay, from a hadron are used. Since the particle level is defined using only a
tt sample, this ensures that the lepton derives from an electroweak decay, without
any additional requirement on a direct match to a W boson.

The detector has not sufficient resolution to separate the lepton energy from the al-
most collinear photons emissions, consequently this is reproduced at particle level
by adding to the electrons and muons the four-momenta of all photons within
AR = 0.1 from the lepton and not originating from hadron decays (lepton dress-
ing). The dressed leptons, considered in the particle level selection, are then re-
quired to have pr > 25 GeV and |n| < 2.5. Electrons in the calorimeter transition
region (1.37 < |n| < 1.52) are rejected at detector level but accepted in the fiducial
selection. The acceptance correction described in next sections account for this
difference.

Particle level jets are obtained by clustering with the anti-kt algorithm, with radius
parameter R =0.4 (small-R) or R =1.0 (large-R), all stable particles with |n| < 4.5,
except for the prompt leptons, their radiated photons, and the prompt neutrinos.
The small-R jets are required to have pr > 25 GeV and |n| < 2.5. The b-tagging is
performed using hadrons with pr > 5 GeV containing b-quarks, that are associated
to the small-R jets using a ghost-matching technique.

The large-R jets need to satisfy the same momentum and angular requirements of
the detector level hadronic top candidate, 300 < pr < 1500 GeV and |n| < 2. The
top tagging strategy adopted, on the other hand, is different from the detector level
one: the large-R jet is considered top-tagged if m/® > 100 GeV and 73, < 0.75.
The motivations for this choice are detailed in the section [5.2.3

No overlap removal criteria are applied to particle level objects.

The particle level missing transverse energy is calculated from the four-vector sum
of all the prompt neutrinos.

The event selection applied at detector level follows strictly the reconstructed level
selection. Both resolved and boosted selections require the presence of one high pr
lepton. Then, for the two selections:
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e Resolved: Events are required to contain at least 4 jets, with at least two
of them b-tagged.

e Boosted: Events must contain at least one top-tagged large-R jet, at least
one b-tagged small-R jet fulfilling the same AR requirements, described in
section In addition, the missing transverse momentum must be larger
than 20 GeV and the sum EF** + m}¥ > 60 GeV. Events where both top
quarks decay leptonically, passing the described selection, are considered sig-
nal.

5.2.2 Unfolding Corrections

There are 3 corrections that are evaluated from MC and applied in the unfolding
procedure to extract the differential cross-section:

e Acceptance correction: This quantity corrects for the events that are gen-
erated outside the fiducial particle level phase space but pass the detector
level requirements. It is defined, for each kinematic distribution and for each

bin i, as:
i
i " 'reco&particle
acc NZ (51)
reco
where NJ,.o¢partice ar€ the events passing both the reconstructed and particle

level selections in the bin 7, while N’ is the number of events passing the

reconstructed selection. In Figure the acceptance distributions for the
events selected in the boosted topology are shown, as a function of the ptT’h“d
and |y, In Figure the acceptance of the events in the resolved topology

: t,h [t P
as a function of: p"** |ythed| m! pil and |y"| are shown.

Both in the resolved and the boosted topology the shape of acceptance is
approximately flat over the full spectra. The only exception is the acceptance
with respect to the ptT’had in the boosted regime, that decreases at low pr, due
to the difference between the particle level and detector level top tagging

definition, as shown in the next section.

e Migration matrices: These corrections map the bin-by-bin migrations be-
tween each generated particle level ¢f distribution and the detector level one.
The probability for particle level events to remain in the same bin is therefore
represented by the elements on the diagonal, while the off-diagonal elements
describe the fraction of events that migrate in other bins.

The migration matrices in the boosted and the resolved topologies are shown
in Figure [5.3] and [5.4] respectively. The matrices are quite diagonal and the
migrations are low, with more than the 50% of the events always contained
in the diagonal for each bin of each distribution. This behavior is due to the
binning employed in the analysis that is optimized to reduce the off-diagonal
elements, taking into account the resolution of each variable, while main-
taining a sufficient statistic in each bin and have stability in the systematic
uncertainty propagation through the unfolding machinery.
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Figure 5.1: Acceptance in boosted regime as a function of pb"* and |y""| [1].

e Efficiency Correction: this correction quantifies the number of events that

pass the particle level selection but are not reconstructed at detector level
and is defined as: '

o N'rz'eco&particle 5.9
i E— (5.2)

particle

Z' . .
where N[, .o¢particie TEPTESEN events passing both the particle and reconstruc-

tion selection and N7, are the events passing the particle level selection.
The efficiencies in the resolved and boosted selections, for all the unfolded
variables are shown in Figure and [5.6]

In the resolved topology the efficiencies with respect to all variables show
a flat distribution, a part from the ptT’h“d, where a decrease at high pr is
observed. This is due to the increasing fraction of events where jets are
merged or close and are better reconstructed by the boosted analysis. Also
the boosted analysis shows a reduction of the efficiency at high pr, due to low
b-tagging performance in this region or to the too stringent requirements on
lepton isolation at high pr, since the leptonically decaying top quarks could
be boosted and the leptons can be produced close to the jets. These events
are discarded by the overlap removal at detector level but accepted at particle

level and this reflects in a reduction of the efficiency.

In the resolved topology, in order to separate resolution and combinatorial effects
leading to events migrating from a particle to various detector level bins, distribu-
tions are corrected so that detector and particle level objects forming the pseudo-top
quarks are angularly well matched, leading to a better correspondence between the
particle and detector levels. This reflects in an additional correction, applied only
in the resolved case, the matching correction. The matching is performed using
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geometrical criteria, based on the distance AR. FEach lepton is matched to the
closest detector level one within AR < 0.02. Particle level jets forming the pseudo-
top quark candidates at the particle level are then required to be geometrically
matched to the corresponding jets at the detector level within AR < 0.35. An
example of the matching correction is shown in Figure [5.7] as a function of the
hadronic top py"** and |y,

The evaluation of the corrections provides an additional confirmation to the strat-
egy adopted to combine the electron and muon channels. The efficiencies evaluated
are indeed compatible between the two channels, as shown in Figure for the
boosted and resolved regimes for the case of the pt had,
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5.2.3 Particle Level Top Tagging

Several top tagging definitions at the particle level are compared, with the aim to
keep a simple definition of the particle level phase space as well as maintaining a
good correspondence between detector and particle levels. At the same time the top
tagging is studied to keep low the number of tagged large-R jets in each event but
keeping the top quark selection efficiency high. The additional tagged jets derive
from the mis-tagging of jets deriving from W bosons or from extra radiations,
present in tf events.

The following top tagging definitions are compared:

1. the same pp-dependent cuts on mass and 739, as at the detector level;

2. no cuts at the particle level on the mass of the large-R (m”) jet, nor the
subjettiness ratio (732);

3. fixed cuts of m’ > 85GeV and 73, < 0.75;
4. fixed cuts of m”? > 100 GeV and 73, < 0.75;
5. fixed cuts of m’ > 135 GeV and 73, < 0.70.

The same definition used at the detector level is shown for comparison but is not
applied in the particle level requirements. This definition is pp-dependent in order
to maximize the background rejection, and is strongly motivated by the the actual
detector performances, which is to be avoided when defining an ideally detector-
independent particle level phase space.

The comparison of the acceptances obtained using different top tagging approaches,
as a function of the pglhad, are shown in Figure , while the efficiencies comparison

is shown in Figure [5.9b
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The use of different particle level top tagging techniques shows an high impact
on the acceptance correction while the efficiency correction is similar for all the
compared tagger. The absence of specific particle level top tagging requirements
results in a really high acceptance, but at the same time the number of events where
2 jets are top tagged is sensibly larger with to all other strategies investigated,
as shown in Figure |5.10, and this could reflect in the mis-identification of the
particle level hadronic top. This mis-match between the particle and detector level
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Figure 5.10: Comparison on the number of particle level top-tagged large-R jets
with pr > 300 GeV and || < 2. Various top-tagging approaches are compared.

is reflected in an increase of the migrations, observed in Figure[5.11a]l All the other
top-tagging definitions, a part from the detector level one, produce a shape on the
acceptance that decreases at low pr. In particular the fifth top tagging strategy
leads to a very low acceptance, with just the 30% of the events accepted in the first
bin. The performances of the third and fourth tagger investigated are similar, but
the one with the cut on m” > 100 GeéV is chosen in order to remove large-R jets
originating from hadronically decaying boosted W bosons.

An additional check on the various particle level top tagging approaches consists
in the comparison of the migration matrices, shown in Figure In this case the
third, fourth and fifth tagger investigated lead to similar performances.

Finally, a detailed comparison between the systematic uncertainties obtained on
the unfolded distributions at particle level has been performed between the chosen
approach and the one with the pr dependent tagger, but no significant impact is
visible on the total uncertainty.
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Figure 5.11: Migration matrices obtained applying different particle level tagging
strategies: (a) no top-tagging requirement at particle level, (b) m’ > 85 GeV and
T35 < 0.75, (¢) m? > 100 GeV and 735 < 0.75 and (d) m”’ > 135GeV and 73, < 0.70.

5.3 The Unfolding Procedure

The limited resolution and acceptance of an experimental apparatus leads to a
smearing of the true kinematic variable x in the measured quantity y. This relation
can be represented by the Fredholm integral [126]:

o(y) = / Ay, 2)f(x)da (5.3)

where g(y) represents the measured distribution, f(z) the true one and A(y, z)
contains all the detector effects. The unfolding consist in the evaluation of f(x)
knowing ¢(y) and A(y, x).

In the analysis discussed in this thesis the distributions f(x) and g(y) are discrete
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so equation (5.3) should be re-written as:
g9 =Y Ajili (5.4)

where 7 and ¢ represents the various bins of the distribution at detector and parti-
cle level, respectively, and A;; is the migration matrix. This equation implies that
many bins 7 of the distribution f could contribute to the bin g;, if the matrix A is
not diagonal. The diagonal elements of A, with this convention, represent the the
bin by bin reconstruction efficiency, i.e. the number on events generated in the bin
1 are reconstructed in the bin j = 1.

The central problem of the unfolding is the inversion of the matrix A. The inver-
sion of a finite system of equations rarely admits an exact solution, and several
methods that calculate approximate solutions have been developed. Many of these
techniques employ some regularization conditions, based on a prior: information,
that allows the suppression of spurious fluctuations. These information usually
consist in the theoretical predictions of the measured distributions. The presence
of regularization implies the possibility to bias the results, consequently before ap-
plying the unfolding procedure is necessary to perform tests on the stability of the
method and monitor the presence of a bias on the final result.

5.3.1 Unfolding Techniques

The unfolding technique employed in this thesis is called Bayesian Unfolding and it
is based on a generalization of the Bayes theorem described in [127], as implemented
in the RooUnfold [128] framework.

The Bayes theorem is written as:

P(E;|C;)P(C;)
=1 P(E;|C) P(Cy)

where the probability of the cause Cj is related to the observed effect £; through the
conditioned probability to get F; given the cause C;, multiplied by the probability
of C; and the sum over the number of possible causes nc. If n(E;) events are
observed from the experiment, the expected number of events assignable to each
cause is:

P(CIE)) = (5.5)

1 &

n(C;) = o ZH(EJ)P(@\EJ’) (5.6)

where ¢; is the efficiency related to the cause i and ng is the number of possible
effects. The same equation can be re-written, using (5.5)), as:

ng

n(Cy) = ZH(EJ)MM (5.7)

where

P(E;|Ci) (i)
D205 P(ECH][D 20, P(E;IC) Po(Ch)]

M;; = (5.8)
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The P(E;|C;) terms are estimated from the MC, and represent the elements of the
migration matrix, introduced in the previous section, while the Py(C;) consists in
the initial predictions of the expected number of events in each bin 7 of the particle
level distribution. After the result of the first unfolding iteration has been obtained,
using equation (5.7), the total number of true events can be re-evaluated as:

Ne

Niree =3 " (C;) (5.9)

i=1
and the initial C; probability can be redefined as:

P(C)) = P(CiJn(E)) = ) (5.10)

true

If the initial distribution Py(C') used a priori is not consistent with the observation
then Py(C) and P(C;) will differ and the procedure can be repeated iteratively
replacing the Py(C) with P(C;).

The Bayes method, related uncertainty, and correlations will be compared in Sec-
tion with the Thickonov Singular Value Decomposition (SVD) method, used
in the measurement of the ¢t differential cross-section in boosted regime at 8 TeV
[49]. The SVD method [129] is based on the decomposition of the A migration
matrix in three matrices:

A=USVT (5.11)

where the three matrices have the following properties:

Ut = Uvut =1 (5.12)
Vv = vvi=1 (5.13)

This decomposition makes the inversion of the migration matrix A easier, since
only the diagonal matrix S must be inverted:

(A t=WwsvhHt=WwvhH (S U)t=vstuT. (5.15)

Using this method the statistical fluctuations in the calculation can be suppressed
introducing a regularization term, based on some a priori knowledge about the
solution. The regularization is technically achieved adding a stabilization term
that tends to minimize the curvature of x distribution, assuming that the distri-
bution should be smooth and with small bin-by-bin variations. The amount of
regularization depends on the value of the parameter of the method, which must
be determined in each specific case that employs SVD technique. More details on
the method and on the determination of the regularization parameter can be found
in [129).
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5.3.2 Unfolding Tests

The unfolding technique employed in this theses is the iterative Bayesian method
with four iterations. The reliability and stability of the chosen unfolding technique
have been tested to verify the absence of bias on the measurement and investigate
the need of additional uncertainties accounting for this.

Closure Test

The first check is a simple closure test, that aims to show that the unfolding tech-
nique can completely recover the particle level spectrum from the predicted recon-
structed spectra, when the corrections are extracted from the same sample. For
this study the MC sample is randomly divided in two sub-samples of equal size
(halfy, half;). One sample is then used as pseudo-data, while the other is used to
evaluate the unfolding migration matrix. The pseudo-data sample is then unfolded
using the other independent sub-sample, without applying efficiency or acceptance
corrections. The obtained unfolded pseudo-data are then compared with the cor-
responding particle level sub-sample, and the two distributions are found to agree
within the statistical uncertainty, as shown in Figure [5.12]

Due to the result of the test no non-closure uncertainties are assigned to the mea-
sured differential cross-section.
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Figure 5.12: Closure test of the unfolding procedure, the pseudo-data distribution
t,had

of m" in the resolved topology (a) and of p%"** in the boosted topology (b) are
unfolded using the migration matrix obtained with an independent MC sample and
compared with the particle level distribution corresponding to the pseudo-data.
The orange band represents the halfy statistical uncertainty.
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Stress Test

The corrections employed in the unfolding procedure are obtained from MC distri-
butions and moreover the regularized unfolding employs the truth distribution to
stabilize the unfolding result. Consequently, is necessary to verify if this procedure
introduces a bias on the measured cross-section.

This test is done by re-weighting the MC, both at reconstructed and particle level,
in order to change the shapes of the distributions, and use these varied distributions
as pseudo-data. The re-weighted sample is then unfolded with the migration ma-
trix obtained with the original prediction (un-weighted), and the unfolding result
is compared with the re-weighted particle level. Non-closure would indicate that
the unfolding introduces a bias towards the particle level spectrum used to derive
the corrections.

Different re-weighting strategies, based on the kinematic of the truth ¢ and ¢ quarks,
have been used for the different spectra:

e Gaussian re-weighting as a function of the rapidity of the tf system are applied
on tt and hadronic top rapidity spectra, in boosted and resolved topology.
The re-weighting function has been chosen as:

S
=

Q
%

flyg) =1—k-e”
where k = 0.4 and o = 0.3.

(5.16)

e On the hadronic ptT’had is applied a combined linear re-weighting, function of
the pr of both hadronic and leptonic top quarks, defined as:

thad t,l 1 ptf’”d + p?’kp

2Py =1 — 5.17

[ o7 ™) 750 9 ( )

e A bump has been added in the ¢ mass spectrum. This has been parameterized
as:

AQ(m T

tt)
flmg) =1+k-e o2 (5.18)
where k=2, A(my;) = myz — 800 GeV and o = 100 GeV.

e A linear re-weighting, function of the pr of the tf system, is applied on the
ptTt_. In this case the weight is evaluated as:
_ 1 _
flpr) = 1+ o5 - 7 (5.19)
Some examples of the result of the stress tests are shown in Figure [5.13] for the
boosted topology, and for the resolved one, all the other distributions are
presented in Appendix

The unfolding procedure exhibits a good recovery of the re-weighted particle
level spectrum when the re-weighted detector level spectrum is unfolded using
un-weighted corrections. The differences are contained in the MC statistic band,
consequently no additional systematic uncertainty related to the unfolding bias is

added to the final measurement.
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Figure 5.13: Stress test results in boosted topology. In a(b) is shown the cross-
section as a function of p5"**(|y"%4|), the green line represents events re-weighted
using f(p"*?, p'")(f (y:7)) and unfolded employing the original migration matrix,
while the red line represents the original distribution. The ratio plot shows the
ratio with the re-weighted truth and the orange band represents the statistical
uncertainty.
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Figure 5.14: Stress test results in resolved topology. In a(b,c) is shown the cross-
section as a function of pf(|y*|,m'), the green line represents events re-weighted
using f(p%)(f (i), f(myz)) and unfolded employing the original migration matrix,
while the red line represents the original distribution. The ratio plot shows the
ratio with the re-weighted truth and the orange band represents the statistical
uncertainty.

Pull Test

An additional test, called Pull, is performed as additional check on the presence of
bias introduced by the unfolding and to verify the correct estimate of the statistical
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uncertainty, described in the next chapter.

One thousand pseudo-experiments are built starting from the sum of MC back-
ground and signal predictions, varying the original distribution following the sta-
tistical uncertainty. The variation is performed extracting, in each bin ¢ of the
distributions, 1000 random numbers from a Poisson distribution with mean equals
to the number of events expected in that bin. Each replica of the distribution is
then passed through the full unfolding procedure and the pull for each pseudo-
experiment j, in each bin 7, is evaluated as:

p =~ (5.20)

where s! is the unfolded cross-section in bin ¢ for the pseudo-experiment j, §; and

0; are the cross-section and the statistical uncertainty estimated in the bin .
The resulting pull distributions for some bins of pff’had are shown in Figure for
the boosted topology. The distributions are fitted to a Gaussian in each bin, and
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Figure 5.15: Pull distribution in the first two (top) and last two (bottom) bins of

P4 in the boosted topology.

the obtained means and widths are summarized in Figure |5.16
The means are consistent with zero, while the widths with one, indicating no bias
in the measurement and the correct assessment of the statistical uncertainties. The
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test has been repeated for all the distributions in boosted and resolved topologies
and similar conclusions have been drawn.
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Figure 5.16: Fitted pull widths and means for the ptT’had distribution in boosted
topology. The uncertainties on the fit parameters resulting from the 1000 pseudo-
experiments are shown on the dots.

5.3.3 Test on the Number of Iterations

The number of iterations used in the Bayes method is four, both for boosted and
resolved analysis. In the previous sections this unfolding technique has been shown
to be unbiased but further checks can be done to verify the effects of changing
the number of iterations and that the used number is reasonable. It is expected
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Figure 5.17: x? between the unfolded result and the prior of the i'* iteration of
the Bayesian unfolding technique, as a function of the number of iterations. The
spectra considered are the p"*? (a) and the [y*"*¢| (b) in the boosted topology

that increasing the number of iterations the x? between the unfolded result of
the ' iteration and the prior of the same iteration would decrease, and this is
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observed both in the boosted and resolved topologies, as shown in Figure [5.17
and An increased number of iterations implies a reduced regularization and
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Figure 5.18: x? between the unfolded result and the prior of the 7" iteration of
the Bayesian unfolding technique, as a function of the number of iterations. The
spectra considered are pi"? (a), [y*"| (b), m'* (c), pit (d) and [y*| (e) in the
resolved topology

a corresponding increase in the statistical uncertainty. An example is shown in

Figure where the dependency of the statistical uncertainty from the number

of iterations is represented for two bins of the pglhad in boosted topology.
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Figure 5.19: Dependency of the statistical uncertainty from the number of iterations

in Bayesian unfolding in the third (a) and last (b) bins of the p%"*? distribution in

the boosted topology.
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5.4 Cross Section Extraction

The extraction of the cross-section from the reconstructed spectra, applying the
corrections and the unfolding procedure can be summarized as:

dO’fid 1 1 _ : . . .
dXx? - L-AX? ’ E_ ’ Z Mijl ) r]natch ’ fc{cc ’ (Ngeco - lekg)? (521)
B
dafid

where —+ represents the measured cross-section, as a function of the kinematic
variable X in the bin of the particle level distribution ¢. In}5.21| the fgcc(eff,match
represents the acceptance (efficiency, matching) correction presented in section
ff,'mtch is applied only in the resolved case. As a first step, the expected background
(Npig) estimated as described in Chapter |4} is subtracted from the selected data
sample (Nyeo). Afterward, the unfolding (M,;;' in the equation) corrects only for
the migration effects, because the acceptance and efficiency corrections are fac-
torized out from the matrix and applied to the distribution before and after the
Bayesian procedure has been applied.

The last step consists in the division by the total integrated luminosity (L) and

bin-width (AX").
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Chapter 6

Systematic Uncertainties

The measurement of the differential cross-section is affected by uncertainties deriv-
ing from multiple sources: object reconstruction and calibration, ¢t signal modelling
and background estimation.

The impact of each uncertainty is estimated using alternative simulations of the
signal or varying the detector level predictions of the signal and backgrounds by
one standard deviation for each source of systematic uncertainty, which need to be
propagated through the unfolding procedure.

In this chapter all the components contributing to the total uncertainty affecting
the measurement and the method employed to propagate them will be presented.

6.1 Detector-level Uncertainties

The impact of the reconstruction level systematic uncertainties is determined by
varying the detector level predictions of signal and background, to account for all
the uncertainties related to the objects calibration and reconstruction. The varied
total predictions, sum of all signal and backgrounds, are used to extract distribu-
tions of the differential cross-section for each uncertainty component. The varied
cross-sections are evaluated using equation , where nominal background and
corrections are used. Each unfolded distribution is compared with the nominal
particle level signal and the relative difference is considered as the uncertainty
associated to the cross-section measurement.

Small-R Jet Uncertainties

The uncertainty on the energy scale of the jets (JES) [130] 131, |132] is formed by
many components that account for each step of the jet calibration described in[4.1.4]
The majority of the components derive from the assumptions made on event topol-
ogy, MC simulation and sample statistic in the in situ calibrations. Other compo-
nents account for the potential MC mis-modeling of the pile-up, the calorimeter
response to different flavor compositions of the jets, and the mis-modeling in the
region 2.0 < [’*| < 2.6.

129
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The jet energy resolution uncertainty (JER) is obtained with an in situ measure-
ment of the jet response in dijet events [133].

These uncertainties have a significant effect in the resolved measurement, where in
all the distributions they range between 7% and 12%, depending on the bin. In the
boosted regime this source of uncertainty is sub-dominant.

Large-R Jet Uncertainties

The large-R jet uncertainties are obtained using the in situ Ry, method [115].
This technique is based on the ability of the ATLAS detector to provide two inde-
pendent measurements of the jet kinematic, using the tracker and the calorimeter.
The measurements differ due to the presence of neutral particles and the different
performances of the two detectors, but their comparison can give indications on
the modelling of both. The first step of the Ry technique is the definition of the

. . track.iet . ety - . ..
Ry ratio, that compares tracking (p1*“*’“") and calorimeter (pJ") jet kinematic in
the data and MC predictions:
jet
3 . PT _ Pr
Ratio Tirackjet = irackier
Pr
- .ppr _  .pr.data ; pr,MC
Double  ratio ‘Rtrkr - Ttrack’,jet rtrack,jet

Afterward, various sources of uncertainty are studied and their effect evaluated:
the difference between the data and the nominal simulation, the difference between
the modelling with two different generators, the uncertainties on the tracks used
for the track jet measurements. This technique is used to evaluate the scale uncer-
tainty of mass and pr, that are considered as completely correlated.

Two additional terms of the large- R jet uncertainties are related to the n-subjettiness
ratio 735 [120], considered uncorrelated from mass and pr. The first component is
obtained by applying the Ry, method on data collected in 2012 at ATLAS, while
the second is a cross-calibration contribution derived by comparing the different
conditions of the ATLAS detector at /s = 8 TeV and /s = 13 TeV in terms of
reconstruction, characteristics of the calorimeter topological clusters, beam bunch
spacing and modelling of nuclear interactions.

To evaluate the large-R jet mass resolution component (JMR) the jet mass is
smeared to account for a degrade of 20% of the jet mass resolution. The resolution
map was determined on a Z’ — tt sample, as the width of the Gaussian fit to the
mass response R =m’, ./ m;f;tide and parameterized in terms of large-R jet pr
and m/pr.

The large-R jet JES uncertainty components represent the dominant uncertainty
on the measured cross-section in the boosted topology.

b-tagging Uncertainties

The tagging efficiency of jets deriving from b-quarks, c-quarks and light quarks is
corrected in simulations by applying an event by event weight that accounts for
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the differences between the data and simulation efficiencies. The scale factors with
the associated uncertainty band are derived in ¢t samples.

The systematic uncertainties on the cross-section measurement are derived varying
the scale factor for each component forming its uncertainty band.

The impact of this uncertainty is dominant only in the resolved topology, where it
reaches the 10% level in the m® and p""*¢ spectra.

Lepton Uncertainties

The lepton reconstruction, identification and the associated isolation requirement
are described in Chapter[dl Scale factors are associated to all these steps, to account
for the difference between simulation and data [109, 107]. The lepton uncertainties
associated to the final distributions are derived varying the scale factors within
their uncertainties.

An additional component is considered to account for the lepton’s energy scale and
resolution.

The lepton uncertainties on the final measurement are dependent on the lepton
flavor, so uncorrelated between the two channels.

These uncertainties are sub-dominant both in boosted and resolved topology.

Ess Uncertainties

The uncertainties associated to the E7*% are derived by propagating the energy
scale and resolution uncertainties of the objects used to evaluate this quantity.
Also the components related to energy deposits not associated to any reconstructed
object are included [134].

The uncertainties related to EJ"** have a small impact on the final measurement
in both the topologies.

6.2 Luminosity Uncertainty

The uncertainty on the integrated luminosity is 2.1%, that is a sub-dominant un-
certainty for the absolute differential cross-section in both topologies and cancels
almost completely for the relative differential cross-section.

6.3 Background Uncertainties

The background estimation is affected by various systematic uncertainties, that
can be due to the MC modelling or, in case of the data driven estimate, to the
specific method employed. The background uncertainties are propagated through
the unfolding procedure by building pseudodata distributions, used as input to
the unfolding, as the sum of the varied total background and the nominal signal
predictions. The corrections and the background subtracted to the pseudodata
are the nominal one. Afterward, the unfolded distributions are compared with the



6.3. BACKGROUND UNCERTAINTIES 132

nominal particle level predictions and the size of the uncertainty is considered as
the relative shift between the two.

6.3.1 Data-driven Backgrounds

In the following the components of the systematic uncertainty due to the fake
leptons and W-jet estimate are described.

Non-prompt and Fake Lepton

A first component of the uncertainty on the fake leptons background is estimated
by changing the definition of the control region where the fake efficiency is derived,
as described in Table The efficiencies are re-derived in the alternative region,
keeping the same parameterization, and the final yield is recalculated. The differ-
ence with the original yield is considered as the uncertainty.

Nominal CR Alternative CR
etjets Bt <30 GeV and m) <50 GeV  $ER +myY < 60 GeV
ptjets  |d® > 5 |38 > 3 and |Azsinf| > 0.5 mm

Table 6.1: Nominal and alternative fake efficiency control regions definitions.

Another source of uncertainty on the fake efficiency estimate is due to the nor-
malization of the remaining background in the control region. The normalization
is varied by £20% and the efficiencies and final fake yields re-derived. The differ-
ence between the two variations and the nominal prediction is taken as two-fold
uncertainty.

An additional component derives from the propagation of the statistical uncertainty
on the parameterization of the fake and real efficiencies.

In addition to previous components, an extra 50% uncertainty is considered in the
resolved topology analysis, to account for the mis-modeling observed in control re-
gions. In the case of the boosted analysis, the mis-modeling of the fake background
is found only at values of m}Y > 150 GeV. Consequently, for all the events falling in
this category, an extra 100% uncertainty on the fake-leptons background estimate
is included.

W+jets Background Estimate

The data-driven charge asymmetry and heavy flavor scale factors were derived
as described in Section [4.3.1] For each detector and background normalization
uncertainty, the charge asymmetry and heavy flavor scale factors have been re-
derived from data.

In the boosted topology an additional component is obtained by changing the
normalization of the fake lepton background by 30%, in the procedure to derive
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the scale factors.

In the resolved topology the scale factors are re-derived in correlation with the 50%
fake variation, described in the previous section. Additional uncertainties has been
considered to take into account the statistical uncertainty associated to each scale
factor, these are obtained by varying one scale factor at a time and re-deriving the
others, using the iterative procedure presented in Section [£.3.1] The overall impact
of these additional uncertainties is less than 0.5%.

6.3.2 MC Estimated Backgrounds

The uncertainty associated to the single top quark background is due to its nor-
malization and the overall impact on the measured cross-section is less than 0.5%,
for all the distributions.
In the case of Z+jets backgrounds the uncertainty includes a contribution from the
cross-section normalization as well as an additional 24% added in quadrature for
each reconstructed jet. In the ¢tV and Diboson case the only uncertainty consid-
ered is the normalization one.
Details on the normalization uncertainties considered for all samples are shown in
Table

The total contribution on the final measurement of the t£V, Z+jets and Diboson

Process Normalization uncertainty

Single top | uncertainty on cross-section in t-channel [135], Wt-channel [136] and s-channel [137]
Z+jets 50% variation

Diboson 40% variation

A% 40% variation

Table 6.2: Summary on the approach used to assign normalization uncertainty to
each background sample estimated using MC simulations.

normalization uncertainty is less than 1%, with largest contribution given from the
Z+jets background.

6.4 Signal Modelling Uncertainties

The uncertainties on the modelling of the ¢f sample enters in the cross-section
measurement, through the corrections employed in the unfolding procedure.
Four different sources of uncertainties are considered:

e Hard scattering: this uncertainty accounts for the choice of the generator
used to simulate the hard scattering step of the ¢f interaction and the follow-
ing matching to the showering.

This component is estimated comparing two of the generators described in
Section [3.3] keeping the same parton shower in both. In particular MAD-
GRrAPHS aMCQ@QNLO + HERWIG++ is unfolded with the corrections esti-
mated using POWHEG + HERWIG+ -+, then the unfolded distributions are
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compared with the corresponding particle level and the symmetrized relative

difference is propagated on the measured cross-section.

The impact of this uncertainty is dependent on the variable considered and

reaches a maximum level of 15% at large pé:h“d.

e Parton shower: this component accounts for the choice of the showering
generator and the model used for the hadronization. To evaluate this un-
certainty two generators, differing only for the showering, are compared:
POWHEGH+HERWIG++ and POWHEG+PYTHIA 6. The uncertainty is ex-
tracted, as for the hard scattering case, unfolding POWHEG+HERWIG++
with the predictions evaluated with POWHEG+PYTHIA 6.

The impact on the measured distributions ranges between 6(3)% and 9(6)%
in boosted(resolved) topology.

e Initial and final state radiation: the impact of the modelling of the ini-

tial and final state QCD radiations is assessed using POWHEG+PYTHIA 6 ¢t
generators, with modified settings of the parameters that regulate the radia-
tion. The upward variation is obtained by multiplying the factorization and
hadronization scales by a factor 0.5 and simultaneously increasing the Aggmy
parameter to 2 my,,. The downward variation is obtained keeping unchanged
the hgemp parameter and increasing, at the same time, the factorization and
hadronization scales by a factor 2. An additional difference between the two
varied sample is in the POWHEG+PYTHIA 6 tuning of the underlying event
and showering models.
In this case both the alternative samples are unfolded with the nominal
POWHEGHPYTHIA 6 and the results compared with the respective parti-
cle level. The relative differences are then propagated to the measured cross-
section, keeping separate the up and down shifts without any symmetrization.
This uncertainty has an impact of 3—6% for both the resolved and boosted
topology.

e PDF: the uncertainty related to the choice of the PDF set is assessed us-
ing the t¢ sample MADGRAPH5 aMC@NLO + HERWIG++ and a set of
re-weighting factors, estimated to emulate the effect of the use of an alter-
native PDF in the generation. This uncertainty is estimated following the
PDF4LHC15PDF prescriptions [138] and has two different components: the
intra-PDF and the inter-PDF. The first component is computed re-weighting
the central distribution to obtain a set of 30 variations. Each one is then used
to re-evaluate the unfolding corrections, shown in Figure for the boosted
topology. Successively the central MADGRAPHS5 aMCQNLO + HERWIG++
is unfolded with each set of corrections and the relative difference with the
central particle level distribution is computed. The intra-PDF component
is given by the quadrature sum of the relative differences obtained for each
variation.

In addition the inter-PDF uncertainty is computed as the hard scattering
component, unfolding the central distribution of the PDF4LHC15 set with the
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Figure 6.1: Acceptance and efficiencies corrections for the p2'** and |y""*?| evalu-

ated using the PDF variations computed to estimate the inter-PDF (red) and the
intra-PDF uncertainty in boosted topology. The black line represents the total
intra-PDF uncertainty.

corrections obtained from the same generator (MADGRAPH5 _aMC@NLO +
HERWIG++) but employing the CT10 PDF. The total PDF uncertainty has a
small impact on the final measurement, being less than 1% in almost all the
spectra, for both topologies.

6.5 Limited Sample Statistic

The uncertainty deriving from the finite size of the simulated samples is obtained
using 10000 test distributions, built starting from the sum of all the MC predictions
of signal and background. Each bin is varied accordingly to its statistical uncer-
tainty, and the set of varied distributions is unfolded with the nominal corrections.
The statistical uncertainty is the RMS of the unfolded spectra.

The effect on the absolute spectra is about 5% in boosted topology, peaking at 12%
in the last top quark py bins, while in the resolved case the uncertainty reaches at
most 1-2%.
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Figure 6.2: Particle level unfolded distributions, as a function of the pf‘p’had, obtained
with two different unfolding technique: SVD with k = 6 (blue) and Bayes with 4
iterations (red). The dashed band represents only statistical uncertainties. The
green line represent the particle level POWHEG+PYTHIA 6 Monte Carlo prediction.

6.6 Statistical Uncertainty

The statistical uncertainty is evaluated building 10000 pseudo-experiments, de-
rived from the data distribution before the background subtraction. The pseudo-
experiments are derived extracting for each bin a random number from a Poisson
distribution, with mean equal to the number of selected events in that bin. Each
pseudo-experiment is unfolded with the nominal corrections and the RMS of the
unfolded spectra is the statistical uncertainty.

6.6.1 Unfolding Effect on Statistical Uncertainty

In the boosted analysis presented in this thesis an increase of the statistical un-
certainty with respect to the similar analysis performed at 8 TeV [49] is observed,
although the number of selected events is similar.

Since the unfolding procedure has an impact on the statistical uncertainty and on
the bin-by-bin correlations, the method used in this thesis and the method pre-
viously used are compared to verify that the difference observed is related to the
choice of the unfolding method. The differences on the data distributions unfolded
with the two methods, shown in Figure [6.2] is below the statistical uncertainties,
as expected since none of the methods showed biases.

The effect on the statistical uncertainties, on the other hand, is sizable, as shown
in Figure [6.3] where the uncertainties obtained using the Bayes method, with four
iterations, are compared with the ones evaluated using SVD. To this enhancement
of the statistical uncertainty corresponds a reduction of the bin-by-bin correlations,
shown in Figure and Here are reported the correlation matrices of the pgihad
and |y*"*?| in boosted topology, obtained with Bayes and SVD. It is shown that the
correlations induced from SVD are larger than the ones obtained using the Bayes
method with four iterations.
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Figure 6.4: Correlations matrices obtained from data statistical uncertainty evalu-
ation on |y“"e?| using Bayes with 4 iterations (a), SVD with k = 6 (b) and SVD
with k = 4.

The statistical uncertainty associated to a measurement is only a diagonal repre-
sentation of the covariance matrix used in the x? computation. For this reason an
additional comparison between the Bayes method and the SVD method is done on
the covariance matrices, including data statistics and all detector level systematic
uncertainties. The procedure employed to obtain the covariance matrix is described
in the next chapter. The ratio obtained between the two correlation matrices for
the ptT’had is reported in Table , here the diagonal elements represent the ratio be-
tween the total uncertainties obtained using the two methods, while the off-diagonal

terms are the ratios among the bin-by-bin correlations.
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Figure 6.5: Correlations matrices obtained from data statistical uncertainty evalu-
ation on |p4"*?|, using Bayes with 4 iterations (a), SVD with k = 6 (b) and SVD
with k =4

binl bin2 bin3 bin4d binb5 bin6 bin7 bin8
bin 1 | 0.989 1.02 0.986 1 0951 0.97 0.955 0.762
bin 2 1.02 0.978 0.993 1.01 0.944 0971 0.974 0.748
bin 3 | 0.986 0.993 0.994 0.992 094 0.976 0.948 0.766
bin 4 1 1.01 0992 0.988 0.945 0.982 0.988 0.777
bin 5 | 0.951 0.944 094 0.945 1.07 0901 0.935 0.797
bin6 | 0.97 0971 0.976 0.982 0.901 0.975 0.914 0.714
bin 7 | 0.955 0.974 0.948 0.988 0.935 0.914 0.988 0.563
bin 8 | 0.762 0.748 0.766 0.777 0.797 0.714 0.563 1.58

Table 6.3: Comparison between the two correlation matrices obtained using the
unfolding methods SVD and Bayes, including all detector-level uncertainties. The
element on the diagonal are the ratios between the relative uncertainties obtained
with the two methods (Bayes/SVD), while the off diagonal terms represent the
ratios between the bin-by-bin correlations.

The table shows that the uncertainties obtained with the two methods are
similar, but Bayes tends to provide slightly larger uncertainties in some bins. On
the other hand the correlations induced from SVD are larger in almost all the bins.

6.7 Uncertainty on the Cross-section Measurement

The detailed results of the evaluation of the systematic uncertainties affecting the
particle level differential cross-section measurements are summarized in the Tables
reported in Appendix [C] In Figure [6.6] and [6.7]is shown the impact of the different
uncertainty sources on the absolute and relative measured particle level spectra,
evaluated in the boosted topology analysis.

The dominant uncertainties on the absolute spectra in boosted topology are the
large-R jet JES components and the statistic, while also the signal modelling un-
certainties have a significant impact on the relative spectra. The uncertainty com-
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Figure 6.7: Uncertainties on the relative particle level distributions as a function
of (a) |y and (b) p5"** in the boosted regime [1].

position in resolved topology on absolute and relative spectra are shown in Fig-

ure [6.8,6.9 and The dominant uncertainty in resolved topology depends
on the spectra, but the overall main components are the small-R jet JES and the

flavor tagging.
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Chapter 7

Results and Interpretation

In this chapter the measured cross-section is compared with several theoretical pre-
dictions of the tt signal, differing for the matrix element calculation method, the
simulation of parton-shower and hadronization. The comparisons are presented
both on the absolute and relative cross-sections. While the former are used to
compare also the inclusive cross-section with the predictions, the latter are pre-
sented in order to exploit the reduction of those systematic uncertainties that are
highly correlated across the kinematic bins.

The x? values are also presented, in order to quantify the level of agreement between
the measured distributions and the different theoretical predictions.

7.1 Particle Level Differential 0 Results

The absolute and relative differential cross-sections, measured in boosted and re-
solved regimes as a function of the kinematic properties of the hadronic top and ¢t
system, are compared with various generators. In particular, every Figure [7.1
contains three pads reporting MC over data ratios; in the first the nominal predic-
tion POWHEG+PYTHIA6 is compared with the samples used to derive the IFSR
uncertainty, presenting a different settings of the parameters that determine the
amount of radiation, in the second pad the nominal POWHEG+PYTHIA6 is com-
pared with other predictions employing a different showering and hadronization.
In the last one POWHEG+PYTHIAG and MADGRAPHS aMC@NLO are compared
for the hard scattering calculation technique.

7.1.1 Boosted Topology
Figure [7.1] shows the absolute and relative differential cross-sections as a function

of the hadronic top quark transverse momentum and the absolute value of the
rapidity in the boosted topology.

143
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Figure 7.1: Fiducial phase space absolute (first row) and relative (second row)
differential cross-sections as a function of the (a,c) transverse momentum ptT’had and
(b,d) the |y“"9| of the hadronic top quark in the boosted topology. The yellow
bands indicate the total uncertainty associated to data in each bin, while the orange
one is only the statistical component. The lower three panels show the ratio of the

predictions to the data [1].

7.1.2 Resolved Topology

Figures presents the absolute differential cross-sections in resolved topology as a
function of the hadronic top quark transverse momentum and absolute rapidity, and
mass, transverse momentum and absolute rapidity of the ¢t system. In Figure [7.3
are shown the corresponding relative distributions.
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Figure 7.2: Fiducial phase-space absolute differential cross-sections as a function
of the (a) p5"** and (b) |y*"*| and (c) m*, (d) p and (e) |y*| in the resolved
topology. The yellow bands indicate the total uncertainty associated to data in
each bin, while the orange one is only the statistical component. The lower three
panels show the ratio of the predictions to the data
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Figure 7.3: Fiducial phase-space relative differential cross-sections as a function
of the (a) p5"** and (b) |y""*| and (c) m*, (d) p and (e) |y*| in the resolved
topology. The yellow bands indicate the total uncertainty associated to data in
each bin, while the orange one is only the statistical component. The lower three

panels show the ratio of the predictions to the data
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7.2  x? Evaluation

A quantitative comparison between the measured cross-section and the various
predictions is performed by means of a y? calculation.

The x? is evaluated using the full covariance matrix COVypp, including all the
systematic uncertainties and following the equation:

X2 = VJ\:CDF ) COV]\?[I)F - VNDF, (7-1)

where Vi pr is the vector of differences between particle level measured cross-section
and predictions and NDF' is the number of degree of freedoms. The NDF' corre-
sponds the number of bins for absolute distributions, but in the relative ones the
normalization constraint lowers the NDF by one unit. Consequently it is necessary
to remove one row and the corresponding column from the covariance matrix ob-
tained using the relative distributions to keep the matrix rank equal the degrees of
freedom. This is necessary to invert the matrix. The removed line corresponds to
a bin of the distributions, that is subtracted also from the vector of differences be-
tween data and predictions used to compute the 2. The x? value does not depend
on the choice of row and column discarded.

The full covariance matrix includes the effects of the detector, background and
theoretical uncertainties on the measured spectra, while the uncertainties on theo-
retical predictions are not considered in the x? evaluation.

The x? is then used to extract the probability that repeating the same measure-
ment a value larger or equal to the observed one is obtained (p-value). This is done
as illustrated in Figure , where is represented the x? distribution and p-value
extraction for the relative spectra of p5"*® and |y""%I| in the boosted topology. The
p-value is computed by extracting the area under the curve for values that exceeds
the observed 2.

The covariance matrix is evaluated as a sum of two matrices obtained with two
different procedures, the first (COV") contains all the uncertainties related to
the detector calibrations, background modelling and statistical uncertainties while
the second (COV™er) the theoretical tf modelling uncertainties affecting the cor-
rections applied. The COV % is obtained using pseudo-experiments derived from
pre-unfolding data distributions. In each of the 10000 pseudo-experiments each bin
of the data distribution is varied with a Poisson fluctuation. Gaussian-distributed
shifts are coherently added for each systematic uncertainty, scaling each Poisson-
fluctuated bin with the relative variation due to each systematic uncertainty. The
relative systematic variation A;ySti, due to a certain source syst; in the bin j, is
evaluated starting from the signal (S) and background (B) samples as:

syst; syst; _ Qnominal __ pnominal

nominal nominal
S’ + B;

syst; __
AT =

(7.2)

The number of events N in the bin j of the pseudo-experiment £ is evaluated as:

Nf = PD)[1+ ) Aeyat, AT, (7.3)

syst;
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Figure 7.4: x? distributions corresponding to the degrees of freedom of the relative
spectra of (a) pi"* and (b) |y*"*?| in boosted regime, the red areas correspond to

the p-value for the observed y?

where P(D;) is a poissonian rundom number extracted using as average the number
D; of events in bin j of the data distribution and Ay, represents a random number
drawn from a Gaussian distribution with = 0 and ¢ = 1. A different Ay,
is extracted for each source of systematic uncertainty but is applied to all bins,
so bin-by-bin variations are fully correlated. In case of asymmetric systematic
uncertainties the sign of Ay, determines if the upward or downward shift of the
systematic is used to derive A;ySt". After the creation of the pseudo-experiments the
expected background is subtracted to each of them and the obtained distributions
are passed through the unfolding, computed using the nominal POWHEG+PYTHIA6
corrections. The COV®* in each bin i, j is successively calculated as:

COVdet(i,j> _ <(d0i _ <d0i>N) . (de — <d0j>N)>N, (7.4)

where do represents the differential cross-section and N is the number of pseudo-
experiments.

A special modification to the procedure is necessary in bins where the uncertain-
ties are large, such as the pr distribution in the boosted topology, where the un-
certainty in the last two bins is around 40%. In these cases it is possible that,
for some pseudo-experiments, the number of extracted signal events is so low that
it becomes negative after the background subtraction. This can happen because
the uncertainties are completely dominated by one or two components, and conse-
quently a large fluctuation of one of these components may cause a large shift in the
number of extracted events. A negative number of events does not have a physical
meaning, moreover the iterative Bayesian unfolding interprets the number of events
in each bin as a probability, intrinsically defined as positive. For these two reasons
the bins where the extracted number of events is negative are set to 0, before pass-
ing the distributions to the unfolding. This procedure on negative fluctuations is
applied on the 2% of pseudo-experiments on the 7** bin and on the 7% on the last

bin of the pglhad distribution in boosted topology. This approach modifies only the
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last two bins of the distributions introducing a slight de-correlation from the oth-
ers and producing a minimal impact on the covariance evaluation. Other possible
approaches, as re-generating the toy if a negative fluctuation is observed, implies a
larger impact on the distributions. Indeed in this case, since all the bins are cor-
related, the large fluctuations would be discarded from all bins of the distributions
and a bias toward small and positive fluctations of P(D;) would be introduced.
The second covariance matrix is obtained by summing four separate covariance
matrices corresponding to each tf modelling uncertainty: generator, parton shower
and hadronisation, ISR/FSR and PDF. The elements of each matrix are determined
as:

COVear (i, §) = CORRYST (i,5) -\ Aol - Ag, (7.5)
where Ao; represents the relative uncertainty on the cross-section in the bin 7
due to a tt modelling uncertainty component (mody), multiplied by the measured
cross-section in the bin i, and CORR!<™(i, ) is correlation among the bins of
the distribution. Since the modelling uncertainties are extracted comparing two
samples, all the bins are considered as completely correlated (CORRMe (5, j) = 1).

mody,
The separate treatment of the signal modelling uncertainties is necessary because

these effects cannot be represented by a variation at the detector level, therefore
they cannot be included in the pseudo-experiment formalism used to derive the
first covariance matrix.

In Table are reported as example the covariance matrices for the absolute

bin [GeV] ‘ 300-350 350-400 400-450 450-500 500-550 550-650 650-750 750-1500
300-350 1.49e-05 8.83e-06 4.86e-06 3.12e-06 2.04e-06 1.25e-06 4.46e-07 7.02e-08
350-400 8.83e-06 6.27e-06 3.34e-06 2.21e-06 1.52e-06 9.70e-07 3.29e-07 5.88e-08
400-450 4.86e-06 3.34e-06 2.18e-06 1.36e-06 9.56e-07 6.15e-07 2.08e-07 3.65e-08
450-500 3.12e-06 2.21e-06 1.36e-06 1.00e-06 6.79e-07 4.20e-07 1.45e-07 2.57e-08
500-550 2.04e-06 1.52e-06 9.56e-07 6.79e-07 5.89e-07 3.25e-07 1.04e-07 1.99e-08
550-650 1.25e-06 9.70e-07 6.15e-07 4.20e-07 3.25e-07 2.42e-07 6.42e-08 1.27e-08
650-750 4.46e-07 3.29e-07 2.08e-07 1.45e-07 1.04e-07 6.42e-08 3.41e-08 3.84e-09

750-1500 7.02e-08 5.88e-08 3.65e-08 2.57e-08 1.99e-08 1.27e-08 3.84e-09 1.08e-09

bin 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0
0.0-0.2 1.65e-01 1.48e-01 1.44e-01 1.28e-01 1.11e-01 1.09e-01 8.73e-02 6.73e-02 4.94e-02 3.21e-02
0.2-0.4 1.48e-01 1.49e-01 1.35e-01 1.21e-01 1.06e-01 1.02e-01 8.00e-02 6.32e-02 4.69e-02 3.03e-02
0.4-0.6 1.44e-01 1.35e-01 1.40e-01 1.14e-01 1.02e-01 9.83e-02 7.87e-02 5.96e-02 4.47e-02 2.91e-02
0.6-0.8 1.28e-01 1.21e-01 1.14e-01 1.15e-01 9.00e-02 8.92e-02 7.43e-02 5.70e-02 4.15e-02 2.66e-02
0.8-1.0 1.11e-01 1.06e-01 1.02e-01 9.00e-02 8.66e-02 7.71e-02 6.31e-02 4.85e-02 3.60e-02 2.33e-02
1.0-1.2 1.09e-01 1.02e-01 9.83e-02 8.92e-02 7.71e-02 8.16e-02 6.15e-02 4.81e-02 3.48e-02 2.26e-02
1.2-1.4 8.73e-02 8.00e-02 7.87e-02 7.43e-02 6.31e-02 6.15e-02 6.42e-02 4.04e-02 2.89e-02 1.86e-02
1.4-1.6 6.73e-02 6.32e-02 5.96e-02 5.70e-02 4.85e-02 4.81e-02 4.04e-02 3.54e-02 2.24e-02 1.44e-02
1.6-1.8 4.94e-02 4.69e-02 4.47e-02 4.15e-02 3.60e-02 3.48e-02 2.89e-02 2.24e-02 1.89e-02 1.03e-02
1.8-2.0 3.21e-02 3.03e-02 2.91e-02 2.66e-02 2.33e-02 2.26e-02 1.86e-02 1.44e-02 1.03e-02 8.03e-03

Table 7.1: Covariance matrices of the absolute cross-section as function of the
hadronic top quark p4"*® (top) and |y*"*?| (bottom), accounting for the statistic
and all systematic uncertainties in the boosted regime [1].

Py and y spectra in the boosted topology. Dividing each bin (i, 7) of the

covariance matrix by the term /COV (i,i) - COV (4, ) it is possible to obtain the
correlation matrix, that is a clear illustration of the correlations among the bins of

t,had
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bin [GeV] ‘ 300-350 350-400 400-450 450-500 500-550 550-650 650-750 750-1500

300-350 1.00 0.91 0.85 0.81 0.69 0.66 0.62 0.55
350-400 0.91 1.00 0.91 0.88 0.79 0.79 0.71 0.71
400-450 0.85 0.91 1.00 0.92 0.84 0.85 0.76 0.75
450-500 0.81 0.88 0.92 1.00 0.89 0.85 0.78 0.78
500-550 0.69 0.79 0.84 0.89 1.00 0.86 0.73 0.79
550-650 0.66 0.79 0.85 0.85 0.86 1.00 0.71 0.78
650-750 0.62 0.71 0.76 0.78 0.73 0.71 1.00 0.63
750-1500 0.55 0.71 0.75 0.78 0.79 0.78 0.63 1.00
bin 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0
0.0-0.2 1.00 0.94 0.95 0.93 0.93 0.94 0.85 0.88 0.88 0.88
0.2-0.4 0.94 1.00 0.93 0.92 0.93 0.93 0.82 0.87 0.88 0.88
0.4-0.6 0.95 0.93 1.00 0.90 0.93 0.92 0.83 0.85 0.87 0.87
0.6-0.8 0.93 0.92 0.90 1.00 0.90 0.92 0.86 0.89 0.89 0.87
0.8-1.0 0.93 0.93 0.93 0.90 1.00 0.92 0.85 0.88 0.89 0.88
1.0-1.2 0.94 0.93 0.92 0.92 0.92 1.00 0.85 0.90 0.89 0.88
1.2-1.4 0.85 0.82 0.83 0.86 0.85 0.85 1.00 0.85 0.83 0.82
1.4-1.6 0.88 0.87 0.85 0.89 0.88 0.90 0.85 1.00 0.87 0.86
1.6-1.8 0.88 0.88 0.87 0.89 0.89 0.89 0.83 0.87 1.00 0.84
1.8-2.0 0.88 0.88 0.87 0.87 0.88 0.88 0.82 0.86 0.84 1.00

Table 7.2: Correlation matrices of the absolute cross-section as function of the
hadronic top quark pb"*® (top) and || (bottom), accounting for the statistic

and all systematic uncertainties in the the boosted regime [1].

the distributions. Table shows the correlation matrices for the absolute cross-
section as a function of ph"* and y“"? in the boosted topology. All the other
matrices for relative spectra and distributions in resolved topology can be found in

Appendix D]

7.2.1 Tests of the Method

The diagonal elements of the covariance matrix represent the RMS squared of the
unfolded pseudo-experiments and can be considered as the uncertainties associated
to each bin of the measured differential cross-section. The method used to derive
these uncertainties is different from the one described in Chapter [6] that allows to
quantify the individual contributions of each component, so some differences be-
tween the two estimates are expected. In particular, if the up and down shifts of a
certain systematic are asymmetric the two methods are intrinsically inconsistent.
The asymmetry in systematic shifts will reflect in an asymmetry on the uncertainty
evaluated on the measured cross-section while the uncertainty obtained from the
covariance diagonal is symmetric by definition. The asymmetry in the upward and
downward shifts in the covariance have, on the other side, the effect of moving the
mean of the pseudo-experiments with respect to the measured cross-section. Ta-
bles [7.3H7.6| present the comparison among the relative uncertainties obtained with
the two methods on the relative and absolute spectra of the p5"** and |yh*?| in
the boosted topology. The row meas. error represents the uncertainties obtained
in Chapter |§|, while the row cov. error is obtained as \/COV(i,1)/do;, where i is
the bin of the differential distributions.

In general the uncertainties calculated from the covariance diagonal are compat-
ible with the uncertainties on the measured cross-sections, both for the absolute



151 7.2. x* EVALUATION

cov. error [ 20.3 | 20.5 | 21.09 |25 |27.4 |289 |44.0 |57.3

FI05 | F2006 | FI96 | F23.0 | F278 | F280 F5I8
meas. error ‘ —20.0 | —19.9 | —21.5 ‘ —23.6 | —23.8 | —26.4 ‘ +38.1 ‘ —47.5

Table 7.3: Comparison between the error obtained in each bin of do/dpr; and the
error calculated from the covariance diagonal, in boosted topology.

cov. error | 21.4 [19.9 [21.9 |21.2 |20.9 [221 | 24.1 | 21.8 [24.7 | 25

F723 F208 [ F210 | FI9.9 | F225 | F23T | ¥224 | 221 | ¥256
meas. error ‘ —20.0 ‘ +19.6 ‘ —21.8 ‘ —20.6 ‘ —20.8 | —21.0 ‘ —22.2 ‘ —21.4 ‘ —25.3 ‘ —25.3

Table 7.4: Comparison between the error obtained in each bin of do/|y'| and the
error calculated from the covariance diagonal, in boosted topology.

cov. error

meas. error

+38.
—-37.7

Table 7.5: Comparison between the error obtained in each bin of 1/ - do/dpy; and
the error calculated from the covariance diagonal, in boosted topology.

cov. error
meas. error

Table 7.6: Comparison between the error obtained in each bin of 1/0 - do/d|y*| and
the error calculated from the covariance diagonal, in boosted topology.

and relative spectra, except in the some bins.

A further comparison between the two methods is performed considering just one
systematic. This check is done to understand in more details the differences be-
tween the two approaches.

Saying U the unfolding operator, R; the vector of reconstructed events, k a Gaus-
sian random number and 07°° the shift associated to a certain uncertainty source,
the shifted cross-section (o) in a certain bin ¢ will be:

g; = U[R] + k?é;eco], (76)

using the covariance method. Using the method described in Chapter [6] the same
relation can be written as:

nomina, un folded
o, = 0] Ly ko; f (7.7)

where glominal = [J[R;] and 5;.””“ el = U[R; + 67°] — U[Rj]. The two equations
are the same only if:

k(U[R; + 67°°] — U[Ry]) = U[kd5°] (7.8)

that represents the linearity condition for the operator U.
Since for the regularized unfolding the linearity is not granted, additional compar-
ison on the two methods have been performed, including just few systematics. In
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the tests only the do/ dptT’h’ad distribution in the boosted topology has been consid-
ered. The first sanity check, done to verify the implementation of the covariance
method, is shown in Table Here the cov. error has been evaluated from the
covariance diagonal where only the Monte Carlo and data sample are considered
as uncertainties, the meas. error represents the sum in quadrature of the cor-
responding uncertainties derived as explained in Chapter [6] In this case the two

3. 5
| 3. 8 |

cov. error ‘
meas. error ‘

3|47
5]5.0]

DD

2.6 8.3 [84[21.8]233|
2.6 8.8 84| | |
Table 7.7: Comparison between the error obtained in bin of do/dpz; and the error
calculated from the covariance diagonal, considering only data statistics and Monte

Carlo sample statistics

approaches bring consistent results in all bins, as expected, since also the statistical
uncertainties reported in the tables are obtained using pseudo-experiments.
The same test has been repeated including an additional systematic uncertainties,
in particular, the tracking component of the large-R jet JES, that represent the
main uncertainty and is highly asymmetric, in Table [7.8] and the small systematic
on the electron identification efficiency, in Table [7.9]

Tables and highlight the differences between the two methods also in cases

cov. error [ 10.11 | 12.9 | 15.8 | 20.0 | 23.5 | 23.2 | 38.5 | 49.7 |
+9.1 13.0 ‘13.7 ‘19.3 24.1 +32.1 | +434

meas. error ‘ —10.6 | 12:2 18.2 ‘ 20.5 ‘ —21.8 ‘ 328 | —38.1 ‘
Table 7.8: Comparison between the error obtained in bin of do/dpz; and the error
calculated from the covariance diagonal, considering only data statistics, Monte
Carlo sample statistics and the tracking component of the large-R jet JES

7.0 9.1
6.9 | 88

cov. error ‘2.8‘37‘
[2.7]35]

: 8 | 23.0
2.7 35 5

8.
8.

Table 7.9: Comparison between the error obtained in bin of do/dpy; and the error

calculated from the covariance diagonal, considering only data statistics, Monte
Carlo sample statistics and the uncertainty on electron identification efficiency

5.3
meas. error 5.0

where only one systematic uncertainty is used.

Despite the intrinsic difference between the two approaches, enhanced in cases of
asymmetry in the systematics, the two methods differ by a maximum of ~ 15%
in the last two bins of the p4?. The advantage of the approach used to extract
COV¥t(i, 7) is that all the correlations introduced from the regularized unfolding
are considered in the matrix, while the method described in Chapter [6] allows to

compute each component of the total uncertainty, with the corresponding sign.
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7.2.2 ? results

The x? results in the boosted topology, for absolute and relative spectra, are pre-
sented in Tables and [7.11] while the resolved results are shown in Table
and [7.13]

Most predictions do not describe well all the distributions, as also witnessed by

¢, had t,had |

ly

T

x?/NDF  p-val | x2/NDF  p-val
POWHEG+PYTHIAG 14.7/8 0.06 11.0/10 0.36
POWHEG+PYTHIA6 (radHi) 19.5/8 0.01 12.3/10  0.27
POWHEG+PYTHIA6 (radLo) 15.0/8 0.06 10.0/10  0.44
MaADGRAPHS aMC@NLO+HERWIGH 17.9/8 0.02 12.8/10  0.24
PowHEG+HERWIG++ 14.1/8 0.08 8.0/10  0.63
MADGRAPH5 aMC@NLO+PYTHIAS 12.8/8 0.12 20.4/10  0.03
POWHEG+PYTHIAS 16.7/8 0.03 18.4/10 0.05
POWHEG+HERWIGT 11.9/8 0.15 11.7/10  0.30

Table 7.10: Comparison between the measured fiducial phase-space absolute differ-
ential cross-sections and the predictions from several MC generators in the boosted
topology in terms of a x*/NDF and relative p-values.

P [y hed]

x?/NDF  p-val | x?/NDF  p-val
POWHEG+PYTHIAG 10.2/7 0.18 | 2.9/9 0.97
POWHEGH+PYTHIAG (radHi) 11.3/7 0.12 | 2.9/9 0.97
POWHEGH+PYTHIAG (radLo) 11.5/7 0.12 | 2.8/9 0.97
MADGRAPHS aMC@QNLO-+HERWIGH+ 11.1/7 0.13 | 4.6/9 0.87
POWHEG+HERWIG++ 10.7/7 0.15 | 2.5/9 0.98
MaDGRAPHS aMC@NLO+PYTHIA8 10.9/7 0.14 7.2/9 0.62
POWHEG+PYTHIA8 11.3/7 0.13 | 4.3/9 0.89
PowHEG+HERWIGT 9.9/7 020 | 3.6/9 0.94

Table 7.11: Comparison between the measured fiducial phase-space relative differ-
ential cross-sections and the predictions from several MC generators in the boosted
topology in terms of a x?/NDF and relative p-values.

Figures 7.3

In general, in boosted topology the absolute spectra show smaller p-values with
respect to the relative ones, indicating a difference also in the normalization and

not only on the shape of the distributions.

The larger tensions between data and most predictions are observed in the differen-

tial cross-sections as a function of the hadronic top quark transverse momentum, in
both topologies and for both absolute and relative spectra (Figures|7.1al [7.1c| [7.2a] [7.3a]).
For these distributions the POWHEG-+HERWIG 7 generator gives the best x? value
and highest p-value.

The differential cross-sections as a function of |y%"?|(Figures and show

a good agreement for all the generators for both the topologies.
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As shown in Figures and all the predictions agree reasonably well with the
measured differential cross-section as a function of mf, except for the two HERWIG
+- ones.

The x? values for the p??_ spectrum show, for the case of the absolute differential
cross-sections, that none of the predictions agree well with the data, while for the
case of the relative differential cross-sections only the POWHEG+PYTHIA 6 with
lower radiations and POWHEG+HERWIG ++ predictions disagree with the data.
In Figure [7.3¢] is shown that, in the relative spectrum, the data at high values of
\y“—\ may not be adequately described by many of the generators considered. The
POWHEG+HERWIG ++ prediction gives the worst x? value for this observable.
Overall, it can be seen that in the resolved regime POWHEG+HERWIG ++ predic-
tion disagrees the most with data, having a p -value of &~ 0.01 for four of the five
observables studied, while the POWHEG+HERWIG 7 prediction agrees adequately
with the data for all five observables.



t,had t,had tt tt tt

T |ly*had] m pT ly*]
x?/NDF  p-val | x2/NDF  p-val | x3/NDF  p-val | xX3/NDF  p-val | x3/NDF  p-val
POwWHEG+PYTHIA6 19.0/15 0.22 7.8/18 0.98 9.8/11 0.55 14.9/6 0.02 20.0/18 0.33
POWHEG+PYTHIA6 (radHi) 20.9/15  0.14 8.5/18  0.97 8.7/11 0.65 | 56.1/6 <0.01 17.3/18  0.51
PowHEG+PYTHIAG (radLo) 20.8/15 0.14 7.4/18 0.99 12.7/11 0.32 22.1/6  <0.01 25.5/18 0.11
MADGRAPHS aMCQ@QNLO-+HERWIGH+ 23.5/15  0.07 10.7/18  0.91 32.4/11 <0.01 16.4/6 0.01 28.1/18  0.06
POWHEG+HERWIGH+ 30.3/15 0.01 7.9/18 0.98 34.8/11 <0.01 28.0/6  <0.01 30.4/18 0.03
MADGRAPH5 _aMC@NLO+PyTHIA8 19.1/15 021 | 84/18 097 | 7.6/11 075 | 19.0/6 <001 | 16.1/18 0.9
POWHEG+PYTHIAS 18.4/15 0.24 10.5/18 0.92 7.7/11 0.74 11.7/6 0.07 12.3/18 0.83
PowHEG+HERWIGT 13.8/15  0.54 10.9/18  0.90 7.0/11 0.80 11.6/6 0.07 12.8/18  0.80

Table 7.12: Comparison between the measured fiducial phase-space absolute differential cross-sections and the predictions from
several MC generators in the resolved topology in terms of a x?/NDF and relative p-values [1].

Observable f.had |yyt-had| mtt pht [yt
X?/NDF  p-val | x3/NDF  p-val | x?/NDF  p-val | xX3/NDF  p-val | x3/NDF  p-val
POwWHEG+PYTHIA6 23.0/14 0.06 8.1/17 0.96 6.3/10 0.79 7.7/5 0.17 22.5/17 0.17
POWHEG+PYTHIA6 (radHi) 23.8/14 0.05 8.5/17 0.95 7.7/10 0.66 5.1/5 0.41 19.3/17 0.31
PowHEG+PYTHIA6 (radLo) 25.9/14  0.03 7.5/17  0.98 8.2/10 0.61 20.4/5 <0.01 28.0/17  0.04
MaDGRAPHS aMCQ@QNLO+HERWIGH 24.4/14  0.04 10.8/17  0.87 23.6/10 <0.01 2.6/5 0.76 30.0/17  0.03
POWHEG- HERWIG+ 24.0/14 005 | 7.4/17 098 | 37.9/10 <0.01 | 250/5 <0.01 | 32.8/17  0.01
MADGRAPHS5 aMCQNLO-+PYTHIAS 21.8/14 0.08 7.8/17 0.97 6.8/10 0.75 3.3/5 0.66 18.0/17 0.39
POWHEG+PYTHIAS 21.5/14 0.09 9.6/17 0.92 6.5/10 0.77 1.1/5 0.96 14.0/17 0.67
PowHEG+HERWIGT 15.4/14  0.35 9.3/17  0.93 6.7/10 0.76 54/5 0.37 15.1/17  0.59

aqr1

Table 7.13: Comparison between the measured fiducial phase-space absolute differential cross-sections and the predictions from
several MC generators in the resolved topology in terms of a x*/NDF and relative p-values [1|.

NOLLVATVAA X T2
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7.3 Compatibility Between the Results.

The fiducial phase-space selected in boosted and resolved regimes are different,
as shown in Table [7.14] [1], where the inclusive cross-section measured in the two
fiducial regions, including statistical and systematic uncertainties, are reported
and compared with several predictions. The boosted analysis investigates a small
fraction of the full phase-space and represents just a 2% of the resolved fiducial
region.

Sample Fiducial cross-section [pb]
Resolved Boosted
POWHEG+PYTHIAG 92.0 2.96
POWHEG+PYTHIA radHi | 90.9 3.10
POWHEG+PYTHIA radLo | 94.2 2.89
aMCQNLO+HERWIG+-+ | 94.9 3.19
POWHEG+HERWIG++ 93.5 2.84
POWHEG+PYTHIAS 97.5 3.07
POWHEG+HERWIGT 97.2 2.84
aMCQ@QNLO-+PYTHIAS 98.5 2.88
Data 110777 (stat+syst) 2.54 £ 0.54 (stat+syst)

Table 7.14: Fiducial cross-sections in the resolved and boosted topologies for data
and different models. Each model’s cross-section is scaled to the NNLO-+NNLL
value from Refs. [139, (140} 141} 142, {143} |144].
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Figure 7.5: Ratio between measured cross-section and POWHEG+PYTHIA 6 pre-
diction, as a function of p4"*® for the resolved (blue) and the boosted (orange)
topologies. The bands represent the sum of systematic and statistical uncertain-
ties [1].

Also in the overlap region of pglhad a direct comparison between the two topolo-
gies is impossible, since the definition of hadronic top at particle level is different
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Resolved o in resolved
particle-level pglh“d |GeV] | fiducial phase-space [pb]
0-25 3.37+£0.07+0.44
25-50 9.77+0.11 +1.22
50-75 1451 £0.14+1.73
75-105 19.26 £0.15 £ 2.17
105-135 1721 £0.15+ 1.88
135-165 12.34 £ 0.12 £ 1.28
165-195 8.40 £0.10 £ 0.81
195-230 6.42 +0.09 + 0.65
230-265 3.95+0.07 £ 0.37
265-300 2.69 £ 0.06 = 0.28
300-350 2.04 £0.05+0.21
350-400 1.11£+£0.04 £0.13
400-450 0.55+0.03 £ 0.07
450-500 0.26 = 0.02 £ 0.06
500-1000 0.36 £ 0.03 £ 0.07
Boosted o in boosted
particle-level péﬁh“d |GeV] | fiducial phase-space [pb]
300-350 0.954+0.02+0.19
350—-400 0.61 +£0.024+0.12
400-450 0.35+0.02 £ 0.07
450-500 0.20 £0.01 £ 0.05
500-550 0.14 £ 0.01 £ 0.04
550650 0.17£+0.01 £0.05
650750 0.042 4+ 0.009 £ 0.016
750-1500 0.043 £ 0.010 £ 0.023

Table 7.15: Unfolded fiducial phase-space differential cross-section values in bins
of pi"? for resolved (top) and boosted (bottom) topologies. The first uncertainty
is statistical and the second one is systematic.

and consequently the measured cross-section, as shown in Table |1]. How-
ever, it can be seen in Figure that the ratio of data to prediction is consistent
between the two topologies in the overlap region, despite the different definition
of the hadronic top candidate. The trend present in Figure explains also the
difference between the overall data over prediction normalization, that is visible in
Table [7.14] Here all the predictions underestimate the resolved cross-section but
overestimate the boosted one.
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7.4 Rivet Routine

The Rivet toolkit (Robust Independent Validation of Experiment and Theory) [145]
is a framework, independent from a specific collaboration, that collects a large num-
ber of the particle level analyses, implementing event selection requirements and
reconstruction consistent to the ones used in the published results. It is mainly used
for validation, development and tuning of Monte Carlo event generators. Rivet al-
lows to preserve analysis code from the LHC and other high-energy colliders for the
comparison of the experimental results with BSM theory models, and can be used
by phenomenologists to reiterpret the SM measurements with alternative BSM the-
ories (see for example Appendix . For this reason is important for all particle
level analyses to implement a Rivet routine that is added to the database of the
analyses after the publication, and can be used for tuning and reinterpretations.
The analyses implemented as Rivet routines are only particle level measurements
because the smearing of the kinematic observables, due to the detector effects, is
not included in the framework, that is designed to handle comparison with mea-
surements corrected at the particle level.

A rivet routine for the ¢t differential cross-section measurement has been developed
and validated, by comparing the nominal MC predictions after unfolding with the
results obtained using the routine. The validation for all the unfolded variables is
shown in Figure for the boosted topology, and in Figure for the resolved

ones.
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Figure 7.6: Comparison between the nominal ATLAS particle level
POWHEGHPYTHIA MC (dots) and the RIVET predictions (pentagon) for
all measured absolute cross-section distributions in the boosted topology. The
uncertainty band includes statistical uncertainties of the mnominal ATLAS
PowHEG+PyTHIA MC.
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Figure 7.7 Comparison between the nominal ATLAS particle level

POWHEG+PyYTHIA MC (red) and the RIVET predictions (blue) for all measured
absolute cross-section distributions in the resolved topology. The uncertainty band
includes statistical uncertainties of the nominal ATLAS POWHEG+PyYTHIA MC.
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Chapter 8

Prospective Developments for the
Boosted Analysis

The increasing integrated luminosity collected by the ATLAS experiment during
the full Run2 data taking will allow to largely reduce the statistical uncertainty
also in the studies of highly-boosted massive objects, for which statistical uncer-
tainties at the end of Runl are still among the dominant uncertainties. However,
the uncertainties in the boosted topology, as shown in Figure [6.6] are dominated
by systematic sources, in particular by the large-R jet JES. Therefore, an improve-
ment in the statistical uncertainty, is not sufficient to increase the sensitivity of
the measurement without a reduction on the systematic one. Improvements in the
reconstruction and calibrations of the large-R jets could reduce the JES uncertain-
ties, in particular the in situ calibration of the large-R jets would reduce sizably
the JES uncertainty [146].

An approach to derive these calibrations for the 1.0 anti-kt jets is the jet re-
clustering [147], that allows to directly apply the small-R jet calibrations and un-
certainties to the large-R jets.

The larger sensitivity in the boosted topology, reached increasing the statistics col-
lected in this phase space region and reducing the systematic uncertainties, makes
the measurement of a large number of variables, including ¢¢ distributions, more
important. In particular, the larger sample size allows to increase the number of
bins of the distributions and measure for the first time the double differential spec-
tra in the boosted regime.

In this chapter an overview of the improvements foreseen for future analyses in
boosted topology is given.

8.1 Jet Reclustering

The boosted hadronic top is reconstructed, using 1.0 anti-£t jets, obtained cluster-
ing calorimeter topo-clusters as described in Chapter 4. An alternative approach,
already presented in previous studies [147, [148] [149] but never applied in cross-
section measurements, is to use the calibrated small-R jets (R=0.4) as input to the

161
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anti-kt algorithm with R=1.0. This method allows to propagate the well known
calibrations and uncertainties derived for small-R jets to reclustered jets (RC).

A recent ATLAS study [150] shows that the calibrations derived with this approach
have similar performances to the standard large-R jet calibrations, but the JES un-
certainties obtained are smaller and in particular no additional uncertainties are
needed specifically for the dense radiation environment present in the boosted topol-
ogy. The calibrations and uncertainties applied to the small-R jets are based on
analyses of well-understood, isolated systems of dijet, multijet, y+jet and Z+jet
systems. As these topologies do not contain large amounts of additional hadronic
activity near the selected jets, it is necessary to check that calibrations and un-
certainties derived using these systems still hold as the amount of radiation near
a jet increases. Examples of these studies are shown in Figure 8.1 The effect of
a dense environment on the small-R jets calibrations is investigated, in particular
the variable foioseny defines the amount of activity surrounding a probe jet (ref):

p_j ’ ﬁref
j |ﬁ7’€f‘2 7

fCloseby = (81)

where p represents the jet momentum and j indicates all jets with pr > 20 GeV
in a radius 1.0 from the reference. A systematic mismodelling of jet kinematics
due to large nearby activity could manifest in a dependence of the jet reconstruc-

tion performance on fcieseny. The triple ratio RfrTiple is introduced to estimate this

effect. R}, compares the ratio between jet pr measured using tracks (trk) and
calorimeter(calo), in MC simulation and data, in different fcioseny regimes:
(U st/ G )
T ow T o ATA
D o p’tI‘k fCloscby ptTk fc1gseb D
RtI"l;ple - calo . (82)

pT p%alo
(05w e, /G dgian Jaee

where fé‘i”g)“seby and fgfg:eby are defined as the intervals above and below the median
fcloseby, Obtained from data in a given slice of pr and m/pr. If the dense environ-
ment does not introduce any systematic effect on the jet reconstruction Rff;ple is
compatible with one, as shown in Figure[8.1] and the calibration derived on isolated
systems remain valid also in the boosted topology, so no additional uncertainties
are needed.

One of the differences between re-clustered jets (RC) and standard large-R jets
(LJ) is the technique adopted to remove pile-up components. The technique ap-
plied for the large-R jets is the trimming [116], described in Section [4.1.5] the RC
relies mainly on the technique and cuts applied to remove the pile-up contribution
in the calibration of the small-R jets. A trimming technique is applied also to RC
after the jet formation, with the aim to remove soft small-R jets that could be
originated entirely from pile-up.

The different techniques used in the formation of L.J and RC reflect in a completely
different substructure between the two type of jets. The number of constituents
of the RC, in particular, is not usually sufficient to define the substructure vari-
ables used to top-tag the large-R jets, as shown in Figure Here the number of
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Figure 8.2: Number of constituents of RC jets. The distributions are obtained
using the t£ simulation of POWHEG+PYTHIA 6 and 8 and normalized to 100 fb,
corresponding to the statistic that is expected to be collected at the end of Run2
by the ATLAS experiment.

re-clustered jets is shown as a function of the number of constituents. The larger
part of the re-clustered jets has one or two sub-jets, that can’t be used to define
many substructure variables, as for example 73,. The substructure variable split-
ting scale [[| however, is defined at the last step before the large-R jet formation

!The first step to define the splitting scale is to apply a kr re-clustering to the jet con-
stituents, until exactly 2 sub-jet are formed, then it is defined from the two sub-jets as
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and only 2 sub-jets are considered in its definition. This variable, consequently,
could be evaluated also for the re-clustered jet with at least 2 sub-jets, but the
comparison between RC and L.J +/d,5 distribution, shown in Figure , shows
that also for this variable the shape differs between the two jet collections. The
re-clustered jets distribution has a large peak at 0, corresponding to jets with only
one constituent.

Since the strategy adopted to reconstruct the two types of jets is different, and

X
1o
2

Events

Vs =13 TeV, 100 fb"
I+jets Boosted
PW+PY8 LJ
—PW+PY6 RC
PW+PY6 LJ
—PW+PY8 RC

RCijets/Ljet

0 50 100 150 200 250 300
Detector-level large-R jet \/de [GeV]

Figure 8.3: Number of re-clustered jets (RC) and standard 1.0 large-R jets (LJ),
as a function of v/di5. The peak at zero for RC indicates the jets with less than 2
constituents.

consequently also the jet properties and substructure, a comparison between the
kinematic distributions is necessary before using the RC in a measurement.

8.1.1 Large-R Jet and Re-clustered Jet Comparison

In this section a comparison between standard large-R jets (LJ) and re-clustered
jets (RC) is performed on two aspects: kinematic distributions and response. The
comparison is done using two t¢ MC samples, POWHEG+PYTHIA 6 and 8, and
based on the expected full Run2 data set, with an integrated luminosity of 100
fh".

The samples used for the study passed the pre-selection requirements, summarized
in Table The LJ are calibrated using combined mass, that is a combination of
calorimetric and track-based measurement of the jet mass, that improves the mass
resolution on the full LJ pr spectrum with respect to only calorimetric measure-
ment. The RC jets are built starting from calibrated small-R jets, where also the
mass is calibrated.

Both LJ and RC are trimmed using two different approaches:

\/@ = \/miH(PThPTz) : AR(1a2)~
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Preselection

Only one lepton(u or €) pr > 27 GeV
EXiss > 20 GeV
mlY > 60 GeV
At least one RC or LJ pr > 350 GeV
At least two small-R jet, pr > 25 GeV

Table 8.1: Preselection applied to all the events considered in the comparison

o after the formation of an LJ all the constituents of the jet are re-clustered
using the kt algorithm with radius parameter equal to 0.2, then all the sub-
jets with a fraction of large-R jet pr below 0.05 are removed from the LJ;

e after the formation of an RC all the small-R jets with a fraction of jet pp
below 0.05 are removed from the RC.

In Figure the comparison between LJ and RC jets, as a function of m/“, p]Te t
n’et and ¢’**, is shown. Only jets with pr > 350 GeV are considered for the study.
The pr, n and ¢ distributions of L.J and RC are very similar, as shown in figure
Figures (a),(b),(d). The m’® shows, instead, a difference among the LJ and
the RC: the RC distribution is more peaked around the top mass of ~ 173 GeV.
An additional comparison between LJ and RC is shown on response with respect
to the parton level hadronic top, defined here at the stage where the top quark is
going to decay in Wb, after all the radiations emission.

For a given kinematic variable X the jet the definition of response is:

Xjet

Xt,had (83)

Response =

Figure shows the responses with respect to m>"*? and ptT’had for the RC and LJ
that passed the pre-selection and including only jets with pr > 350 GeV. Only jets
matched in a AR(jet,t"?) < 0.75 to the hadronic top are considered. Using both
the RC and LJ the hadronic top pr is correctly reconstructed at detector level for
a large part of the events, while some tails are present in mass response for both
the reconstruction techniques. The response on m»"** seems more peaked at one
for RC jets.

The capability of the RC to properly reconstruct the mass of the hadronic top
suggests that an efficient way to top tag the jets is simply by using a mass window
cut on the jets.

To verify the effect of this simple tagger, the kinematic distributions of the RC
and LC, both top-tagged, are compared in Figure[8.6] The top-tagging approaches
employed are:

e LJ top-tagging: variable cuts on m and 735, optimized to keep tagging effi-
ciency constant to 80%;
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Figure 8.4: Comparison of LJ and RC kinematic distributions, (a) pi*, (b) m?°, (c)
7’ and (d) ¢/". Only events passing the pre-selection in Table are considered,
and only jets with pr > 350 GeV.

e RC top-tagging: mass window cut 120 GeV < m/¢ < 220 GeV.

The number of jets selected from the LJ tagger is higher with respect to the ones
selected from the mass window cut, consequently the normalization of RC and LJ
sample is different. All the kinematic distributions, however, continue to agree in
shape between RC and LJ, the only exceptions are the jet mass, that is still more
peaked for the RC distribution, and the high pr tail, where some events are lost
for the RC.

A further motivation to define a RC jet top tagger based on mass is in the mass
resolution, that appears to be better for the RC jets with respect to the LJ, as shown
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Figure 8.5: Comparison between RC and LJ response with the hadronic top m (a)
and pr (b), considering only jets in a AR < 0.75 from the hadronic top. Only
events passing the pre-selection in Table are considered, and only jets with
pr > 350 GeV.

in Figure Here the resolution is obtained as the RMS of the distributions of the
difference between reconstructed and particle level jets, both top-tagged, in bins of
particle level m7¢*. The re-clustered particle level jets are obtained with the anti-kt
algorithm, with R=1.0, applied on collection of the truth small-R jets, and then
using the same trimming procedure employed at detector level. The top-tagging
approach for the RC jets is completely consistent between particle and detector
levels.

8.1.2 Re-clustering in Differential Measurements

The kinematic distributions of the re-clustered jets have been shown to be simi-
lar to the distributions of the standard large-R jets, and in principle they can be
used to measure differential cross-sections in the boosted regime, but it should be
observed whether this reconstruction technique produces a reduction of the system-
atic uncertainties on the measurements. This study is performed by applying the
same selection described in Section on the re-clustered and standard large-R
jets. The comparison of the efficiency of each requirement applied on the ¢t signal
sample using re-clustering and standard large-R jets reconstruction is shown in
Table [8.2] The top tagging efficiency is lower in the re-clustered jets case but the
difference is recovered in the cut on the A¢(¢, R=1.0 jet) and the final difference
on the size of the selected signal sample is 1%.

To test the effect of the re-clustering also on topology different from ¢t and test the
data/MC agreement and purity reached with the two reconstruction approaches,
the two selections are applied on data collected by ATLAS in 2016 and 2015 and
on the various MC background samples. Table shows the yields of the selected
sample components, using the re-clustering technique the purity of the signal seems
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Figure 8.6: Comparison of LJ and RC kinematic distributions, only the top-tagged
jets are retained in the distributions.

g wf | } ]

2 30 Vs=13TeV, 36.1 b b

= o8 Boosted 4 H.f
2gE- Standard anti-kt 1.0 ++ + ++ 3
24 ++ ++++ +++ =
2 +++ ﬂ{&+#+++ t =
00y h” IR E
18— Y » —
16;+ “"y#ﬁﬁﬁ . E
14; -
80700 120 7140 160 180 200 220

(a)

540
Particle-level m' [GeV]

RMS [GeV]

-
00
TU [T T [ TT T[T T[T T[T [TTT]T

Vs=13TeV, 36.1 fb'

Boosted

Re-clustered anti-kt 1.0

+
[

’

} b bt
#*:*. I$¢*t

ﬁf

}
4 w*;ﬁﬁ

—_—

4

t

0
(=)

(b)

Figure 8.7: Resolution obtained comparing top tagged LJ (a) and RC (b) jets with
the corresponding particle level jets.

180

200

P |
220 240

Particle-level m' [GeV]



169 8.1. JET RECLUSTERING

Requirement Efficiency, RC Efficiency, LJ

Single lepton (27 GeV)
Emiss >20 GeV, m¥ > 60GeV

Leading-pr R=1.0 jet |n| < 2.0

pr > 350 GeV 8% 8%
R=1.0 jet top tagged 47% 63%
Ad(f, R—1.0 jet) > 1.0 92% 74%
AR(R=1.0 jet, small-R jet associated with

AR(lep, small-R jet associated with lepton)
< 2.0

Small-R jet associated with lepton b-tagged

(WP 70%) 91% 90%
or R=1.0 jet b-tagged

Table 8.2: Comparison on the efficiency of the requirements applied in the analysis
using the re-clustered jets, in the second column, and the standard large-R jets, in
the third one. The top tagging approaches followed in the two cases are described
in Section [8.1.1] The b-tagging of the re-clustered jet is fulfilled if one of its small-R
jets constituent is b-tagged. The standard large-R jet is considered b-tagged if it
matches in a AR < 1.0 with a b-tagged small-R jet.

slightly better, as well the agreement between data and MC predictions.

The selected samples are used to derive the distributions shown in Figure 8.8
where the number of events is presented as a function of the p*"??. Here the plot
on the right contains events reconstructed and selected using the re-clustering,
while the one on the left is obtained using standard large-R jet reconstruction.
The ratio pad show that the agreement between MC and data improves using the
re-clustering approach, and at the same time the uncertainties are smaller by ap-
proximately 50% along the full spectra, except in the last bin of the distribution,
where the statistical component is dominant. The motivation is shown in Fig-
ure 8.9 where the uncertainties due only to the large-R jet JES are compared, on
the ¢t sample, using the standard large-R jets and the re-clustering approach. Here
is visible that the re-clustering reduces this uncertainty by ~ 50%, thanks to the
use of the well calibrated small-R jets.

The different approach used at the detector level to reconstruct the R=1.0 anti-kt
jets is also implemented at the particle level, in order to follow the detector level
selection as closely as possible. Since the re-clustering has never been used in a
particle level measurement it is important to verify that the migrations between
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Sample RC selection LJ selection
tt 46823 48446
Single top 2213 3126
W tjets 3758 4945
Z+jets 611 707
1A% 464 573
Diboson 257 417
Total prediction 54126 58214
Data 50757 50142
Data/Total Predictions 0.94 0.86
S/(S+B) 0.87 0.83

Table 8.3: Yield obtained applying the selection described in Section with the
changes reported in Table[8.2], on the t£ signal and all background sources estimated
using MC and the data sample corresponding to an integrated luminosity of 36.1
b1, collected by ATLAS in 2015 and 2016. The standard large-R jets are used
in the third column, while in the second one the re-clustering is employed.
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Figure 8.8: Kinematic distributions of ptT’h“d at the detector level. The hatched

area indicates all detector level systematic uncertainties on the total prediction,
excluding systematic uncertainties related to the modelling of the tf system. In
(a) the standard large-R jets are used, while in (b) the R=1.0 anti-kt jets are
reconstructed using the re-clustering.

the detector and particle level are at least comparable with the migrations obtained
using the standard reconstruction. This is shown in Figure [8.10] where the migra-
tion matrices obtained with the standard large-R jet reconstruction, on the left,
are compared with the one obtained using the re-clustering, right.
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Figure 8.9: Comparison of the large-R jet JES uncertainties, between two alter-
native approaches to reconstruct the 1.0 anti-kt jets, the standard (blue) and the
re-clustering (red). The sample used is the ¢ POWHEG+PYTHIA 8 simulation,
normalized to a luminosity of 100 fb~!. In (a) the events are represented as a
function of large-R jet pr, while in (b) with respect to the large-R jet m.

In conclusion, the use of the re-clustering approach in boosted topology for dif-
ferential measurements highly reduces one of the dominant uncertainties, improves
the resolution on the large- R jet masses, and keeps the migrations to particle level
compatible with the standard approach. For this reason the re-clustering is the
approach selected for the future measurement of the ¢t differential cross-section in
the boosted topology in the 1-+jet channel, that will exploit the full data sample col-
lected by the ATLAS experiment in 2015 and 2016, corresponding to an integrated
luminosity of 36.1 fb~*

8.2 Additional Kinematic Variables in the Boosted
Topology

In all the published ATLAS measurement of ¢ differential cross-section using the
boosted topology, only the hadronic top pr and |7| have been measured, to empha-
size the quantities that are strictly correlated with the large-R jet reconstruction.
However, additional kinematic variables have the potential to increase the discrim-
inating power of the measurement among various predictions and consequently the
importance of the measurement in MC tuning. The larger sample statistics and
the reduction of the uncertainties in the boosted topology increases the sensitivity
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Figure 8.10: Migration matrices between the detector and particle level ptT’had using

the standard large-R jet (a) and the re-clustering (b) to reconstruct the boosted
hadronic top.

of the measurement of the differential cross-section and makes more important the
measurement of additional variables in this topology. Moreover, the measurement
of the tf system in the boosted topology allows to investigate in detail the region of
the phase space where the top is produced at high pr, sensitive to the production of
possible massive resonances decaying in ¢t [60} 57], predicted by many new physics
models.

8.2.1 Reconstruction of the ¢t System in Boosted Topology

The reconstruction of the leptonic top in the boosted regime starts from the set
of small-R jets associated to the lepton obtained from the selection described in
Section which have the following properties:

e AR(Top-jet (1.0) candidate, small-R jet) > 1.5;
e AR(lepton, small-R jet) < 2.0.

Then, the jet chosen from this group to reconstruct the leptonic top is the b-tagged
jet with highest py or, in case no one of these jets is b-tagged, the jet with highest
pr is selected. The next step is the reconstruction of the leptonic W from the
charged lepton and the neutrino, that is done by imposing the W mass constraint
as in the resolved topology, as described in Section [4.2.1] Then the leptonic top
quark is obtained as a vector sum of the W and the selected jet. The kinematic
distributions of the leptonic top are shown in Figure Here the MC predic-
tions of signal and background are compared with the data collected by ATLAS in
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2015 and 2016, corresponding to an integrated luminosity of 36.1 fb™'. The same
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Figure 8.11: Number of events as a function of leptonic top mass (a) and pr
(b). The data collected by ATLAS in 2015 and 2016 are compared with the MC
background and signal simulations. The ratio pad show the data MC agreement

algorithm applied at detector level to reconstruct the leptonic top is employed also
at particle level. The migrations between detector and particle level, with respect
to the leptonic top pr, are presented in Figure The matrix is diagonal and
the migrations are only slightly larger of the ones shown in Figure [8.12a] relative
to the hadronic top pr.

The reconstruction of the leptonic top allows also to evaluate kinematic distribu-
tions of the ¢ system, such as those shown in Figure [8.13]

8.2.2 Double-differential Cross-sections

A way to further increase the capability of the measurement to discriminate among
various MC simulation, necessary to test in more details the description of the
perturbative QCD reached from the theoretical predictions, is the combination of
the kinematic variables to measure double differential cross-sections. This kind
of measurements has been published by CMS [56, [151], but, due to statistical
limitations, they have never been measured in the boosted topology. The choice
of the variables to combine is driven by the sensitivity to some aspect of the MC
production that can be probed, for example the combination of |y*|, m* and |y![, m**
lead to a strong constraint of the gluon PDF [151].
Other combinations could be used for further application, such as the extraction
of the top pole mass.

A general criteria used to define the combination of variables to measure is the
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Figure 8.13: Kinematic distributions in the boosted topology at the detector level:
(a) myz, (b) [, (c) pY . The hatched area indicates the combined statistical and
systematic uncertainties in the total prediction, excluding systematic uncertainties
related to the modelling of the t¢ system.

correlation among them, a low correlation indicates that the combination of the two
variables provide larger sensitivity, with respect to spectra measured considering
just one variable at a time.

Examples of variables with small correlations are shown in Figure [8.14) and in
Figure the corresponding double differential spectra at detector level, using
the data collected by ATLAS in 2015 and 2016. All the detector level uncertainties
due to object reconstruction are included, together with data and MC statistical
uncertainty. The uncertainty obtained is below 15% in all bins of the distributions
and the data MC agreement shown in the ratio pad is fair along the full spectra.
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Figure 8.15: Kinematic distributions in the boosted topology at the detector level:
(a) p4"* in bins of |y""%d|, while in (b) mys in bins of p. The hatched area indi-
cates the combined statistical and systematic uncertainties in the total prediction,
excluding systematic uncertainties related to the modelling of the ¢t system.

In conclusion, the measurement of the differential cross-section of ¢¢ production in
the boosted topology is a key test for ¢t production models that can be produced in
regions of the phase space never investigated before. The importance of this channel
will also further increase with the statistics collected by the ATLAS experiment and
applying innovative reconstruction techniques, as the re-clustering, that allow to
highly improve the sensitivity of this channel and explore for the first time double
differential distributions.
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Conclusions

The measurement of the t¢ production differential cross-section obtained with data
collected by the ATLAS detector in 2015, corresponding to a luminosity of 3.2 fb ™" [1]
is presented.

The selected sample contains only ¢ pairs in which one top quark decays hadron-
ically and the other leptonically. Two different strategies are applied in the analysis
to identify the events of interest and reconstruct the top quarks, depending on the
transverse momentum of the hadronically decaying top. The resolved analysis is
optimized to reconstruct the ¢f system in events containing at least four jets, origi-
nated by the hadronization of the top quarks decay products. The boosted analysis
employs techniques specifically designed to reconstruct the hadronic top produced
with high transverse momentum (p7 > 300 GeV), whose decay products are more
collimated and tend to overlap due to the large Lorentz boost.

Both relative and differential cross-sections are measured in a fiducial phase-
space, after the application of the corrections for all the effects of the limited
resolution and acceptance of the detector.

The cross-section is presented as a function of the transverse momentum and
absolute rapidity of the hadronic top in both the resolved and boosted topologies
and as a function of the invariant mass, absolute rapidity and transverse momentum
of the tt system in the resolved one.

In general, the Monte Carlo predictions agree with the data over a wide kine-
matic region, but it is observed that the shape of the transverse momentum dis-
tribution of hadronically decaying top quarks is poorly modelled by all the NLO
predictions. This behaviour is consistent between the resolved and boosted topolo-
gies and a trend can be identified by looking at the data-MC agreement along the
full transverse momentum spectra.

The measured kinematic distributions show high sensitivity to the differences
among the various generators, indicating that the data have sufficient discriminat-
ing power to allow the tuning of the ¢¢ production models.

The use of a specific approach for the boosted topology allows to extend the
measurement to the new kinematic regions where the top quark is produced with
very high transverse momentum, up to 1.5 TeV. A set of studies also shows how
to improve the sensitivity of the analysis to further constrain the tuning of the
MC and to possible new physics signals in future analysis. In particular, it is
shown that the application of the re-clustering technique reduces the dominant
systematic uncertainties by a factor two, and that a larger sample of data allows
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to define double differential distributions also in the boosted topology.

The top quark, due to its high mass, it is involved in many models of new
physics that could be individuated comparing the tf differential distributions with
the standard model expectations. For this reason it is possible to re-interpret
the measured cross-section to extract limits on the existence of new resonances. In
particular, a possible re-interpretation of the measurement of the di‘l’t{ in the boosted
topology, that allows to set limits on the existence of a scalar and a pseudo-scalar
color singlet resonance and a pseudo-scalar color octect one, is reported [60].

The analysis presented depends on many MC simulations to estimate back-
grounds, systematic uncertainties, and to quantify the corrections due to detector
effects. With the increasing data samples collected by the ATLAS experiment
also the corresponding need for large simulated samples is growing. The available
computing resources are not sufficient to fulfill these requests for future runs with
higher luminosity and pile-up or for the foreseen upgrade of the ATLAS detector.
For these reasons, ATLAS is developing an alternative approach to speed up the
simulation of the pile-up component of the events, without loosing accuracy on the
interesting part of the events. The algorithm for the fast digitization of the silicon
detector has a central role in this project and the first results on the performances,
in comparison with the standard digitization, have been reported.
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Appendix A

Constraining Scalar Resonances

Using Top-quark Pair Production at
the LHC

The top quark, thanks to its large mass, is strictly connected to the Higgs Boson
and could play a significant role in the electroweak symmetry breaking mechanism,
moreover it plays a crucial role in many new physics models (NPM). Many NPM
predict the existence of new resonances decaying to tt, that could be observed as a
modification of the ¢f production cross-section with respect to the SM expectations.
A general scalar extension of the SM includes resonances with the same coupling
and quantum numbers of the Higgs model, whose coupling to fermions are pro-
portional to the fermion masses. In this case the main production channel at the
LHC would be through loops of colored particles, and in case of heavy resonances
(m > 2m,;) the decay in lighter fermions would be suppressed with respect to the
one in tt pair. Under these assumptions it is possible to write the Lagrangian for
the scalar interactions relevant for ¢t production [60]:

A\
Ly = ic —t%tn +c —tta + icy —t%—tn

2
° apy a apv
* 9127r G 987r S 1
- CZS U~adacha,uzszpa (Al)

The lagrangian (A.1]) contains a CP-odd and a CP-even scalar singlet (1,0) and a
CP-odd color octet (A) G" is the gluon field strength tensor, GHv = QE“V'OUGTOU,
A% are the SU(3) generators and d*° = 2Tr[A\*A\*, \] is the fully symmetric SU(3)
tensor. Using this generic model, differential cross-section measurements can be
used to extract limits on the existence of new physics, scanning a wide phase-space
of the model parameters (c,c, and the resonance mass) [60).
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A.1 Simulation and Analysis Strategy

The signal simulation for the range of interest of the parameters is done through
a re-weighting technique. The SM t¢ sample is simulated using the SHERPA [152]
153| generator and the NPM signal is obtained applying an event by event weight
defined as: )
w— Mgy + M¢
Mni”
where Mgy, and M, are the amplitudes for the SM and new physics contributions
from a new resonance derived from (|A.1f), respectively, and the lines above indicate
that the amplitude squared is summed and averaged over colors and spins. Since
the considered NPM and the SM ¢t production mechanism have the same initial

and final states the two processes interfere and the full amplitude of the new physics
production can be evaluated as:

(A.2)

| Msp + Myl? = [Msul|? + |[My]* + 2Re MMy = B+ Spq + L. (A3)

where the three terms indicate the background term (Bj,), the pure signal (Sy)
and the interference term (/).

The weights (w) are evaluated using MADGRAPH [154] simulations, taking as input
the kinematic of the partons of each event simulated with SHERPA. This approach
is chosen because, at the moment, the implementation of the amplitude and ver-
tices derived from the Lagrangian are possible only in MADGRAPH. The
SM tt background simulation is performed with SHERPA, because it shows a very
good agreement with the ATLAS measurements, even without detailed studies on
MC parameter tuning. This agreement is checked by comparing the simulation
with the results of the t¢ differential cross-section in 1+jet channel at /s = 8 TeV
in the boosted regime [49], shown in Figure Here (a) and (b) differ for the
QCD order used in the calculation: in Figure [A.I|(a) the LO approximation with
one extra radiation is used while in Figure [A.1(b) the NLO one is applied. The
LO approximation in this case is sufficient to describe the data, but the scale un-
certainty is quite large, approximately double with respect to the NLO calculation
case. In Figure[A.2]the differences between NLO and LO predictions obtained with
a separate treatment of the of extra radiation allowed in the ME calculation are
shown on the distributions of m® and p% in the boosted regime, for which ATLAS
data are not available. The LO description with at least one additional radiation
shows a reasonable agreement with the NLO prediction and will be used in this
chapter. This approach is chosen for consistency with the perturbative order used
in the description of the the SM ¢t and of the NPM signal, that can be simulated
only using LO approximation.

The reinterpretation of the measurements is done exploiting the RIVET frame-
work [145], that allows to reproduce the published ATLAS analysis [49] on particle
level simulations. The particle level selection used in this analysis is similar to the
boosted measurement presented in Section [5.2.1] the only differences being on the
cuts applied to identify the hadronic top and on the distance between the objects
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Figure A.1: Comparison of predictions obtained with SHERPA MEPSQLO simula-
tions of the p%"*? with the measurement by the ATLAS experiment : in (a) LO
prediction, (b) NLO prediction .
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Figure A.2: Comparison of MEPSQLO predictions based on different maxi-
mal parton-multiplicity matrix elements and the MEPS@QNLO calculation for the
boosted event selection: (a) m*, (b) transverse momentum of the t¢ system.

used to define the t¢ system (A¢(large-R jet,l)> 2.3, AR(small-R jet,/) < 1.0).
The top tagging in the /s = 8 TeV measurement is done applying a cut on the
large-R jet mass (m;e; > 100 GeV) and on the splitting scale (v/dia > 40 GeV). The
routine has been modified to add the reconstruction of the ¢f system in the boosted
regime and the re-weighting algorithms employed to derive signal distributions.

The analysis performed in the boosted regime is preferred with respect to the re-
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solved one because it is sensitive to resonances with mass in the multi-TeV range,
not yet excluded by the experimental results.

In the following, the importance of including the interference term in the signal
simulation, to derive the exclusion limits on NPM, will be also shown. The inter-
ference could completely change the line-shape of the resonance from a pure peak to
a peak-dip or a dip-peak structure, or could also enhance or reduce the peak [155,
156, 1157, (158, |159, [160).

To verify the impact of the interference on the ¢ differential distributions, before
any smearing due to the reconstruction, a simple analysis called parton analysis is
introduced. This performs the reconstruction of the tf system using parton level
top quarks, individuated using truth information provided by the MC generator.
Since the m* in the boosted regime has not been measured from the ATLAS col-
laboration yet, the SHERPA simulation of the SM ¢t sample at /s = 13 TeV is used
as pseudo-data to test the technique that allows to reinterpret differential measure-
ments for the extraction of limits on new physics models.

Consequently, in the following, it is assumed that the SM perfectly describes the
data, in order to derive the exclusion limits corresponding to the sensitivity that

can be reached from this type of reinterpretation using differential cross-section
do /dm'.

A.2 Statistical Analysis

The approach used to set limits on the existence of new physics is a x? calculation,
applied to the differential cross-section ratio r, defined as:

F(H) = dog/dm

= o (A.4)

where the doy is the cross-section for ¢t production, after the subtraction of the
standard model expectation, and can contain the pure signal (S) or the sum of
signal and interference (S+1), depending on the cases. The advantage of using r is
that the theoretical uncertainty simplify between numerator and denominator.
The x? calculation is performed in a mass window of 400 GeV around the mass of
the resonance and is defined as:

6=y i (45)

€

where N is the number of bins of the distribution in the mass window considered.
The €2 is the variance of r in the bins ¢ obtained, for each bin, as:

1 H? H? H+ B)*
3=§O+§ﬁ+%“0+§9+%¥—§l" (A.6)

The first term of (A.6) represents the statistical uncertainty, where B is the SM
tt sample representing the background in this analysis and H the signal only or
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signal plus interference sample. In the second term €%y ¢ represents the relative
experimental uncertainties while €., in the third term is the relative theoretical
uncertainty.

This formula has been derived using the error propagation formula, for each un-
correlated component of e:

dr . dr ) S a
= O A (A 42 A N (AT)

where ¢ represents the uncertainty component, A represents the absolute uncer-
tainty on B or H and ppyp is the correlation among H and B. The theory uncer-
tainty is considered to affect only the numerator, while for the statistical component
the related uncertainties due to the reweighing are neglected and A = v/B is as-
signed both to H and to B.

ery is assumed flat and equal to 1% for both S and S + I hypothesis. For the
experimental uncertainty (esys) three different scenarios are taken into considera-
tion:

e The first is a realistic estimate of €5y g, €5y5=10—15%. This is consistent with
the experimental systematic that can be reached by detectors with samples

of 36 fb™!, as shown in Section

e The second scenario is optimistic and consider uncertainties in a range 5% —
10%, that is still realistic considering normalized distributions.

e The last scenario assumes esys—1 — 2%. This level of experimental uncer-
tainty could be reached in the future, after introducing new techniques to
calibrate the objects and improving the modelling and detector uncertain-
ties.

Another important piece in the determination of the x? is the resolution on m', that
determines the number of bins. A small resolution allows to exploit the information
of the cross-section line-shape and increases the difference due to the inclusion of
the interference term. In the following two scenarios are considered, one where
the resolution is 400 GeV and a single bin covers all the mass window around the
resonance mass and the other where bins of 40 GeV are used.

The exclusion limits are derived requiring x? > 2.

A.3 Results

In this section three different scenarios are investigated to extract the limits on
the parameters (resonance mass,c,,c;), using the approach described in previous
section.
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A.3.1 Pseudo-scalar Color Octet

The first scenario considers the presence of a color octet pseudoscalar resonance
(n). Figure shows the r ratio obtained using the parton analysis for a resonance
of 500 GeV and with ¢; = 1, with ¢, = 1 on the left and ¢, = —1 on the right.
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do/dm
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scalar color octet resonance with m; = 500 GeV, ¢; = 1 assuming (a) ¢, = 1 and
(b) ¢, = —1, using the parton analysis. Signal plus interference (S+I) is in blue
and pure signal (S) in red [60].

Figure A.3: Distribution ratio ( r = ) as a function of m*, for a pseudo-

The effect of the interference term is visible comparing the blue histogram with
the red line, where only the pure signal component is used to obtain the distribution.
Similarly to Figure [A.3] Figure shows the r ratio for a resonance with mass
1700 GeV, reconstructed with the the boosted analysis.
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Figure A.4: Distribution ratio as a function of m! reconstructed with the boosted
analysis for a pseudo-scalar color octet resonance with my = 1700 GeV, ¢, = 1 as-
suming (a) ¢, = 1 and (b) ¢; = —1. The color scheme is the same as in Fig. [60].

Here the impact of the interference term is still visible but the effect is diluted
by the reconstruction. The limits corresponding to these distributions are shown



185 A.3. RESULTS

in Figure [A.5 where the region of the parameter space (mg, ¢,) delimited by the
colored bands is the one that is not excluded.
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Figure A.5: Exclusion limits (x* = 2) in (mg,¢,) parameter space for a pseudo-
scalar color octet assuming ¢; = 1. The band represents the different assumptions
for the systematic uncertainty, varying from 10% to 15%. Integrated luminosities
are L =20 fb~! (blue line) and L =100 fb~' (black), as well as considering interfer-
ence (dashed line) and neglecting it (solid line) [60]. In (a) the limits are extracted
using 40 GeV resolution, while in (b) 400 GeV.

Since the excess with respect to the only SM hypothesis overcome the 10% the
scenario with the uncertainties egys—5 — 10% would already have the potential to
exclude the full parameter phase-space, consequently the uncertainties are assumed
to be esys=10 — 15%, and represents the colored band in Figure [A.5] Both the
exclusion limits obtained with luminosity equal to 20 and 100 fb™', and using
the S and S + I hypotheses, are shown. The inclusion of the interference term
modifies the excluded parameter range in the low mj; region. The importance of
a good resolution for this line-shape analysis can be seen comparing (a), where is
assumed a resolution of 40 GeV, and (b), where 400 GeV resolution is considered.
A luminosity of 100 fb~* allows to exclude a large range of parameter space (ma, cq)
also in the high mass region, where the dominant uncertainty is statistical.

A.3.2 Pseudo-scalar Color Singlet

The second scenario considers the presence of a color singlet CP-odd resonance.
Figure shows the r ratio obtained with the parton analysis considering a reso-
nance with m, = 500 GeV, ¢, = 1 and ¢; = 1(a) or ¢; = —1(b). Here the effect of
the interference is clearly visible.
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Figure A.6: Distribution ratio as a function of m* in the range mt = [300, 700] GeV,
for a pseudo-scalar signal (m, = 500 GeV) in the parton analysis [60], assuming
only signal (S) and signal plus interference hypotheses (S+1). ¢, = 1 in both pads,
while in (a) ¢, =1 and in (b) ¢, = —1.
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The reconstruction partially smears the signal shape and consequently the effect
is less visible in Figure where the tf system obtained with the simulation of a
resonance with m, is reconstructed using the boosted analysis.
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Figure A.7: Distribution ratio as a function of m* in the range m* = [1300, 1700]
GeV for a pseudo-scalar color singlet resonance with m, = 1500GeV, ¢, = 1 and
(a) ¢, = 1, (b) ¢, = —1, reconstructed with the boosted analysis. The color-scheme

is the same as in Fig. [60].

-

The exclusion limits in the parameter plane (m,,c,) are shown in Figure
for resonance with ¢, = 1. In this case the scenario egyg—=5 — 10% is used. The
interference effect is noticeable for low masses m,, < 1.2 TeV, where also systematic
uncertainties have a huge impact on the exclusion power.
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Figure A.8: Exclusion limits (x* = 2) in (m,, ¢,) parameter space and ¢, = 1 for a
pseudo-scalar color singlet. The band represent the different assumptions for the
systematic uncertainty, varying from 5% to 10%. The color and style scheme for
the lines are the same as in Fig. [60]. In (a) the limits are extracted using 40
GeV resolution, while in (b) 400 GeV.

A.3.3 CP-even Color Singlet

The last scenario considers the presence of a color singlet CP-even resonance (o)
with a width much broader with respect to the other resonances investigated, in
particular I', = 0.2m,, is assumed. This particular scenario has a tiny cross-section
with respect to the scalar case and the very optimistic scenario egys—=1 — 2% is
necessary to exclude part of the (m,,c,) phase space, together with a really high
integrated luminosity, L = 300 fb~'. The exclusion limits are shown in Figure
The large width of the resonance increases the impact of the interference on the
evaluated exclusion limits. Indeed, as it is clearly visible from Figure the
inclusion of the interference term substantial contributes to improve the limits.

A.4 Conclusions

This appendix presents an approach to reinterpret the differential cross-section mea-
surements using the information provided from each analysis in format of RIVET
routines [145]. The particle level measurements can be compared with theoretical
predictions obtained from new physics models to extract exclusion limits on the ex-
istence of new resonances. In particular the sensitivity of differential cross-section
measurements of ¢ production in the boosted topology is investigated. Pseudo-data
obtained with the SHERPA simulation are processed with the ATLAS event selec-
tion performed at 8 TeV in the I4-jet channel [49] to set limits on the existence of a
CP-odd, a CP-even scalar and a CP-odd color octect resonances. In order to study
the sensitivity of this type of reinterpretation, that can be applied to future LHC
measurements, various systematic uncertainty scenarios are investigated together
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Figure A.9: Exclusion limit (x* = 2) in the (m,, ¢,) parameter space and ¢; = 1 for

such scalar state. The color scheme is the same as in Fig. the boosted analysis

is adopted [60].

with various resolutions and different integrated luminosity values. The effect of
the interference between the standard model background and the new physics con-
tributions are also investigated. In particular the inclusion of the interference term
has been observed to have a not negligible impact on the signal sensitivity. The
results presented in this appendix are included in a paper under publication |60].



Appendix B

Fast Simulation of the Silicon
Detector Digitization

The larger part of ATLAS computing resources is used for the generation of the
MC samples, used in physics analyses and for objects calibration, as shown in Fig-
ure 3.8
The increasing amount of data collected by ATLAS implies a corresponding in-
crease in the size of the MC samples, that must be larger than the data samples, to
avoid situations where the precision of a measurement is limited by the MC sample
statistics.

In order to increase the number of events collected during the data taking, the de-
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Figure B.1: Luminosity-weighted distributions of the mean number of interactions
per crossing for the 2015, 2016 and 2017 proton-proton collisions data at /s = 13
TeV. All data delivered to ATLAS during stable beams is shown [80).

tector instantaneous luminosity has been increased during Run2 by approximately
a factor 5 in 2016 and 10 in 2017, and is expected to further increase in the future
detector upgrade foreseen in 2023 (HL-LHC).The drawback of the luminosity in-
crease is the corresponding growth of the number of interactions per bunch-crossing
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(pile-up), that is constantly increasing from 2015 to 2017 data taking, as shown
in Figure A larger pile-up implies a larger number of energy deposits in the
sensors and tracks to reconstruct, and an increased complexity in reconstructing
the particle’s trajectory and correctly assign the hits of a particle to the proper
track. This reflects in a larger CPU time required for the digitization and recon-
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Figure B.2: CPU time required for the digitization (a) and reconstruction (b)
of a single event, as a function of the average number of interactions per bunch

crossing [161].

struction steps, as shown in Figure where is illustrated the dependence of the
CPU time for the simulation of a single event from the average interactions per
filled bunch crossing. With the current computing model, the foreseen share of the
computing resources, shown in Figure will be dominated by these two steps
of the MC production, grouped as MC reconstruction in the chart. To sustain the

(b)
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Figure B.3: Foreseen share of the computing resources in 2026 with the current
computing model, obtained with an extrapolation of 2016 computing model ]\

large demand of MC samples, with large pile-up, ATLAS is now developing the fast
simulation chain, described in Section that aims to speed up all the steps of
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the MC production using a faster, although less accurate, approach to simulate the
pile-up component of each event.

One of the main components of the fast chain is the fast digitization of the silicon
detector, that is a parametric simulation of the conversion in digital signal of the
energy deposited in each sensor of the pixel and strip detectors. This algorithm
will replace the standard digitization of the inner detector in the FastChain, where
the detailed propagation of charges or light into the active material is simulated
together with the the precise response of the readout electronics, taking also in
consideration the design and detector conditions.

B.1 Algorithm

The input to the digitization of the silicon tracker are the locations of the energy
deposits produced by the GEANT4 [77, 78, [79] simulation of the detector, that
consists in a set of 2D entry and exit positions in each module of the silicon de-
tectors and the corresponding amount of energy deposited by the charged particles
crossing the module.

The fast digitization starts with a loop on all the detector elements. For each de-
tector element a digitization module is built, with the characteristics that match
the readout design of the specific module: number of sensors, dimensions and geo-
metric arrangement of the sensors and Lorentz angle in the region of ATLAS where
the module is mounted. While the geometry of the surface, where the charge is
collected, is the same between a detector module and a digitization module the ge-
ometry of the internal surfaces is different to take into account the Lorentz angle.
The Lorentz angle, introduced in Section [2.2.1] corresponds to the drift direction
of the charge inside the module and determines where a charge originated from
a particle crossing the detector is deposited. A graphic example of a digitization
module is shown in Figure Each module has a local coordinate system that
has the origin in the center of the module, the local X corresponds to the r — ¢
direction in the global ATLAS geometry, while the local Y corresponds to 1. The
sensor surfaces are tilted along the local X direction to be parallel to the Lorentz
drift direction, this is convenient for the subsequent steps of the algorithm. In this
way each detector module is composed by a series of cells with the advantage that
all the charge deposited in a single cell can be directly projected on the surface, as
illustrated in Figure[B.5 Each cell surface corresponds to an element of the module
readout, and is therefore straightforward to individuate the appropriate channel to
store the information on the digital signal.

After the creation of the digitization module, the algorithm proceeds with a loop
on all the hits generated by the GEANT4 simulation inside the detector element.
For each hit, the cells in the detector module crossed by the trajectory connecting
the local entry and exit positions are individuated. This information is then used
to calculate the step of the trajectory, DigiTrackStep (DTS), in each cell of the
digitization module. The length of the DTS is considered directly proportional to
the charge deposited in each sensor, and so to the signal’s time over threshold.
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(a) (b)

Figure B.4: Schematic representation of a digitization module built by the fast
digitization algorithm. The module is built following the characteristics of each
detector element. In particular the Lorentz angle is visible in the tilt applied in the
surface in (a) while the particular scheme of the sensors with variable dimensions,
depending on the position in the module is visible in (b).

If the local entry or exit of the hit in the detector element are outside the sensitive
area of the module the valid entry or exit is calculated as the intersection of the
trajectory with the module border. This usually happens if the track enters from
another module of the same layer. To include the effect of the multiple scattering
the DTS is smeared according to a Landau distribution.

The following step of the algorithm is dedicated to the cluster formation. Each
DTS is considered only if its length is larger than a certain threshold, optimized as
discussed in the next section. All the DTS over-threshold formed from the same hit
are merged to form a cluster, as shown in Figure [B.6] The creation of the clusters
at this stage allow to furthermore speed up the full Monte Carlo production, avoid-
ing the time consuming algorithms employed in the standard cluster creation, that
happens during the reconstruction step. The advantage of creating clusters at this
stage is that it is possible to use directly the information provided by GEANT4
of which sensors are crossed from a single particle, while in the standard approach
the clusters are created by CPU intensive patter recognition algorithms, used to
individuate hits created from the same particle without using MC information.
The resulting clusters are completely consistent with the standard ones and can
be used as input for tracking. At the end of the creation of each cluster, all the
other ones already formed in the same detector element are checked to verify the
presence of clusters adjacent to the newly created one. The rules to define if two
clusters should be merged are inherited from the standard reconstruction.

Beside the reconstructed clusters also the information on the truth particles associ-
ated to each cluster is stored. This information is used by the tracking algorithms
to evaluate the performance of the cluster formation and tracking.
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Figure B.5: Sketch of the fast digitization algorithm approach. In the bottom is
shown that using surfaces tilted along the Lorentz angle direction allows to take
directly into account the Lorentz drift in the DTS evaluation [163].

o intersection with surface
* exit of sensor material
X (®) pixel position (vetoed)
% cluster position

Figure B.6: Example of cluster creation approach followed by fast digitization [[164].
The cells A,B,C are crossed by the same particle but the cell A is not included in
the cluster because under threshold.

B.2 Tuning of the Parameters

The primary aim of the Fast Digitization is the inclusion in the fast chain to
speed-up the simulation of the pile-up contribution. The performance of the fast
digitization is not expected to be as precise as the standard one, but since the fast
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digitization simulation is a parametric algorithm, it is possible to adjust some of
the parameters to increase the agreement with the standard digitization. While
most of the distributions are well described from the fast digitization, as shown
in Section [3.4.1] some show a disagreement between the two algorithms, and some
tuning of the simulation parameters is necessary.

One of the parameters that needs to be tuned is the threshold applied to cut on
the DTS. This quantity is present also in the standard digitization, to remove the
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Figure B.7: Tuning of the threshold applied in the fast pixel digitization on the
path step in each sensor, obtained using a sample Z — pu. The optimization is
done comparing the sample obtained using the standard simulation and the one
obtained changing only the pixel digitization with the fast approach. In (a) the
comparison is shown as a function of the number of pixel composing the clusters
along the local X direction in the barrel, while in (b) on the residual distribution
for barrel clusters that contain at least two cells.

detector noise and is expressed in terms of electrons freed in each sensor, instead
of in term of a length, as is done in the fast approach. The threshold influences the
cluster dimensions, so it has an impact on all the parameters of the reconstructed
tracks. The effect of the variation of the fast digitization threshold on the cluster
dimensions and on the residuald’|in the pixel detector can be seen in Figure
for the barrel and for the endcap. The residuals shown are only for clusters
formed by at least two cells, that are a large fraction of the total barrel clusters
(~ 50%) but just a 9% of all clusters in the endcap, where there is no Lorentz shift
and the tracks impact mostly perpendicularly to the detector. The tuning shows
that in the barrel the initial threshold value of 0.02 mm seems to provide a good
agreement with respect to the standard simulation, on the other hand in the endcap
a larger value of the threshold seems to provide a better description of the cluster
dimensions. The same studies made on the SCT clusters in the barrel are shown in

IDifference between the cluster center position and the position of the reconstructed track.
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Figure here the threshold 0.09 mm seems to provide a better agreement with
the standard digitization. Another effect that needs to be considered in the fast
digitization is that some sensors adjacent to ones above threshold could register a
signal also if not directly crossed from the track. This happens in the real detector
and is simulated in the standard approach. The simulation of this phenomena
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Figure B.8: Tuning of the threshold applied in the fast pixel digitization on the
path step in each sensor, obtained using a sample Z — pp. The optimization is
done comparing the sample obtained using the standard simulation and the one
obtained changing only the pixel digitization with the fast approach. In (a) the
comparison is shown as a function of the number of pixel composing the clusters
along the local Y direction in the endcap, while in (b) on the residual distribution
for endcap clusters that contain at least two cells.

in the fast digitization is obtained by applying a smearing of the local entry and
exit position of a track in a detector module, producing a smearing in the cluster
dimension if additional cells became over threshold. In this approach the parameter
that can be tuned is the length of the shift applied to the hit ends. The results
of this tuning are shown in Figure for the pixel clusters in the endcap and in
Figure for the SCT clusters, in the barrel. In both pixel and strip clusters a
shift of 0.004 mm results in an overall improvement of the agreement between the
fast and standard digitization.

All the studies performed in this Section are obtained using a Z — up sample and
selecting one fast algorithm at a time, to disentangle the effects due to the fast
pixel and SCT digitization. The optimized parameters have been used to produce
the public plots shown in Section [3.4.1]
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Figure B.9: Tuning of the threshold applied in the fast SCT digitization on the
path step in each sensor, obtained using a sample Z — pu. The optimization is
done comparing the sample obtained using the standard simulation and the one
obtained changing only the SCT digitization with the fast approach. In (a) the
comparison is shown as a function of the number of strip composing the clusters
along the local X direction in the barrel, while in (b) on the residual distribution
for barrel clusters that contain at least two strips.
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Figure B.10: Optimization of the smearing parameter applied to the entry and exit
positions of the hits in the detector element. The optimization is done comparing
the standard digitization (blue) with simulations that differ only for the pixel dig-
itization. The sample employed is Z — pp. In (a) the comparison is shown as a
function of the number of pixel composing the clusters along the local X direction,
while in (b) on the residual distribution for the end cap clusters that contain at
least two pixels.
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Figure B.11: Optimization of the smearing parameter applied to the entry and exit
positions of the hits in the detector element. The optimization is done comparing
the standard digitization (blue) with simulations that differ only for the SCT dig-
itization. The sample employed is Z — pp. In (a) the comparison is shown as a
function of the number of strip composing the clusters along the local X direction,
while in (b) on the residual distribution for the barrel clusters that contain at least
two strip.

B.3 Detector Studies for the ATLAS Upgrade

The fast pixel digitization can be employed also in the design of a new tracking
system for the ATLAS upgrade, to easily compare the performances of the detec-
tor using different pixel technologies, pitch dimensions and sensor thicknesses. The
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Figure B.12: Effect on the residuals of different dimensions and thickness of the
pixel sensors along r¢ direction and along 7 direction.

algorithm takes as input only the information on the entrance and exit positions
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of a track in the module, but no information on the energy deposition is required.
Changes in the sensor parameters can be consequently handled from the fast digiti-
zation without the need to rerun the detector simulation, but simply changing the
digitization module to reproduce a custom geometry under study. There are, any-
way, some limitations to this approach: for example the active area of the detector
cannot be varied in order to reuse the hits evaluated by the detector simulation
with a different geometry.

An example of the effect of the change of the pitch dimensions on the track residuals
is shown in Figure where the parameters of the sensors, reported in Table
are compared. Figure |B.12| shows that a longer side of the pixels corresponds to

(X,Y,Thickness) [pm] | Starting point ~ Alternative pitch ~ Alternative thickness

Barrel, Local X 25x150x150 50x50x150 50x50x150
Barrel, Local Y 25x150x150 50x50x150 50x50x150

Table B.1: Example of different geometries of pixels pitch.

worst residuals. Also the detector thickness plays an important role: a thinner
detector implies lower charge deposited in each cell, and consequently a different
cluster dimension and a reduction in the total number of clusters. To mitigate the
impact of the volume variation is necessary to modify the threshold applied on the
DTS length accordingly.

This type of studies are useful to explore the performance of alternative sensors,
with different dimensions or alternative technology. In particular, the algorithm
has been used for the results presented in the ATLAS pixel detector TDR for the
upgrade foreseen in 2023. One of the proposed layout for the barrel part of the
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Figure B.13: Track residuals in the fourth layer of the pixel tracker along local X
(a) and Y (b) directions.

fourth layer of the pixel inner tracker is based on monolithic sensors that integrate
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readout electronics with the silicon sensors. The thickness and pitch of these sen-
sors are different from the planar pixels employed at the moment in ATLAS. In this
context the fast digitization algorithm has been used to investigate the differences
on detector performance due to the different sensor geometry. In Figure the
residuals obtained employing sensors with two different surfaces (50 pum x 50 pm
and 36 um x 36 pm) are compared, as a function of the sensors thickness. The
threshold on DTS length applied in the algorithm is re-scaled proportionally to the
pixel area. The plots show that the residuals along local X are sensitive to the

sensor area, while the sensor thickness has a larger impact on the residuals along
local Y.
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Appendix C

Tables with Systematic
Uncertainties Breakdown

In this appendix are shown the tables with the breakdown of the systematic uncer-
tainties affecting the particle level differential cross-section measurements, propa-
gated as described in Chapter [6] Tables [C.1] show the systematic components
on the absoulte p"*, |y/""%4| spectra in the boosted regime, while the uncertainties
on relative spectra are shown in Tables The breakdown of uncertain-
ties components on the py"*, |y#he?| m®, ptt and |y*| measured in the resolved
topology are shown in Tables for the absolute spectra and in Tables
for the relative ones. The values shown in this appendix are obtained
by propagating the individual uncertainties to the measured cross-sections, while

the covariance matrices are evaluated using pseudo-experiments as described in
Chapter
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Table C.1: Table of systematic
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uncertainties for the absolute differential cross-

section at particle level for the top quark transverse momentum in the boosted

regime.
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Table C.2: Table of systematic
section at particle level for the
boosted regime.

uncertainties for the absolute differential cross-
absolute value of the top quark rapidity in the
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1o - da 7.60- 10 4.86-10 2.76-10 1.58 10 698-10 7 167-10 * 2.28-10 °
Total uncertainty ] o e Tods T i i
Statistical uncertainty [%] 78 +21
Systematic uncertainty [%] M
Large-R jet Baseline (JES) [7] =n
Large-R jet Tr: g (JES) [%] 5
Large R jet Mudunu-g (JES) [%] 20
Large-R jet CrossCalib 732 (JES) [%] 2
Large-R jet Runl 732 (JES) [%] o
Large-R jet IMR [%] £0.10
b Tagged jet energy scale (JES) [%] - - - o3
Effective detector NP set 1 (1ES) [%] i i) 0% o
Effective detector NP set 2 (JES) [%] o - - . peyi]
Effective detector NP set 3 (JES) [%] - - - - - - e
Effective detector NP set 4 (JES) [%] - - - - - -
Effective detector NP set 5 (JES) [% - - - - - o
Effective detector NP set 6 restTerm (JES) [%] - - - - o
y intercalibration model (JES) [%] i - - priid
1 intercalibration total stat (JES) [%] i) - - on
Flavour composition (JES) [%] o e 05 s
Flavour response (JES) %] R - g G0
Pile-up offset 1 (JES) [%] 4015 - - - o
Pile-up offset Npy (JES) [%] - - - - - - o
Pile-up offset pr (JES) [%] - - - - - o -
Pile-up offset. p topology (JES) |%] ik - 5 - w616 o086 o
Punch-through (JES) [%] - - - - - - Fo2n
Single particle high-pr (JES) [%] - - - - - - N
Jet energy resolution [%] 074 +0.32 F0.18 F0.68 F0.86 F1.26 F047
Jet vertex fraction [%] 03 by by on -
b Quark tagging efficiency (eigenvector 0) |%
b-Quark tagging efficiency (eigenvector 1) [% - - - - - ety o1z o3
b-Quark tagging efficiency (eigenvector 2) % - - - - - F0.11 - 0.10
b-Quark tagging efficiency (eigenvector 3) % - - - - 020 —0.20 —o84 —o16
b-Quark tagging efficiency (eigenvector 4) |% - - - - - - -
(eigenvector 0) [% B B B B o
-y (eigenvector 1) [% - - - - - - - -
(eigenvector 2) [% - - - - - - - -
v (eigenvector 3) [% - - - - -
(eigenvector 0) [%] +0.30 *2 2 i ,2 i i
(sigenvector 1) [%] - - - - -
v (eigenvector 2) [%] - - - - - - -
Light-jet tagging efficiency (cigenvector 3) % - - - - - - -
Light-jet tagging efficiency (eigenvector 4) [%] - - - - - - -
Light-jet tagging efficiency (cigenvector 5) [% - - - - - - -
Light-jet tagging efficiency (cigenvector 6) [% - - - - - - -
Light-jet tagging efficiency 7) % - - - - - - -
Light-jet tagging efficiency (cigenvector 8) [% - - - - - - -
Lighi-jet tagging efficiency (igenvector 9) [% - - - - - - - -
Light-jet tagging efficiency (cigenvector 10) [%] - - - - - - - -
Light-jet tagging efficiency (vigenvector 11) [%] - - - - - - -
b-Quark tagging extrapolation [%] e - 0,15 1014 e ] - 20
b-Quark tagging extrapolation from c-Quark [%] - - - - - - - 010
Electron energy resolution [%] - - - - - i
Electron energy scale |%] - - - - - vyl Cis
Electron trigger efficiency %] - - - - - - - :
Electron reconstruction efficiency %] - - - - - - - -
Electron identification efficiency [%] o - - - +0.15 +0.19 +0.27 +0.45
Electron isolation efficiency %] F0.11 - - - +0.14 +0.18 i o
Muon energy seale [%]
Muon (MS) momentum resalution [%] - - - - - - - -
Muon (ID) momentum resolution [%] - - - - - - - -
Muon trigger efficiency stat [% - - - - - - - -
Muon trigger efficiency sy " 1%l - - - - - - - -
Muon identification stat [%] - - - - - - - -
Muon identification syst [%] - - - - - - +0.13
Muon isolation efficiency stat %] - - - - - - -
Muon isolation efficiency syst [%] - - - - - - +0.10
Muon TTVA efficiency stat %] - - - - - - -
Muon TTVA efficiency syst [%] - - - - - - - -
E'™ Soft jet resolution para |%] - - - - - +0.18 +0.45 F2.19
™ Soft jet resolution perp (%] - - - +0.12 - F0.22 F0.38 F0.45
Soft jet scale [%] - - - - - o
Luminosity [%] - - - - - - - -
‘Age., stat error [%)] - - - - - - - -
Age., stat error [%] - - - - - - - -
Jots C Ay stat error [%] - - - - - - - 069
Jets Fee stat ervor [%] - - - i - 3] o e

W +jets Flight stat error [%] - - - - - - -

W+ jets Fe error [%] - - - - - I ;}
QCD norm. impact on W+ jets [%] ] s i
Single top cross-section [%] - - - - £013 £027

F0.15 - +0.23 +0.12 F0.15 +084 +1.12

- - +0.17 +0.30 +0.82

- - +0.11 +0.15 +0.24

lo sample statistics [%] +1.50 +1.61 +2.20 +4.34 +9.04

ISR/FSR + scale [%] Hoos e s _is R
Alternate hard-scattering model [%] F2.22 +1.43 FTAT F0.71 +15.1
Alternate parton-shower model [%] +1.05 +0.88 +4.81 F6.80 +6.45
Inter PDF [%] F0.21 +0.13 - - +1.47 F0.67
Intra PDF [%] +0.17 +0.20 +0.42 +0.39 +0.39
Real lepton efficiency stat [%] - - e o 05
Fake lepton efficiency MC scale [%] Lo Loz » - R o
Fake lepton efficiency alternate CR [%] 7022 <0018 021 £080 F0.39 4059
Poor MTW Modelling in QCD [%] £033 F0.12 027 F0.42 303 352

Table C.3: Table of systematic uncertainties for the relative differential cross-
section at particle level for the top quark transverse momentum in the boosted

regime.
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Bins | Unit [y | 0020 0.20 0.40 0.40 0.60 0.60 0.80 0.80 1 11.20 1.20 140 1.40 160 1.60 1.80 1.80 2
1/ - do / dly] 750 107 764-10 1 676-10 ' 631-10 ' 556-10 ' 509-10 1 414-10 ' 340-10 ' 21910 "
Total uncertainty [4] 4 5] T o g 3 BES

Stat uncertainty [%] 7 +4.0 *1.5 AT 1

Systematic uncertainty [4] e e e i

Targe-R jet Baseline (JES) [%] T T o3 B

Large-R jet Tracking (JES) [%] Fosn 081 e}

Large-R jet. Modelling (JES) [%] +047 . o 838

Large-R jet CrossCalib 732 (JES) [%] t‘§ o k] - 0

Large-R jet Runl 732 (JES) [%] it it ks 050

Large-R jet IMR [%] - - +0.1: - -
b-Tagged jet energy scale (JES) [%] - - . - - - -
Effective detector NP set 1 (JES) [%] i o R 05 'yl 0z -
Effective detector NP set 2 (JES) [%] - - - - - -

Effective detector NP set 3 (JES) [%] - - - -
Effective detector NP set 4 (JES) [%] - - +oa - - 013 - B -
Effective detector NP set 5 (JES) [%] - - - - - B - B -
Fffective detector NP set 6 restTerm (JES) [%] - - B

# intercalibration model (JES) [%]
 intercalibration total stat (JES) [%] - - -
Flavour composition (JES) [%] - - i e o
Flavonr response (JES) (%] - - . -84
Pile-up offset 1 (JES) [%] - - -
Pile-up offset Npy (JES) [%] - R R . R R . R R HBE
Pile-up offset py (JES) [% - - - - - -

Pile-up offset p topology (JES) %] - - - oy - +021
Punch-through (JES) [%] - - - - - B -
Single particle high-pr (JES) [%] - - - - -
Jotenergy resolution [%] F0.45 +031 F0.72 +0.41 071 F0.35 042
Jet vertex fraction [%] +on - - 7
I-Quark tagging efficiency (eigenvector 0) [%] - +0.10 -

b-Quark tagging efficiency (eigenvector 1) [%| - -

b-Quark tagging efficiency (eigenvector 2) [%] - - - - - - - - B .
b-Quark tagging efficiency (cigenvector 3) [%] - - - - - - 0 - B -
b-Quark tagging efficiency (eigenvector 4) [%] - - - - - - B - B -
e-Quark tagging eff (cigenvector 0) [%] - - - - - -
-Quark tagging efficiency (cigenvector 1) [% - - - - - - £0.10 - - F0.10
-Quark tagging efficiency (eigenvector 2) [%] - - - - - - - - B .
c-Quark tagging efficiency (cigenvector 3) [%] -
Light-jet tagging efficiency (eigenvector 0) [%] - it 0 et i
Light-jet tagging efficiency (cigenvector 1) [% +0.14 - - -
Light-jet tagging efficiency (eigenvector 2) [%] - - - - - - -

Light-jet tagging efficiency (cigenvector 3) [% - - - - - - B -
Light-jet tagging efficiency (eigenvector 4) [%] - - - - - - - - B -
Light-jet tagging efficiency (cigenvector 5) [% - - - - - - - - B -
Light-jet tagging efficiency (eigenvector 6) [%] - - - - - - - - B -
Light-jet tagging efficiency (vigenvector 7) [%] - - - - - - - - - -
Light jet tagging efficiency (cigenvector §) [%
Light-jet tagging efficiency (cigenvector 9) [% - - - - - - - - B -

ency

Light-jet tagging efficiency (cigenvector 10) %] - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 11) %] - - - -
b Quark tagging extrapolation (%] o
b-Quark tagging extrapolation from c-Quark [%] - - - - -
Electron energy resolution [%] - -
Electron energy scalo [%] - -
Electron trigger efficiency [%]

Electron reconstruction i

—021 -
4021 —oar

ency %] - - - - - - - - - -
Electron identification efficiency [%] - - - - - - - - - -
Electron isolation efficiency [%] - - - - - - - - - -
Muon energy scale [%] - - - - - - - - - -
Muon (MS) momentum resolution %] - - - - - - - - - -
Mauon (ID) momentum resolution (%] - - - - - - - - - -
Muon trigger efficiency stat [%] - - - - - - - - - -
Muon trigger efficiency syst [%] - - - - - - - - - -
Muon identification stat [%]

Muon identification syst [%] - - - - - - - - - -
Muon isolation efficiency stat [%] - - - - - - - - - -
Muon isolation efficiency syst [%] - - - - - - - - - -
Muon TTVA efficiency stat [%] - - - - - - - - - -
Muon TTVA efficiency syst [%] - - - - - - - - - -
Es Soft jet resolution para [%] +0.14 - - - -

P Soft jet resolution perp [%] - - F0.12 - F0.10 - - £021 £0.16 -
s Soft. jet scale [%] - - - - -

Luminosity %]

W tjets CAger stat error [%] - - - - - - - - - -
Wtjets Cdae, stat ervor [%] - - - - - - - - - -
Wtjets C Ao stat error [%)] - -
W jets Fee stat error [%] il
Wt jets Flight stat error [%] - -
W jets Fe error [%]
QCD norm. impact on
Single top cross-section
2+ jots cross-section [%]
Diboson cross-section [%] - -
1V cross section [%]

Monte Carlo sample statistics [%] 101 £110 £121 £157 £134 £138 +298 =188 +3.00
ISR/FSR + scale %] s % im0 i e o e s
Alternate hard-scattering model [%] +1.27 - +2.80 FLI12 F4.81 +0.32 +4.38 F1.54 F2.40
Alternate parton shower model [%] F0.77 F126 F2.95 +0.39 F0.56 F026 =530 =413 +0.89
Tnter PDF [%] - F0.17 - +0.12 - F019 -

Intra PDF [%] - - F0.14 - -
Real lepton efficiency stat %] - - -
Fake lepton efficiency MC scale [%] fou - S0 ol - T
Fake lepton efficiency alternate CR [%] - F0.37 +0.12 F0.33 - - -
Poor MTW Modelling in QCD (%] +0.30 +0.33 F0.51 +0.15 - 032 F025 +0.21 Fl42

a2
o2t Zoss

W jets [%] ] i
[%]

+041

032
o

Table C.4: Table of systematic uncertainties for the relative differential cross-
section at particle level for the absolute value of the top quark rapidity in the
boosted regime.
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Bins [GV]

0-25 25-50

50-75

75-105

105-135

135-165

165-195

195-230

230-265

265-300

300-350

350-100

100150

150-500

500-1000.00

do / dpfy [pb/GeV]

13510 ©

391-10 " 580-10° "
T T

Total uncertainty [%] i S s
Statistical uncertainty [%] +20 +11 0.9
Systematic uncertainty [%] riz2 ri22 His
-Tagged jet energy scale (JES) [%] U - n
Effective detector NP set 1 (JES) [%] e )
Effective detector NP set 2 (JES) [%] o] e
Effective detector NP set 3 (JES) [%] o] e
Effective detector NP set 4 (JES) [%] ot o
Effective detector NP set 5 (JES) [%] e -
Effective detector NP set 6 restTerm (JES) [%] -0 o
7 intercalibration model (JES) [%] Ha i
i a0 it
g w5
Flavour response (JES) [7 ety 4
avour response (JES) [%] e i
Pile-up offset y (JES) [%] - o
Pile-up offset Npyv (JES) [%] - -
Pile-up offset pr (JES) [%] et e
Pile-up offset p topology (JES) [%] HE He
Punch-through (JES) [%] -
Single particle high pr (JES) %]
Jet energy resolution [%] F2.08 F2.16
Jet vertex fraction [%] pr hred
b-Quark tagging efficiency (eigenvector 0) [%] i e
{-Quark tagging efficiency (eigenvector 1) [%| F0.88 102
{-Quark tagging efficien 2) [% fatH e
{-Quark tagging efficiency (eigenvector 3) [%| - -
{-Quark tagging efficiency (eigenvector 4) [%| - -
c-Quark tagging efficiency (eigenvector 0) [%] o ey
-Quark tagging efficiency (eigenvector 1) [%] +0.36 +0.31
c-Quark tagging efficiency (eigenvector 2) [%] +0.16 +0.21
Quark tagging efficiency (eigenvector 3) [%| F0.11 -
Light-jet tagging efficiency (eigenvector 0) [% vl e
Light-jet tagging efficiency (eigenvector 1) [%] - - -
Light-jet tagging efficiency (eigenvector 2) [%) +0.21 e 0.13
Light jet tagging efficiency (eigenvector 3) |%]
Light-jet tagging efficiency (eigenvector 4) [%] - - -
Light-jet tagging efficiency (igenvector 5) [%] - - -
cigenvector 6) [%] - - - - - - - - - - - - - - -
cigenvector 7) [%] - - - - - - - - - - - - - - -
cigenvector &) [%] - - - - - - - - - - - - - - -
cigenvector 9) [%] - - - - - - - - - - - - - - -
eigenvector 10) [%] - - - - - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 11) [%] - - - - - - - - - - - -
Bb-Quark tagging extrapolation [%] - - - - +0.10 +0.41 0 HE R
b-Quark tagging extrapolation from c-Quark [%]  +0.12 b +0.14 013 - z R R B B B N z
Electron energy resolution [%] - - - - - - - - - - - - - -
Electron energy scale [%] - - - - - - -
Electron trigger efficiency [%] +0.25 +0.24 +0.24 +0.26 +0.31 =031
Electron reconstruction efficiency [%] +0.16 +0.16 +0.16 +0.19 +0.24 +0.25
Electron identification efficiency [%] +0.39 +0.39 £0.39 £0.43 +065 071
Electron isolation efficiency [%] +0.12 +0.12 013 £0.15 035 £041
Muon energy scale [%] - - - - - - - - - - -
Muon (MS) momentum resolution [%]
Muon (ID) momentum resolution [%] 021 - - - - -
Muon trigger effi at %] oo oo 3 e 5 0%
Muon trigger efficiency syst [%] +0.25 +0.25 +0.24 R4 +0.25 +0.24 %
Muon identification stat [%] - - - - - - - - - - - - - - -
Muon identification syst [%] +0.17 +0.16 016 £0.16 016 017 0.18 4020 0.22 024 026 029 o £0.36 +0.44
Muon isolation efficiency stat [%] - - - - - - - - - - - - - - -
Muon isolation efficiency syst [%] +0.11 =011 =0.11 =0.10 £0.10 £0.10 £0.10 +0.10 +0.10 +0.10 =0.10 =0.10 =0.11 £0.10 +0.16
Muon TTVA efficiency stat [%] - - - - - - - - - - - - - - -
ic st [%] - - - - - - - - - - - - - - -
* Soft jet resolution para [%] +0.12 +0.11 - - - - - - - - - - - £0.10
" Soft jet resolution perp [%] - F0.12 F0.13 - - - - - - - - F0.11 - -
E Soft jet scale [%] - - - - - - - - - - - - - -
Luminosity [%] F206 F206 206 206 F2.06 F2.06 F200 F2.06 F206 F206 206 F2.06 F2.06
Single top cross-section [%] 4026 +0.26 025 024 £0.24 £025 +027 +027 4029 +0.30 £0.36 £0.39 £0.44
Z+jets cross-section [%] +0.59 +0.70 088 £068 £057 £0.43 £0.45 4038 +0.39 +0.38 £0.39 £028 £0.43
Diboson cross section [%] +0.18 +0.14 +0.13 £0.12 £0.11 £0.12 +0.13 +0.14 +0.17 +0.17 022 £0.38 £0.46
1V cross-section [%] - - - - - - - - F0.10 -
Monte Carlo sample statistics [%] 104 =041 032 £0.33 £0.36 +0.44 +0.78 £1.09 £1.96 £2.26
ISWESIL - sede 4] e i T3l s 5 Bt Bt it T3 T et o
Alternate hard scattering model |%] F0.90 +0.41 F0.35 4032 £2.49 487 £157 £3.01 £147
Alternate parton-shower model [%] F2.52 FL38 F2.28 F2.24 F2.28 FL50 F3.08 F2.32 7203 F5.27 F2.90 F9.59
Inter PDF [%] - - - - - - +0.11 - - =018 - F0.07
Intra PDF [%] - - - - - - - +0.11 - - =013 £0.28 £0.31
Real lepton efficiency stat [%] F0.11 W w01 o w01 0% 0% w03 o3 s o o5
Fake lepton efficiency MC scale [%] 2051 i) B paii i oo ] 2031 Toai 203 i pant]
Fake lepton efficiency alternate CR. [%] +027 £0.40 045 £027 4020 4034 +017 +0.14 +031 044 £0118 £0.20
Fake overall normalisation %] +4.59 +433 £3.96 £283 4226 +218 +231 +1.90 +241 £1.70 £3.00 £276
/+jets CAuine stat error [%] F0.20 F0.14 F0.15 F0.12
Jots Fe stat erxor %] - - - - - - - - - - - - -
jets Fee stat error [%] +062 +020 ) ) ) R R ) ) ) —our ) 4065 .

7+ Jots Flight stat error %]

Tosr

Table C.5:

regime.

Table of systematic uncertainties for the absolute differential cross-
section at particle level for the top quark transverse momentum in the resolved
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Bins [ Cuit [ ] 010-020 0.200.30 _030-040 00050 0.50-0.60 0.60-0.70_ 070080 0.80-0.00 0901 =110 __1.10-120 120-130 L30-L10_110-150 L50-170 L70-1.00 190-230
do / dly'] [pb/ Unit [y | 787107 773-100 743-100 7.22-10"0 6.75-100 6.31-10"7 6.29-10" 555-10" 5.06-10' 4.76-100 4 374-100 321-100 245-100 L58-100 3.50- 10"
Total uncertainty % o 2 et pi1 e i 1 i s iz +113
Statistical uncertainty %] £132 £13 13 £13 £14 +15 16 19 £22
Systematic uncertainty [%] i 3 o2 o4 pat pttie] pai] e =110
b-Tagged jet encrgy scale (JES) [7] i i oo 059 iR e e o i
Effective detector NP set 1 (JES) [%] e 4 v e H e e p-y p]
Effective detector NP set 2 (JES) [%] ) 7 w07 i it on il i) i
Effective detector NP set 3 (JES) [%] Zot0 2 Zoae A 0% i - i Zoar -
Effective detector NP set 4 (JES) (%] o o1 g
Effective detector NP set 5 (JES) [%] - - - - - - - - -
Effective detector NP set G restTerm (JES) [%] - - - - -
7 intercalibration model (JES) [%] M 108 e 108 nn 2 g
5 intercalibration total stat (JES) [%] ey o +0.58 28 50 i +0.92
Flavour composition (1) %] E T o oo
Flavour response (JES) (%] Sois 4 i i i e i
Pile-up offset 4 (JES) [%] - i ozt - oz o3 o
Pile-up offset Ney (JES) [%] - - - - - - - - o1
Pile-up offset pr (JES) [%] - -0 - - - - - -
Pile-up offset p topology (JES) [%] £34] p Ha s HE i R in it
Punch-through (JES) [%] - : : - - : - - - - :
Single particle high-pr (JES) [%] - - - - - - - - - - -
Jet energy resolution [%] F032  F103 T2 FLIS  FLIO
Jet vertex fraction [%] pey pevi pev] pe ey
t-Quark tagging efficienc ) [% e Fia s Trar it
b-Quark tagging efficiency (eigenvector 1) [%] e e i i i
b i iconcy (oo ) % HE HE HE HE
i % - - - - - - : - £0.10
) [ it e 15 % B it w3 FLA O FI43 FLe2 F1a2 e it F135 i Tl T
) [% 017 2016 4014 016 £015 £017  £013  £0M 005 015 001 2013 £0M £013  £0M 4015 -
¥ ) (% 019 2019 4018 4018 018 £008 A0AS 017 007 £016 017 £0IS £017 2007 4016 005 4013
¢ Quark tagging efficiency (cigenvector 3) [%) .
Light-jet. tagging efficiency (cigenvector 0) [ s O gk N A ae aE AR a8 ue e ] ae aw 8B Et
Light-jet tagging efficiency (cigenvector 1) [%] - - hAEH - - - - - - - - - - - - - F0.12 F0.20
Light-jet tagging efficiency (cigenvector 2) [%] - =012 - - E) - - - - - +0.11 - - - +0.10 - +0.11 -
Light jet tagging efficiency (cigenvector 3) [%
Light jet tagging efficiency (cigenvector 4) [%
Light jot tagging efficiency (cigenvector 5) [%
Light-jot tagging efficiency (cigenvector 6) [% - - - - - - - - - - - - - - - - - -
Light-jot tagging efficiency (cigenvector 7) [% - - - - - - - - - - - - - - - - - -
Light-jot tagging efficiency (cigenvector 8) [% - - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 9) [% - - - - - - - - - - - - - - - - - -
ight-jet. tagging efficiency (eigenvector 10) [%] - - - - - - - - - - - - - - - - - -
jet tagging efficiency (eigenvector 11) [%] - - - - - - - - - - - - - - - -
b-Quark tagging extrapolation [%] 103 +0.31 e +0.33 3 +0.32 iy +0.31 +0.30 +0.31 +0.29 +0.28 +0.28 +0.27 +0.27 +0.26 +0.28
b-Quark tagging extrapolation from c-Quark [%] 10 012 o 01 012 - +0.11 b - +0.10 0 - +0.10 - - +0.10 - -
Electron energy resolution [%] - - - - - - - - - - - - - i - - - -
Electron energy scale [%] - - - - - - - - - - - - - - - - - -
Electron trigger efficiency [%] 026 £025 4020 026 2026 026 4026 <026 025 4027 026 4026  £026 026 =027 026 £027 027
Electron reconstruction efficiency [%] 4008 2008 4018 008 2008 008 4018 L0808 4018 4048 4018 £08 4048 £018 OIS L0808
Electron identification efficiency [%] £044 2043 4044 044 E044 041 E044  £045 043 4045 044 H040 043 4043 045 043 044 2043
Electron isolation efficiency [%] 007 2006 4017 006 017 0.7 #016  £0.6 016 4017 016 4016 £0.06 016 =016 016 £017 016
Muon energy scale |% - - - - - - - - - - - - - - - - - -
Muon (MS) momentum resolution [%] - - - - - - - - - - - - - - - - - -
Muon (ID) momentum resolution [%] -0
Muon trigger efficiency stat |%] pei i) i i iy i pi 105 iy pi ) pi s i) it
Muon trigger efficiency syst [%] N +0.25 +£0.24 e +0.24 +0.24 +0.24 +024 024 +0.24 +0.24 +0.24 +0.2 o
Muon identification stat [%] - - - - - - - - - - - - - -
Muon identification syst %] £018 2018 +o18 +0.18 o +0.17 +0.18 priH LIS 4018 pri 008 4008 2018
Muon isolation efficiency stat [%] - - - - - - - - - - - - - - -
Muon isolation efficiency syst [%] 000 010 £010 2000 4010 000 000 000 010 4010 000  £010  £0.00 4010 £0.10
Muon TTVA efficiency stat [%] - - - - - - - - - - - - - - -
Muon TTVA efficiency syst [%] - - - - - - - - - - - - - - -
B Soft jet resolution para [%] +0.10 - - - - - - - - - - - - - -
E§™ Soft jet. resolution perp %] F0.0 000 - - - - F0.12 - - - - - - - -
B} Soft jet scale [%] - - - - - - - - - - - - - - -
Luminosity (%] F206  F206 F206  F206  F200  F206  F206  F206  F206  F200  F206  F206  F200
section [%] 028 028 026 026 4025 020 4020 024 023 £023 2022 4020 2021
7+ jets cross-section [%] 066 =061 058 050 4082 060 4053 <047 4036 074 £035 062 040
Diboson cross-section [%] 0.4 2004 0.2 004 4015 043 4013 £006 002 014 2003 4042 2001
V" cross-section [%] - - - - - - - - - - - - - - -
Monte Carlo sample statistics [%] 045 2052 4049 2054 4059 052 061 061 2066 4065 067 4076 051 4080 £083
ISR/FSR + scale [%] it i i s 0 e e el il 38 e 3 e b w8
Alternate hard-scattering model [%] L0441 F056 £005  FL00  §039 088 036 4231 047 FL75 043 £136  F0.07 - +374
Alternate parton-shower model [%] F211 F207 FL77T FLE9  FL37  FLS2  FL&T  FLT F251 FL5 FLS F126 F227  §306 F092
Tnter PDF [%] - - - - - £0.12 - - - - - - - £0.15 - £0.13 - £0.19
Intra PDF [%] - - - - - £0.19 - - - - - - - 001 013 L0107 2025
Real lepton efficiency stat [%] i B o i B rans i i s it i i et W i it i
Fake lepton efficiency MC scale |%] pi iy i Zom Toti i ok 2% s ok Toa Zo% s o 207 o Tz s
Fake lepton efficiency alternate CR [%] 031 0 4032 040 4033 £0.30  £033  £029 4035 0.4 £028  £020 L0290 035 .42 - £035
Fake overall normalisation [%] 374 368 4370 337 361 362 4346 £361 4341 £283  £312 302 £231 268 £3.08 207 £216
W jets CAiner stat error [%] F0Q2 002 F041 F0A1 F002  F001 3042 F01 - F010  F010 - - - - - -
W ets Fe sta error ] —oas 4019 401 o

W+ jots Fee stat error [%]
W+ jets Flight stat error [%]

Table C.6:

Table of systematic uncertainties for the absolute

differential cross-

section at particle level for the absolute value of the top quark rapidity in the

resolved regime.
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Table C.7: Table

Bins [GeV]

0 35 35 75

75 125

125 170

170 225 225 800

do / dpf [pb/GeV]
Total uncertainty %]
Statistical uncertaint

|
Systematic uncertainty [%]

1.03-10° 8.08-10°T 3.
112 =

I-Tagged jet energy scale (JES) [/]

Effective detector NP set 1 (JES) [%]

Effective detector NP set 2 (JES) [%]

Effective detector NP set 3 (JES) [%]

Fffective detector NP set 4 (JES) [%]

Effective detector NP set 5 (JES) [%]

Effective detector NP set 6 restTerm (JES) [%]

7 intercalibration model (JES) [%]

7 intercalibration total stat (JES) %]

Flavour composition (JES) [%]

Flavour response (JES) [%]

Pile-up offset i (TES) [%]

Pile-up offset Ny (JES) [%]

Pile-up offset pr (JES) [%]

Pile-up offset p topology (JES) [%]

Punch-through (JES) [%]

Single particle high-pr (JES) [%]

Jet energy resolution [%]

Jet vertex fraction [%]

1-Quark tagging efficiency (cigenvector 0) [%]

t-Quark tagging efficiency (eigenvector 1) [%]

t-Quark tagging efficiency (cigenvector 2) [%]

t-Quark tagging efficiency (cigenvector 3) [%]

t-Quark tagging efficiency (cigenvector 4) [%]

uark tagging efficiency (eigenvector 0) [%]

uark tagging efficiency (eigenvector 1) [%]

uark tagging efficiency (eigenvector 2) %]

-Quark tagging efficiency (eigenvector 3) [%|

Light-jet tagging efficiency (eigenvector 0) [%]

Light-jet tagging efficiency (eigenvector 1)

Light-jet tagging efficiency (eigenvector 2)

Light-jet tagging efficiency (eigenvector 3)

Light-jet tagging efficiency (eigenvector 4)
)
)
)
)

(
(
(
(

Light-jet tagging efficiency (eigenvector 5
Light-jet tagging efficiency
Light-jet tagging efficiency (eigenvector 7)
Light-jet tagging efficiency (eigenvector 8) [%]
Light-jet tagging efficiency (eigenvector 9) [%]
Light-jet tagging efficiency (eigenvector 10) [%]
Light-jet tagging efficiency (eigenvector 11) %]
b-Quark tagging extrapolation [%]

b-Quark tagging extrapolation from c-Quark [%]
Electron energy resolution [%]

Electron energy scale [%]

Electron trigger efficiency [%]

Electron reconstruction efficiency [%)]

Electron identification efficiency [%]

Electron isolation efficiency [%]

Muon energy scale [%]

Muon (MS) momentum resolution [%]

Muon (ID) momentum resolution [%]

Muon trigger efficiency stat [%]

Muon trigger efficiency syst [%]

Muon identification stat [%]

Muon identification syst [%]

Muon isolation efficiency stat [%]

Muon isolation efficiency syst [%]

Muon TTVA efficiency stat [%]

Muon TTVA efficiency syst [%]

555 Soft jet resolution para [%]

555 Soft, jet resolution perp [%]

s Soft jet scale [%)]

Luminosity %]

Single top cross-section %]

Z-+jets cross-section [%]

Diboson cross-section [%]

HV cross-section [%]

Monte Carlo sample statistics [%]

ISR/FSR + scale %]

Alternate hard-scattering model [%]

Alternate parton-shower model [%]

Tnter PDF [%]

Tntra PDF [%]

Real lepton efficiency stat [%]

Fake lepton efficiency MC scale [%]

Fake lepton efficiency alternate CR [%]

Fake overall normalisation [7]

Wtjets CAginy stat exror [%]

Wtjets Fe stat error [%]

Wjets Fec stat error [%]

W jets Flight stat error [%]

cigenvector 6

F3.09 F128
ey i
oa
13 -1
s et
fat favs
e Tret
8 ek}
pay payt
71760 71749
S 150
£0.17 £0.14
+0.19 +0.18
\VJ, 7176(7
1o T
+0.22 +0.25
+0.12 +0.10
+0.26
+0.18
+0.43
+0.15
+0.56 .
ke
+0.24
+0.17
£0.10 £0.10
F0.12 +0.23
F0.36 +0.14
F2.06 F2.06
+0.29 +0.25
+0.67 +0.54
+0.11 +0.10
F0.10 -
+0.22 +0.20
Cisi Sar
FahT
F0.61 £0.55
F7.92 +0.59
015 015
185 it
Zoai pavri
+0.24 +0.45
+2.58 404
F0.13 -

+0.56
Tosx

+0.38 it
- £0.11
£0.30
+0.23
£0.60
£0.31
4056 4056
ey Tost
£0.24 +0.24
£0.19 =024
£0.10 o
£0.12 +0.13
F0.15 F0.12
F2.06 F2.06
£0.25 £0.26
£0.48 +0.56
£0.24 +0.47
+0.49
250
2
£1.26
- FL34
- £0.16
g1 0.
1648
Zost
£0.13
£2.80
F0.11
oz o8
o3

of systematic uncertainties for the

absolute differential cross-

section at particle level for the ¢ system transverse momentum in the resolved

regime.
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Bins [ Cnit 7' [ 0010 010020 0.20 030 0.30 0.40_0.10 050 050 0,60 _0.60 0.70_0.70 0.80 080 090 0001 1 110 110 120 120 130 130 LU0 140 150 150 160 160 L0 L0 250
do /|y [pb/ Unit [y7| ] 104 102 1.05- 107 102 102 9.80 m‘ 771-100 707100 613-100 517-100 4.27-100 354 278100 2, 6321077
Total uncertainty (%] et b ptis s peiH ik i e it
Statistical uncertainty %] £09 £12 414 £19
Systematic uncertainty [%] T Tk ot e
T Tagged Jot encrgy scale (JS) [] T oo % T
Effective detector NP set 1 (JES) [%] hr41 hr 4 ] prid
Effective detector NP set 2 (JES) [%] feiied i 5 0
Effective detector NP set 3 (JES) [%] prRH —dar 5 - -
Fffective detector NP set 4 (JES) [%] - - - -
Effective detector NP set 5 (JES) %] - - - - - - -
Fffective detector NP set 6 rest Term (JES) [%] .
 intercalibration model (JES) %] 0% T pty} e eV
3 intercalibration total stat (JES) [%] +hbd t% i e iy e
Flavour composition (JES) 7] e I 4 i B Gk
Flavour response (JES) [%] s B i Rl <t
Pile-up offset y (JES) [%] e oz 034 Zait Z0s
-up offset s (JES) [%] o o i o EH oz
Pile-up offset Ny (TES) [%] - - - o - o
Pile-up offset pr (JES) [%] ran - - 020 o
Pile-up offset p wpolm;» (IES) [%] o i 5 HE e HE e nE pt
Punchi-through (JES) [%] - : - - - : :
Single particle lugh pr (JES) %] - - - - - - -
Jet energy resolution %] FL42
Jet vertex mmn.. [%] e
1-Quark tagging efficiency (cigenvector 0) % i
b-Quark tagging officiency 1) [%] i
b-Quark tagging efficiency (eigenvector 2) [% i
b-Quark tagging efficiency (eigenvector 3) [% - . : p p
b Quark tagging efficiency (cigenvector 4) [%)
-Quark tagging efficiency (eigenvector 0) [% o v ek e v v s e i FL2
c-Quark tagging efficiency (vigenvector 1) [% £016 £015 £016 005 #0013 £0.04 0.7 2016 4011 +013
e-Quark tagging efficiency (eigenvector 2) [% 017 08 £0.17 008 017 £0.17 08 2007 £0.19 £0.15
c-Quark tagging efficiency (eigenvector 3) [% - - - - - -
Light-jet tagging cfficiency (cigenvector 0) B o HE H 5 ] e i v HE T g i e ] i i
Light jot tagging efficiency (cigenvector 1) [% 011 F017 F0.16
Light-jet tagging efficiency (cigenvector 2) [% - - - - - - 011 £001 - - - 010 2004 - +0.12 - -
Light-jet tagging efficiency (ci 3) [% - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 4) [% - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 5) [% - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 6) [% - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 7) [% - - - - - - - - - - - - - - - - -
Lightjet tagging efficien envector 8) [% - - - - - - - - - - - - - - - - -
Light jet tagging efficiency (cigenvector 9) [%
Light-jt tagging effciency (cigenvector 10) [%] - - - - - - - - - - - - - - - - -
Light-jet tagging cffi cigenvector 1) [%] - - - - - - - - - - - - -
b-Quark tagging mmnulauun [%] pys] g e e e +0.29 +0.30 +0.31 +0.28 +0.27 +0.26 +0.29
b-Quark tagging vxlrapulalli;l‘\ from ¢-Quark %] i e i 0,11 B - 000 4012 - - - -
Flectron energy resolution [%)] - - - - - - - i - - 1623 638 +o21 - 650
Electron energy scale [%] - - - - - - - - - ro - - Gt o o
ectron trigger efficiency [% . . 25 X 7 X . 5 : 45 55
El igger efficiency [% £0.22 022 £023 024 4025 4026 2027 028 030  £033 035 4039 £045 +0.55
Electron reconstruction efficiency [%] £0.18 +0.18 008 2008 4018 £008 2008 008 £018  £008 2009 4019 £0.20 +021 +0.23
Electron identification efficiency %] + +0.43 043 2043 4043 043 2043 043 L0 046 04T 4052 +0.58 +0.72
Flectron isolation efficiency %] +0.16 016 2016 4016 £016 016 016 £016 016 2006 +017 +0.19 +0.22
Muon energy scale [%]
Muon (MS) momentum resolution [%] - - - - - - - - - - - - - - - —oas
Muon (ID) momentum resolution [%] 72 in 022 028
Muon trigger efficiency stat |%] peios e 1030 it iy peiad it ey i pei s ety piad e i) i) ety
Muon trigger efficiency syst [%] o +0.25 +0.25 +0.25 +0.25 i+ na +0.24 +0.24 s H £0.23 +0.23 1 nE +0.21 +0.20 +0.20
Muon identification stat [%] - - - - - - - - - - - - - - - - -
Muon identification syst [%] 016 #0016 £0.17 007 2007 4047 £008 2008 £0.09 “n £020 2021 4021 4022 022 4022 +0.23
Muon isolation efficiency stat [%] - - - - - - - - - - - - - - - - - -
Muon isolation efficiency syst |%] 4010 #0010  £000 010 #0010 #0100 010 4010 2001 £0.01 4011 #0011 2011 i +0.12 i +0.11 £0.11
Muon TTVA efficiency stat [%] - - - - - - - - - - - - - - - - - -
Muon TTVA efficien - - - - - - - - - - - - - - - - -
BT Soft jet resolution para - - - - - - 010 £020  F011 020 - F003 2020 4042 - +0.34 £0.26
B Soft jet resolution perp (%] - F047T F00T F01d - - F013 F01 - - F012 0 F013 4019 £021 F012 +0.45
* Soft Jet scale %] - - - - - - - B - . . . o o 021 .36
Luminosity [%] F206  F206 F206  F206  F206  F206  F206  F206  F206  F200 206 F206  F206  F200 F2.06 F2.06
Single top cross-section |%] £0.28 028 028 2028 027 027 026 025 =025 £024 023 2022 4021 £021 +0.18 £0.17
Z+jets cross-section %] 058 #0501 058 051 4069 067 061 #0063 =061 £051 060 2071 4043 £061 +0.42 F0.11
iboson cross-section (%] 2 = 2 5 5 5 5 7
Dib tion [% +0.12 013 £012 003 2004 013 003 2004 £015 £016 015 2016 4016 £015 +0.15 +0.2
1V eross section [%]
Monte Carlo sample statistics [%] 041 +038 £0.47 =051 +0.73 £126 +109 +179
ISR/FSR + scale [7%] ; ,‘,ib' i i i eie F272 EEi s
Alternate hard-scattering model [%] <0580 F017 <018 £1.06 £431 F270 £6.22
Alternate parton-shower model [%] F261  FLA0 FLE4 F179 FL80 F214 F238 F105
Tuter PDF [%] - - - - - - - - - +0.16 F047
Tutra PDF [%] - - - - - - - - +0.42 +0.36
R o iy 1) THEE B TR i E
e lepton efficiency MC scale [%] ot o2 070 o7 o o s s @ o7
Fake lepton efficiency alternate CR [%] £031 4030 £031 018 03 £0.42 0.30 - £0.30 £0.54
Fake overall normalisation [%] £3.90 4353 4309 2291 301 £312  £278 £3.03 +1.73 £157
W jets C Ao stat emor [%] F0.12 FOUL F002 3010 F010 - F01 F011 - -
W+ jots Fe stat exror [% - - - - - - - - - - - - - - - - - -
w ;nls Fec stat rrmz[[;u] - - o - - - - - - - - - - - o 010 o

W+ jets Flight stat error [%] - - - - - - - - - - - - - - . B

Table C.8: Table of systematic uncertainties for the absolute differential cross-
section at particle level for the absolute value of the ¢t system rapidity in the
resolved regime.
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Bins [GeV] 225-345 345-420 420-500 500-590 590-685 685-790 790-910 910-1040 1040-1175  1175-1320  1320-3000
do / dm'" [pb/GeV] 2 289-10°1 290-10°T 212-10°7 129-10°1 780-1072 433-107% 234-10% 1.19-102 6.60-10° 7.33-10 1
Total uncertainty [%] e : +10.2 Ti%e T i

Statistical uncertainty [%] +0.7 +1.2 £20

Systematic uncertainty [%] e +10.2 e

b-Tagged jet energy scale (JES) [%] B iy

Effective detector NP set 1 (JES) [%] 1o e

Effective detector NP set 2 (JES) [%] o eyt

Effective detector NP set 3 (JES) [%] - e

Effective detector NP set 4 (JES) [%] o o

Effective detector NP set 5 (JES) [%] - ol

Effective detector NP set 6 restTerm (JES) [%] - i

7 intercalibration model (JES) [%] ey

7 intercalibration total stat (JES) [%] ey

Flavour composition (JES) [%] toar

Flavour response (JES) [%] s

Pile-up offset 11 (JES) [%]
Pile-up offset Npy (JES) [%]
Pile-up offset pr (JES) [%]
Pile-up offset p topology (JES) [%]
Punch-through (JES) [%]
Single particle high-py (JES) [%]
Jet energy resolution [%)]
Jet vertex fraction [%]
b-Quark tagging efficiency (eigenvector 0) [%
b-Quark tagging efficiency (eigenvector 1) [
b-Quark tagging efficiency (eigenvector 2) [%
b-Quark tagging efficiency (eigenvector 3) %
b-Quark tagging efficiency (eigenvector 4) [%
c-Quark tagging efficiency (eigenvector 0) [%
uark tagging efficiency (eigenvector 1) [%]
c-Quark tagging efficiency (eigenvector 2) %]
c-Quark tagging efficiency (eigenvector 3) [%]
Light-jet tagging efficiency (eigenvector 0) [%]
Light-jet tagging efficiency (eigenvector 1) [%]
Light-jet tagging efficiency (eigenvector 2) [%]
Light-jet tagging efficiency (eigenvector 3) [%]
Light-jet tagging efficiency (eigenvector 4) [%]
Light-jet tagging efficiency (eigenvector 5) [%]

(t

(t

(

(t

(

Light-jet tagging efficiency (eigenvector 6) [%]
Light-jet tagging efficiency (eigenvector 7) [%]
Light-jet tagging efficiency (eigenvector 8) [%]
Light-jet tagging efficiency (eigenvector 9) [%]
Light-jet tagging efficiency (eigenvector 10) [%]
Light-jet tagging efficiency (eigenvector 11) [%]
b-Quark tagging extrapolation [%]

b-Quark tagging extrapolation from ¢-Quark [%]

Electron energy resolution [%]
Electron energy scale [%]

Electron trigger efficiency [%]
Electron reconstruction efficiency [%]
Electron identification efficiency [%]
Electron isolation efficiency [%]
Muon energy scale [%]

Muon (MS) momentum resolution %]
Muon (ID) momentum resolution %]
Muon trigger efficiency stat [%)]
Muon trigger efficiency syst [%]
Muon identification stat [%]

Muon identification syst [%]

Muon isolation efficiency stat [%]
Muon isolation efficiency syst [%]
Muon TTVA efficiency stat [%]
Muon TTVA efficiency syst [%]
Emiss Soft jet resolution para [%]
B Soft jet resolution perp [%]
B Soft jet scale %]

Luminosity [%]

Single top cross-section [%]

Z+jets cross-section [%]

Diboson cross-section [%]

ttV cross-section [%]

Monte Carlo sample statistics [%]
ISR/FSR + scale [%]

Alternate hard-scattering model [%]
Alternate parton-shower model [%]
Inter PDF [%]

Iutra PDF [%]

Real lepton efficiency stat %]

Fake lepton efficiency MC scale [%)]
Fake lepton efficiency alternate CR [%]
Fake overall normalisation [%]

ets C'Ayina stat error [%]

ets Fc stat error [%]

ets Fec stat error [%]

jets Flight stat error [%]

—0.13

+0.11
+0.28

F0.20
70’ 16

Table C.9: Table of systematic uncertainties for the absolute differential cross-
section at particle level for the mass of the tf system in the resolved regime.
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Bins [GeV] 50 75 75105 105 135 135 165 165 195 195 930 230 %6 300 330 350 40000 150 450 500 500 100000
1o - do [ dpy 68 107 625 10° 561 10° 10210 T 170 107 11010~ 390 10" 20510 108 10" 513 10~
Total uncertainty [%] g3 T i) i = 5 RS Rafd T
Statistical uncertainty [%] £0.9 0.8 +0.9 +17
Systematic uncertainty [%] +208 +z +200 Hss
b-Tagged jet energy scale (JES) [%] e oy it T B
Effective detector NP set 1 (JES) [%] T 571 = SR
Effective detector NP set 2 (JES) [%] F1.09 o Hoa ey
Effective detector NP set 3 (JES) [%] o - com el
Effective detector NP set 4 (JES) [%] o Hou hoz ol
Effective detector NP set 5 (JES) [%] - - 012 016 - - - N
Effective detector NP st 6 restTerm (JES) [%] - - - : - o +0.14 -
7 intercalibration model (JES) [%] - o0 +042 .
7 intercalibration total stat (JES) %] - oo o - - i :
Flavour composition (JES) [%] - 020 1032 - oef 4
Flavour response (JES) %] o oz o Lo ot Ho39
Pile-up offset 1 (JES) [%] - - - - , +i1 .
Pile-up offset Ney (JES) [%] - - - - . - -
Pile-up offset pr (JES) [%] - - +0.16 - 020 +o2r 4028
Pile-up offset. p topology (JES) [%] - +031 +izr - ot Sa o
Punch-through (JES) [%] - - - - - - . . .
Single particle high-pr (JES) [%] - - - - - - - - . -
Jet energy resolution [%] =0.53 085 =0.60 F0.24 - +0.66 - 142 -
Jet vertex fraction %] +178 HE Hae hiry-} - F0.68 ey ) o v
t-Quark tagging efficiency (cigenvector 0) %] o i o - £0.10 et o i Fos
b-Quark tagging efficiency (igenvector 1) [%] s e e e +0.28 - Tomt ey 4 e
b-Quark tagging efficiency (eigenvector 2) [%] v s % Ha +0.18 - 0.52 s e
b Quark tagging efficiency (eigenvector 3) [%] F0.14 F0.12 +0.12 F0.14
1-Quark tagging efficiency (eigenvector 4) [%] - - - - - - - - . -

tagging efficiency (cigenvector 0) [%] i o 0 F0.19 - - +0.28 o8 +0.42 ey

tagging efficiency (eigenvector 1) [%] +0.20 +0.19 +0.16 - - - F0.13 F0.18 F0.22 F0.29

tagging efficiency (eigenvector 2) %] - - - - - - - - F0.10 F0.17

tagging efficiency (eigenvector 3) %] - - - - - - - - - B . N N . .
Light-jet tagging efficiency (eigenvector 0) [] 680 8% - —iu o8 0% - fk 83 - ¥} +0.37 e frer] frail
Light-jet tagging efficiency (eigenvector 1) [%] - - - - - - - . . - . B o 012 3]
Light-jet tagging efficiency (eigenvector 2) [%] i i - - - - - - - 0,12 F0.10 F0.16 F0.20 o1 +0.23
Light-jet tagging efficiency (eigenvector 3) [%] - - - - - - - - - . : B R . .
Light-jet tagging efficiency (eigenvector 4) [%] - - - - - - - - - - - - - - F0.21
Light-jet tagging efficiency (eigenvector 5) [%] - - - - - - - - - . . B R - ,
Light-jet tagging efficiency (cigenvector 6) [%] - - - - - - - - - - - - - - .
Light-jet tagging efficiency (cigenvector 7) %] - - - - - - - - - - - - - . .
Light-jet tagging efficiency (eigenvector 8) [%] - - - - - - - - . . . R R . .
Light-jet tagging efficiency (eigenvector 9) [%] - - - - - - - - - . . R R - B
Light-jet tagging efficiency (eigenvector 10) [%] - - - - - - - - - . . B R - B
Light-jet tagging efficiency (eigenvector 1) [%] - - - - - - - . - R R . ;
b-Quark tagging extrapolation [%] F031 o5 F0.31 F0.20 F0.28 o o - 063 124 +20m e +120 +672
-Quark tagging extrapolation from ¢-Quark [%] - - - - - - . - - . , z z . !
Electron energy resolution [%] - - - - - - - . . - - R R B .
Electron energy seale [%] - - - - - - . - - B B R R .
Electron trigger efficiency [%] - - - - - - - - . . - R R B
Electron reconstruction efficiency [%] - - - - - - - - . . - R R B
Electron identification efficiency [%] - - - - - - - - +0.10 =0.15 +0.21 +0.26 +0.31 +0.39
Electron isolation efficiency [%] - - - - - - - - - =012 £0.18 £0.24 £0.30 +0.37
Muon energy scale | - - - - - - . . - . : N N , .
Muon (MS) momentum resolution %] - - - - - - - - . . . R R B B
Muon (ID) momentum resolution [%] - - - - - - - - . . - R R B B
Muon trigger efficiency stat [%] - - - - - - - - . . - R R B B
Muon trigger efficiency syst [%] - - - - - - - - - - - B B - -
Muon identification stat |%] - - - - - - - - - - - - B . -
Muon identification syst [%] - - - - B . . . . . . e 015 +018 020

Muon isolation efficiency stat [%] - - - - - . . - - B B N N
Muon isolation efficiency syst [%] - - - - - - - - - . - R R B .
Muon TTVA efficiency stat [%] - - - - - - - - . . - R R . .
Muon TTVA efficiency syst [%]

245 Soft jet resolution para [%] - - - - - - . . . . . R R .

Ei Soft jet resolution perp [%] - - - - - - - . . . - R R B +0.10
T Soft et scale %] - - - - - - - . . - - R R . .
Luminosity [%] - - - - - - . . - - - R R . .
Single top cross-section [%] - - - - - - . . - B 042
Z-+jets cross-section [%] - £0.11 £0.29 - - F0.15 013 F0.18 F020 035
Dibioson cross-section [%] - - - - - B B , . . 068
1V crosssection [%] . . - R R B . . . . . Fo13
Monte Carlo sample statistics |%] +102 £050 +0.39 +0.30 4031 4035 +0.43 047 +055 +075 £191
ISR/FSR + scale [% 030 e e 08 s o i —i10 oa ] v
Alternate hard-scattering model [%] F1.39 F0.83 - F044 F0.51 F0.81 F017 +1.98 +0.88 +2.31 144
Alternate parton-shower model [%] F031 £0.44 +0.61 - - - +0.72 F0.88 Fo11 +012 F470
Inter PDF [%] - - - - - - R R B B B 186
Intra PDF [%] - - - - - - - - - - - £145
Real lepton efficiency stat - - - - B . - - . - o oo
Fake lepton efficiency MC - o - o - - R o - vy - 50
Fake lepton efficien - - - +0.11 - - F0.12 - F0.15 F0.18 - F0.17
Fake overall normalisation [%] +121 £1.49 £0.96 +0.60 F0.49 F0.50 F1L04 FL12 F099 F138 F0.89 £2.64
W jets CAgina stat error [%] - - - - - B B . . . . R N , .
W jets Fe stat error [%] - - - - - - - - - - - B - - .
W+ jets Fee stat error [%] +002 +0.20 . B R . . ) , A 017 B ) o

jets Flight stat error [%]

Table C.10: Table of systematic uncertainties for the relative differential cross-
section at particle level for the top quark transverse momentum in the resolved
regime.
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G110
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19110

61101

23910

Total uncertainty [7]
Statistical uncertainty [%]

Systematic unoerts

%

uiy 4]

S

T 6910
7T

G165 107
7

o
+15

T 10T
=

305107
7

o

T-Tagged jet cucagy scale (JES) []

Effective detector
Effective detector
Effective detector

P set 1 (JES) [%]
NP set 2 (JES) [%]
NP set 3 (JES) [%]

Bt

4020

Effective detector NP set 4 (JES) [%] - - - - - - - - - - - B . . - - R R
Effective detector NP set. 5 (JES) [%] - - - - - - B

Effective detector NP st 6 restTerm (JES) [%)]
 intercalibration model (JES) %]
 intercalibration total stat (JES) [%]

Flavour composition (JES) %] o +033 o
Flayour response (JES) [%]

Pile-up offset 1 (TES) [%]
Pile up offset Npy (JES) %] o
Pile-up offset pr (JES) [%] B

Pile-up offset. p topology (JES) [%]

Punch-through (JES) [%]

Single particle high-pr (JES) [%] - - - -
Jet. energy resolution [%]
Jet vertex fraction [%] - - - B
{-Quark tagging efficiency (cigenvector 0) [%] - - - - - -
#-Quark tagging cfficiency (cigenvector 1) [%] - - - - - - - - - - - B . . . . R R
b-Quark tagging efficiency (cigenveetor 2) [%] - - - - - - - - - - - - . . B , , R
t-Quark tagging efficiency (cigenvector 3) [%] - - - - - - -
b-Quark tagging cfficiency (cigenveetor 4) [%]
-Quark tagging cfficiency (cigenveetor 0) [%]
Quark tagging efficiency (cigenvector 1) [%]
c-Quark tagging efficiency (cigenvector 2) [%] - - - - - - - - - - - - - - - - B B
¢ Quark tagging cfficiency (cigenvector 3) [%]
Light-jet tagging efficiency (cigenvector 0) %]
Light-jet tagging efficiency (cigenvector 1) [%]
Light-jet tagging efficiency (cigenvector 2) [%] - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 3) [4] - - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 4) %] - - - - - - - - - - - - - - - - - -
Light jet tagging efficiency (cigenvector 3) %]

Light-jet tagging efficiency (cigenvector 6) %] - - - - - - - - - - - - - - B B B -
Light-jet. tagging efficiency (cigenvectar 7) [%] - - - - - - - - - - - - - - - - - -
Light-jet tagging efficiency (cigenvector 8) [4] - - - - - - - - - - - - . . B , , R
Light-jet tagging efficiency (cigenvector 9) [%] - - - - - - - - - - - - - - - - - -
Light jet tagging cfficiency (cigenvector 10) []

Light-jet tagging efficiency (cigenvector 11) [%] - - - - - - - - - - - - - . B B B -
b-Quark tagging extrapolation [%] - - - - - - - - - - B B . . B . . .
{-Quark tagging extrapolation from -Quark [%] - - - - - - - - - - - - - - - - - -
Flectron energy resolution [%] - - - - - - - - - - B B . . . R R R
Electron enerey scale %]

Electron trigger efficiency [%] - - - - - - - - - - - B . . - - R R
Electron reconstruction eficiency [%] - - - - - - - - - B B B . . . . . R
Electzon identification efficiency [%] - - - - - - - - - - - B . . , , R R
Electron isolation efficiency [%] - - - - - B B

Muon enerey seale [%] - - - - - - - - - - B B . . , , R R
Muon (MS) momentum resolution %] - - - - - - - - - - - - - - B B B B
Muon (ID) momentum resolution [%] - - - - - - - - - B B B . . . . . R
Muon trigger efficiency s
Muon trigger cfficiency
Muon identification s
Muon identification syst [%] - - - - - - - - - - - B . . B . . R
Muon isolation efficiency stat [%]

Muon isolation efficiency syst %] - - - - - - - - - - - B . . - - R R
Muon TTVA efficiency stat %] - - - - - - - - - B B B . . . . . R
Muon TTVA efficiency syst %] - - - - - B B

EF Soft jet resolution para [%] - - - - - - - - - - - - - - - - - B
E§™ Soft jet resolution perp [%]

B Soft jet scale [%] - - - - - - - - - - - - - - - - - B
Luminosity [%] - - - - - - - - - B B B . . . . R R
Single top cruss-section [%] - - - - - - - . .

Z+jets cross-section [%] - - - - - - - . .

A

T oo

" ti] ni]

roa 021

+0.17 F061 +125

=053 +0.46

ety ol
015

pt pEH 018

+023 - - F0.11

- 1%
Monte Carlo sample statistics [%]
A f00

+063

—omt 06
F0.14
+0.11

Alternate hard-scattering model [%]
Aliernate parton-shower model [%]
Inter PDF [%

Tntra PDF [%] - - - - -
Real lepton efficiency stat [%] - N

Fake lepton efficiency MC scale [%] - hritt] - +0.10
Fake lepton effciency altemate CR.[%]

Fake overall normalisation [%]

Wtjets CAypa stat error [%] - - - - - - - B R N -
W jets Fe stat ecror [%] - -
W jets Fee stat error [%] - - - - - - - - -
W +jets Flight stat error [%] - - - - - - - - - - - - - - - - - -

+0.13

020
i

F0.99

4015

Table C.11: Table of systematic uncertainties for the relative differential cross-
section at particle level for the absolute value of the top quark rapidity in the
resolved regime.



213

Bins [GeV] 035 35 15 75 125 195 170 170 225 225 800
1/o -do [ dp§f 1.00-107% 7.89-1073 41077 1.63-107° 8.14-107F 837-107°
Total uncertainty %] e o e R e ]
Statistical uncertainty [%] +0.4 +0.4 +0.7 +1.4
Systematic uncertainty [%] BiTiv] i Btk R

T Tagged jet energy scale (JES) [/] B - - Tom
Effective detector NP set 1 (JES) [%] cao e i
Effective detector NP set 2 (JES) [%] Toik i pav 4
Effective detector NP set 3 (TES) [%] wole +§ 32 106
Effective detector NP set 4 (JES) [%] - 020 -

Effective detector NP set 5 (JES) [% -
Effective detector NP set 6 restTerm (JES) |%] -
7 intercalibration model (JES) [%] 2
7 intercalibration total stat (JES) [%] 5
Flavour composition (JES) [%]
Flavour response (JES) [%] ht}
Pile-up offset. i (JES) [%] *
Pile-up offset Npy (JES) [%] o
Pile-up offset pr (JES) [%] -
Pile-up offset p topology (JES) [%] 0%
Punch-through (JES) [%] - - -
Single particle high-py (JES) [%] -
Jet energy resolution [%] FL56 +0.
Jet vertex fraction [%] ey A
t-Quark tagging efficiency (eigenvector 0) %] o3
b-Quark tagging efficiency (cigenvector 1) [%] - - - - -
b-Quark tagging efficiency (eigenvector 2) [%] +0.15 - F0.12 F08 F0.16
b-Quark tagging efficiency (eigenvector 3) [%) -
b-Quark tagging efficiency (cigenvector 4)
Quark tagging efficiency (eigenvector 0)
)
)

-Quark tagging efficiency (eigenvector 1
Quark tagging efficiency (eigenvector 2
Quark tagging efficiency (eigenvector 3)
Light-jet tagging efficien
Light-jet tagging efficiency
Light-jet tagging efficien
Light-jet tagging efficiency
Light-jet tagging efficien
Light-jet tagging efficien
Light-jet tagging efficien
Light-jet tagging efficien
Light-jet tagging efficiency
Light-jet tagging efficien

=

8) %] - - - - , B
cigenvector 9) %] - - - - - .
Light-jet tagging efficiency (eigenvector 10) [%] - - - - - -
Light-jet tagging efficiency (eigenvector 11) [%] - - - -
b-Quark tagging extrapolation [%] - - - 0
b-Quark tagging extrapolation from c-Quark [%] - - . N
Electron energy resolution [%] B B R - _ R
Electron energy scale %] . . . R R )
Electron trigger efficiency [%] - - - - - -
Electron reconstruction efficiency [%] - - - - - -
Electron identification efficiency [%] B - R - - 10.16
Electron isolation efficiency [%] B - R - - 1014
Muon energy scale [%] . . . R B ,
Muon (MS) momentum resolution [%] - - - B R .
Muon (ID) momentum resolution [%] - - - B R .
Muon trigger efficiency stat [%] . . . R R )
Muon trigger efficiency syst [%] . . . R R )
Muon identification stat [%] - - - R - .
Muon identification syst %] - - - R - .
Muon isolation efficiency stat [%] - - - B R .
Muon isolation efficiency syst [%] B B R - _ R
Muon TTVA efficiency stat [%] - - - - - -
Muon TTVA efficiency syst [%] B R R _

232555 Soft jet resolution para [%] F0.20 +0.14 +0.20 F0.18 - -
5 Soft jet resolution perp [%] F0.28 +0.23 +0.20 -

D Soft jet scale [%] . . ,
Luminosity [%] . . . R R )
Single top cross-section [%] . . )

Z-+jets cxoss-section %] . . )
Diboson cross-section [%] . . )
1V cross-section [%] - . .
Monte Carlo sample statistics [%] +0.18 +0.17 +0.29
ISR/FSR + scale [%] o o

Alternate hard-scattering model [%] FL14 :
Alternate parton-shower model [%] F6.03 +2.66 +6.37
Tnter PDF [%] - , ,
Tntra PDF [%] - . . _ -
Real lepton efficiency stat [%]

Fake lepton efficiency MC scale [%]
Fake lepton efficiency alternate CR [%]
Fake overall normalisation [%]

Wtjets CAyina stat error [%] -
Wjets Fe stat error [%] - - -
Wjets Fec stat error [%] - - -
Wjets Flight stat error [%] - - . -

2

Table C.12: Table of systematic uncertainties for the relative differential cross-
section at particle level for the ¢t system transverse momentum in the resolved
regime.
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Bins [ Uit [y ] 0010010020020 0.30__030 0.0 _0.40 050 _0.50 0.60_0.60 0.70__0.70 0.80__0:80 000 _ 000 1 1110 110120 120 130 130 140140 150 150 160 160 180 180 2.50
To - do [ A T2 10 103100 097 100 055101 051 1071 84101 7551071 691101 699107 505101 417101 54610+ T 219 107 150 10 109 100 605 102 617 107
Total uncertainty [%] Ha 1 e s 170 +1a2 20 18 1 105 250 10 s im 5
Statistical uncertainty [%] £0.9 +0.9 £0.9 £L0 11 £L1 £l2 £13 ) 426 132
Systematic uncertainty [%] hier B b i Bt} i B B ti b+ by} b ¥
b Tageed jet energy scale (JES) [4] T T 019
Effective detector NP set 1 (JES) [%] o - - B —om i 000 s i) - ) 050 on o
Effective detector NP set 2 (JES) [%] - - i - - - a2 - B - Ti . +028 i
Effective detector NP set 3 (JES) [%] - - - - - - B - - - e - R s 836
Effective detector NP set 4 (JES) [%] - - - - - - - B . B 5 - o L R 028
Effective detector NP set 5 (JES) [%] - - - - - - - - . B . . 5 R R
Effective detector NP set. 6 rest Term (JES) [%] - - - - - - - - - - - - -
7 intercalibration model (JES) [%] o5 ] i o o ekl ol oz ] +0.30 e 0
1 intercalibration | mnl stat (JES) [%] - - i - - - w0z - o - 5 5
Flavour composition (JES) [%] k] - - +0.11 i O -z g4 e o
Flavour mp..wm:sy 1%1 - - 012 - o - - —od , i B G im
Pile-up offset i (JES) [%] - - B B - B R . . " ) . . o 13
Pile-up offset Npv (JES) [%] - - - - - B . . . . . s ) ik 00
Pile-up offset pr (JES) [%] - - - - - B R . . R . " . 1 4
Pile up offset p topology (JES) [%] im +025 im 1 +0a0 036
Punch-through (JES) [%] B - - - - - - - - - - - - B B B . -
Single paricl lighepy (JES) [%] - - - - - - - - - - - B . . . . R R
Jot energy resolution [%] F020 4015 7038 +0.50 - - +0.83 F0.22 - F0.18 - +011 F116 +0.93 F0.64 +0.11 F063 FLOT
Jot verten fetion ] - - - - - - - - - - - - , - - 3010 F0.19 Som
& cffciency (cigenvector 0) (1] - - - - - - - - - - - - - 012 9l ol o -
1-Quark tagging efficiency (eigenvector 1) [%] - - - - - - - - - - - - - - . z B F0.15
-Quark tagging offciency (sgenvector 2) ] - - - - - - - - - - - B . B . . . N
ing efficiency (cigenvector 3) [%]
i efficiency (eigenvector 4) [%] - - - - - - - - - - - - - - - B R B
¢ Quark toesivg efficiency (eigenvector 0) [%] =015 i =021
¢-Quark tagging officiency (eigenvector 1) [%] - - - - - - - - - - - - . B - . . N
-Quark Laggma efficiency (eigenvector 2) [%] - - - - - - - - - - - - - - B B B .
c-Quark tagging officiency (eigenvector 3) [%] - - - - - - - - . B . . R R R
Light-jet tagging efficiency (cigenvector 0) [%] - i B8 HE - - w3 - - - - i w08 F0.36 okt 0% Toid i
Light-jet tagging efficiency (eigenvector 1) [%] - - - - - - - - - - - B F0.12 +0.13 F014 <019 020 7010
Light jet. tagging effciency (cigenvector 2) [%]
i 1) (%) - - - - - - - - - - - - - - - B B B
Lighijo tngsing effcioncy (cigemvector 5) [%] - - - - - - - - - - . B . B . . . .
Light jet tagging (*ﬂimvu('} (eigenvector 6) [%]
Light-jet tagging efficiency (eigenvector 7) %] - - - - - - - - - - - - - B B B - -
Light-jet tagging efficiency (eigenvector 8) [%] - - - - - - - - - - - - - - B B B .
Light-jet tagging efficiency (cigenvector 9) [%] - - - - - - - - - - . B . B . . . .
Light-jet tagging efficiency (cigenvector 10) [%] - - - - - - - - - - - - - - - B B B
Light-jet tagging efficiency (eigenvector 11) %] - - - - - - - - - - - - . B B . . R
1-Quark tagging extrapolation [%] - - - - - - - - - - - - - - B B B .
b-Quark tagging extrapolation from ¢-Quark [%] - - - - - - - - . B . - . R R R R
Electron energy resolution [%] - - - - - B . R . . . 0 021 +030 o8
Electron energy scale [%] - - - - - - B B . . . . +i2 s +im
Electron trigger efficiency (%] - - - - - - - - - - - - - £0.18 £023 £0.39
Flectron reconstruction efficiency [%] . . . . . . . . . . . . . B B .
Electron identification efficiency %] son 014 L0.27
Electron isolation efficiency [%] - - - - - - - - - - - - - - B N .
Muon energy scale [%] - - - - - - - - - - . B . . . . R R
Muon (MS) momentum resolution [%] - - - - - - - - - - - - - - B B B 024
Muon (ID) momentum resolution [%] o ~da0 4026 +i29
Muon trigger efficiency stat %] - - - - - - - - - - - B . B - - R R
Muon trigger efficiency syst [%] - - - - - - - - - - - B . B . . R R
Muon identification stat [%] - - - - - - B B . . . R . R . . R R
Muon identification syst [%]
Muon isolation efficiency stat [7%] - - - - - - - - - - - - - B B B B -
Muon isolation efficiency syst [%] - - - - - - - - - - - - . B . . . R
Muon TTVA efficiency stat %] - - - - - - - - - - . B . B . . . .
Muon TTVA efficiency syst [%] - - - - - - - - - - . B . , , , R R
B Soft jet resolution v 4] - - - - - - - L0z F0.19 - +0.21 - £0.35 £0.26 £0.18
E™ Soft Jet resolution perp [%] - - - - - - - - - - - - £0.30 037 - 05
B Soft jet scale [%] - - - - - - - - - - - - - 032 o7 o 030
Luminosi - - - - - - - - - - - - - z z . :
Single top cross-section [%] - - - - - - - - - B . B . . . . . R
Z-+jets exosssection [%] - - - - +0.10 - - - - - - - +0.12 =015 - - 015 F0.70
Diboson exoss-section [%] - - - - - - - - - - - - - N B B , “013
1V cross-section [%] - - - - - - - - - - - - B B B . ,
Mente Carlo sample statistics [%] 039 036 +0.36 +0.40 +0.43 +0.45 046 +0.52 =053 120 +109 £178
ISR/FSR -+ scale [%] i i - o o ) 05 030 R ~des o e e it
Alternate hard-scattering model [%] Fi +029 F0.55 +0.65 £146 F0.67 F211 - FL03 - +3.79 - F3.19 £568
Altemnate parton-shower model [%] +0.56 - +0.36 +0.50 =031 - +0.16 F0.40 F0.46 F0.18 =0.90 F01 =091
Inter PDF [%] - - - - - - - - - - - - +0.12 F0.51
Intra PDF [%] R . . B B - - - - - - - +0.14 +0.36 +0.49
Real lepton efficiency stat [%] - - - - - - - - . B . B . - - N
Fake lepton efficiency MC scale [%] - i - - - - - - - - - i o5 i w61 i it
Fake lepton efficiency alternate CR [%] - - - +0.13 - - - - F0.15 - - - 7021 F013 F031 F0.32 - +021
ke mmu normalisation [%] 036 +0.30 +0.13 +0.20 “0.11 +0.19 013 F0.40 F0.30 F020 F0.62 FL66 F0.28 FLi2 FL31 F170
15 C Ayt stat ervor %] - - - - - - - - - R - - - - N B B ,
IV s Fe st ornor 1% - - - - - - - - - - - - - B B R - .
Wt jets Fec stat excor [%] - - o - - - - - - - - - - B 048 +016 -o1r .

Wtjets Flight stat error [%] - - : - - - - - - - - -

Table C.13: Table of systematic uncertainties for the relative differential cross-
section at particle level for the absolute value of the ¢t system rapidity in the
resolved regime.
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Bins [GeV] 225 345 345 420 420 500 500 590 590 685 685 790 790 910 _ 910 1040 1040 1175 1175 1320 1320 3000
1/o - do / dm® 483-107" 2.82.107 283-10° 2.07-107° 126-107° 7.62-107" 4.23-10% 228.10% 117-10°* 6.44-107° 7.16-10°°
Total uncertainty (%] v i BE et : 55 ]
Statistical uncertainty [%] +1.6 +0.6 +0.6 +0.7 +2.7 +3.4
Systematic uncertainty (%] Y R 3% % peel 555
b-Tagged jet energy scale (JES) [%] o hay o R i 0
Effective detector NP set 1 (JES) [%] oo Toa o % —ol Y58
Effective detector NP set 2 (JES) [%] e T 308 105 oo Ties
Effective detector NP set 3 (JES) [%] her +0.94 o Tore e e
Effective detector NP set 4 (JES) [%] e Lo - oA % o
Effective detector NP set 5 (JES) [%] +0.76 - 041 - - prH
Effective detector NP set 6 restTerm (JES) [%] o YT - - - ity
7 intercalibration model (JES) [%] .4 Il 44 iy v —gas
7 intercalibration total stat (JES) [%] e o ol +0.42 g Tooe
Flavour composition (JES) [%] i o1 s kit Yo fer
Flavour response (JES) [%] R ki 105 Tods ~0.73 fgﬁ
Pile-up offset 1 (JES) |%] to - - 010 042 0%
Pile-up offset Npy (JES) [%] o - - - +0.21 s
Pile-up offset pr (JES) [%] oo it - i1 s 18
Pile-up offet p topology (JES) [ O Y N i o
Punch-through (JES) [%] - - - - - - -
Single particle high-py (JES) [%] - - - - - - -
Jet energy resolution [%] F2.99 - +1.25 +0.63 F0.76 F0.74
Jet vertex fraction [%] e ] o ey 50 i
b-Quark tagging efficiency (eigenvector 0) [%] Lo e o080 02 +0.32 -
b-Quark tagging efficiency (eigenvector 1) [%] o hry 14 - Trar s o
b-Quark tagging efficiency (eigenvector 2) %] +0.39 +0.27 - ol e Tiis
b-Quark tagging efficiency (eigenvector 3) [%] F0.44 - +0.14 F0.19 F0.23 F0.35
b-Quark tagging efficiency (eigenvector 4) [%] - - - - - F0.13
c-Quark tagging efficiency (eigenvector 0) [%] F0.56 +0.21 - o F0.47 oos
¢c-Quark tagging efficiency (eigenvector 1) [%] +0.42 - - F0.43 F0.46 F0.71
¢-Quark tagging efficiency (eigenvector 2) [%] F0.11 - - - F0.10 F0.20
c-Quark tagging efficiency (eigenvector 3) [%] F0.17 - - - - - - - - -
Light-jet tagging efficiency (cigenvector 0) [%] w00 pes] pey Fole 038 063 i S 1% i
Light-jet tagging efficiency (eigenvector 1) [%] - - - - - - - - - F0.14 Tods
Light-jet tagging efficiency (eigenvector 2) [%] +0.14 - - - - - - - Tole F0.19 F0.38
Light-jet tagging efficiency (eigenvector 3) [%] F0.10 - - - - - - - A - -
Light-jet tagging efficiency (eigenvector 4) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 5) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 6) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 7) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 8) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 9) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 10) [%] - - - - - - - - - - -
Light-jet tagging efficiency (eigenvector 11) [%] - - - - - - - - - - -
b-Quark tagging extrapolation [%] 08 F0.31 F0.31 F0.27 - et e +1.45 e 2 e
b-Quark tagging extrapolation from c-Quark [%] - - - - - - - - - - +0.10
Electron energy resolution [%] - - - - - - - - i _6a2 T
Electron energy scale [%] Toa - - - - R - ol sty - o
Electron trigger efficiency [%] - - - - - - - - +0.12 +0.14 +0.25
Electron reconstruction efficiency %] - - - - - - - - - - vy
Electron identification efficiency [%] - - - - - - +0.14 40.20 40.27 +0.30 +0.48
Electron isolation efficiency [%] - - - - - - +0.11 +0.15 40.20 +0.23 +0.35
Muon energy scale [%] - - - - - - - - - - -
Muon (MS) momentum resolution [%] - - - - - - - - - - -
Muon (ID) momentum resolution [%] - - - - - - - - - - -
Muon trigger efficiency stat [%] - - - - - - - - - - -
Muon trigger efficiency syst [%] - - - - - - - - - - -
Muon identification stat [%] - - - - - - - - - - -
Muon identification syst [%] - - - - - - - - +0.11 +0.14 +0.23
Muon isolation efficiency stat [%] - - - - - - - - - - -
Muon isolation efficiency syst [%)] - - - - - - - - - - -
Muon TTVA efficiency stat [%] - - - - - - - - - - -
Muon TTVA efficiency syst [%] - - - - - - - - - - -
ER'® Soft jet resolution para [%] +0.50 +0.18 - F0.15 F0.10 F0.17 - - F0.31 +0.17
s Soft jet resolution perp [%] +0.51 +0.21 - - F0.21 F0.18 F0.17 F0.18 F0.51 F0.49
B Sl e [ nEouME - - omE A
Luminosity [% - - - - - - - - - -
Single top cross-section [%] - - - - 40.23 +0.31 +0.36 +0.56
Z-+jets cross-section [%] +0.79 F0.11 - F0.13 +0.33 +0.56 +0.32 +1.71
Diboson cross-section %] - - - - +0.16 +0.25 +0.30 +0.51
t#V cross-section [%] - - - - F0.10 F0.12 F0.13 F0.17
Monte Carlo sample statistics [%] +0.74 +0.26 +0.37 +0.46 +0.74 +1.37 +1.38 +1.68
ISR/FSR -+ scale |%] s e - o o - ist i
Alternate hard-scattering model [%] Fl41 F1.40 +0.68 F1.20 +3.22 +4.16 +227 +8.97
Alternate parton-shower model [%] +1.36 +1.55 F0.54 +0.39 +0.66 - F1.10 F241
Inter PDF [%] - - - - - - - - - - +0.34
Intra PDF [%] - - - - - - - - - - +0.24
Real lepton efficiency stat [%] - - - - - - - g Lo w03 03
Fake lepton efficiency MC scale [%] it 1 o050 030 - - - Toer “ou 55 T
Fake lepton efficiency alternate CR [%] +0.50 - F0.12 - - +0.18 - +0.2 +0.21 +0.32 F0.34
Fake overall normalisation [%] +5.28 F0.40 F1.05 F0.90 F0.15 - +047 +1.40 +2.40 +2.14 +6.96
Wjets CAgine stat error [%] - - - - - - - - F0.12 F0.16 F0.30
Wjets Fe stat error [%] - - - - - - - - - - i
W+ jets Fec stat error [%] +0.20 - - - - - - —0.16 Toat o -

W -tjets Flight stat error [%] -

Table C.14: Table of systematic uncertainties for the
section at particle level for the mass of the ¢t system in

relative differential cross-
the resolved regime.
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Appendix D

Covariance Matrices

In this appendix are shown the covariance matrices for all the measured variables,
obtained as described in Chapter The covariance matrices for the particle
level pff’had, absolute and relative, are shown in Tables for the resolved
topology and in Tables [D.3] for the boosted one. The covariance matrices
for the particle level |y""%?| distribution, absolute and relative, are shown in Tables
D.5 [D.6 for the resolved topology and in Tables [D.7] for the boosted one.
Tables M— M show the covariance matrices for the particle level m/, p%’f and
|yt{| in the resolved topology, for absolute and relative spectra.
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bin [GeV] 0-25 25-50 50-75 75-105  105-135 135-165 165-195 195-230 230-265 265-300 300-350  350-400  400-450  450-500 500-1000
0-25 | 3.05e-04 8.25e-04 1.17e-03 1.22e-03 1.04e-03 6.95e-04 4.26e-04 2.74e-04 1.49e-04 9.81e-05 5.13e-05 2.62e-05 1.47e-05 8.74e-06 1.17e-06
25-50 | 8.25e-04 2.38e-03 3.33e-03 3.46e-03 2.91e-03 1.94e-03 1.18e-03 7.47e-04 4.05e-04 2.64e-04 1.40e-04 6.87e-05 3.94e-05 2.18e-05 3.17e-06
50-75 | 1.17e-03  3.33e-03  4.79e-03  4.94e-03 4.18e-03 2.79e-03 1.71e-03 1.09e-03 5.87e-04 3.83e-04 2.03e-04 9.94e-05 5.63e-05 3.15e-05  4.42e-06
75-105 | 1.22e-03  3.46e-03  4.94e-03 5.25e-03 4.43e-03 2.98e-03 1.83e-03 1.16e-03 6.35e-04 4.05e-04 2.19e-04 1.14e-04 6.08e-05 3.41e-05  5.02e-06
105-135 | 1.04e-03 2.91e-03 4.18e-03 4.43e-03  3.92e-03 2.63e-03 1.64e-03 1.05e-03 5.77e-04 3.68e-04 1.98e-04 1.05e-04 5.55e-05 3.10e-05  4.42e-06
135-165 | 6.95e-04 1.94e-03 2.79e-03 2.98e-03 2.63e-03 1.83e-03 1.13e-03 7.29e-04 4.12e-04 2.64e-04 1.43e-04 7.80e-05 4.04e-05 2.33e-05  3.29e-06
165-195 | 4.26e-04 1.18e-03 1.71e-03 1.83e-03 1.64e-03 1.13e-03 7.35e-04 4.64e-04 2.63e-04 1.72e-04 9.31e-05 5.04e-05 2.65e-05 1.49e-05  2.13e-06
195-230 | 2.74e-04 7.47e-04 1.09e-03 1.16e-03 1.05e-03 7.29e-04 4.64e-04 3.40e-04 1.82e-04 1.31e-04 6.80e-05 3.78e-05 2.0le-05 1.47e-05  1.64e-06
230-265 | 1.49e-04 4.05e-04 5.87e-04 6.35e-04 5.77e-04 4.12e-04 2.63e-04 1.82e-04 1.13e-04 7.31e-05 3.91e-05 2.29e-05 1.19e-05 7.65e-06  1.01e-06
265-300 | 9.81e-05 2.64e-04 3.83e-04 4.05e-04 3.68e-04 2.64e-04 1.72e-04 1.31e-04 7.31e-05 6.33e-05 2.97e-05 1.60e-05 9.20e-06 7.41e-06  7.48e-07
300-350 | 5.13e-05 1.40e-04 2.03e-04 2.19e-04 1.98e-04 1.43e-04 9.31e-05 6.80e-05 3.91e-05 2.97e-05 1.73e-05 9.03e-06 4.81e-06 3.51e-06  4.36e-07
350-400 | 2.62e-05 6.87e-05 9.94e-05 1.14e-04 1.05e-04 7.80e-05 5.04e-05 3.78e-05 2.29e-05 1.60e-05 9.03e-06 6.91e-06 2.81e-06 2.04e-06  2.87e-07
400-450 | 1.47e-05 3.94e-05 5.63e-05 6.08e-05 5.55e-05 4.04e-05 2.65e-05 2.0le-05 1.19e-05 9.20e-06 4.81e-06 2.81e-06 2.05e-06 1.13e-06  1.42e-07
450-500 | 8.74e-06 2.18e-05 3.15e-05 3.41e-05 3.10e-05 2.33e-05 1.49e-05 1.47e-05 7.65e-06 7.41e-06 3.51e-06 2.04e-06 1.13e-06 1.45e-06  9.93e-08
500-1000 | 1.17e-06 3.17e-06 4.42e-06 5.02e-06 4.42e-06 3.29e-06 2.13e-06 1.64e-06 1.01e-06 7.48e-07 4.36e-07 2.87e-07 1.42e-07 9.93e-08  1.99e-08

Table D.1: Covariance matrix of the absolute cross-section as function of the top quark pr, accounting for the statistical and
systematic uncertainties in the resolved topology.
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Bin [GeV] 0-25 25-50 50-75 75-105 105-135 135-165 165-195 195-230  230-265 265-300  300-350  350-400  400-450  450-500  500-1000
0-25 | 3.25e-09  5.52e-09  5.68e-09 3.97e-09  3.79¢-10 -1.18e-09 -2.21e-09 -1.29e-09 -1.67e-09 -6.67e-10 -5.91e-10 -4.89e-10 -1.38¢-10  4.26e-11 -1.1le-11
25-50 | 5.52e-09  1.90e-08  1.72e-08  1.12e-08 -1.28e-10 -4.83e-09 -7.02e-09 -4.66e-09 -5.13e-09 -2.59¢-09 -1.87e-09 -1.51e-09 -4.57e-10 -1.30e-11 -3.32e-11
50-75 | 5.68e-09  1.72¢-08  2.62e-08  1.28e-08 -1.45e-10 -5.84e-09 -7.42¢-09 -5.62¢-09 -6.38¢-09 -4.20e-09 -2.61e-09 -1.85e-09 -7.18¢-10 -2.02e-10 -5.22¢-11
75-105 | 3.97e-09  1.12e-08  1.28e-08 1.39¢-08  6.17e-10 -2.21e-09 -4.95¢-09 -3.40e-09 -3.76e-09 -2.17e-09 -1.59e-09 -1.27e-09 -4.72e-10 -9.56e-11 -4.43e-11
105-135 | 3.79e-10  -1.28e-10 -1.45e-10  6.17e-10  7.57e-09  2.77e-09  6.11e-10  9.98¢-10 -6.14e-10  2.15e-10 -2.74e-10 -2.95e-10 -1.78e-10  1.00e-10 -2.77e-11
135-165 | -1.18¢-09 -4.83e-09 -5.84e-09 -2.21e-09  2.77e-09  8.28¢-09  4.05e-09  3.73e-09  2.57e-09  2.27e-09  9.70e-10  6.91e-10  2.40e-10  3.37e-10  1.31le-11
165-195 | -2.21e-09 -7.02e-09 -7.42e-09 -4.95e-09 6.11e-10  4.05e-09  6.19e-09  3.93e-09  2.86e-09  2.08e-09  1.12e-09  9.91e-10  3.22e-10  2.74e-10  2.68e-11
195-230 | -1.29e-09 -4.66e-09 -5.62e-09 -3.40e-09  9.98e-10  3.73e-09  3.93e-09  5.71e-09  2.88e-09  3.04e-09 1.44e-09 9.67e-10  4.52e-10  5.21e-10  3.45e-11
230-265 | -1.67e-09 -5.13e-09 -6.38¢-09 -3.76e-09 -6.14e-10  2.57e-09  2.86e-09  2.88e-09  3.20e-09  2.04e-09  1.11e-09  8.55e-10  3.50e-10  2.46e-10  2.94e-11
265-300 | -6.67e-10  -2.59e-09 -4.20e-09 -2.17e-09  2.15e-10  2.27e-09  2.08¢-09  3.04e-09  2.04e-09  2.80e-09  1.10e-09  6.58e-10  3.70e-10  3.94e-10  2.79e-11
300-350 | -5.91e-10 -1.87e-09 -2.61e-09 -1.59¢-09 -2.74e-10  9.70e-10  1.12e-09  1.44e-09 1.11e-09  1.10e-09  7.25e-10  3.92e-10  1.91e-10  1.66e-10  1.79e-11
350-400 | -4.89¢-10 -1.51e-09 -1.85e-09 -1.27¢-09 -2.95e-10  6.91e-10  9.91e-10  9.67e-10  8.55e-10  6.58¢-10  3.92e-10  4.23e-10  1.31e-10  1.06e-10  1.49e-11
400-450 | -1.38e-10 -4.57e-10 -7.18e-10 -4.72e-10 -1.78¢-10  2.40e-10  3.22e-10  4.52e-10  3.50e-10  3.70e-10  1.91e-10  1.31e-10  1.15e-10  6.03e-11  7.12e-12
450-500 | 4.26e-11 -1.30e-11 -2.02e-10 -9.56e-11 ~ 1.00e-10  3.37e-10  2.74e-10  5.21e-10  2.46e-10  3.94e-10  1.66e-10  1.06e-10  6.03e-11  1.10e-10  5.59e-12
500-1000 | -1.11e-11  -3.32e-11 -5.22e-11 -4.43e-11 -2.77e-11  1.3le-11  2.68e-11  3.45e-11  2.94e-11  2.79e-11  1.79e-11  1.49e-11  7.12e-12  5.5%-12  1.35e-12

Table D.2: Covariance matrix of the relative cross-section as function of the top quark pr, accounting for the statistical and
systematic uncertainties in the resolved topology.
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Bin [GeV] | 300-350 350-400 400-450 450-500 500-550  550-650  650-750 750-1500
300-350 | 1.49e-05 8.83e-06 4.86e-06 3.12e-06 2.04e-06 1.25e-06 4.46e-07  7.02e-08
350-400 | 8.83e-06 6.27e-06 3.34e-06 2.21e-06 1.52e-06 9.70e-07 3.29e-07  5.88e-08
400-450 | 4.86e-06 3.34e-06 2.18e-06 1.36e-06 9.56e-07 6.15e-07 2.08e-07  3.65e-08
450-500 | 3.12e-06 2.21e-06 1.36e-06 1.00e-06 6.79e-07 4.20e-07 1.45e-07  2.57e-08
500-550 | 2.04e-06 1.52e-06 9.56e-07 6.79e-07 5.89e-07 3.25e-07 1.04e-07  1.99e-08
550-650 | 1.25e-06 9.70e-07 6.15e-07 4.20e-07 3.25e-07 2.42e-07 6.42e-08 1.27e-08
650-750 | 4.46e-07 3.29e-07 2.08e-07 1.45e-07 1.04e-07 6.42e-08 3.41e-08  3.84e-09
750-1500 | 7.02e-08 5.88e-08 3.65e-08 2.57e-08 1.99e-08 1.27e-08 3.84e-09  1.08e-09

Table D.3: Covariance matrix for the absolute cross-section as function of the

hadronic top-quark top quark pr, accounting for the statistic and systematic un-
certainties in the boosted topology.

Bin [GeV] 300-350 350-400 400-450 450-500 500-550 550-650 650-750  750-1500
300-350 | 3.59e-07  6.24e-08 -4.84e-08 -5.53e-08 -4.82e-08 -3.43e-08 -1.79e-08 -3.44e-09
350-400 6.24e-08  8.14e-08 -7.38¢-10 -1.03e-08 -1.62e-09 1.28¢-09 -3.70e-09 -3.52¢-10
400-450 | -4.84e-08 -7.38e-10 3.70e-08 1.07e-08 1.01e-08 1.15e-08 2.98e-09 7.79e-10
450-500 | -5.53e-08 -1.03e-08 1.07e-08 2.61e-08 1.44e-08 8.77e-09  4.37e-09 8.65e-10
500-550 | -4.82e-08 -1.62e-09 1.01e-08 1.44e-08  3.10e-08 1.24e-08  4.36e-09  9.80e-10
550-650 | -3.43e-08  1.28e-09 1.15e-08  8.77e-09 1.24e-08 1.45e-08  2.93e-09 7.11e-10
650-750 | -1.79e-08 -3.70e-09  2.98¢-09 4.37e-09  4.36e-09  2.93e-09  3.20e-09  2.72e-10
750-1500 | -3.44e-09 -3.52e-10 7.79e-10 8.65e-10 9.80e-10 7.11e-10 2.72e-10 1.19e-10

Table D.4: Covariance matrix for the relative cross-section as function of the

hadronic top-quark top quark pr, accounting for the statistic and systematic un-
certainties in the boosted topology.



Table D.5:

0.1-0.2 0.2-0.3 0.3-0.4 0.5-0.6 0.9-1.0 1.0-1.1 1.1-12 1.2-1.3 1.3-14 1.4-1.5 1.5-1.7 1.7-1.9 1.9-2.5

7.08¢+01 6.88e+01 6.61e+01 6.46e+01 5.09e+01  4.52e+01 4.29e+01 3.83e+01 3.34e+01 2.78+01 2.25e+01 1.43e+01 3.00e-+00

7.0le+01 6.63e+01 6.37e+01 6.21e+01 4.93e+01  4.38¢+01 4.16e+01 3.70e+01 3.25e+01 2.70e+01 2.17e+01 1.38e+01 2.93e+00

6.63e+01  6.60e+01 6.17e+01 6.03e+01 4.76e+01  4.26e+01 4.0le+01 3.60e+01 3.12e+01 2.61e+01 2.09e+01 1.32e+01 2.86e+00

6.37e+01 6.17e+01 6.24e+01 5.76e+01 4.63e+01 4.04e+01 3.88¢+01 3.45e+01 3.05e+01 2.53e+01 2.03e+01 1.28e+01 2.72e+00

6.91e+01 6.72e+01 6.29e+01 6.28¢+01 4.90e+01  4.58¢+01 4.19¢+01 3.8le+01 3.22e+01 2.74e+01 2.17e+01 1.39e+01 3.14e+00

6.21e+01  6.03e+01  5.76e+01 5.79¢+01 4.46e+01  4.00e+01  3.76e+01  3.38¢+01 2.94e+01 2.45e+01 1.97e+01 1.25e+01  2.70e+00

6.00e+01  5.83e+01  5.62e+01 5.44e+01 4.34e+01  3.88¢+01 3.66e+01 3.29e+01 2.88e+01 2.40e+01 1.92e+01 1.22e+01 2.64e+00

5.50e+01  5.32e+01 5.07e+01 4.97e+01 3.95e+01  3.52e+01 3.33e+01 2.99e+01 2.6le+01 2.17e+01 1.75e+01 1.10e+01 2.35e+00

5.56e+01  5.39e+01 5.29e+01 5.06e+01 4.06e+01  3.58¢+01 3.42e+01 3.07¢+01 2.72e+01 2.24e+01 1.80e+01 1.14e+01 2.48¢+00

4.93e+01  4.76e+01  4.63e+01 4.46e+01 3.69¢+01  3.14e+01 3.02e+01 2.70e+01 2.39e+01 1.97¢+01 1.59¢+01 1.0le+01 2.15e+00

4.38e+01  4.26e+01 4.04e+01 4.00e+01 3.14e+01  3.0le+01 2.67e+01 2.44e+01 2.11e+01 1.77e+01 1.4le+01 9.00e+00 2.04e+00

4.16e+01  4.01e+01 3.88e+01 3.76e+01 3.02e+01  2.67e+01 2.67e+01 2.28¢+01 2.02e+01 1.67e+01 1.35e+01 8.73e+00 1.84e+00

3.83¢+01  3.70e+01 3.60e+01 3.45e+01 3.38e+01 2.70e+01  2.44e+01  2.28e+01 2.15e+01 1.79e¢+01 1.50e+01 1.20e+01 7.65e+00 1.71e+00
3.34e+01  3.25e+01 3.12e+01  3.05e+01 2.94e+01 2.39e+01  2.11le+01 2.02e+01 1.79e+01 1.70e+01 1.31e+01 1.07e+01 6.96e+00 1.46e-+00
2.78+01 2.70e+01 2.6le+01 2.53e+01 2.45e+01 1.97e+01 1.77e+01 1.67e+01 1.50e+01 1.31e+01 1.17e+01 8.77e+00 5.62e+00 1.25e+00
2.25e+01 2.17e+01 2.09e+01 2.03e+01 1.97e+01 1.59e+01 1.4le+01 1.35e+01 1.20e+01 1.07e+01 8.77e+00 7.43e+00 4.63e+00  9.76e-01
1.43e+01  1.38e+01 1.32e+01 1.28e+01 1.25e+01 1.01e+01  9.00e+00 8.73e+00 7.65¢+00 6.96e+00 5.62¢+00 4.63e+00 3.18¢+00  6.24e-01
3.00e+00  2.93e+00 2.86e+00 2.72e+00 2.70e+00 2.15e+00 2.04e+00 1.84e+00 1.71e+00 1.46e+00 1.25e+00  9.76e-01  6.24e-01  1.60e-01

Covariance matrix of the absolute cross-section as function of the absolute value of the rapidity of the top quark,

accounting for the statistical and systematic uncertainties in the resolved topology.
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bin 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 1.0-1.1 1.1-1.2 1.2-1.3 1.3-1.4 1.4-1.5 1.5-1.7 1.7-1.9 1.9-2.5
0.0-0.1 3.30e-04 5.03e-05 1.24e-04 1.86e-05 1.14e-04 1.14e-04  3.47e-05 5.96e-05 4.40e-05 1.43e-05 4.21e-05 -1.23e-05 1.13e-05 -3.44e-05 5.27e-06 -9.81e-06 -1.22e-05 -1.32e-06
0.1-0.2 5.03e-05 2.38e-04  8.47e-05 5.18e-05 2.12e-04 5.90e-05  9.29e-05 7.89e-05 1.28e-05 1.93e-06  8.02e-05 -1.80e-05 5.99e-05 -1.75e-05 8.05e-06 -6.33e-06 -7.28¢e-06 5.93e-06
0.2-0.3 1.24e-04  8.47e-05 2.80e-04  6.62e-05 1.07e-04  9.16e-05 6.94e-05 6.95e-05 4.63e-05 1.62e-05 6.10e-05 -1.67e-05 2.88e-05 -2.34e-05 T7.14e-06 -1.51e-05 -1.75e-05 1.77e-06
0.3-0.4 1.86e-05 5.18e-05 6.62e-05 3.42e-04  3.14e-05 1.60e-05 8.51e-05 -6.78e-06 1.01e-04 1.85e-05 2.44e-05 -2.81e-05 3.54e-05 -5.56e-07 1.65e-05 -1.59e-05 -1.70e-05 4.47e-06
0.4-0.5 1.14e-04 2.12e-04 1.07e-04  3.14e-05 6.78e-04 1.05e-04 1.87e-04 1.93e-04 -1.21e-05 -6.40e-07 1.99e-04 7.97e-06 1.90e-04 -5.03e-06 4.59e-05 2.47e-05 1.79e-05 2.03e-05
0.5-0.6 1.14e-04 5.90e-05 9.16e-05 1.60e-05 1.05e-04 1.98e-04  2.89e-05 3.26e-05 3.38e-05 4.58e-06 4.60e-05 -5.25e-06 3.17e-05 -1.45e-05 7.30e-06 -1.29e-06 -4.42e-06 2.60e-06
0.6-0.7 3.47e-05 9.29e-05 6.94e-05 8.51e-05 1.87e-04 2.89e-05 2.15e-04 5.65e-05 3.73e-05 2.39e-05  9.20e-05 1.91e-06  9.16e-05 1.20e-05  3.29e-05 1.31e-05 4.52e-06 1.07e-05
0.7-0.8 5.96e-05 7.89e-05 6.95e-05 -6.78e-06 1.93e-04  3.26e-05 5.65e-05 1.93e-04 -2.07e-05 6.21e-07  6.95e-05 8.83e-06 5.87e-05 -1.26e-05 1.34e-05 2.89e-07 -1.92e-07 5.08e-06
0.8-0.9 4.40e-05 1.28e-05 4.63e-05 1.01le-04 -1.21e-05 3.38e-05 3.73e-05 -2.07e-05 2.56e-04  4.61e-05 2.45e-05 2.80e-05 4.43e-05 4.81e-05 4.11e-05 1.71e-05 1.25e-05 7.94e-06
0.9-1.0 1.43e-05 1.93e-06 1.62e-05 1.85e-05 -6.40e-07  4.58-06 2.39e-05 6.21e-07  4.61e-05 1.25e-04  3.97e-06 1.30e-05  2.40e-05 1.74e-05  2.20e-05 8.02e-06 6.18e-06 3.34e-06
1.0-1.1 4.21e-05 8.02e-05 6.10e-05 2.44e-05 1.99e-04  4.60e-05 9.20e-05 6.95e-05 2.45e-05 3.97e-06  2.10e-04 7.44e-06  9.26e-05 3.59e-05  4.33e-05 2.55e-05 2.49e-05 1.44e-05
1.1-1.2 | -1.23e-05 -1.80e-05 -1.67e-05 -2.81e-05 7.97e-06 1.91e-06 8.83e-06 2.80e-05 1.30e-05 7.44e-06 1.12e-04 2.03e-05 1.71e-05  2.55e-05 1.47e-05 1.76e-05 4.53e-06
1.2-1.3 1.13e-05 5.99e-05 2.88e-05 3.54e-05 1.90e-04 9.16e-05 5.87e-05 4.43e-05 2.40e-05  9.26e-05 2.03e-05  1.75e-04 2.45e-05  3.91e-05 3.01e-05 2.17e-05 1.42e-05
1.3-1.4 | -3.44e-05 -1.75e-05 -2.34e-05 -5.56e-07 -5.03e-06 1.20e-05 -1.26e-05 4.81e-05 1.74e-05  3.59e-05 1.71e-05  2.45e-05 1.17e-04  1.89e-05 1.96e-05 2.59e-05 7.31e-06
1.4-1.5 5.27e-06  8.05e-06 7.14e-06 1.65e-05 4.59e-05 3.29e-05 1.34e-05 4.11e-05 2.20e-05 4.33e-05 2.55e-05 3.91e-05 1.89e-05 9.03e-05 1.55e-05 1.96e-05 7.72e-06
1.5-1.7 | -9.81e-06 -6.33¢-06 -1.51e-05 -1.59e-05 2.47e-05 1.31e-05 2.89e-07 1.71e-05 8.02e-06 2.55e-05 1.47e-05 3.01e-05 1.96e-05 1.55e-05 3.85e-05 1.42e-05 5.54e-06
1.7-1.9 | -1.22e-05 -7.28e-06 -1.75e-05 -1.70e-05 1.79e-05 4.52e-06 -1.92e-07 1.25e-05 6.18¢-06  2.49e-05 1.76e-05 2.17e-05 2.59e-05  1.96e-05 1.42e-05 3.11e-05 4.91e-06
1.9-2.5 | -1.32e-06 5.93e-06 1.77e-06  4.47e-06 2.03e-05 2.60e-06 1.07e-05 5.08e-06 7.94e-06 3.34e-06  1.44e-05 4.53e-06  1.42e-05 7.31le-06 7.72e-06 5.54e-06  4.91e-06 3.13e-06

Table D.6: Covariance matrix of the relative cross-section as function of the absolute

accounting for the statistical and systematic uncertainties in the resolved topology.

value of the rapidity of the top quark,

¢Ge



bin 0.0-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0
0.0-0.2 | 1.65e-01 1.48e-01 1.44e-01 1.28e-01 1.11e-01 1.09e-01 8.73e-02 6.73e-02 4.94e-02 3.21e-02
0.2-0.4 | 1.48e-01 1.49e-01 1.35e-01 1.21e-01 1.06e-01 1.02e-01 8.00e-02 6.32e-02 4.69e-02  3.03e-02
0.4-0.6 | 1.44e-01 1.35e-01 1.40e-01 1.14e-01 1.02e-01 9.83e-02 7.87e-02 5.96e-02 4.47e-02 2.91e-02
0.6-0.8 | 1.28¢-01 1.21e-01 1.14e-01 1.15e-01 9.00e-02 8.92e-02 7.43e-02 5.70e-02 4.15e-02 2.66e-02
0.8-1.0 | 1.11e-01  1.06e-01 1.02e-01 9.00e-02 8.66e-02 7.71le-02 6.31e-02 4.85e-02 3.60e-02 2.33e-02
1.0-1.2 | 1.09e-01 1.02e-01 9.83e-02 8.92e-02 7.71e-02 8.16e-02 6.15e-02 4.81e-02 3.48e-02  2.26e-02
1.2-1.4 | 8.73e-02 8.00e-02 7.87e-02 7.43e-02 6.31e-02 6.15e-02 6.42e-02 4.04e-02 2.89e-02 1.86e-02
1.4-1.6 | 6.73e-02 6.32e-02 5.96e-02 5.70e-02 4.85e-02 4.81e-02 4.04e-02 3.54e-02 2.24e-02 1.44e-02
1.6-1.8 | 4.94e-02 4.69e-02 4.47e-02 4.15e-02 3.60e-02 3.48e-02 2.89e-02 2.24e-02 1.89e-02 1.03e-02
1.8-2.0 | 3.21e-02 3.03e-02 2.91e-02 2.66e-02 2.33e-02 2.26e-02 1.86e-02 1.44e-02 1.03e-02 8.03e-03

Table D.7: Covariance matrix for the absolute cross-section as function of the absolute value of the rapidity of the top quark,

accounting for the statistic and systematic uncertainties in the boosted topology.

€¢c



bin 0.0-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0
0.0-0.2 | 1.71e-03  1.60e-04 6.31e-04 3.77e-05 1.46e-04 1.06e-04 1.24e-04 2.52e-05 -1.17e-04  8.75e-05
0.2-0.4 | 1.60e-04 1.82e-03 2.26e-04 -7.75e-06 -7.06e-05 -2.11e-05 -1.32e-05 -6.38e-05 -2.47e-04 -3.52e-05
0.4-0.6 | 6.31e-04  2.26e-04 2.32e-03 1.08e-04  5.74e-04 1.72e-04  8.59e-04 3.71le-04 4.06e-05  2.02e-04
0.6-0.8 | 3.77e-05 -7.75e-06 1.08e-04 1.40e-03  7.38e-05 -6.42e-05  3.30e-04 8.43e-05 6.23e-05 1.01e-04
0.8-1.0 | 1.46e-04 -7.06e-05 5.74e-04  7.38e-05 1.73e-03 -1.40e-05  7.26e-04 2.41e-04 1.54e-04 2.02e-04
1.0-1.2 | 1.06e-04 -2.11e-05 1.72e-04 -6.42e-05 -1.40e-05 1.09e-03  9.89e-05  1.22e-04 -4.75e-05  9.35e-05
1.2-1.4 | 1.24e-04 -1.32¢-05 8.59e-04 3.30e-04  7.26e-04 9.89e-05 2.03e-03 5.30e-04  2.96e-04  2.52e-04
1.4-1.6 | 2.52e-05 -6.38e-05 3.71le-04 8.43e-05 2.41e-04 1.22e-04 5.30e-04 9.45e-04 9.27e-05  1.10e-04
1.6-1.8 | -1.17e-04 -2.47e-04 4.06e-05 6.23e-05 1.54e-04 -4.75e-05 2.96e-04 9.27e-05 6.05e-04  4.88e-05
1.8-2.0 | 8.75e-05 -3.52e-05 2.02e-04 1.01e-04  2.02e-04  9.35e-05  2.52e-04  1.10e-04  4.88e-05  3.00e-04

Table D.8: Covariance matrix for the relative cross-section as function of the absolute value of the rapidity of the top quark,

accounting for the statistic and systematic uncertainties in the boosted topology.

vec



bin [GeV] | 225-345 345-420 420-500 500-590 590-685  685-790  790-910 910-1040 1040-1175 1175-1320 1320-3000
225-345 | 6.45e-05 1.87e-04 1.16e-04 6.61e-05 4.10e-05 2.19e-05 1.53e-05  8.10e-06 5.03e-06 2.72e-06 5.52e-07
345-420 | 1.87e-04 1.07e-03 9.92e-04 6.54e-04 3.65e-04 1.87e-04 1.04e-04 5.31e-05 2.87e-05 1.52e-05 1.83e-06
420-500 | 1.16e-04 9.92e-04 1.17e-03 8.06e-04 4.51e-04 2.35e-04 1.23e-04  6.32e-05 3.34e-05 1.79e-05 1.79e-06
500-590 | 6.61e-05 6.54e-04 8.06e-04 5.79e-04 3.26e-04 1.74e-04 9.05e-05  4.84e-05 2.53e-05 1.32e-05 1.38e-06
590-685 | 4.10e-05 3.65e-04 4.51e-04 3.26e-04 1.93e-04 1.04e-04 5.58e-05  3.09e-05 1.66e-05 8.75e-06 1.07e-06
685-790 | 2.19e-05 1.87e-04 2.35e-04 1.74e-04 1.04e-04 6.07e-05 3.21e-05  1.83e-05 9.94e-06 5.15e-06 6.84e-07
790-910 | 1.53e-05 1.04e-04 1.23e-04 9.05e-05 5.58e-05 3.21e-05 1.97e-05  1.09e-05 6.11e-06 3.17e-06 4.95e-07

910-1040 | 8.10e-06 5.31e-05 6.32e-05 4.84e-05 3.09e-05 1.83e-05 1.09e-05  6.80e-06 3.67e-06 1.86e-06 3.05e-07

1040-1175 | 5.03e-06 2.87e-05 3.34e-05 2.53e-05 1.66e-05 9.94e-06 6.11e-06  3.67e-06 2.28e-06 1.09e-06 1.87e-07

1175-1320 | 2.72e-06 1.52e-05 1.79e-05 1.32e-05 8.75e-06 5.15e-06 3.17e-06  1.86e-06 1.09e-06 6.81e-07 9.56e-08

1320-3000 | 5.52e-07 1.83e-06 1.79e-06 1.38e-06 1.07e-06 6.84e-07 4.95e-07  3.05e-07 1.87e-07 9.56e-08 2.16e-08

Table D.9: Covariance matrix of the absolute cross-section as function of the mass of the tf system, accounting for the statistical
and systematic uncertainties in the resolved topology.

Gce




bin [GeV] 225-345 345-420 420-500 500-590 590-685 685-790 790-910 910-1040 1040-1175 1175-1320 1320-3000
225-345 | 4.41e-09  5.25e-09 -2.89e-09 -3.55e-09 -1.69e-09 -8.63e-10 -9.50e-11 -7.97e-11 1.40e-11 2.58e-11 2.57e-11
345-420 | 5.25e-09  1.73e-08  2.21e-09 -3.26e-09 -2.98e-09 -2.47e-09 -8.18e-10 -8.11e-10  -4.22e-10  -1.58e-10  -1.25e-11
420-500 | -2.89e-09  2.21e-09  6.88e-09  3.55e-09  5.65e-10 -3.53e-10 -6.43e-10 -5.21e-10  -3.69e-10  -1.94e-10  -5.39e-11
500-590 | -3.55e-09 -3.26e-09  3.55e-09  4.15e-09  1.60e-09  8.52e-10  1.39e-10  7.45e-11  -2.53e-11  -4.56e-11  -2.22e-11
590-685 | -1.69e-09 -2.98¢-09  5.65e-10  1.60e-09  1.45e-09  9.60e-10  4.70e-10  3.66e-10 1.78e-10 8.28e-11 1.28e-11
685-790 | -8.63e-10 -2.47e-09 -3.53e-10  8.52e-10  9.60e-10  1.15e-09  5.71le-10  4.05e-10 2.13e-10 1.16e-10 2.00e-11
790-910 | -9.50e-11 -8.18¢-10 -6.43e-10  1.39e-10  4.70e-10  5.71le-10  5.31e-10  3.18e-10 1.86e-10 9.36e-11 2.19e-11

910-1040 | -7.97e-11  -8.11e-10 -5.21e-10  7.45e-11  3.66e-10  4.05e-10  3.18e-10  2.61e-10 1.38e-10 6.76e-11 1.61e-11

1040-1175 | 1.40e-11 -4.22e-10 -3.69e-10 -2.53e-11  1.78e-10  2.13e-10  1.86e-10  1.38e-10 1.03e-10 4.27e-11 1.04e-11

1175-1320 | 2.58e-11 -1.58e-10 -1.94e-10 -4.56e-11  8.28e-11  1.16e-10  9.36e-11  6.76e-11 4.27e-11 3.49e-11 5.28e-12

1320-3000 | 2.57e-11 -1.25e-11 -5.39e-11 -2.22e-11  1.28e-11  2.00e-11  2.19e-11  1.61le-11 1.04e-11 5.28e-12 1.59e-12

Table D.10: Covariance matrix of the

relative cross-section as function of the mass of the tf system, accounting for the statistical

and systematic uncertainties in the resolved topology.
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bin [GeV]

0-35

35-75

75-125

125-170

170-225

225-800

0-35
35-75
75-125
125-170
170-225
225-800

Table D.11: Covariance matrix of the absolute cross-section as function of the ¢t
system pr, accounting for the statistical and systematic uncertainties in the resolved

1.33e-02
4.50e-03
2.42e-03
7.19e-04
3.14e-04
4.66e-05

4.50e-03
1.03e-02
5.73e-03
2.36e-03
1.07e-03
9.25e-05

2.42e-03
5.73e-03
3.62e-03
1.42e-03
6.26e-04
5.36e-05

7.19e-04
2.36e-03
1.42e-03
6.29e-04
2.72e-04
2.26e-05

3.14e-04
1.07e-03
6.26e-04
2.72e-04
1.24e-04
1.02e-05

4.66e-05
9.25¢-05
5.36e-05
2.26e-05
1.02e-05
9.55e-07

topology.
bin [GeV] 0-35 35-75 75-125 125-170 170-225 225-800
0-35 | 1.10e-06 -3.36e-08 -1.04e-07 -5.63e-08 -1.61e-08 -5.22e-10
35-75 | -3.36e-08  1.00e-07  1.06e-07  2.23e-08  1.00e-08  2.32e-10
75-125 | -1.04e-07  1.06e-07  1.30e-07  3.30e-08  1.39e-08  4.62e-10
125-170 | -5.63e-08  2.23e-08  3.30e-08  1.41e-08 4.95e-09  1.97e-10
170-225 | -1.61e-08  1.00e-08  1.39e-08  4.95e-09  2.24e-09  8.37e-11
225-800 | -5.22e-10  2.32e-10  4.62e-10 1.97e-10  8.37e-11 1.06e-11

Table D.12: Covariance matrix of the relative cross-section as function of the ¢t
system pr, accounting for the statistical and systematic uncertainties in the resolved
topology.



0.0-0.1

0.1-0.2

0.2-0.3

0.3-0.4

0.4-0.5

0.5-

0.6

0.6-0.7

0.7-0.8

0.8-0.9

0.9-1.0

1.0-1.1

1.1-1.2

1.2-1.3

1.3-14

1.4-15

1.5

-1.6

1.6-1.8

1.8-2.5

1.25e+
1.19e+
1.23e+
1.15e+
1.12e+
9.68¢+
8.65¢+
8.2le+
7.25e+
6.08¢-+
4.90e-+
3.90e-+
3.31e+
2.58e+
1.84e+
1.26e-
7.24e+

7.20e-01

02
02
02
02
01
01
01
01
01
01
01
01
01
01
01
00

1.19e+
1.19e+
1.21e+
1.12e+
1.10e-+
9.60e+
8.50e+
8.1le+
7.10e+
5.91e+
4.77e+
3.85e-+
3.23e+
2.55e+
1.84e+
1.25e-+
7.12e+

02
02
02
02
02
01
01
01
01
01
01
01
01
01
01
01
00

7.37e-01

1.23e+
1.21e+
1.28e-+
1.16e-+
1.14e+
9.95¢+
8.7le+
8.42¢+
7.36e-+
6.19¢-+
4.98¢-+
4.00e-+
3.36e+
2.66e+
1.94e+
1.28e-+
7.59e+

02
02
02
02
02
01
01
01
01
01
01
01
01
01
01
01
00

7.88e-01

1.15e+
1.12e+
1.16e-
1.11le+
1.06e-+
9.1le+
8.23e-+
7.75e-+
6.91e+
5.74e+
4.61e+
3.70e-+
3.13e+
2.47e+
1.73e+
1.21e+
6.90e-+

02
02
02
02
02
01
01
01
01
01
01
01
01
01
01
01
00

6.86e-01

1.12e+
1.10e+
1.14e+
1.06e-+
1.06e-+
9.12¢+
7.97e+
7.68e-+
6.77e+
5.63e+
4.51e+
3.66e-+
3.09¢+
2.44e+
1.76e+
1.19e-+
6.94e-+

02
02
02
02
02
01
01
01
01
01
01
01
01
01
01
01
00

7.19¢-01

9.68e-+
9.60e+
9.95e-+
9.11e+
9.12e+
8.1le+
6.93¢+
6.67e+
5.81e+
4.87e+
3.91e+
3.19e+
2.66e+
2.11e+
1.57e+
1.03e-+
6.03e-+

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
00

6.47¢-01

8.65¢+
8.50e-+
8.7le+
8.23e+
7.97e+
6.93¢+
6.33e+
5.86e+
5.15e+
4.32e-+
3.48¢e-+
2.80e+
2.36e+
1.86e+
1.32e+
9.16e-+
5.17e+

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
00
00

5.18e-01

8.2le+
8.11e+
8.42e-+
7.75e+
7.68¢+
6.67c+
5.86e-+
5.79e-+
4.97e+
4.12e+
3.32e+
2.7le+
2.28e+
1.80e-+
1.32e+
8.77e+
5.17e+

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
00
00

5.43e-01

7.25e+
7.10e+
7.36e+
6.91e+
6.77e+
5.81e+
5.15e+
4.97e+
4.51e+
3.67e+
2.92e+
2.36e+
2.04e+
1.61e+t
1.12e+
7.83e+t
4.55e-+

4.61e-

01
01
01
01
01
o1
01
01
01
01
01
o1
o1
01
01
00
00
01

6.08e+
5.91e+
6.19¢-+
5.74e+
5.63e+
4.87e+
4.32e+
4.12e+
3.67e+
3.14e+
2.47e+
1.96e+
1.68e+
1.34e+
9.49e-+
6.51e+
3.78e-+

01
01
01
01
01
01
01
01
01
01
01
01
01
01
00
00
00

3.84e-01

Table D.13: Covariance matrix of the absolute cross-section as
accounting for the statistical and systematic uncertainties in the resolved topology.

4.90e-+
4.7TTe+
4.98e-+
4.61e+
4.51e+
3.91e+
3.48e+
3.32e+
2.92e+
2.47e+
2.04e+
1.59e+
1.33e+
1.07e+
7.63e-+
5.18e+
3.02e-+

01
01
01
01
01
01
01
01
01
01
01
01
01
01
00
00
00

3.05e-01

function of the absolute value of the rapidity of the tf system,

3.90e+
3.85e-+
4.00e-+
3.70e-+
3.66e-+
3.19¢+
2.80e-+
2.7le+
2.36e-+
1.96e+
1.59e+
1.35e+
1.09e+
8.57e+
6.32e-+
4.24e+
2.48e-+

01
01
01
01
01
01
01
01
01
01
01
01
01
00
00
00
00

2.59e-01

3.31e+
3.23e+
3.36e-+
3.13e+
3.09e-+
2.66e-+
2.36e-+
2.28e-+
2.04e-+
1.68e+
1.33e+
1.09e+
9.98e+
7.60e-+
5.13e+
3.65e-+
2.14e+

01
01
01
01
01
01
01
01
01
01
01
01
00
00
00
00
00

2.16e-01

2.58e-+
2.55e-+
2.66e-+
2.47e+
2.44e+
2.11e+
1.86e+
1.80e+
1.61e+
1.34e+
1.07e+
8.57e-+
7.60e-+
6.48e-+
4.26e-+
2.91e+
1.71e+

01
01
01
01
01
01
01
01
01
01
01
00
00
00
00
00
00

1.80e-01

1.84e+
1.84e+
1.94e+
1.73e+
1.76e+
1.57e+
1.32e+
1.32e+
1.12e+
9.49¢+
7.63e+
6.32e-+
5.13e+
4.26e-+
3.59e-+
2.08e-+
1.24e+

01
01
01
01
01
01
01
01
01
00
00
00
00
00
00
00
00

1.42¢-01

1.26e

1.25e+
1.28e+
1.21e+
1.19e+
1.03e+
9.16e+
8.7Te+
7.83e+
6.51e+
5.18e+
4.24e+
3.65¢+
2.9le+
2.08e-+
1.63e+

+01
01
01
01
01
01
00
00
00
00
00
00
00
00
00
00

8.20e-01
8.39e-02

7.24e+
7.12e+
7.59%-+
6.90e-+
6.94e-+
6.03e+
5.17e+
5.17e+
4.55e+
3.78e+
3.02e-+
2.48e-+
2.14e+
1.71e+
1.24e+

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

8.20e-01
5.62e-01
5.35e-02

7.20e-01
7.37e-01
7.88e-01
6.86e-01
7.19e-01
6.47e-01
5.18e-01
5.43e-01
4.61e-01
3.84e-01
3.05e-01
2.59e-01
2.16e-01
1.80e-01
1.42e-01
8.39e-02
5.35e-02
8.25e-03

8¢¢C



bin 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 1.0-1.1 1.1-1.2 1.2-1.3 1.3-1.4 1.4-1.5 1.5-1.6 1.6-1.8 1.8-2.5
0.0-0.1 | 3.19e-04 1.06e-04 1.51e-04  1.26e-05 9.64e-05  1.26e-04  3.84e-05 6.55e-05 -3.43e-05 2.38-05 1.11e-05 1.09e-05 -1.12e-06 -1.75e-05 1.44e-05 -1.15e-05 -9.25e-07 8.06e-07
0.1-0.2 | 1.06e-04  2.79e-04  2.23e-04  1.55e-05 9.46e-05 1.07e-04  5.95e-05 5.13e-05 -2.71e-05 2.47e-05  2.55e-05  2.08¢-05 -1.40e-05  4.40e-06  1.21e-05 -1.90e-06 -2.19e-06 5.60e-07
0.2-0.3 | 1.51e-04 2.23e-04  5.08¢-04  3.93e-05 1.53e-04 1.83e-04 5.57e-05 1.54e-04 -6.71e-06 7.50e-05  5.20e-05 5.18e-05 2.98e-05 5.16e-05 4.93e-05 7.44e-06  1.62e-05 3.63e-06
0.3-0.4 | 1.26e-05 1.55e-05 3.93e-05 2.37e-04 6.82e-05 3.34e-05 6.03e-05 6.19e-05 5.92e-06 8.42e-06 -1.39e-05 9.98¢-06 -2.33e-05 -2.47e-05 9.08¢-06 -3.76e-06 4.42e-06 7.72e-07
0.4-0.5 | 9.64e-05  9.46e-05 1.53e-04  6.82e-05 2.53e-04 1.16e-04 1.19e-05 1.05e-04  2.56e-05 4.61e-05 1.41e-05  3.25e-05  2.29e-05  1.93e-05  2.80e-05 4.17e-06  1.48e-05 2.20e-06
0.5-0.6 | 1.26e-04 1.07e-04  1.83e-04 3.34e-05 1.16e-04 3.16e-04  1.08e-04 1.54e-04 -3.33e-05 7.26e-05 1.72e-05 5.21e-05 1.26e-05 4.47e-06  7.00e-05  2.16e-06  1.73e-05 4.10e-06
0.6-0.7 | 3.84e-05 5.95e-05 5.57e-05 6.03e-05 1.19e-05 1.08e-04  1.96e-04 7.15e-05 -4.99e-05 1.87e-05 6.98¢-06 3.0le-05 -1.71e-05 -1.37e-05  2.65e-05 3.24e-06  2.81e-06 9.41e-07
0.7-0.8 | 6.55e-05  5.13e-05  1.54e-04  6.19e-05 1.05e-04  1.54e-04 7.15e-05 3.21e-04  2.55e-05 6.98e-05 5.83e-06  5.85e-05 5.13e-05  2.74e-05  8.63e-05 8.52e-06  3.38e-05 5.74e-06
0.8-0.9 | -3.43¢-05 -2.7le-05 -6.71e-06  5.92e-06 2.56e-05 -3.33e-05 -4.99e-05 2.55e-05  1.28¢-04 1.81e-05 -1.71e-05 -1.00e-06  3.0le-05  2.30e-05 -3.10e-07  8.83e-06  1.10e-05 8.27e-07
0.9-1.0 | 2.38¢-05 2.47e-05 7.50e-05 8.42e-06 4.61le-05 7.26e-05 1.87e-05 6.98¢-05 1.81e-05 1.07e-04  2.18-05 1.69e-05 2.53e-05  2.75e-05  3.76e-05 1.07e-05  1.60e-05 2.58¢e-06
1.0-1.1 | 1.11e-05  2.55e-05  5.20e-05 -1.39e-05 1.41e-05 1.72e-05 6.98¢-06 5.83e-06 -1.71e-05 2.18-05 7.42e-05 2.0le-05 -4.08e-06 1.86e-05 1.06e-05 6.35e-06  4.17e-06 6.09e-07
1.1-1.2 | 1.09e-05  2.08¢-05 5.18¢-05 9.98e-06 3.25e-05 5.21e-05  3.01e-05 5.85e-05 -1.00e-06 1.69e-05 2.01e-05  8.17e-05  2.14e-05  1.34e-05  2.40e-05 1.12e-05 1.04e-05 1.61e-06
1.2-1.3 | -1.12e-06  -1.40e-05  2.98e-05 -2.33e-05 2.29e-05  1.26e-05 -1.7le-05 5.13e-05 3.01e-05 2.53e-05 -4.08¢-06  2.14e-05  8.14e-05 3.57e-05 1.4le-05 1.05e-05  1.54e-05 1.76e-06
1.3-1.4 | -1.75e-05  4.40e-06 ~ 5.16e-05 -2.47e-05 1.93e-05 4.47e-06 -1.37e-05 2.74e-05 2.30e-05 2.75e-05 1.86e-05 1.34e-05 3.57e-05 8.07e-05 2.03e-05 1.35e-05 1.18e-05 1.62e-06
1.4-1.5 | 1.44e-05 1.21e-05 4.93e-05 9.08¢e-06 2.80e-05  7.00e-05  2.65e-05 8.63e-05 -3.10e-07 3.76e-05  1.06e-05  2.40e-05 1.41e-05 2.03e-05  6.64e-05  9.29e-06  1.24e-05 2.44e-06
1.5-1.6 | -1.15e-05 -1.90e-06  7.44e-06 -3.76e-06 4.17e-06  2.16e-06  3.24e-06 8.52e-06  8.83e-06 1.07e-05 6.35e-06  1.12e-05  1.05e-05  1.35e-05  9.29¢-06  2.71e-05  3.94e-06 4.07e-07
1.6-1.8 | -9.25e-07 -2.19e-06  1.62e-05  4.42e-06 1.48e-05 1.73e-05 2.81e-06 3.38¢-05  1.10e-05 1.60e-05 4.17e-06  1.04e-05  1.54e-05 1.18e-05 1.24e-05 3.94e-06  1.25e-05 9.47e-07
1.8-2.5 | 8.06e-07  5.60e-07  3.63e-06  7.72e-07 2.20e-06 4.10e-06  9.41e-07 5.74e-06  8.27e-07 2.58e-06  6.09e-07 1.61e-06  1.76e-06  1.62e-06 2.44e-06  4.07e-07  9.47e-07  3.39e-07

Table D.14: Covariance matrix of the relative cross-section as
accounting for the statistical and systematic uncertainties in the resolved topology.

function of the absolute value of the rapidity of the ¢t system,
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Appendix E

Stress Test of the Unfolding
Procedure

In this appendix are shown the stress test results, used to check the absence of bias
introduced by the unfolding procedure. The stress tests are performed as described
in Section [5.3.2] Figures [E.IJE.4] show the stress test results obtained reweighting
the distributions with f(p5"*®, p2?), f(m®), f(pi) and f(y*) in resolved topology,
while Figure [E.5 shows stress test results obtained reweighting the distribu-
tions with f(p5"**, p'?), f(y*) in the boosted topology. In general, the unfolding
procedure correctly recovers the reweighted shape as indicated by the green line
in plots which compares the stressed and unfolded distribution to the expected
reweighted particle-level spectrum. The red line in the plots represents the ratio
between the un-reweighted truth and the stressed unfolded distributions. A few
per-cent non-closure has been observed in regions where the reweighting function
is characterized by high derivatives and is mostly contained within MC statistics
band.

231



232

@ R R L N A= P T
5 Fiducial phase-space 5 70:_ Fiducial phase-space 4
_ -1 N C -1 4
E 10 s=13 TeV,3.21b o Siressed Pseudo-Data E C Vs=13 TeV,3.2fb e Stressed Pseudo-Data |
= — PWG+PY6 h, —m 3 =) 60— —— PWG+PY6 h, -m -
£ - -~ Stressed PWG+PY6 hdamp:rrr £ C - - - Stressed PWG+PY6 hdamp=m
< Stat. unc. T < C Stat. unc. ]
1 E SOEe =
. 7 40— -
10° E E E
E 30— 3
2 - E ]
10 3 201 =
10°° 10:— B
5 |z 5 I_é;wwlllllllllwww\\\tt
Tl 1.1 il 1.1
5| @ || —— 5|2 S CEEEEEE LSRR
g0 DE 2% o9
o ) 3 o .
0'80 200 400 600 800 1000 0'80 0.5 1 1.5 2 25
pI had [GeV] |yt,had‘
@ 100 T T T T 2 o N LA E e B S S S B B s S B B e
5 r Fiducial phase-space | 5 107 Fiducial phase-space |
r - ] E Vs = - E
; LVs=13 TeV,3.2 fo! # Stressed Pseudo-Data = %‘ E (s=13 TeV,321b e Stressed Pseudo-Data
= 80— —— PWG+PY6 h,__=m — &= r — PWG+PY6 by, -m,
£ = --- Stressed PWG-PYS h,_-m| £ --- Stressed PWG+PYB
< r Stat. unc. = < 1 g_ Stat. unc. E
M ] F 3
60— = C ]
F g 107 5
40— — - 7
L 4 102 =
20— — £ ]
L ] 102 =
< S NI SR R I J < I_‘E‘..I.\\.I...\I\...I.\\.I‘.\
=l 1.1 = =l 1.1
|8 e ———e———r——— = IE
27 09 27 o9 ]
= ogg i M gef E
8(.‘v 0.5 1 1.5 2 25 . 500 1000 1500 2000 2500 3000
Iy mt [GeV]
2 — T
5 r Fiducial phase-space 7
10E Vs = -1 =
?n' E Vs=13 Tev,3.2fb e Stressed Pseudo-Data 3
£ F —— PWG+PY6 h,_=m, =
£ L --- Stressed PWG+PY6 h,,_-ry
< P
1= Stat. unc. —
10 E
102 E
3 . —
10 S RPN ST ATITN BRI NSPAITS AU SR S
o8 '<E El
S VI E
] 1§ |
afe 0
o 100 200 300 400 500 600 700 800
Pl [GeV]

Figure E.1: Stress test plots in the {+jets channel performed by reweighting the
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events divided by the bin width, i.e. the efficiency correction has not been applied.
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Figure E.3: Stress test plots in the (+jets channel performed by reweighting the
absolute spectra in the resolved topology with f(p4). The y-axis is the number of
events divided by the bin width, i.e. the efficiency correction has not been applied.
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Figure E.4: Stress test plots in the (+jets channel performed by reweighting the
absolute spectra in the resolved topology with f(my). The y-axis is the number of
events divided by the bin width, i.e. the efficiency correction has not been applied.
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Figure E.6: Stress test plots in the (+jets channel performed by reweighting the
absolute spectra in the boosted topology with f(y;z). The y-axis is the number of
events divided by the bin width, i.e. the efficiency correction has not been applied.
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