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Abstract

This thesis presents measurements of absolute and normalised differential cross sections for
tf production in the ¢+jets channel in proton—proton collisions at a centre-of-mass energy of
13 TeV with 140 fb~! of integrated luminosity recorded by the ATLAS detector at the LHC.
Taking these measurements as input, an extraction of the strong coupling at the Z-boson
mass scale and a test of the running of this coupling with the scale are performed. In addition,
a study of the in situ calibration of the jet energy scale for jets using photon-plus-jets events
in proton—proton collisions is also included.

The differential cross section is measured using the data sample including the full Run 2 of
the LHC. The cross sections are measured as functions of twenty different observables at
particle level. The measurements focus on jet observables for the first time with an inclusive
tt selection in addition to two exclusive channels with at least one or two extra jets. For the
first time, next-to-next-to-leading-order simulations are compared with differential cross
sections measured by ATLAS at particle level. These measurements are useful for testing the
different parton shower and hadronisation models used in Monte Carlo event generators,
in addition to reducing the uncertainties in the gluon parton density functions for protons.
Additionally, these measurements are sensitive to the mass of the top quarks and the strong
coupling. Effective field theory fits focused on top Wilson coefficients can use the normalised
cross sections as input for searches beyond the Standard Model.

The strong coupling at the scale of the Z-boson mass is measured and a test of the running
of this fundamental parameter of Quantum Chromodynamics is performed. These measure-
ments use three different absolute differential cross sections as input. The measurement of
the running constitutes a test of the underlying gauge symmetry of Quantum Chromody-
namics along with the number of different active flavours in a wide range of the scale in a
single experiment.

The in situ jet energy scale is measured using photon-plus-jets events with a topology
where the photon and the most energetic jet move in opposite directions in the transverse
plane. The data sample used includes the full Run 2 data-taking period of the LHC. This
measurement will be used to improve the jet calibration applied in ATLAS analyses at a
centre-of-mass energy of 13.6 TeV during Run 3. The in situ jet energy scale correction
are below 2% in most of the measured range of the photon transverse momentum. The
uncertainty in these measurements is below 1% in most of the measured range of the photon
transverse momentum.
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1 Introduction

The top quark is the heaviest known elementary particle, with a mass of about 172.5 GeV,
and was discovered at the Tevatron proton—antiproton collider at Fermilab in 1995 [1, 2].
Almost 30 years later, the Large Hadron Collider (LHC), considered as a top factory, has
produced a vast sample of top quarks allowing scientists to study in deep detail its properties.
This colossal sample of top quarks produced by the LHC and recorded by ATLAS adds up
to about 100 million top-quark pairs, making the top quark the subject of a large number
of measurements during the Run 1 with proton—proton (pp) collisions at centre-of-mass
energies of /s = 7 and 8 TeV, and the Run 2 with pp collisions at centre-of-mass energies of
v/s = 13 TeV. These measurements include a wide range of topics from total and differential
tt cross section, to properties such as the top-quark mass, in addition to searches of new
phenomena beyond the Standard Model (SM).

The production of top-quark pairs in pp collisions serves as a test for the SM at the TeV
scale. Differential cross sections provides measurements that serve to perform indirect
measurements of the top-quark mass or extractions of ;. Additionally, these measures
are sensitive to the existence of new physics beyond the SM at this scale. In this thesis,
an analysis measuring differential cross sections focusing on jet observables is presented.
These measurements are useful also for tuning the parton shower of Monte Carlo (MC)
simulations.

Measurements of &g provide an ideal testing ground for perturbative Quantum Chromo-
dynamics (QCD) by determining a as a function of the scale, testing its running predicted
by the renormalisation group equation. Additionally, these measurements are sensitive to
new physics as the existence of new coloured fermions would imply modifications to the
B-function. A precise measurement of &5 is a fundamental building block for understanding
one of the interactions of the SM.

In these measurements, jets play a prominent role as part of the final state. These collimated
showers of hadrons are reconstructed using clustering algorithms, which sum the four-
momenta of nearby hadrons. To achieve measurements with the highest possible precision,
jets undergo a calibration process that takes into account various factors. These include
energy losses before the detection, the busy data-taking environment with multiple pp inter-
actions, known as pile-up, and features of the jet reconstruction algorithm. A final step in the
calibration chain involves measuring the difference in jet response and resolution between
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data and simulation. This information is then used to apply corresponding corrections to
account for these differences.

The structure of this thesis is organised as follows. In Chapter 2, an overview of the
theoretical framework underlying the high-energy process involved in the measurements in
this thesis is presented. In chapter 3, a description of the experimental set-up is presented,
including a brief description of the LHC and a deeper one of the ATLAS detector. In the
next chapters a description of the recontruction techniques for physical objects objects is
presented. Electrons and photons are presented in Chapter 4, muons in Chapter 5, jets
in Chapter 6, and the missing transverse momentum in Chapter 7. The next chapters of
this thesis present various analysis performed using data from the ATLAS Run 2. The first
of these studies is the in situ jet energy scale calibration using y-+jets events presented in
Chapter 8. This is followed by a measurement of top-quark pair differential cross sections in
the /+jets channel in pp collisions at /s = 13 TeV using 139 fb~! of ATLAS data presented
in Chapter 9. A third analysis covering the extraction of as using top-quark pair differential
cross sections in pp collisions at y/s = 13 TeV measured by ATLAS is presented in Chapter 10.
Finally, a summary and conclusions are presented in Chapter 11.

Some of the state-of-the-art measurements in top physics performed by the ATLAS collab-
oration are presented in the next paragraphs. They include total and differential ¢f cross
section at different centre-of-mass energies, measurements of the top quarks mass and other
properties, and searches of new physics.

Total tf cross section

The total tf cross section (0}r) was measured by ATLAS at different centre-of-mass energies
(v/s). The increase in luminosity and in each running period allow the measurements of 0;; to
be performed with increased precision. Figure 1.1 shows o}; as a function of /s and Table 1.1
shows the values of 0;; used in this figure [3-10]. The measured o;; increases with increasing
\/s. The most precise measurements are obtained in the dileptonic channel, especifically
by selecting events with opposite-charge electron-muon pairs. However, measurements in
other channels, such as the semi-leptonic and all-hadronic decay channels, probe the tf final
state in extreme kinematic regimes by taking advantage of a higher branching ratio and a
larger data sample. Theoretical predictions for o;; at next-to-next-to-leading-order (NNLO)
accuracy in the strong coupling constant «;, including the resummation of next-to-next-
to-leading logarithmic (NNLL) soft gluon terms [11-15] are available from the TOP++ 2.0
program [16]. These calculations depend on +/s, the mass of the top quark (m;) and the
proton parton distribution functions (PDF). For /s = 13 TeV, m; = 172.5 GeV and the
PDF4LHC21 PDFs [17], 0 = 83238 (scale) £35 (PDF+as) +23 (m;) pb, where uncertainties
from the factorisation and renormalisation scale variations, the impact of uncertainties on
the PDFs and a5 and the effect of the uncertainty on the value of m; (1 GeV) are quoted
separately. This prediction is included in Figure 1.1 and shows a good agreement with the
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Figure 1.1: Summary of ATLAS 0;; measurements as functions of /s. For comparison, the NNLO
QCD calculation complemented with NNLL resummation from TOP++ 2.0 is also included. The
theory band represents uncertainties due to renormalisation and factorisation scales, parton density
functions and the strong coupling. The measurements and the theory calculation are quoted at
m; = 172.5 GeV. Measurements made at the same /s are slightly offset for clarity. From reference [10].

measurements at different /s. The measured o}; has reached a precision of 1.8%, exceeding
the precision of the NNLO+NNLL prediction.

Top-quark mass

Since the large value of m; is close to the electroweak (EW) scale, it plays a significant role in
the production of many particles via loop diagrams. In particular, the top quark is involved
in the radiative corrections to both the Higgs-boson and W-boson masses, providing a
relationship that can be used for precision tests of the consistency of the SM. Measurements
of m; are categorised into direct and indirect measurements. Direct measurements include
the reconstruction of the top decay products and their invariant mass, whereas in indirect
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Table 1.1: Values and references of the ATLAS measurements used in Figure 1.1.

Channel /s [TeV] [Ldt [fb~!] oy [pb] Reference

Dilepton, {+jets 5 0.257 67.51+2.7 [3]
ey 7 4.6 183 +7 [4]

{+iets 7 4.7 169 +7 [5]

eyt 8 202 24249 [4]

(+iets 8 202 248 + 14 6]

ey 13 140 829 + 15 7]

l+iets 13 139 830 + 39 [8]

all-jets 13 36.1 864 + 127 [9]
ey 13.6 29 850 + 27 [10]

measurements, 1; rely on measurements of total or differential cross sections and a compar-
ison to the predictions to extract a value of m;. The direct measurements usually are affected
by smaller uncertainties than the indirect measurements, though they are model dependent.
The advantage of the indirect measurements is that m; is extracted from a well-defined the-
oretical framework, though, as mentioned above, they suffer from larger experimental and
theoretical uncertainties. Thus, both types of measurements are complementary. Figure 1.2
shows a summary of the ATLAS measurements of m; from direct and indirect measurements
for different /s and different {f channels [4, 18-22] and Figure 1.3 shows a summary of m;
measurements from ATLAS and CMS with /s = 7 — 13 TeV. The LHC combined value
from the measurements available up to September 2023 is: m; = 172.52 4 0.33 GeV, reaching
a precision of 0.19%.

Searches

The top-quark, being the most massive particle observed so far, provides a fruitful ground for
tests of models beyond the SM. ATLAS has made searches for new phenomena in tf events
and set limits on a variety of models beyond the SM. The production of tf accompanied with
large missing transvserse momentum allowed the study of new top-quark partners decaying
into an on-shell top (or antitop) quark and a long-lived undetected neutral particle [24].
Limits on the cross section of new sources of same-sign top-quark pair production and
on the pair-production cross section of new heavy down-type quarks were obtained [25].
Production of resonances in #f final states, such as narrow Z’ bosons, leptophobic topcolour
Z' bosons, Kaluza-Klein gluons or broad color-octet resonances, were performed [26-30].
Limits on the production of supersymmetric top squarks were also set [4].
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Figure 1.2: Summary of the measurements of m; from direct and indirect measurements for different
/s and different tf channels. From reference [23].

Top-quark properties

In addition to its very large mass, the top quark has also other unique properties. Its decay
width (I'y = 1.4 GeV) is larger than the QCD hadronisation scale A ~ 250 MeV, so the top
quark decays before it can form bound states unlike other quarks. This unique feature allows
its properties to be studied through its decay products. In Run 2, the ATLAS Collaboration
benefitted from the larger data sample. The decay products of the top quark can be used to
probe its properties or to test other SM predictions with the top quark as a tool, like checking
lepton universality in W-boson decays.

The W-boson polarisation was measured in dileptonic final states [31]. The normalised
differential distribution of the angle between the momentum of the charged lepton from the
W boson decay and the reversed momentum of the b-quark from the top quark decay, both
calculated in the W boson rest frame, was used for this measurement.

Top quark pair production at the LHC is predominantly mediated by the parity-invariant
strong interaction, so the top and anti-top quarks are predicted to be produced unpolarised
in the SM, while the spin of the top and anti-top quarks are expected to be correlated. As the
spin correlation is transferred to its decay products, the study can be performed with the
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ATLAS+CMS Preliminary Miep SUMMary, Vs = 1.96-13 TeV November 2023
LHCtopWG
-------- LHC comb. (Sep 2023*), 7+8 TeV LHctopwa [1][16]
statistical uncertainty total stat
total uncertainty ] Moy * total (stat + syst + recoil) [GeV] _[L dt  Ref.
LHC comb. (Sep 2023*), 7+8 TeV  H¥H 172,52 +0.33 (0.14 + 0.30) <20 b [1][16]
World comb. (Mar 2014), 1.9+7 TeV #++=H 173.34 £ 0.76 (0.36 + 0.67) <8710, [2]
ATLAS, l+jets, 7 TeV e 17233 +£1.27 (0.75+1.02) 4617, [3]
ATLAS, dilepton, 7 TeV et 173.79 +1.42 (0.54 + 1.31) 467 3]
ATLAS, all jets, 7 TeV : ——a—— 17512 1.8 (142 1.2) 461", 4]
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ATLAS, all jets, 8 TeV ———— 178.72£1.15 (0.55 + 1.02) 203", [6]
ATLAS, l+jets, 8 TeV =t 172.08 +0.91 (0.39 + 0.82) 20217, [7]
ATLAS comb. (Sep 2023*) 7+8 TeV I'E"‘H 172.71 £0.48 (0.25 + 0.41) <2030 [1]
ATLAS, leptonic inv. mass, 13 TeV = 174.41£0.81 (0.39 £0.66 £ 0.25)  36.1 b, [8]
ATLAS, dilepton (*), 13 TeV = 172.21+0.80 (0.20 +0.67£0.39) 139 b [9]
CMS, l+jets, 7 TeV ———— 173.49 +1.07 (0.43 + 0.98) 491", [10]
CMS, dilepton, 7 TeV i 1725+1.6 (0.4£1.5) 4917, [11]
CMS, all jets, 7 TeV =t 173.49 +1.39 (0.69 + 1.21) 35107, [12]
CMS, I+jets, 8 TeV e 172.35 £ 0.51 (0.16  0.48) 19.7 o, (1]
CMS, dilepton, 8 TeV i 172.22 751 (0.18 %) 197 16", [14]
CMS, all jets, 8 TeV e 172.32 £ 0.64 (0.25 + 0.59) 19.7 107, [13]
CMS, single top, 8 TeV = 17295122 (0.7 1) 197 b, [15]
CMS comb. (Sep 2023*), 7+8 TeV  H#H 172,52 +0.42 (0.14 +0.39) <19.7 6" [16]
CMS, all jets, 13 TeV i 172.34£0.73 (0.20 1)) 359107 [17]
CMS, dilepton, 13 TeV e 172.33+0.70 (0.14 £ 0.69) 35917, [18]
CMS, l+jets, 13 TeV e £ 171.77 £ 0.37 35.91fb",[19]
CMS, single top, 13 TeV o 17213 177 (0.32 %) 35.9 b, [20]
CMS, boosted, 13 TeV Rt 173.06 + 0.84 (0.24) 138 b, [21]
: Bl [15] EPJC 77 (2017) 354
[16] CMS-PAS-TOP-22-001
17) EPJC 79 (2019) 31
%18‘ EPjC 7: :2212) 362
* Preliminary : ) [19] EPJC 83 (2023) 963
E 2017) 118 [20] JHEP 12 (2021) 161
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Figure 1.3: Summary of the ATLAS and CMS direct m; measurements. For comparison, the combina-
tions from LHC and Tevatron+LHC measurements are also included. From reference [23].

leptons from the top quark and antiquark decays, since their spin analysing power is close
to unity. Hence the dilepton channel is particularly relevant to measure spin correlations.
This correlation has been observed experimentally at the LHC using both /s = 7 TeV [32,
33] and 8 TeV [34, 35] collisions.

The full spin information of the top quarks is encoded in the spin density matrix. The
precise measurements of the tf spin density matrix in a very restricted phase space were
recently proposed as a new laboratory to study quantum entanglement. Entanglement
is a feature of quantum mechanics, where two entangled particles cannot be described
independently from each other. This was observed already in many systems but only at low
energy scales. The LHC brings the opportunity to study this effect at high energies and in
systems composed of new elementary particles. The tf pair is a two-qubit system of two
spin-1/2 fermions. Entanglement in top-quark pairs can be studied via the spin correlation
between the produced top-quark and anti-top-quark, using leptons from their decays as



spin analysing particles. When produced close to their production threshold, the ¢ pairs
produced through gluon-gluon fusion are in a spin singlet state. In this case, maximum
entanglement between the top quark and antiquark is expected. When the tf system has a
larger mass, the entanglement is washed out (but restored at very high tf mass above around
1 TeV). A simple observable can signal the presence of entanglement: D = —3(cos ¢), where
(cos ¢) is the average of the angle between the charged lepton directions in each of the
parent top quark and antiquark rest frames. The existence of an entangled state is then
demonstrated by D < —1/3. ATLAS performed the first study of quantum entanglement at
high energy using tf events in the channel with one electron and one muon using the full
Run 2 dataset at /s = 13 TeV [36].

Top quark production and decay can also be used as a tool to study generic properties
of the SM, such as the test of lepton-flavour universality within top quark decays that
means that the couplings of the EW gauge bosons to the three charged leptons are equal.
A large and unbiased sample of W bosons can be selected in tf events and used to test
this axiom by measuring the ratio of W-boson decay rates into muons and t-leptons. The
ATLAS analysis [37] measured a value that is in agreement with the hypothesis of universal
lepton couplings as postulated in the SM. This is the only such measurement from the LHC
so far and yielded twice the precision of previous measurements. Final states with top
quarks and jets provide a testing ground of colour flow and reconnection; the distribution
and orientation of energy inside jets is predicted to be an experimental handle on colour
connections between the hard-scatter quarks and gluons initiating the jets, such as the jet-pull
angle [38], the jet-pull magnitude [39] and distributions as functions of the charged-particle
multiplicity [40].

Other measurements, such as charge [41-48], charge—parity (CP) [48] and energy asymmet-
ries [49], were performed to test the SM. These measurements are also sensitive to physics
beyond the SM and were interpreted by the ATLAS Collaboration within the framework of
effective field theories and limits on some of the Wilson coefficients were set. The branching
ratio and decay width of the top quarks were measured at /s = 7 TeV [50] and 8 TeV [51].

Differential top-quark pair cross-section measurements

Measurements of differential cross sections for tf production can be used to extract funda-
mental parameters of the SM, such as the top-quark mass and the strong coupling constant
s, and to derive constraints on the parton distribution functions (PDF). These measurements
are also sensitive to the existence of new physics beyond the SM, which would appear as
deviations of the measurements with respect to the SM predictions. In addition, for all
searches for new physics in which tf production constitutes a background, the differential
cross sections are particularly useful to highlight the differences in MC models and can
be used to tune their parameters. ATLAS measured a large variety of differential cross
sections in different final states, kinematic regimes and as functions of different observables,
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both at particle and parton levels at /s = 7 TeV [52-54], 8 TeV [21, 55-57] and 13 TeV [9,
18, 58-63]. Additional jet activity and heavy-flavour production in tf final states was also
studied [64-73].

All these studies are sensitive to different approaches for QCD radiation and for models
of hadronisation and parton shower. Different MC predictions show different levels of
agreement with the measurements of observables related to the production of additional
jets, and therefore these measurements turn out to be very useful for testing MC models of
tf production. In particular, the measurements of additional jet activity in the lepton+jets
channel as presented in this thesis, despite the worsening of the precision compared to
dileptonc channels, provide a larger sample and the ability to fully reconstruct the top-quark
kinematics; in addition, the tails of the differential distributions as functions of transverse
momenta of the jets and their invariant masses provide sensitivity to EW effects.



2 Theoretical framework

A review of the most relevant aspects of the theoretical framework related to top physics
is presented in this chapter. The first part of the chapter introduces the SM, including
its building blocks, QCD [74] and EW theory [75-77]. Following this, a description of jet
algorithms used in high energy-physics is presented [78]. Finally, an overview of top-quark
physics and a presentation of the MC event generators used in the analysis is given [79].

2.1 The Standard Model of particle physics

The SM of particle physics is the theory describing all known elementary particles and
their interactions. Developed in the early 1970s, it combines QCD, which describes the
strong interaction between quarks mediated by gluons, and the EW theory, which unifies
the electromagnetic and weak interactions and incorporates the mechanism of spontaneous
symmetry breaking [80, 81]. Since then, it has become a theory capable of predicting
a wide variety of phenomena, with many experimental tests successfully validating its
predictions.

According to the SM, elementary particles are divided into two types: fermions and bosons.
Fermions have spin %, while bosons have integer spin. Fermions are further divided into
quarks and leptons, each organised into three families or generations. Leptons are classified
according to their charge (Q) and three flavour numbers: electron (L.), muon (L), and tau
(L¢) numbers, as presented in Table 2.1.

Table 2.1: Classification of leptons organised into three generations with their quantum numbers.

¢1Q Lo L, L

First generation 1100
& |0 1 0 o0

. uil-1 0 1 0

Second generation v 0 0 1 0
. . T|-1 0 0 1
Third generation wlo 0 0 1
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Table 2.2: Classification of quarks organised into three generations with their quantum numbers.

g/, Q S C B T

First generation u)2/3 0.0 00
dj-1/3 0 0 0 O

Second generation c|2/3 0 100
s|-1/3 1 0 0 O

. . t12/3 0 0 0 1
Third generation bl1/3 0 0 1 0

Similarly, quarks are classified according to their charge and four flavour numbers named
strangeness (S), charm (C), beauty or bottomness (B) and truth or topness (T). Table 2.2
shows their classification along with their quantum numbers.

Additionally, each quark and lepton has an antiparticle partner with opposite quantum
numbers. Quarks also come in three different colours due to the strong interaction.

The bosonic content of the SM is mainly determined by the local gauge symmetry that
defines the theory. The symmetry group that defines the SM is:

SU (3)c x SU(2), x U (1)y.

The SU (3) group is responsible for the strong interaction between quarks, with its generators
forming an octet that manifest as the eight gluons of the SM. Similarly, the EW interaction,
described by the SU (2); x U (1), group, is mediated by the W bosons, the Z boson, and
the photon. Gluons, W bosons, the Z boson and the photon are vector bosons with spin 1.
Additionally, the EW symmetry breaking mechanism introduces another boson, the scalar
Higgs boson, with spin 0.

Figure 2.1 shows the table of elementary particles of the SM and the interactions affecting
each group. The strong interaction, mediated by gluons, affects colour charged particles,
i. e. gluons and quarks. The electromagnetic force, mediated by photons, affects charged
particles such as quarks, charged leptons, and the W boson. The weak interaction, carried
by W and Z bosons, affects all fermions. The Higgs boson interacts with massive fermions
and bosons. Outside the SM, the graviton is hypothesised to be responsible for gravity.

2.2 Quantum Chromodynamics

QCD is the theory that describes strong gauge interactions and is one of the fundamental
components of the SM. It is a quantum field theory that describes the interaction between
quarks and gluons, based on local gauge invariance represented by the SU (3) group.
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Figure 2.1: The elementary particles of the SM and the interactions affecting each group. From
reference [82].

The development of QCD stemmed from the need to explain the large number of hadrons
discovered in the preceding decades. In 1964, the quark model [83, 84] was proposed as
a solution to disentangle the cause behind such a large number of particles that did not
seem fundamental. This model introduces three fundamental particles, quarks, organised
into a SU (3) flavour group. Quarks combine to form hadrons in pairs and triplets. Later
that year, a fourth flavour was added to the model [85]. Finally, in 1975, a model with
six quark flavours was proposed to explain the complete spectrum of heavy mesons and
baryons [86].

However, the quark model initially posed a challenge due to its contradiction with the Pauli
exclusion principle. Some hadrons, such as O~ (composed of three strange quarks) and AT+
(composed of three up quarks), have three identical quarks with parallel spins, so every
quark should have every quantum number identical, seemingly violating the principle. The
solution to this came between 1964 and 1965 with the introduction of an additional quantum
degree of freedom for quarks based on the SU (3) - colour gauge symmetry[87, 88].

This led to the formulation of a gauge theory based on the SU (3) symmetry, known as

11
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QCD, in 1973 [89]. The QCD Lagrangian' is given by:

. [ p—
‘CQCD = Z di <1’)/7" (Dﬂ)ij — mél]) q; — ZLGWGg . (2.1)

flavours
In the first term of Equation 2.1, g represents the quark field spinors with indices i and
j running from 1 to 3 for the three colours of the fundamental representation of SU (3).

9" are the Dirac matrices, J;; is the Kronecker function, and (Dy)i]. is the gauge covariant
derivative defined as:

1 \
(D#)zj = udj +ig5 (Aa)ij Ay

where A, are the Gell-Mann matrices and .Aj are the gluon fields in the adjoint representation
of SU (3) with a running from 1 to 8.

In the second term, Gy, represents the gluon field strength tensor that is defined as:

Gl = 9y AL — 9, A5 + g fC AL AS,

where £ are the structure constants of SU (3).

The constant m corresponds to the quark mass and g is the coupling constant of the theory.

2.2.1 The renormalisation group equation

When dealing with QCD using a perturbative approach, including Feynman diagrams with
loops lead to integrals over the particle momenta in the loop that diverge. To obtain finite
results, a process called renormalisation is performed, absorbing these divergences into
physical quantities like coupling constants.

This process involves introducing a new dimensional scale parameter, yr, through a specified
(though arbitrary) prescription. This leads to renormalised quantities explicitly dependant
on yg. The transformations of renormalised operators as g varies form a Lie group known
as the Renormalisation Group [90]. The equation expressing physics invariance under
changes of the parameter y is called the renormalisation group equation (RGE).

Considering a dimensionless physical observable R, it can be calculated as a perturbation
series in the coupling as = ¢?/47 introducing a renormalisation scale pg (the energy at
which subtractions removing the ultraviolet divergences are performed). Generally, R

I The classical term of the Lagrangian is shown. For perturbative analysis of QCD, the gauge-fixing and ghost
terms must be considered.

12
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depends only on the ratio Q*/u% and the renormalised coupling, but because ji is an
arbitrary parameter and the Lagrangian makes no mention of it, R must be independent of
ur. Therefore,

d Q? d das 9

2 — |2 2 Ols

U R( ,as> = [y +u ] R=0. (2.2)
Rd]/‘%z Mk Ra?‘%{ RaV%z das

Equation 2.2 is the RGE assuming massless quarks and may be rewritten by taking t =
In (Q*/p) and B (as) = pxons/dp% as

51 B | R(E ) =o.

This first order partial differential equation is solved by implicitly defining the running
coupling, as (Q?), as follows:

(@) dx
= /"‘S(P‘%z) ﬁ (X)’

which, after differentiation (with ag ( y%{) simplified as «s), yields

oa (Q? 5 das (Q? B (s Q?
") = p o (@) or 2 B L),

where R (1,45 (Q?)) is a solution of Equation 2.2, and all the scale dependence in R is
absorbed by the running of the coupling constant a5 (Q?).

2.2.2 The B function

The function 8 («s) introduced in Section 2.2.1 defines the behaviour of the running coupling
at different scales via the RGE. In QCD, the p function can be perturbatively expanded as:

B(as) = —baZ (1+Vas+ O (al)),

where
153 — 19n
,and b = f

33 — 2n;
B 27 (33 —2ny)’

b 127
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with ;7 being the number of quark flavours contributing in the loops. This result contrasts
with the B function in QED, which is positive, and is a direct consequence of the non-Abelian
nature of QCD.

In the perturbative region, considering only the 1-loop term of the expansion, i. e. neglecting
b" and higher-order terms, into the RGE:

o (Q?
Q2 “a((gg ) — bﬂ(g (QZ) ,

this can be solved as:

oy - (i)
% (Q) = T gy or

In this expression, as t becomes very large, the running coupling decreases towards zero.
This property is called asymptotic freedom, and is caused by the negative sign of the
function.

2.2.3 Asymptotic freedom and confinement

As discussed in Section 2.2.2, at high energy, the coupling constant, «s, becomes very small,
allowing quarks and gluons to behave as free particles. Conversely, at low energies or
large distances, as becomes very large, making the perturbation theory unusable. This is
the reason why quarks and gluons are not observed isolated, leading to the phenomenon
known as confinement. Figure 2.2 illustrates the running of the coupling computed at five
loops compared to several experimental measurements. Due to the running behaviour of
the coupling constant, a specific scale is chosen as a reference for measurements, typically
Q? = m%, which is large enough to remain in the perturbative regime. The world average
value of as (m%) from the latest PDG review [91] is as (m%) = 0.1180 = 0.0009.

2.2.4 Parton model and parton distribution functions

Simultaneously with the development of the quark model another paradigm regarding
hadron structure, known as the parton model [92], was devised. According to the parton
model, hadron interactions are caused by interactions with partons, the constituents of the
hadron. This model was successfully applied to electron-proton deep inelastic scattering
(DIS) [93] and experimentally tested in colliders such as HERA.

The proton structure can be determined by colliding electrons and protons at much higher
energies than the proton mass, known as DIS. Figure 2.3 represents an example of a Feynman
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Figure 2.2: Summary of determinations of « as a function of the energy scale Q compared to the
running of the coupling computed at five loops, using the current PDG average as input. From
reference [91].

diagram for such processes. The cross section of electron-proton collisions can be paramet-
erised in terms of the proton structure. Neglecting the proton mass, the differential cross
section is written as:

d’c 4mas 2 -y
i0E = O {[1—1—(1—]/)]131—}— - (F2—2xF1)}

where Q? = —4? with g as the four-momentum of the virtual photon, x = Q?/ (2p - q) with
p as the four momentum of the proton, y = g - p/ (k- p) with k as the four-momentum of
the colliding electron, and F; are the structure functions characterising the proton structure.
These functions depend on x and Q?, but in the Bjorken limit, i. e. as Q? — oo, the
dependence remains only on x. This implies that the virtual photon interacts with pointlike
constituents, as the dependence on Q? can be interpreted as a length scale characterising the
size of the constituents. Both structure functions are related by the Callan-Gross equation,
which arises from the fermionic nature of partons:

2XF1 = Fz

and can be computed as a combination of the probability distribution for each quark flavour
as:
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Figure 2.3: Feynman diagram of deep inelastic scattering of an electron with momentum k and a
proton with momentum p, mediated by a photon with momentum 4. The final state of the scattering
consists of the electron with momentum k’, the parton scattered by the photon, and the remaining
proton fragments.

F (x) = 2xF; (x Ze xq (x

where ¢, is the quark charge and g (x) are the quark probability distributions, which represent
the probability of a quark g carrying a momentum fraction between x and x + dx from the
proton. These distributions are commonly referred to as parton distribution functions (PDFs).
However, DIS experiments show that only approximately 50% of the proton momentum is
carried by these charged partons. The presence of neutral partons is resolved in QCD with
the introduction of gluons as mediators of the strong force.

Despite the prediction in the Bjorken limit, when including higher-order terms in the perturb-
ative QCD (pQCD) expansion, contributions proportional to asIn Q? from gluons emitted
with high transverse momentum appear, and the scaling is broken. Additionally, other diver-
gences from collinear emissions also contribute. The latter type of contribution is not subject
to theorems for cancellation due to its origin from non-perturbative effects. Expanding the
PDFs similarly to the renormalisation of the coupling constant, the renormalised PDFs are

given by:
9 (x,uf) =q0 (x /1 dgqo { qq<g>ln <fﬁ> e <’g>}+

5 o s () () o ()
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Figure 2.4: Parton distribution functions obtained by the NNPDF4.0 collaboration at NNLO with
Q = 3.2 GeV (left) and Q = 100 GeV (right). From reference [94].

where go and go are the bare distributions for quarks and gluons, i is the factorisation scale
analogous to the renormalisation scale of a5, P;; are the splitting functions accounting for the
probability of emitting another parton, x is an energy scale arising from the cut-off in the
loop momentum and C is a calculable function depending on the factorisation scheme.

From this expression, F, can be derived. Similarly to obtaining the running of the coupling
constant, by imposing the invariance of F, with respect to y.r, the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations are derived. The DGLAP equations can be condensed
into a matrix equation in the space of quarks, antiquarks, and gluons as:

2 0 <Qi (x,yl%)> _ Xs (t)
7 27 i

Z /1 ag Pyyq; (%'“S (M)
2
7. Jx g qu} (%, DCS
Similarly to the coupling constant, the DGLAP equations provide information about the
evolution of the PDFs with the energy scale, but their absolute values must be obtained from
experimental measurements. Several collaborations work to obtain PDF parameterisations
using results measured by experiments. Some examples are NNPDF [94] and MMHT [95].

Figure 2.4 shows the PDFs for gluons and up, down, charm and strange quarks obtained by
NNPDF at NNLO for two different scales.

This method of characterising the structure of the proton, which cannot be achieved by pQCD
alone, allows the separation of cross-section computations into two factors. One accounting
for the hard scattering, where pQCD can be applied, and another part given by the PDFs.
Both parts are combined through convolution. This approach, known as factorisation, leads
to the following expression for the cross section in proton-proton collisions:
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Table 2.3: Charge, third component of weak isospin, and weak hypercharge for left-handed and
right-handed fermions of the SM.

left-handed fermions right-handed fermions
Fermions | Q T3 Yw | Fermions | Q T3 Yw
uct +% +1 —I—% uct +% 0 +%
dsb —3 —5 +3|dsb -3 0 -3
Ve Vy Vr 0 —i—% -1
euT -1 —% —1l|eput -1 0 =2
vt 2 2\ + 2y Q@ Q°
do (p1,p2) = Z/o /o dxidxa fi (x1, pt) f2 (x2, pg) & <x1,p1,x2, p2, s (UR) 2 ]12> :
ij R HF

2.3 Electroweak Theory

The EW theory unifies the description of both the electromagnetic and weak interactions.
Together with QCD, it forms one of the foundational blocks of the SM of particle physics. This
theory is based on a local gauge invariance represented by the SU (2); x U (1), group.

The EW gauge group consists of the SU (2); sector, where the conserved charge is the weak
isospin, T3, and the U (1), sector, where the conserved quantity is the weak hypercharge,
Yw. However, neither of these quantities is truly conserved in a scenario of spontaneously
broken symmetry, and only a specific non-trivial linear combination of them, Q = T3 + 3 Yy,
remains conserved. According to weak isospin, fermions are arranged in SU (2); doublets,
known as left-handed fermions, or in SU (2), singlets, referred to as right-handed fermions.
For fermions, right-handed antiparticles form doublets with the opposite T3 with respect to
their left-handed counterparts, while left-handed antiparticles are singlets.

Tables 2.3 and 2.4 summarise the charge, third component of weak isospin, and hypercharge
of fermions and bosons respectively.

Similarly to QCD, a Lagrangian density composed of two terms — the fermionic kinetic
term and the Yang-Mills term corresponding to the gauge symmetry group SU (2) x UY (1)
— is written as:

-, ) s - -, 1. . 1
L= Q]-z'y”DyQ]- + ﬁjznyDyu]- +d]-zfy?‘Dydj + sz'y”Dij + Ejz'y”DyE]- — EWLVWZ.”V — 1B,WB”V.

In the first five terms, the j-index runs over the three fermion generations; Q; and L; are
the SU (2); doublets for quarks and leptons, respectively. Similarly, u;, d;, and ¢; are the
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Table 2.4: Charge, third component of weak isospin, and weak hypercharge for vector and scalar
bosons of the SM.

Bosons | Q Tz Y
W+ +1 +1 0
W~ -1 -1 0
V4 0 0 0
0% 0 0 0
g 0 0 0
H 0 —3 +1

SU (2), singlets corresponding to up-type quarks, down-type quarks, and charged leptons,
respectively. 7" represents the Dirac matrices, and D, is the gauge covariant derivative
defined as:

.

where ¢ and ¢’ are the gauge constants representing the coupling to weak isospin and
weak hypercharge, respectively. T; are the Pauli matrices, withi =1, 2, 3, Yy is the weak
hypercharge, and W;, and By, are the four EW vector boson fields.

In the last two terms, W;;v and B;W represent the bosonic field strengths defined as:

Wi, = 0, Wi — 9, Wi, + gel* W) W,

BP”/ - ayB]/ - avB],{

where ¢/¥ is the Levy-Civita symbol, representing the structure constants of SU (2); .

2.3.1 The Englert-Brout-Higgs mechanism

The EW Lagrangian does not include mass terms for either fermions or vector bosons because
their addition would violate the gauge symmetry of the theory. However, experiments
show that only one of the EW bosons is massless, the photon, while the other three are
massive. To incorporate mass terms in the Lagrangian without violating gauge invariance,
the Englert-Brout-Higgs mechanism of spontaneous symmetry breaking is introduced in
the EW theory.

This mechanism introduces a scalar field:
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This field is a weak isospin doublet with weak hypercharge Yy = 1. Therefore, the upper
component can be identified as having electric charge one, and the lower component is
neutral. Using this scalar field, additional terms can be added to the Lagrangian:

Ly, = |Duh[* = v (Wh) =yl QiToh™u; — ] Qihd; — y/Liht; + he.
In the first term, the covariant derivative is the same as in Equation 2.3, as SU (2); x U (1),

symmetry must be preserved.

The second term in this Lagrangian is the Higgs potential, given by:
2
v@%):-#wh+A@m). (2.4)

The last three explicit terms correspond to the Yukawa couplings with yi{, yZ, and ij
representing the Yukawa couplings matrices. The hermitian conjugate refers only to these
three terms.

For positive values of u? and A, the potential in Equation 2.4 possesses a degenerate min-
imum corresponding to:

=y =2
Vo T 2

where v is the vacuum expectation value of the Higgs field; re-parameterising this field

around the minimum:
o 0
h =exp <—iTi) <v+H> ,
v V2

where 0’ and H are the four real degrees of freedom equivalent to the original complex
doublet. The three ¢’ fields correspond to Goldstone bosons resulting from the symmetry
breaking, and the H field represent the physical Higgs boson. The re-parameterisation
redefines the Higgs sector Lagrangian in terms of the new field as:

0
Dy (v—i—H)
V2

2

—erﬂﬂ#ﬁ+ﬂﬂ@+ﬂﬁ@+h4

v+ H

Ly = 7,

(2.5)
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where u} and dR are the positive and negative components of the weak isospin Q; doublet,
and ¢! is the negative component of the weak isospin L; doublet. The uX, dX and (R are the
weak isospin singlets. The re-parameterised potential can be expressed as:

A
V (H) = u*H? + AvH® + ZH‘*. (2.6)

This new Lagrangian gives rise to a series of new terms. From the potential in Equation 2.6,
the first term, —yZHZ, represents the mass term of the Higgs boson with a mass my = \/Qy.
Similarly, from the Yukawa terms in Equation 2.5, the combination of the Yukawa couplings
and the vacuum expectation value generates terms bilinear in the fermion fields proportional
to mass matrices defined as:

v Ui

Diagonalising these matrices gives the mass eigenstates, corresponding to physical particles.
However, the rotation necessary for diagonalising also involves a rotation in flavour eigen-
states, as explained in Section 2.3.2.

M = —yi, M] and M/ =

_ iyif
V27

From the covariant derivative term, the vacuum expectation value produces a term of the
form:

cum g (e [ ] ).

where the first term can be rearranged as:

W} Fiw? 24,2
bRk and M3, = §v
V2 4

where the W+ fields are the physical massive charged vector bosons that carry the EW
force.

7

gZSUZ [(w;)z + (wﬁ)z] = MW, W, with W =

The second term can be rearranged by defining the following combination of the Wﬁ’ and By,
fields as:

3 : ’
WH = < CO.SGW 81n9w> <Z”) with tanfy = g—
B, —sinfy cosfy Ay g

This transformation results in the mass term of the Z field, the massive neutral vector boson
that mediates the EW force. The mass of the Z boson is given by:
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and the photon remains massless.

2.3.2 The Cabibbo-Kobayashi-Maskawa matrix

Since the fermions in the Lagrangian are expressed in terms of mass eigenstates resulting
from the diagonalisation of the mass matrices, the fermion doublets that appear in the
coupling terms of quarks with charged currents are no longer mass eigenstates. This leads
to flavour-changing charged current terms for quarks in the form:

d
céC:\gﬁ(a c B "V Z W, +hc,

L

where V is an unitary matrix known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

Vud Vus Vub
V= Vcd Ves Vcb
th Vts th

The unitarity constraint, V'V = 1 imposes the following nine conditions:

Y ViVij = 0for (i # ).

3
j=1

3 3
Y|V =1, 3 [V =1, and
j=1 i=1

The remaining nine free parameters can be divided into three real mixing angles and six
phases. Five of the six phases can be absorbed into arbitrary phase rotations of the quark
fields. The standard parameterization of the CKM matrix is:

—is
C12C13 512C13 513€
_ i6 i
V = | —s12023 — €12523513€"°  €12C23 — 512523513€" $23€13 | »
s i5
§12523 — €12€23513€"°  —C12523 — S12023513€"°  €23C13

where s;; = sin6;; and c;; = cost)j, and the phase ¢ is the parameter responsible of the
violation of the CP symmetry in the SM.
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2.4 Jet algorithms

A consequence of QCD confinement is that quarks and gluons cannot exist as free particles.
Therefore, when produced in particle colliders, these particles undergo processes of frag-
mentation or hadronisation, resulting in jets, which are collimated spray of stable particles.
Jets are the signature of the presence of quarks and gluons.

The process of reconstructing these composite objects is called a jet algorithm. Jet algorithms
must satisfy certain properties to behave correctly from a theoretical and experimental stand-
points. These properties mainly include infrared safety, collinear safety, and independence
on input objects. An infrared-safe jet algorithm should not be influenced by the presence of
additional particles with infinitesimal energy radiated by the primary partons. A collinear-
safe algorithm should not be affected by particles radiated at very small angles relative to
the original parton. Independence on input objects means that the algorithm should produce
consistent results regardless of whether the input provides information on partons, particles,
or detector information from tracks and calorimeter cells.

Jet algorithms are generally classified into two main groups: cone algorithms and sequen-
tial clustering algorithms. Cone algorithms assume that particles forming jets appear in
conical regions in the #7-¢ plane, imposing rigid circular boundaries on jets. While these
algorithms are easy to implement, they often face theoretical challenges such as being in-
frared or collinear unsafe or failing to resolve multijet scenarios correctly. Examples include
the iterative cone with progressive removal (IC-PR) [96], iterative cone with split-merge
procedure (IC-SM) [97], and seedless infrared safe cone (SIScone) [98] algorithms.

Sequential clustering algorithms assume that particles within jets have similar transverse
momenta, resulting in more flexible shapes in the #-¢ plane. Although these algorithms
offer better theoretical properties compared to cone algorithms, they tend to be more com-
putationally expensive. The core principle behind every sequential clustering algorithm
involves defining a pair of distances as follows:

2

A~
. 2 2 2
dij = min (ktf’ kt,?) Rflzj, and diB = kt,};}'

Here AZZ]- = (yi — yj)z + (i — (pj)z, R is the radius parameter of the algorithm and k; ;, y; and
¢; are the transverse momentum, rapidity, and azimuth of particle i. The parameter p is
characteristic of each algorithm. Examples of sequential clustering algorithms include the k;
algorithm (with p = 1) [99], the Cambridge/Aachen algorithm (with p = 0) [100], and the
anti-k; algorithm (with p = —1) [101].

The analyses presented in this thesis used the anti-k; algorithm for jet reconstruction. For jet
calibration, in addition, the k; algorithm is employed for pile-up corrections.
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2 Theoretical framework

Figure 2.5: Feynman diagrams illustrating the dominant processes for tf production in hadron
colliders: gluon-gluon fusion (left), t-channel (centre), and quark-antiquark annihilation (right)
processes.

2.5 Top-quark physics

In the SM, the top quark is an elementary particle of the third generation known for its
large mass, m; = 172.69 &+ 0.30 GeV, and width, I'; = 1.42J_r8:%g GeV [91]. In terms of QCD,
the top quark is a colour triplet. In the EW sector, the charge of the top quarkis Q = 2/3,
the left-handed top quark has a weak-isospin of T3 = +1/2 forming a doublet with the
left-handed bottom quark, resulting in a hypercharge of Yiy = +1/3. On the other hand, the
right-handed top quark is a singlet under SU (2),,so T3 = 0 and Yy = +4/3.

The large width of the top quark is primarily due to its mass being well above the Wb
threshold, and the fact that |V};| > |V}4], leading to its dominant decay mode being t — Wb.
The SM prediction for the top-quark width at next-to-leading order (NLO) (neglecting terms
of order m? /m7, a? and (as/ 7w) M3, /m?) is given by [102]:

3 M2\ 2 M2 2
=) ()2 (- 9)
871\/2 m? m?2 3 \3 2

This decay width corresponds to a very short lifetime of about 0.5 - 1072 s, resulting in the
top quark decaying before it can form bound states.

Top quarks are predominantly produced in pairs at hadron colliders. The dominant processes
at leading order in QCD for top-quark production include gg¢ — tf and g7 — tf, represented
by the Feynman diagrams in Figure 2.5. At pp colliders like the Tevatron, the dominant
process is quark-antiquark annihilation, whereas at pp colliders like the LHC, gluon-gluon
fusion is the primary production mechanism.

Predictions for the total cross sections of tf production are available at NNLO+NNLL
accuracy in QCD [15], as well as differential QCD predictions at NNLO at the particle
level [103]. Assuming a top-quark mass of 172.5 GeV, the theoretical NNLO+NNLL cross
section in pp collisions at /s = 13 TeV is 0;; = 832139 (scale) +35 (PDF, a;) £23 (m;) pb.
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Figure 2.6: Feynman diagrams illustrating the dominant processes for single top-quark production in
hadron colliders: s-channel (left), -channel (centre), and tW-channel (right).

Due to the rapid decay of the top quark, only its decay products are observed in the detector.
The final states from tf production are categorised into three classes: all-hadronic, lepton-+jets
(¢ + jets), and dilepton (¢/) channels. In the all-hadronic channel, tf — W' (= gq’)b
W~ (= q"3") b, both W bosons decay hadronically into quark-antiquark pairs. In the
lepton-+jets channel, tf — W (— £*v,)) bW~ (— g7’ ) bor tt — W' (— g7’ ) bW~ (— £~ 7;) b,
one W boson decays hadronically and the other decays leptonically in a charged lepton and
a neutrino. In the dilepton channel, tf — W (— ¢*v,) bW~ (— ¢"~7,) b, both W bosons
decay leptonically.

Another mode of top-quark production in hadron colliders is the single top-quark production,
an EW process mediated by a W boson. Figure 2.6 illustrate the leading-order (LO) Feynman
diagrams for the three contributing channels: s-channel, t-channel, and tW-channel. In
the s- and t-channel processes, a virtual W boson is exchanged to produce a top quark in
association with another quark, whereas in the tW-channel, the top quark is produced in
association with a W boson.

Predictions for the total cross section of single top quark and top antiquark production are
available separately for each channel. For instance, at NNLO in QCD, the t-channel total
cross section assuming a top-quark mass of 172.5 GeV, is 0; = 54.6f8:i (scale) fg:? (PDE, ay)
08 (my) pb for top quarks and o7 = 29.7703 (scale) 02 (PDF, a5) £0.3 (m;) pb for top
antiquarks in pp collisions at /s = 13 TeV [104]. Similarly, for the tW-channel, the total
cross section at NLO+NNLL with the same conditions is ¢ = 79.3ﬂ:§ (scale) +2.2 (PDF, as)
+1.2 (m;) pb [105]. For the s-channel, NNLO+NNLL calculations yield a total cross section
of o = 6.8391005% (scale) pb [106].

In addition to tf and single top-quark production, hadron colliders also allow access to
processes involving top quarks in association with other particles, such as £V, t{VV (where
V =1, W, Z), ttH and tftt. Detailed calculations including NLO in EW and QCD with soft
gluon emission correction resummation to NNLL accuracy, are available for t{W, t{Z and
ttH processes [107]. For tftf, the accuracy extends to NLO in EW and QCD with soft gluon
corrections at next-to-leading-logarithmic (NLL) accuracy [108]. Additionally, approximate
NNLO predictions are available for tfW [109] and tfH [110].
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2.6 Monte Carlo simulations

MC event generators are key tools in high-energy collider physics. They rely on the MC
method to compute integrals that are challenging to solve using conventional numerical
interpolation methods. In high-energy collisions involving elementary particles, the res-
ulting final states are typically complex, comprising numerous hadrons, leptons, photons,
and neutrinos. Understanding the underlying physics description of these final states is
complicated due to limited comprehension of the physics involved and the impractical-
ity of analytical approaches due to the high particle multiplicities involved. Additionally,
simulating intricate geometric factors representing detectors is a common requirement for
experimenters.

MC methods enable the generation of complete events by breaking down the problem
into simpler steps. These steps include simulating key aspects of events such as the hard
process, initial-state radiation (ISR), final-state radiation (FSR), beam remnants, hadronisa-
tion, and decays. Consequently, the generated events can be compared with experimental
observations. MC event simulators play a crucial role in extracting physics insights from
comparisons with experimental data and in studying physics for future experiments.

To a first approximation, all processes can be reduced to interactions among fundamental
particles such as quarks, leptons, and gauge bosons. However, corrections to this simplified
picture are needed to provide a more precise description of reality. These corrections can
be categorised into three main types: bremsstrahlung-type modifications, higher-order
corrections, and non-perturbative corrections.

The first type of corrections involves the emission of additional final-state particles through
processes like e — ey or 4 — qg. Due to the value of the strong coupling constant and the
presence of the triple gluon vertex, emissions in QCD of quarks and gluons are particularly
abundant. This leads to phenomena known as parton showers, where a single initial
coloured particle can gives rise to multiple new particles in the final state. Bremsstrahlung
corrections are universal, meaning they do not depend on the specific process but rather on
key parameters such as the momentum transfer scale. These corrections can be incorporated
to arbitrarily high orders using probabilistic methods, although exact calculations become
increasingly complex beyond lower orders.

The higher-order corrections involve combinations of loop diagrams and the soft parts
of bremsstrahlung graphs. This combination of loops and bremsstrahlung diagrams is
necessary to cancel certain divergences. Calculating these corrections is typically challenging
as higher orders are included, with few results available beyond one order higher than the
non-trivial one.

Non-perturbative corrections are caused by the confinement predicted in QCD for quarks
and gluons. This requires complementing perturbative descriptions with models of had-
ronisation, where coloured partons transform into jets of colourless hadrons, photons, and
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leptons. Hadronisation can be subdivided into fragmentation and decays. In the former,
quark-antiquark pairs are created to form hadrons, which significantly contributes to the
overall high multiplicity of particles in these events. While a detailed understanding of this
process is lacking, various models are used to simulate it.

With these corrections, the simple initial structure of processes becomes significantly more
complex, and handled by MC event generators. This process is not completed in a single
step but rather involves splitting the process into several manageable components. The
output of an event generator should resemble real-world events, exhibiting both average
behaviour and fluctuations akin to those observed in actual data.

To describe a typical high-energy event in a hadron collider such as the LHC, a MC event
generator must incorporate simulations of various physics processes. Figure 2.7 provides a
graphic decomposition of the collision simulation, which can be organised in a sequential
manner as follows:

1. Initially, two protons approach each other from opposite directions. Each proton is
characterised by a PDF defining the partonic substructure in terms of flavour composi-
tion and energy distributions.This is represented as the triple incoming green arrows
and the big green blob in Figure 2.7.

2. From each proton, a parton initiates a branching sequence that builds up the ISR,
involving processes such as g — q¢, § — qq, and g — gg. This is represented in dark
blue in Figure 2.7.

3. Next, the hard process is computed with one parton from each of the two showers.
This is represented by a large red blob in Figure 2.7.

4. The hard process may produce short-lived particles, such as top quarks or massive
gauge bosons, whose decay products are considered in association with the products
of the hard process. The decay of short-lived particles is displayed as small red blobs
in Figure 2.7.

5. Concurrently with the hard process, other partons from the remnants of the incoming
protons can interact, constituting the underlying event. The secondary interaction is
displayed with a purple blob in Figure 2.7.

6. Similarly to the ISR, outgoing particles may branch building up the FSR. FSR is
represented in red for the hard interaction and in purple for the secondary scattering
in Figure 2.7.

7. After removing the initiating partons from the colliding protons, the remnants are left
behind with a net colour charge that contributes to the final state. This is represented
by light blue blobs in Figure 2.7.
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Figure 2.7: Representation of a generated event. From reference [111].

8. The outgoing coloured partons, due to confinement, fragment into colour-neutral
hadrons. This is represented as light green blobs in Figure 2.7.

9. Many of the produced hadrons are unstable and decay into stable states. This is
displayed as dark green blobs in Figure 2.7.

10. Finally, the produced particles interact with the detector and the detector response is
simulated.

2.6.1 Hard processes

The event simulation of a hadron collision begins with the hard scattering, which is the
subprocess where particles from each beam scatter. This interaction involves the highest
momentum transfer of the event, and is typically classified according to the number of
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tinal-state objects, such as2 — 1,2 — 2 or 2 — 3 processes. The main challenge arises
when the number of particles in the final state increases, and currently, there is no generic
treatment of processes with three or more final-state particles. MC event generators are thus
restricted to modelling hard processes with a small number of final-state particles. Another
classification can be made according to the type of interactions or particles produced.

While the low number of final-state particles might seem limiting for event generators, sub-
sequent processes like parton showers enhance the final state by adding additional particles,
emulating the types of events observed in hadron collider experiments. Additionally, the
production of short-lived particles (resonances) such as t, W, Z, H or particles beyond the
SM leads to decay chains that increase the number of final-state particles.

2.6.2 Parton density functions

Another essential ingredient in event simulation processes are PDFs, which describe the
non-perturbative nature of hadrons as QCD bound states. PDFs cannot be derived from
first principles, so parameterisations at lower scales are fitted to experimental data and then
extrapolated to high energies by the DGLAP equations provided by the theory.

PDFs are primarily used to describe composite object such as protons or antiprotons, but
similar principles can be applied to fundamental particles such as electrons. In the case
of electrons, PDFs are useful for describing radiation, mainly photons, produced by the
electron. Moreover, detailed electron PDF include other leptons, quarks, and gluons.

2.6.3 Initial and final-state radiation

Processes involving coloured or charged objects either in the initial or final states produce
a significant radiation in the form of photons and gluons. This radiation leads to event
signatures that are topologically much more complex than the simulated by 2 — 2 processes.
Two approaches are commonly used to model this radiation: the matrix-element method
and the parton-shower method.

The matrix-element method involves computing Feynman diagrams order by order. While
theoretically more correct, calculations become increasingly challenging at higher orders,
limiting precise corrections to only a few processes with better that one-loop precision.

The parton-shower method accounts for an arbitrary number of sequential branchings of
one parton into two, using approximations that simplify kinematics, processes interference,
and helicity structure. This provides a limited prediction of the rate of well-separated jets. In
practice, this method is often used with a matching scheme to include hard-gluon emission
in the hard process.
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Due to the computational limitations of the matrix-element approach and the simplicity
and flexibility of the parton shower method, the latter is usually preferred as the primary
choice.

2.6.4 Beam remnants and multiple interactions

Another aspect of event generation is the modelling of beam remnants and multiple inter-
actions, known as the underlying event. This process is particularly significant in hadron
colliders because incoming particles are composite states that, after losing a parton, no
longer have neutral colour charge. However, as mentioned earlier, fundamental particles can
also be modelled by PDFs, which can lead to an underlying event, although less significant
compared to hadrons.

These corrections account for secondary partons from each colliding particle participating in
interactions, either in the hadronisation, as they are colour-connected to the hard interaction,
or generating secondary interactions.

2.6.5 Hadronisation

The non-perturbative nature of QCD at long distances causes quarks and gluons, as col-
oured particles, to transform into colour-neutral hadrons. Due to the high value of the
strong coupling constant in this regime, a perturbative approach is not feasible and other
phenomenological models are employed. These models include independent fragmentation,
string fragmentation, and cluster fragmentation. While the independent fragmentation is
the simplest scheme for generating hadron distributions, the other two models, represented
in Figure 2.8, are commonly used in event generators.

The independent fragmentation model was originally designed to reproduce the jets formed
in eTe™ collisions. This model approaches the fragmentation of a quark by combining it with
the antiquark of a g7 pair created from the vacuum. This results in a meson with energy
fraction z and the remaining quark with an energy fraction 1 — z. The remaining quark then
undergoes the same fragmentation process until its energy falls below a cut-off. Gluons
are treated by spliting into a g4 pair using the ¢ — g7 splitting functions of the DGLAP
equations, or by assigning the full momentum of the gluon to one of the quarks in the pair.

The simplicity of this model comes with certain weaknesses, such as the assumption of the
parton being on-shell, the independence from the parton energy, the neglect of the coloured
remnants, and the inability to merge close jets into a single jet.

In the string model of fragmentation, the produced g7 pairs move in opposite directions,
transferring part of their energy into colour fields. represented as a string with uniform
energy per unit length. This concept is consistent with quarkonium spectroscopy. When
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Figure 2.8: Representation of the cluster fragmentation (left) and string fragmentation (right) models.
From reference [74].

enough energy is stored in the string, it spontaneously collapses, producing g7 pairs in the
form of mesons, similar to the independent fragmentation model. For gluon production,
the string is deformed with kinks in the direction of gluons, representing localised energy
and momentum carried by the gluon. For final states with multiple partons, the ambiguity
of how g7 pairs are assigned to the string ends and how gluons are included in one string
or another is resolved by tracking the colour charge flow, stretching each string segment
between colour-connected neighbours.

The string fragmentation model treatment of final-state gluons provides better agreement
with experiments for three-jet final states in e* e~ collisions compared to the independent
scheme.

In the cluster fragmentation model, final-state gluons are non-perturbatively split into g4
pairs. Subsequently, neighbouring quarks not originating from the same gluon are combined
into colour singlets or clusters. These clusters can be treated as superpositions of meson
resonances that decay into a number of hadrons, depending on the model.

Following fragmentation, many of the hadrons produced are unstable, and their decays are
simulated using information on the branching ratios of the created hadrons.
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2.6.6 Detector simulation

The final step of event simulation corresponds to simulating the detector effects. For this task,
the GEANT4 simulation toolkit is employed [112]. Additionally, to emulate the collisions
produced by the LHC, multiple proton-proton collisions must be simulated per bunch
crossing to recreate the pile-up conditions [113].

GEANT4

The detector simulation employed by ATLAS collaboration is based on GEANT4, a versatile
toolkit designed for simulating particle interactions within matter, featuring extensive
capabilities in tracking, geometry, physics models, and hit generation. It covers a wide
range of physics processes, including electromagnetic, hadronic, and optical interactions,
accommodating various particles, materials, and energies spanning from 250 eV to the
TeV scale. GEANT4 employs object-oriented programming techniques in C++ to facilitate
adaptation across diverse applications in particle physics, nuclear physics, accelerator design,
space engineering, and medical physics.

GEANT4 is developed to meet the software demands of modern experiments, which typically
involve components like event generators, detector simulations, reconstruction, and analysis
tools. GEANT4 serves as the foundation for simulation components, necessitating well-
defined interfaces for interaction with other software components and providing reusable
parts for integration.

The design requirements for GEANT4 include modularity, flexibility, and transparent physics
implementation that allows user validation. It is designed to be comprehensible, custom-
izable, and extendable across all domains, enabling users to selectively utilise required
components.

Its key parts in the simulation of particle-matter interactions include geometry and materials,
particle interactions, tracking management, digitization and hit management, event and
track management, visualization and visualization frameworks, and user interface.

Pile-up simulation in the ATLAS experiment

The high luminosity of the LHC leads to a significant background known as pile-up, which
poses challenges for physics analyses at ATLAS. In proton-proton collisions, in addition to
the main collision of interest, secondary interactions between other protons of each bunch
can be created. This affects every physics object reconstruction from adding energy to jets to
generating extra muons. The number of collisions per bunch crossing has increased over
time, due to the higher luminosities, reaching high values that significantly impact analyses.
Understanding and accurately modelling this background is crucial for ATLAS analyses.
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Pile-up can be divided in five components:

1. In-time pile-up: additional proton-proton collisions occurring in the same bunch-
crossing as the collision of interest.

2. Out-of-time pile-up: additional proton-proton collisions occurring in bunch-crossings
just before and after the collision of interest.

3. Cavern background: the gas of neutrons and photons inundating the cavern during a
typical run of the LHC.

4. Beam halo events: the effect of protons from a bunch scraping against an up-stream
collimator.

5. Beam gas events: collisions between the proton bunch and residual gas inside the
beam-pipe.

ATLAS employs two methods to model pile-up and its effects. The first method involves a
detailed simulation of the detector to replicate each component of the pile-up background.
The second method uses specially recorded data events to emulate pile-up. Events obtained
from both methods are mixed and added to the hard scattering.
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In this chapter, a description of the experimental set-up used for the data acquisition is
presented including an overview of the LHC accelerator [114-117], as well as a characterisa-
tion of the ATLAS detector [118].

3.1 The LHC accelerator

The LHC is a particle-particle accelerator located in the 26.7 km tunnel that previously
housed the Large Electron-Position collider [119, 120]. The tunnel consists of eight straight
sections connected by eight arcs in a ring-like shape. Additionally, two transfer tunnels
connect this to the rest of the CERN accelerator complex, as shown in Figure 3.1.

During the LHC Run 2, protons arrived at the LHC through these injection tunnels after being
accelerated by a chain of pre-accelerators starting with the Linear accelerator 2 (Linac2),
followed by the Proton Synchrotron Booster (BOOSTER), the Proton Synchrotron (PS),
and the Super Proton Synchrotron (SPS). This acceleration process began with a bottle of
hydrogen gas as the source of protons. The hydrogen was ionised with an electric field
to separate the electrons, and then introduced into Linac2, a linear accelerator that uses
radiofrequency cavities to charge cylindrical conductors. The conductors behind the protons
charged positively pushed the protons while the conductors negatively charged located
ahead pulled them. Additionally, quadrupole magnets kept the beam collimated. At the
end of Linac2, protons were accelerated to 50 MeV. Subsequently, protons were introduced
to BOOSTER, a synchrotron with a circumference of 157 m, where the energy is increased
to 1.4 GeV. The protons then were introduced into the PS, another synchrotron with a
circumference of 628 m and 277 room-temperature electromagnets. After cycling inside the
PS, the protons reached an energy of 26 GeV. From the PS, the protons were sent to the SPS,
the last step before entering the LHC. The SPS is another synchrotron with a circumference
of nearly 7 km and 1317 room-temperature electromagnets. The output energy of the protons
from the SPS is 450 GeV. After the pre-acceleration process, the protons were injected into
the LHC, where they reached an energy of 6.5 TeV to achieve the nominal centre-of-mass
energy of 13 TeV.
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The CERN accelerator complex
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Figure 3.1: The CERN accelerator complex including the LHC, its four major experiments (dots), the
pre-accelerators (Linac2, BOOSTER, PS, and SPS), and other facilities. From reference [121].

The LHC hosts four major experiments: two general-purpose experiments, ATLAS and
CMS [122], one experiment focused on b-quark physics, LHCb [123], and one dedicated ion
experiment, ALICE [124] (see Figure 3.1).

3.1.1 The LHC performance

The primary goal of the LHC is to provide collisions to its detectors for precision measure-
ments of the SM and searches for physics beyond the SM. The design centre-of-mass energy
is set to 14 TeV, enabling measurements to probe the TeV scale.

Another crucial parameter of an accelerator as the LHC is the luminosity, defined as the
number of collisions per unit of area and time. It is related to the number of events produced

per second by:
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Nevent = Lo, events

where Ogyent is the cross section for the event studied and £ is the instantaneous luminosity.
This luminosity depends on various beam parameters and can be expressed for a Gaussian
beam distribution as:

[ — ngnbfrev')’
4rte,pr

where Nj, is the number of protons per bunch, 7}, is the number of crossing bunches per
beam, frey is the revolution frequency, 7 is the relativistic gamma factor, €, is the normalised
transverse beam emittance, f* is the beta function at the collision point, and F is the geometric
luminosity reduction factor accounting for the crossing angle at the interaction point (IP)

defined as:
o\ —1/2
Fo <1+ (9“72> ) ,
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where 0. is the full crossing angle at the IP, ¢, is the RMS bunch length, and ¢* is the
transverse RMS beam size at the IP.

The goal for the peak instantaneous luminosity for ATLAS and CMSis £ = 103 ecm 2571,
while for LHCb, the peak luminosity aims tobe £ = 10%2 cm 257!, and £ = 10 cm~2s~! for
ALICE [124]. These high luminosities preclude the use of antiprotons, and hence a particle-
anti-particle collider with a common vacuum and magnet system. Therefore, the LHC is
designed as a proton-proton collider with separate magnet fields and vacuum chambers.
Since there is not enough room in the tunnel for two separate rings, the LCH uses twin-bore
magnets consisting of two sets of coils and beam channels within the same mechanical
structure and cryostat.

3.1.2 The LHC layout

The fundamental structure of the LHC consists of 8 octants. Each octant has a straight
section of approximately 528 m in length at the centre, connected by arcs to the neighbouring
sections. These straight sections can function as either experimental or utility insertions.
Notably, the two high luminosity experimental insertions, hosting the ATLAS experiment at
Point 1 and the CMS experiment at Point 5, are strategically placed at diametrically opposite
straight sections. Additional experimental insertions are found at Points 2 and 8, hosting the
ALICE and LHCb experiments, respectively, in addition to the injection systems for Beam 1
and Beam 2. The opposite insertions at Points 3 and 7 each contain two collimation systems.
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The radiofrequency (RF) systems are located at Point 4, with one independent system for
each beam. These RF systems are responsible for increasing the energy of the protons with
each revolution. Finally, Point 6 contains the beam dump system where the two beams are
extracted from the accelerator when necessary.

The arc sections of the LHC have a lattice layout consisting of 23 regular arc cells, each
measuring 106.9 m. These cells are constructed from two 53.45 m half cells, each containing
a 5.355-meter-long cold mass (within a 6.63-meter-long cryostat) short straight section (SSS)
assembly, and three 14.3 m dipole magnets. The design optimises the arc cell for a maximum
integrated dipole field with minimal interconnections and compact beam envelopes. The
apertures for each beam are separated by 194 mm.

Dispersion suppressors are strategically positioned at the transition points between LHC
arcs and straight sections. These suppressors, totalling 16 sections, serve to adapt the LHC
reference orbit to the tunnel geometry, cancel horizontal dispersion generated in the arc, and
facilitate matching the insertion optics to the periodic optics of the arc. Their design involves
standard arc cells with missing dipole magnets to achieve these objectives.

3.1.3 The LHC operations timeline

The construction of the LHC was completed in 2008, with expectations to operate at a centre-
of-mass energy of 10 TeV by the end of the same year. However, on September 19th, 2008, a
magnet quench occurred in sectors 3 and 4, resulting in a loss of around 6 tonnes of liquid
helium and breaking the vacuum conditions of the beam pipe.

Following this incident, the LHC operated during Run 1 at 7 TeV in 2010 and 2011, and
later at 8 TeV in 2012 [125]. In October 2010, the luminosity reached 2 - 102 em2s7 L. In
September 2011, after increasing the number of bunches, the number of protons per bunch,
and reducing the bunch size, the maximum LHC luminosity reached 3.6 - 103 ecm—2 s 1.
During 2012, a peak intensity of 7.7 - 103 cm 2 s~! was reached, 25% of the design target.
Figure 3.2 shows the peak and integrated luminosity between 2010 and 2012. The mean
number of interactions per crossing was lower than 4 in 2010 and it was increased in the
following years up to 9.1 in 2011 and 20.7 in 2012.

A long shutdown took place during 2013 and 2014 for maintenance and upgrades including
the superconducting magnet interconnections and to increase the centre-of-mass energy to
13 TeV.

The LHC resumed operations in 2015. This run, called Run 2, lasted until the end of 2018.
This data-taking period, which corresponds to the dataset used in the analyses presented in
this thesis, is summarised in Section 3.2.6. The mean number of interactions per crossing
during this period was 33.7.
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Figure 3.2: Peak (top) and integrated (bottom) luminosity between 2010 and 2012 for proton collisions.
The 2010 luminosity values have been multiplied by a factor 20. From reference [125].

Following this period, a second long shutdown took place until 2022. During this period, the
centre-of-mass energy was increased to 13.6 TeV and Linac4 replaced Linac2 as the source
of proton beams for the LHC. Since July 4th, 2022, the Run 3 data-taking period has been
ongoing.

3.2 The ATLAS experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment is one of the two general-purpose
experiments at the LHC, together with CMS (Compact Muon Solenoid). ATLAS is designed
to exploit the high energy and luminosity conditions provided by the LHC, enabling more
precise measurements of the SM, such as tests of QCD and EW theories, investigations into
the properties of the top quark, and the search for the Higgs boson. Additionally, it conducts
searches for physics beyond the SM, such as new heavy gauge bosons, supersymmetric
particles or extra dimensions.
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To achieve these goals, the experiment must meet several crucial requirements. It requires
fast and radiation-resistant electronics. High detector granularity is imperative to manage
the particle fluxes and minimise overlapping events. A large acceptance in pseudorapidity,
with almost full azimuthal angle coverage, is essential. The charged-particle momentum
resolution and reconstruction efficiency in the inner tracker must be high-quality, and the
vertex detectors are needed to resolve secondary vertices from t-leptons and b-jets. The
calorimetry must be excellent, both in the electromagnetic part for electron and photon
identification and energy measurements, and in the hadronic part for accurate jet and
missing transverse energy measurements. The muon identification, momentum resolution,
and charge determination must be precise. Highly efficient triggering on low transverse-
momentum objects with sufficient background rejection is a prerequisite.

The coordinate system of the experiment is defined with the nominal interaction point as the
origin. The z-axis is defined along the beam direction, with the positive x-axis pointing from
the interaction point to the centre of the LHC ring and the positive y-axis pointing upwards.
The azimuthal angle ¢ is measured around the beam axis, and the polar angle 6 is the angle
from the beam axis. Pseudorapidity is defined as 7 = — Intan (6/2) and for massive objects,
rapidity is defined asy = 1/2In[(E + p-) / (E — pz)|. Transverse momentum pr, transverse
energy Et, and missing transverse energy ETS are defined in the x-y plane. The distance in
pseudorapidity-azimuthal angle space is defined as AR = /Ay? + A¢?.

The layout of the ATLAS experiment forms a cylindrical structure, as shown in Figure 3.3,
with forward-backward symmetry with respect to the interaction point. Two different
magnet systems are used. The first is a superconducting solenoid surrounding the inner
detector with a field of 2 T, and the other is the superconducting toroid system around the
calorimeters. The latter is formed by three subsystems: one barrel with a field of around 0.5 T
and two endcaps with approximately 1 T, each arranged with eight-fold azimuthal symmetry.
The ATLAS experiment consists of several different detectors, such as the inner detector (ID)
responsible for tracks and vertex identification, allowing the measurement of momenta of
charged particles and electron identification. This detector is divided into three different
systems: the pixel detector, the semiconductor tracker (SCT), and the transition radiation
tracker (TRT). Outside the solenoid, the calorimeters are divided into the liquid-argon
(LAr) electromagnetic calorimeter, the hadronic scintillator-tile calorimeter, and the LAr
forward calorimeter, which measures both electromagnetic and hadronic energy deposits.
Surrounding the calorimeter is the muon spectrometer (MS), composed of monitored drift
tubes (MDTs), cathode strip chambers (CSCs), resistive plate chambers (RPCs), and thin gap
chambers (TGCs). In addition to the detectors mentioned, the trigger system selects events
of interest for physics studies from the raw interaction rate of 1 GHz to the data recording
rate of 200 Hz during Run 1 and 1000 Hz during Run 2. A description of each of these
detectors is presented in the following sections.
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Figure 3.3: Representation of the ATLAS experiment layout with the main detectors and magnet
systems labelled. From reference [118].

3.2.1 The inner detector

The ID is responsible for detecting tracks produced by charged particles in the ATLAS
experiment. The high-energy collisions at the LHC result in approximately 1000 particles
produced every 25 ns from the collision point, leading to a high track density. To meet the
momentum and vertex resolution requirements, precise measurements with fine detector
granularity are essential. These features are provided by the combination of the pixel
detector, the silicon microstrips of the SCT and the straw tubes of the TRT.

The layout of the ID, depicted in Figure 3.4, covers the region of || < 2.5. The precision
tracking detectors, namely the pixel detector and SCT, are arranged on concentric cylinders
in the barrel region and on disks perpendicular to the beam axis in the endcap regions. The
pixel detector, segmented in R — ¢ and z, consists of three cylindrical layers in the barrel
and three disks in each endcap. Each track typically crosses three pixel layers, providing an
intrinsic accuracy of 10 ym in R — ¢ and 115 ym in z both in the barrel and in the endcaps.
Similarly, the SCT consists of four cylindrical layers in the barrel and nine disks in each
endcap. Each layer comprises two 6.4 cm long sensors forming a 40 mrad angle with a strip
pitch of 80 um. The SCT typically features eight strip layers (four space points) crossed by
each track, achieving an intrinsic accuracy of 17 ym in R — ¢ and 580 ym in z. Both the pixel
detector and SCT are made of silicon sensors.
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Figure 3.4: Representation of the inner detector of ATLAS with the main systems labelled. From
reference [118].

The TRT, composed of 4 mm diameter straw tubes, is placed in the barrel parallel to the
beam with a length of 144 cm and in the endcaps radially with a length of 37 cm. It provides
around 36 hits per track, significantly contributing to momentum measurements, with an
intrinsic accuracy of 130 um per straw. The TRT straws are polyimide drift tubes filled with
a mixture of xenon, carbon dioxide and oxygen.

The combination of precision trackers at small radii with the TRT at a larger radius ensures
robust pattern recognition and high precision in both R — ¢ and z coordinates. The tracking
measurements of the ID system complement the precision measurements of the electromag-
netic calorimeter. Additionally, electron identification capabilities are enhanced by detecting
transition-radiation photons in the xenon-based gas mixture of the straw tubes. The semicon-
ductor trackers facilitate impact-parameter and vertex measurements for heavy-flavour and
T-lepton tagging, with the innermost layer of pixels, at a radius of about 5 cm, enhancing
secondary-vertex measurement performance.

3.2.2 The calorimeters

The calorimeters are the components of the detector responsible for collecting the energy
carried by electromagnetic and hadronic particles. Figure 3.5 provides an overview of the
layout of the calorimeters. These systems employ diverse methodologies suited to the
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Figure 3.5: Representation of the ATLAS calorimeters layout with the main systems labelled. From
reference [118].

varied requirements of relevant physics processes and cover a wide range of pseudorapidity
|7 < 4.9. Within the # region overlapping with the ID, the fine granularity of the electro-
magnetic (EM) calorimeter facilitates precision measurements of electrons and photons. In
the rest of the calorimeter, a coarser granularity suffices to fulfil the physics requisites for jet
reconstruction and EX® measurements.

Effective containment of electromagnetic and hadronic showers, alongside the limitation
of punch-through into the muon system, is imperative for calorimeters. This consideration
constrains the calorimeter depth in the design process. The EM calorimeter has a total
thickness of over 22 radiation lengths (Xp) in the barrel and over 24 X, in the endcaps. With
approximately 9.7 interaction lengths (A) of active calorimeter in the barrel and 10 A in the
endcaps, it delivers robust resolution for high-energy jets. Moreover, the total thickness,
incorporating 1.3 A from the supportive structure, amounts to 11 A at 7 = 0 and has been
experimentally and computationally demonstrated to effectively mitigate punch-through
well below the irreducible level of prompt or decay muons. This thickness, combined with
extensive 1j-coverage, ensures reliable ET's* measurement, which is important for numerous
physics signatures, particularly in SUSY searches.

The EM calorimeter consists of a barrel in the region of |77| < 1.475 and two endcap systems
in the region of 1.375 < |y| < 3.2, each housed within its dedicated cryostat. Each endcap
wheel is divided in octants. Eight out of the 16 modules of the EM endcap calorimeter were
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assembled at Universidad Auténoma de Madrid. To reduce the amount of material in front of
the calorimeter, the central solenoid and the LAr calorimeter share a common vacuum vessel,
eliminating two additional vacuum walls. The barrel calorimeter consists of two identical
halves, separated by a small 4 mm gap at z = 0. Each endcap calorimeter is mechanically
divided into two coaxial wheels: an outer wheel covering the region 1.375 < || < 2.5, and
an inner wheel covering the region 2.5 < || < 3.2. Constructed as a lead-LAr detector with
accordion-shaped kapton electrodes and lead absorber plates, the EM calorimeter ensures
complete ¢ symmetry without azimuthal cracks. The lead thickness in the absorber plates is
optimised as a function of 77 to enhance EM calorimeter performance in energy resolution.
Within the precision physics region, |77| < 2.5, the EM calorimeter is segmented into three
depth sections, while for the endcap inner wheel, the calorimeter is divided into two depth
sections, featuring coarser lateral granularity compared to the rest of the acceptance. The
|| < 1.8 region is covered by a presampler detector employed to correct the energy lost by
electrons and photons upstream of the calorimeter. The presampler comprises an active LAr
layer, with a thickness of 1.1 cm in the barrel and 0.5 cm in the endcap region.

The tile calorimeter is positioned immediately outside the EM calorimeter. It consists of
the barrel section flanked by two extended barrels. The barrel section covers the |77| < 1.0
region, while the extended barrels cover the range 0.8 < |y| < 1.7. Utilising steel as the
absorber and scintillating tiles as the active material, it operates as a sampling calorimeter.
Azimuthally, both the barrel and extended barrels are divided into 64 modules. Radially, the
tile calorimeter spans from an inner radius of 2.28 m to an outer radius of 4.25 m. Structurally,
it is segmented in depth into three layers of approximately 1.5, 4.1, and 1.8 A in the barrel,
and 1.5, 2.6, and 3.3 A for the extended barrel. Aty = 0, the total detector thickness at the
outer edge of the tile-instrumented region is 9.7 A.

The hadronic endcap calorimeter (HEC) comprises two independent wheels per endcap,
positioned directly behind the EM endcap calorimeter and sharing the same cryostats. To
mitigate the decrease in material density at the transition from the endcap to the forward
calorimeter around || = 3.1, the HEC extends to |1| = 3.2, thereby overlapping with the
forward calorimeter. Similarly, the # range of the HEC also slightly intersects with that
of the tile calorimeter in the 1.5 < |y| < 1.7 region. Each wheel is constructed from 32
identical wedge-shaped modules, assembled with fixtures at both the periphery and central
bore. In addition, each wheel is divided into two segments in depth, resulting in four layers
per endcap. The wheels closest to the interaction point consist of 25 mm parallel copper
plates, while those farther away employ 50 mm copper plates (with the first plate being
half-thickness in each wheel). The outer radius of the copper plates is 2.03 m, while the
inner radius is 0.475 m (except in the overlap region with the forward calorimeter, where
this radius is reduced to 0.372 m). These copper plates are located with a pitch of 8.5 mm
filled with LAr that serves as the active medium for this sampling calorimeter.

The Forward Calorimeter (FCal) covers the || > 3.1 region and is integrated into the endcap
cryostats, offering uniform coverage of the calorimeter and reducing radiation background
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levels in the muon spectrometer. To mitigate neutron albedo within the inner detector cavity,
the front face of the FCal is recessed approximately 1.2 m relative to the EM calorimeter front
face. This design limits the depth of the calorimeter, making a high-density configuration
necessary. With a depth of approximately 10 A, the FCal comprises three modules in each
endcap: the first, crafted from copper, is suited for electromagnetic measurements, while
the remaining two, composed of tungsten, predominantly measure energy from hadronic
interactions. Each module features a metal matrix housing regularly spaced longitudinal
channels filled with an electrode structure consisting of concentric rods and tubes aligned
parallel to the beam axis. The sensitive medium within the gap between the rod and the
tube is LAr. This geometric arrangement facilitates precise gap control, with gaps as small
as 0.25 mm in the initial section to mitigate issues arising from ion buildup.

3.2.3 The muon spectrometer

The MS is the component responsible for measuring the momentum of muons. Figure 3.6
provides an overview of the muon detector layout. This spectrometer relies on the mag-
netic deflection of muon trajectories within large superconducting air-core toroid magnets,
equipped with both trigger and high-precision tracking chambers. For || < 1.4, magnetic
bending is provided by the barrel toroid. For 1.6 < |1| < 2.7, two smaller endcap magnets
within both ends of the barrel toroid bend the muon trajectories. In the transition region,
1.4 < || < 1.6, magnetic deflection involves a combination of barrel and endcap fields.
This magnetic setup yields predominantly a field orthogonal to the muon trajectories, while
mitigating resolution degradation due to multiple scattering. Chamber placement involves
three cylindrical layers encircling the beam axis within the barrel region, whereas in the
transition and endcap regions, chambers are installed in planes perpendicular to the beam,
also organised in three layers.

To address the two different tasks of the MS, namely precision tracking and triggering, the
muon chambers are divided into monitored drift tubes (MDTs) and cathode strip chambers
(CSCs) for the former; and resistive-plate chambers (RPCs) and thin-gap chambers (TGCs)
for the latter. These chambers are arranged both in the barrel and in the endcaps. In the
barrel, chambers are distributed in three concentric cylindrical shells around the z-axis at
radii of approximately 5 m, 7.5 m, and 10 m. The innermost layer, located before the toroid
magnet, is composed only of MDT chambers. The middle layer, placed in the gap left by
the toroid magnets, consists of two RPC layers sandwiching a layer of MDT chambers. The
outermost layer that forms the shell of the ATLAS barrel comprises MDT chambers and
RPCs. In the two endcap regions, muon chambers are arranged in wheels perpendicular to
the beam axis at distances of approximately |z| ~ 7.4 m, 10.8 m, 14 m, and 21.5 m. In the
innermost wheel, located in front of the endcap toroid magnets, the 2 < |y| < 2.7 region
is covered by CSCs, while the |1| < 2 region is composed of MDT chambers preceded by
TGCs. This is followed by the extra layer covering approximately the 1.5 < || < 2 region,
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Figure 3.6: Representation of the muon spectrometer of ATLAS with the main systems labelled. From
reference [118].

composed only of MDT chambers. The middle layer, located outside the endcap toroids, is
composed of three layers of TGCs. The MDT chambers are located in between the first and
second of these layers. The outermost layer, that cover the 2 < || < 3 region, is composed
only of MDT chambers.

The MDT chambers have an overall coverage range of |;7| < 2.7. These chambers are formed
by several layers of drift tubes, between three and eight, operating at an absolute pressure of
3 bar. The resolution achieved is 80 ym per tube, or about 35 ym per chamber.

The CSCs are located in the forward region, 2 < |#| < 2.7, due to their higher rate capability
and time resolution. These chambers are made of cathode planes segmented into strips in
orthogonal directions allowing both coordinates to be measured. The resolution of these
chambers is 40 ym in the bending plane and about 5 mm in the transverse plane.

Two different types of chambers are used for the muon trigger system. In the barrel region,
|7] < 1.05, RPCs are used due to their good spatial and time resolution. In the endcap region,
1.05 < || < 2.4, TGCs are selected due to their good time resolution and high rate capability.
Additionally, these chambers provide the azimuthal coordinate that is not resolved by MDT
chambers.
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3.2.4 The ATLAS forward detectors

Three smaller detector systems are deployed to cover the ATLAS forward region. The
primary purpose of two of them is to measure the luminosity delivered to ATLAS. Po-
sitioned at 17 m in each direction from the interaction point, LUCID [126] (LUminosity
measurement using Cerenkov Integrating Detector) detects inelastic proton-proton scatter-
ing in the forward direction, serving as the principal online relative-luminosity monitor for
ATLAS. The second system, ALFA [127] (Absolute Luminosity For ATLAS), situated at 240 m,
is made of scintillating fibre trackers housed within Roman pots designed to approach up to
1 mm of the beam. The third system, the Zero-Degree Calorimeter [128] (ZDC) whose main
role is to measure the centrality of heavy-ion collisions. Located at 140 m from the interaction
point, just beyond the juncture where the shared straight-section vacuum-pipe bifurcates
into two autonomous beam-pipes, ZDC modules consist of layers of alternating quartz rods
and tungsten plates engineered to detect neutral particles for |;7| > 8.2. Additionally, in 2017,
a new forward detector, called ATLAS forward proton (AFP), was installed at approximately
200 m from the interaction point.

For the measurement of the luminosity, the ATLAS experiment relies on multiple redundant
and complementary luminosity detectors and algorithms [129]. The primary system dedic-
ated to luminosity measurements is the LUCID detector. Additionally, the beam conditions
monitor system, the ID, and the calorimeter take complementary measurements of the
luminosity. LUCID measures luminosity by detecting Cherenkov light produced in the
quartz window of the 16 photomultiplier tubes. The beam conditions monitor, located in
the ID, is a system used in low luminosity collisions as a consistency cross-check for LUCID
measurements. The ID and the calorimeter uses the track activity and the energy deposits to
estimate the luminosity. Once a year, a van der Meer absolute calibration is taken by varying
the beam separation in the horizontal plane using LUCID and the beam conditions monitor
system. Additionally, a relative calibration using a 2/Bi source is perform by LUCID in
every inter-fill.

3.2.5 The trigger system

The LHC collision conditions imply an event rate of approximately 40 MHz. In order to
reduce the rate of recorded events a selection procedure is needed. The ATLAS trigger
system reduces the original rate from 40 MHZz to a final recording rate of up to 1 kHz.

The trigger system operates across two distinct tiers, level-1 (L1) and high-level trigger(HLT),
with each level refining decisions from the preceding one and applying additional selection
criteria.

The L1 trigger is a hardware-based system. At this level, high-transverse-momentum
particles like muons, electrons, photons, jets, T-leptons decaying into hadrons, and significant
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missing or total transverse energy are identified utilizing data from a subset of detectors.
High-transverse-momentum muons are discerned through trigger chambers in both the
barrel and endcap regions of the MS, while calorimeter selections rely on reduced granularity
information from all calorimeters. The central trigger processor manages a trigger menu
comprising various trigger selections. Selections with a high acceptance rate are defined
with a pre-scaling factor to randomly reject a fraction of events passing the selection. The
pre-scaling factors are chosen based on bandwidth utilization as luminosity and background
conditions fluctuate. Events meeting the L1 trigger criteria progress to subsequent stages
of detector-specific electronics and onward to data acquisition via point-to-point links.
Additionally, the L1 trigger defines one or more regions of interest in each event, representing
areas within the detector where interesting features are identified. This first selection makes
a decision in less than 2.5 us, and reduce the acceptance rate to 75 kHz.

The HLT is a software-based system and employs full detector data within the regions of
interest with complete granularity and precision. The HLT menu includes selections with
one or a few particles such as electron, photon, muon, t-leptons, jets, and missing transverse
energy. The HLT selection reduces the event rate to about 1 kHz. This selection is executed
using offline analysis procedures within an average event processing time of approximately
4s.

3.2.6 The ATLAS experiment Run 2 timeline

From 2015 to 2018, the ATLAS experiment recorded collisions delivered by the LHC during
Run 2. The overall conditions of this period included a centre-of-mass energy of 13 TeV and
a bunch spacing of 25 ns. The luminosity reached a peak of around 103 cm~2s~!, resulting
in up to 60 proton-proton collisions per bunch crossing.

In 2015, the LHC Run 2 began. On the morning of May 5th, the first collisions were recorded
by ATLAS with an energy of 450 GeV per beam. The first collisions at 13 TeV were delivered
on May 20th, and the experiment started recording under stable physics conditions on June
3rd. The number of bunches per beam was increased to 2244, each containing 1.15 - 10!
protons. As shown in Figure 3.7, the peak luminosity reached 5 - 103% cm—2s~1. A total
integrated luminosity of 3.2 fb~! was recorded by ATLAS this year.

In 2016, after repairing the endcap magnet bellows, collisions resumed in the LHC. The
number of protons per bunch was increased to 1.2 - 10", and the design luminosity of
10%* cm 25! was obtained, with a maximum of 1.38 - 103* cm 25! achieved by the end of
the year, as shown in Figure 3.8. A total integrated luminosity of 33.4 fb~! was recorded by
ATLAS this year.

In 2017, after the replacement of a magnet in the LHC, collisions returned to ATLAS. This
year, the number of bunches per beam was initially increased to 2556 but later reduced
to 1916. A new luminosity record of 2.09 - 103 cm~2s~! was achieved during this year as
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Figure 3.7: Measured peak luminosity delivered to ATLAS (left) and maximum number of inelastic
collisions per beam crossing (right) during stable beams for pp collisions at a centre-of-mass energy

of 13 TeV for each fill in 2015. From reference [130].
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Figure 3.8: Measured peak luminosity delivered to ATLAS (left) and maximum number of inelastic
collisions per beam crossing (right) during stable beams for pp collisions at a centre-of-mass energy
of 13 TeV for each fill in 2016. From reference [130].

shown in Figure 3.9. A total integrated luminosity of 44.6 fb~! was recorded by ATLAS this
year.

In 2018, collisions resumed with the number of bunches per beam returning to 2556. This
year the luminosity was maintained approximately constant at 1.9 - 103* cm 2571, as can be
observed in Figure 3.10. A total integrated luminosity of 58.8 fb~! was recorded by ATLAS

this year.

The full Run 2 data-taking period achieved a total integrated luminosity of 140 fb—! [129]. The
cumulative luminosity as a function of time for the complete Run 2 is shown in Figure 3.11.
The mean number of interactions per crossing was 13.4 in 2015 and was increased year
after year up to 36.1 in 2018. The recorded luminosity as a function of the mean number of
interactions per crossing during the LHC Run 2 is shown in Figure 3.12.
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Figure 3.9: Measured peak luminosity delivered to ATLAS (left) and maximum number of inelastic
collisions per beam crossing (right) during stable beams for pp collisions at a centre-of-mass energy
of 13 TeV for each fill in 2017. From reference [130].
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4 Electron and photon reconstruction,
calibration, identification and isolation

This chapter aims to describe the process of building electron objects used in the analysis,
following the methodology employed by the ATLAS Collaboration during Run 2 [131,
132].

4.1 Electron and photon reconstruction

The electron reconstruction process is performed together with photons and proceeds as
shown in Figure 4.1. The reconstruction of electrons and photons in ATLAS is achieved
by implementing dynamic, variable-size clusters called superclusters [132]. Superclusters
adapt their size to capture energy from bremsstrahlung photons and electron conversions,
providing better energy recovery than fixed-size clusters. An electron is defined as an
energy deposit in the calorimeter matched with a track, while a converted photon has a
cluster matched to a conversion vertex, and an unconverted photon lacks such matches.
The reconstruction process is carried out for electrons and photons with || < 2.5. The
tirst part of the algorithm involves selecting topo-clusters [133, 134] and tracks, matching
them together and building conversion vertices to be matched with topo-clusters. Then the
supercluster-building process is done independently for photons and electrons. Finally, the
electron and photon objects used for analysis are built.

The topo-cluster reconstruction algorithm is initiated by forming proto-clusters in the EM and
hadronic calorimeters based on noise thresholds. Only the LAr EM calorimeter, excluding
the presampler and first layer, is utilised for electron and photon reconstruction. In the
transition region, between 1.37 < || < 1.63, the energy measured by the presampler and
the scintillator between the calorimeter cryostats is also taken into account. These cells are

considered as seeds if they have a significance ‘gfgfﬂ > 4, where

EEM
EM __ cell
Geell — EM ’
noise,cell
EM . . . . EM .
E el 18 the cell energy accounting deposits from electromagnetic showers and Toisecell 1S the

expected cell noise coming from electronic noise and pile-up. Neighbouring cells meeting
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Figure 4.1: Algorithm flow diagram for the electron and photon reconstruction. From reference [132].

the significance criterion, gfgﬁ‘ > 2, are added to the proto-cluster iteratively. Proto-clusters
with overlapping cells are merged and a crown of nearest-neighbour cells is added to the
cluster. Proto-clusters with multiple local maxima are split into separate clusters. Local
maxima are considered if the cell has EEM > 500 MeV, at least 4 neighbouring cells, and
no neighbouring cell with higher energy. For these proto-clusters, the energy from the
EM calorimeter must be larger than 400 MeV and a cut on the EM fraction (fgm), the ratio
between the EM and the total energy of the cluster, is applied to remove some topo-clusters
coming from pile-up. The requirement of fgn > 0.5 rejects around 60% of pile-up clusters
without affecting true electrons.

The track reconstruction process starts with track hits in either the pixel detector or SCT. In
the pixel detector, one hit equates to one space-point while in the SCT a space-point is built
from a hit in a pair of stereo strips. Track seeds are formed from three of these space-points
and are extended with pattern-recognition algorithms to form full tracks with at least 7 hits.
Additionally, if the previous fitting fails, tracks with at least 4 hits loosely matched with
an EM fixed-size cluster are fitted with an optimised method accounting for energy loss of
charged particles in detector material. Once a full track is formed with the pixel detector
and SCT hits, the TRT extension is applied including the hits in this detector that matched
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4.1 Electron and photon reconstruction

the extrapolation of the track.

In the next step, topo-clusters and tracks are matched. This is done when they fulfil |Ay| <
0.05 and —0.10 < q - (¢Prrack — Peus) < 0.05, where g refers to the charge of the track. If
multiple tracks are matched to a single cluster, an ambiguity criteria is applied, as described
in what follows. Tracks with hits in the pixel detector are preferred to tracks with hits only in
the SCT. Within each category, tracks closer in AR are preferred. If the difference in AR is less
than 0.01, tracks with more hits in the pixel detector are preferred. The last rule to resolve
the ambiguity is choosing tracks with a hit in the innermost layer of the pixel detector.

Conversion vertices are reconstructed from tracks loosely matched to EM fixed-size clusters.
Both tracks with hits in the pixel detector and SCT and tracks reconstructed only in the
TRT are used for the conversion reconstruction. Both two-track and single-track conversion
vertices are formed. Two-track vertices should have opposite-charge tracks and a vertex
consistent with a massless particle. The TRT is used to determine if tracks are compatible
with an electron.

The conversion vertices are then matched to the EM topo-clusters. For a conversion vertex
with a track from the pixel detector and SCT, the extrapolation of the track to the calorimeter
should be within |Ay| < 0.05 and |A¢| < 0.05. For TRT barrel tracks, the match requires
|An| < 0.35 and |A¢| < 0.02, while in the endcap the requirement is changed to |Azy| < 0.2
and |A¢| < 0.02. In case multiple conversion vertices are matched to the same topo-cluster,
two-track conversion vertices with pixel detector and SCT tracks are preferred to those
with TRT tracks, followed by single-track vertices. In case of ambiguity, the vertex with the
smallest conversion radius is chosen.

Once tracks and clusters are selected, the reconstruction of electron and photon superclusters
follows. The process begins by ordering the EM topo-clusters according to descending Et.
These clusters are tested in order — separately for electrons and photons — and selected as
electron supercluster seeds if Et > 1 GeV and they are matched to a track with at least 4 hits
in the pixel detector and SCT. The photon supercluster seeds are selected if Er > 1.5 GeV.

If a certain topo-cluster is selected as a supercluster seed, satellite clusters are searched. For
both photon and electron supercluster seeds, other neighbouring cluster are considered
satellites if they fall inside a window centred on the seed. For photon supercluster seeds
a A x A¢ = 0.075 x 0.125 window is used; while for electron supercluster seeds a wider
window of Ay x A¢ = 0.125 x 0.300 is used. For electrons, the satellite cluster is required to
share the matched track with the seed. For converted photons, topo-clusters are considered
satellites if they share a conversion vertex with the seed. Once a topo-cluster is selected as a
satellite, it cannot be used as a seed cluster. The combination of the seed and the satellite
topo-clusters creates a supercluster.

Once superclusters are built, calorimeter cells are assigned to them. For this step, the
presampler and the first three layers of the LAr Calorimeter are used. In the transition region
— 1.4 < |5| < 1.6 — energy from the scintillator between the calorimeter cryostats is also
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Figure 4.2: Algorithm flow diagram for solving the ambiguity between electron and photon objects.
From reference [132].

added. To reduce the pile-up noise, the topo-cluster maximum width is restricted in the
barrel (endcap) region to 0.075 (0.125) in the 77 region. After selecting the cells forming the
supercluster, their energy is calibrated and their position corrected.

The final step of the supercluster algorithm is the track matching. It is done in a similar way
to the matching to the topo-cluster.

Once the supercluster has been built, calibrated, and matched with tracks, the analysis
objects for electrons and photons are created. The first step of this process is to resolve,
when possible, the ambiguity produced by building independently electron and photon
superclusters. This process is summarised in Figure 4.2.

Finally, a second calibration is performed with the information provided by the tracks
matched to the superclusters and several discriminating variables involved in the iden-
tification process are computed. More details in the calibration process are described in
Section 4.2 and a full description of the identification variables is given in Sections 4.3 and
44.

4.2 Electron and photon energy calibration

After reconstructing the electron and photon objects, it is necessary to perform an energy
calibration for various effects [135]. This corrections account for energy losses in the material
between the interaction point and the calorimeter, energy deposits in neighbouring cells of
the supercluster, and energy losses beyond the LAr calorimeter.
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4.2 Electron and photon energy calibration

4.2.1 Electron and photon energy estimate and expected resolution from the
simulation

A correction considering all the effects mentioned above is computed using multivariate
regression algorithms separately for electrons, converted photons and unconverted photons.
The regression is carried out in intervals of |#| and Et. The variables used in the multivariate
regression include the energy deposited in the calorimeter, the energy deposited in the pres-
ampler, the ratio of energies deposited in the first and second layers of the EM calorimeter,
the pseudorapidity impact point of the shower in the calorimeter, and the distances Ay and
A¢ between the impact point of the shower and the centre of the closest cell in the second
calorimeter layer. The impact point of the shower is computed as the energy-weighted
average of the positions of the cells in the cluster. Additionally, for converted photons, the
conversion radius is used, and for cases where both associated tracks have at least one hit in
either the pixel detector or SCT, two additional variables are used. These variables are the
ratio of the vectorial sum of the conversion track momenta and the energy measured in the
calorimeter and the fraction of the conversion momentum carried by the highest-pr track.
For those objects within the transition region between the barrel and endcap; the energy
deposited in the scintillators installed in the transition region and the difference between the
cluster position and the centre of the scintillator cell are also used.

The energy resolution as a function of |7| after applying the regression algorithm in the
simulation is shown in Figure 4.3 for electrons and photons, both converted and unconverted.
The resolution is measured as the interquartile range in the E,ji, / Egen distribution divided
by 1.35 to convert to the equivalent standard deviation of a Gaussian distribution. Here,
Ecalib and Egen refer to the energy after and before applying the regression algorithm.

4.2.2 Corrections to account for differences between data and simulations

To account for residual differences between data and simulation, four corrections are applied.
The first correction involves the intercalibration of the first and second calorimeter layers. It
uses energy deposits left by muons from Z — uu events in the calorimeter. These energy
deposits, unlike those created by electrons and photons, are not affected by the passive
material in front of the EM calorimeter. The relative calibration of the two layers is computed
as:

<El>data/ <E1>MC
<E2>data / <E2>MC’

X1/20 =

where (E;) denotes the most probable value of the deposited muon energy in the i-th layer
of the calorimeter. The most probable value is computed following two different methods.
The first one, referred to as the fit method, is based on fitting both data and simulation
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Figure 4.3: Measurement of the energy resolution og_ ., /E,., for electrons (top) and photons (bottom).
From reference [135].
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Figure 4.4: Measurement of the relative calibration between the first and second calorimeter layer
a1/, as a function of || for the two different methods and the average of both. The uncertainty
bars correspond to the statistical component in both methods and for the average the systematic
uncertainty is included. From reference [135].

energy distributions using the convolution of a Landau and a noise distributions. A second
method, called the truncated mean, computes the mean value of the energy distributions in
a window centred around the mean of the whole distribution. The width of the window
is taken between 3¢ and 40, with ¢ being the RMS of the complete distribution. This is
computed as a function of || for both methods, as shown in Figure 4.4.

The second correction focuses on the presampler layer of the calorimeter. The presampler
energy scale, aps, uses electrons produced in Z — ee events. In this case, these events are
affected by the passive material in front of the presampler. To minimise the dependence of
aps on material mismodelling, an additional correction factor is taken into account. For this
reason, the expression for the presampler energy scale is:

Eglata 1
lXPS = EMC X Edata 4
0 1+A<EM1C/2 —1)

where

. Egata and E(I)\/IC are the average energies deposited in the presampler in data and
simulation, respectively.

59



4 FElectron and photon reconstruction, calibration, identification and isolation

U) 1_3_| T T I L I L I L I L I L I L I L I L I T T_]
& - -
o 125 :_ —e— Raw ATLAS _:
1.2 E_ —e- Corrected (material, b, ) s=13 TeV, 36.1 fb'l_E
1.15 E_ — Module Average - Total uncertainty _E
L1 . 3

- - - =
1.055"t s 2 - - 3
IFs—=*% - —— =

= - =% o* T 3 -

0.95p0 s Brestete S’ =

ol - e =

0.9 v 9 =

- -0 -

0.85F D

0 8:I 11 I | I | I | I | I | I | I | I-’-I 11 I 1l I:

"0 02 04 06 08 1 12 14 16 18 2

Inl

Figure 4.5: Measurement of the presampler energy scale, aps, as a function of |17| before and after
the correction to account for the material in front of the presampler. The average of the corrected
values is shown as solid lines with uncertainty bars corresponding to the statistical and systematic
uncertainties. From reference [135].

. Efj‘;a and Ell\% are the averages of the ratio between the energy deposited in the first
and second layers of the calorimeter in data and simulation, respectively.

* by, is the ratio of E; ), in data and simulation estimated from unconverted photons. It
measures the dependence on the material in front of the presampler and after being
applied to the ratio of E; /5, it is only proportional to the mismodelling of the material
in front of the presampler.

* A models the dependence of E; /, and Ey on the material in front of the presampler.

The presampler energy scale is measured in intervals of |77|, excluding the region between
the barrel and endcap (1.37 < || < 1.52). The measurements are done in intervals of 0.05
and then averaged in bins of 0.2 (0.3) pseudorapidity units in size for the barrel (endcap)
region. Figure 4.5 shows the presampler energy scale before and after the correction to
account for the influence of the material in front of the presampler.

Another calibration is done to reduce the dependence on the pile-up due to the relative
position of the crossing bunches in the bunch train and the luminosity of the bunches
that varies with time. To reduce this effect, the average energy induced by these effects
is computed using simulations as a function of the bunch luminosity and bunch position.

60



4.3 Electron identification

An additional correction is done to reduce the pile-up energy shifts separately for each
calorimeter layer. This is done as a function of the pseudorapidity and the average number
of interactions per bunch crossing.

To reduce the effects coming from energy loss between the calorimeter modules, a correction
is parameterised using the ratio of the calorimeter energy to the track momentum as a
function of ¢. For the inhomogeneities caused by sectors of the calorimeter where the high
voltage is set to a non-nominal value to mitigate the effect of short circuits, a similar approach
is used.

4.2.3 Energy scale and resolution corrections

A measurement of the differences between data and MC simulations in the energy scale, «;,
and energy resolution, c;, is performed. These quantities are defined as:

data MC
Edata — EMC (1 +0‘i) and (%) = (%) ®c;,

where i corresponds to the region in pseudorapidity, and the symbol @& denotes a sum in
quadrature. To perform this measurement, invariant mass distributions of dielectron systems
in Z — ee events are used. In these distributions, the difference in the average dielectron
invariant mass and the mass resolution is parameterised as:

o, \ data 0, \ MC
mittt = mMC (1 4a;) and (2) = (2) @
if ij J m /ij m /ij !

where i and j are the regions in pseudorapidity of the electrons; and the parameters «;; and
cij are give by a;; = (Déz‘ + oc]-) /2, and ¢;; = (ci + c]-) /2. These variables are extracted by
minimising the shape difference between data and MC simulations to later obtain the «; and
c; parameters by solving the overconstrained set of equations. The difference in energy scale
is applied to the data while the energy resolution is used to correct the simulation.

The measurement of the energy scale factor «; and the energy resolution constant term c; in
regions of pseudorapidity is shown in Figure 4.6.

4.3 Electron identification

A set of quality criteria is applied to electron candidates to enhance the purity of the selected
electron objects. This is achieved through a selection process that reduces the number of
electron candidates originating from hadronic jets, converted photons or electrons produced
in heavy-flavour hadron decays. This process relies on a set of variables summarised in
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Table 4.1. These variables provide information about the electron track, the lateral and lon-
gitudinal shape of the electromagnetic shower, and the spatial compatibility of the electron
track with the reconstructed cluster. Some variables serve as cut-based selection criteria for
the electron candidates while others are used to construct a likelihood discriminant.

The variables used as requirements for electron candidates include the number of hits in the
innermost pixel layer, the number of hits in the pixel detector, the total number of hits in
the pixel and SCT detector, the shower width wg;.t, and the ratio of the cluster energy to the
track momentum.

The remaining variables are used to build an electron likelihood for both signal, Ls, and
background, Lg,as follows:

Ls (x) = ﬁps,i (xi),

where x is the vector of the electron candidate variables used to build the likelihood, and
Ps ; is the value of the probability density function for the i-th variable with a value x;. The
background likelihood is constructed analogously.

Both likelihoods are used to compute a discriminant defined as:

Lg

dp, = ——.
L Ls+ Lp
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4.3 Electron identification

Table 4.1: Discriminating variables used in the electron identification.

Variable Description

Rpaq, Ratio of Et in the first layer of the hadronic calorimeter to Et of the
EM cluster (used over the ranges || < 0.8 and || > 1.37)

Rhag Ratio of Et in the hadronic calorimeter to Et of the EM cluster (used
over the range 0.8 < |y| < 1.37)

f3 Ratio of the energy in the third layer to the total energy in the EM
calorimeter

Ry Ratio of the sum of the energies of the cells containedina3 x 7 # x ¢
rectangle (measured in cell units) to the sum of the cell energies in a
7 x 7 rectangle, both centred around the most energetic cell

Wy Lateral shower width, \/(Z Ei2) / (CE) — (T Emi) / (ZEi))?,
where E; is the energy and 7; is the pseudorapidity of cell i and the
sum is calculated within a window of 3 x 5 cells

Ry Ratio of the sum of the energies of the cells containedina 3 x 3 # x ¢
rectangle (measured in cell units) to the sum of the cell energies in a
3 x 7 rectangle, both centred around the most energetic cell

Wstot Total lateral shower width, \/ (Z E;i(i— imax)2> / (X E;), where i runs
over all cells in a window of A /& 0.0625 and imax is the index of the
highest-energy cell

Eatio Ratio of the energy difference between the maximum energy deposit
and the energy deposit in a secondary maximum in the cluster to the
sum of these energies

fi Ratio of the energy measured in the first layer of the electromagnetic
calorimeter to the total energy of the EM cluster

Minnermost Number of hits in the innermost pixel layer

MPpixel Number of hits in the pixel detector

Ng; Total number of hits in the pixel and SCT detectors

do Transverse impact parameter relative to the beam-line

|do/ o (do)| Significance of transverse impact parameter defined as the ratio of dy
to its uncertainty

Ap/p Momentum lost by the track between the perigee and the last
measurement point divided by the momentum at perigee

eProbabilityHT Likelihood probability based on transition radiation in the TRT

Am An between the cluster position in the first layer of the EM
calorimeter and the extrapolated track

Ares A¢ between the cluster position in the second layer of
calorimeter and the momentum-rescaled track, extrapolated from
the perigee, times the charge ¢

E/p Ratio of the cluster energy to the measured track momentum
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Figure 4.7: Efficiencies of the electron identification operating points measured using Z — ee events
in data as a function of electron transverse energy (left) and electron pseudorapidity (right). The
data and simulation ratio is shown at the bottom panel of each plot. The uncertainties include both
statistical and systematic components. From reference [132].

This discriminant, d;,, which peaks around 1 for signal and 0 for background, is transformed
by an inverse sigmoid function.

The probability density functions are measured using Z — ee and | /¢ — ee events in bins
of the electron transverse energy and pseudorapidity, and smoothed to avoid non-physical
fluctuations.

Three operating points, denoted as Loose, Medium and Tight, are defined to achieve different
background rejection factors or signal efficiencies. These operating points are set to have
signal efficiencies of 93%, 88%, and 80%, each with its corresponding cuts in the variables
serving as selection criteria and a limit in the likelihood discriminant to achieve the specified
efficiency.

The measurements of the efficiency of the operating points as functions of electron transverse
energy and pseudorapidity are shown in Figure 4.7.

4.4 Photon identification

Photon candidates undergo an identification process to enhance their purity by rejecting
photon candidates reconstructed from deposits originated by hadronic jets. This process
uses several variables in a cut-based selection. The complete list of the variables involved in
the selection, along with their descriptions, is presented in Table 4.2.
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4.4 Photon identification

Table 4.2: Discriminating variables used in the photon identification.

Variable

Description

Rhaq,

Rhad

Ry

Wstot

Ws3

f side
AEg

E ratio

fi

Ratio of Et in the first layer of the hadronic calorimeter to Et of the
EM cluster (used over the ranges || < 0.8 and || > 1.37)

Ratio of Et in the hadronic calorimeter to Et of the EM cluster (used
over the range 0.8 < |y| < 1.37)

Ratio of the sum of the energies of the cells contained ina3 x 7 x ¢
rectangle (measured in cell units) to the sum of the cell energies in a
7 x 7 rectangle, both centred around the most energetic cell

Lateral shower width, \/(Z En?) /(L E) — (CEm) / (X Ei))z,
where E; is the energy and 7; is the pseudorapidity of cell i and the
sum is calculated within a window of 3 x 5 cells

Ratio of the sum of the energies of the cells containedina3 x 37 X ¢
rectangle (measured in cell units) to the sum of the cell energies in a
3 x 7 rectangle, both centred around the most energetic cell

Total lateral shower width, \/ <Z Ei(i— imax)2> / (X E;), where i runs

over all cells in a window of Ay ~ 0.0625 and imay is the index of the
highest-energy cell

Lateral shower width, \/ (Z Ei(i— imax)z) / (X E;), where i runs over all

cells in a window of 3 cells around the highest-energy cell

Energy fraction outside core of three central cells, within seven cells
Difference between the energy of the cell associated with the second
maximum, and the energy reconstructed in the cell with the smallest
value found between the first and second maxima

Ratio of the energy difference between the maximum energy deposit
and the energy deposit in a secondary maximum in the cluster to the
sum of these energies

Ratio of the energy measured in the first layer of the electromagnetic
calorimeter to the total energy of the EM cluster
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Figure 4.8: Efficiency of the Tight photon identification operating point measured using Z — ({7
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The primary identification selection, denoted as Tight, includes cuts on eleven variables. The
Medium and Loose selections, used in the triggering process, are less restrictive and optimised
for different regions of pseudorapidity. The Loose selection uses the Rypaq, Rhad,, Ry, and wy»
shower-shape variables. The Medium selection adds a loose cut on E,atio. Both Loose and
Medium identifications do not differentiate between converted and unconverted photons
and are optimised in regions of pseudorapidity. These identifications serve as the base for
the triggering of photons.

The Tight selection distinguishes between converted and unconverted photons and is optim-
ised in regions of || and transverse energy. It includes cuts on eleven variables: Rnag, Rhad,,
Ry, wy2, Ry, Wstot, Ws3, fsides AEs, Eratio, and f1. This identification is optimised using simula-
tions. For photons with 10 < Et < 25 GeV, a Z — ¢{-y simulated sample is used as signal
and data from Z + jets events are used as background. Above Et = 25 GeV, simulations of
inclusive photons are used as signal and a dijet simulation is used as background.

The efficiency of the Tight photon identification operating point after the optimisation is
measured separately for converted and unconverted photons. The efficiency optimised in
Er is referred as Er-dependent and compared with a reference identification efficiency that
is not optimised. The measurement is shown in Figure 4.8.
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4.5 Electron and photon isolation

The activity in the vicinity of electrons and photons can be quantified from energy deposits
in the calorimeter and the momentum tracks. This leads to two different classes of isolation
variables.

The variable based on calorimeter deposits is called E{°"XX, representing the transverse
energy around an electron or photon. To compute this variable, the raw transverse energy,
EiTS:‘l?;)‘fVX, is computed by summing the transverse energy of positive-energy topo-clusters
whose barycentre is inside a cone centred on the electron or photon barycentre. The cone
used is denoted as XX in the variable, where XX refers to its size as AR = XX/100. The
typical cones used are AR = 0.2 for electrons and AR = 0.2 and 0.4 for photons. Since the
raw transverse energy includes the energy of the particle, the energy of the electromagnetic
calorimeter cells in a Ay X A¢ = 5 x 7 window around the barycentre of the particle cluster,
Et core, is subtracted. The usage of a fixed-size window is advantageous because of the stable
subtraction for real or fake/non-prompt objects. The disadvantage is that the energy outside
the window is not subtracted. To correct for this effect, the leakage is parameterised as a
function of the transverse energy and |77| using simulations without pile-up. Additionally,
another correction to account for the pile-up and underlaying-event contributions to the
isolation cone is estimated in regions of |77|. This correction uses the jet-area method [136],
which consist in computing and ambient transverse energy density produced by low-energy
jets that is multiplied by the isolation cone area. After applying these corrections, the
calorimeter isolation variable is computed as:

E%oneXX = iTS,%(VX - ET,core - ET,leakage (ET/ |77‘ ’ AR) - ET,pile—up (|77| ’ AR) :
The variable based on the tracks around the electron or photon, p$®XX, is computed by
adding the transverse momentum of tracks around the electron track or photon cluster. For
electrons and converted photons, the associated track is removed. In the case of electrons
produced in the decay of heavy particles, other decay products are closer when the transverse
momentum is high. For this reason, electrons use a variable cone size to define the track
isolation variable pya*°ne*X whose cone depends on the transverse momentum as:

10 GeV
pr

AR = min < ,ARmaX> ,

where AR is the maximum cone size, typically 0.2. To compute p$ne*X and pyareoneXX,

tracks are required to have pt > 1 GeV and || < 2.5, at least seven hits in the pixel detector
and SCT, at most one shared hit — defined as (nf};xel + ng}éT) /2, where n%l;xel and ”%}&T are
the numbers of hits shared by several tracks in the pixel detector SCT —, at most two layers

without hits in the pixel detector and SCT and at most one layer without hit in the pixel
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Table 4.3: Definitions of the electron isolation criteria. In the Gradient working point definition, the
unit of pr is GeV.

Working point Calorimeter isolation Track isolation

Gradient € = 0.1143 x pr +92.14% (with ES¢20) ¢ = 0.1143 x pr + 92.14% (with pyarcone20)
HighPtCaloOnly — E$°"20 < max (0.015 x pr, 3.5 GeV) -

Loose E$Oe20 /pr < 0.20 pyareone20 /pp < 0.15

Tight Ee20 /pr < 0.06 pyareone0 /pr < 0.06

detector. Additionally, for electrons, the track must be used in the primary vertex fit, or
if it was not used in any vertex fit, it must satisfy |Azgsinf| < 3 mm, where |Azy| is the
longitudinal impact parameter relative to the chosen primary vertex. For photons, tracks are
required to satisfy |Azpsin 6| < 3 mm.

4.5.1 Electron isolation criteria

ATLAS uses a set of four different electron-isolation working points. They can be defined
in two different ways: setting a cut on the isolation variables or fixing a target efficiency. A
summary of the set of working points is shown in Table 4.3. The Gradient working point
is set to give an efficiency of 90% at pt = 25 GeV and 99% at pr = 60 GeV, uniform in
pseudorapidity. Simulations of /¢ — ee for Er < 15 GeV and Z — ee for Er > 15 GeV
are used to define the cuts in E{°"? and pyaone20 For HighPtCaloOnly only a cut in the
calorimeter isolation variable is used, and for Tight and Loose, both calorimeter and track
isolation variable fixed cuts are used.

The measurement of the efficiency of the electron isolation working points is computed
using data recorded in 2017 in a sample enriched with Z — ee events. The efficiencies
are measured as a function of electron transverse energy and pseudorapidity as shown in
Figure 4.9. In the region below 15 GeV, a correction using |/ — ee events is applied.

4.5.2 Photon isolation criteria

Three photon-isolation working points are used in ATLAS: Loose, Tight, and TightCaloOnly.
All of them use fixed cuts in the isolation variables as summarised in Table 4.4. For TightCa-
loOnly, only the calorimeter isolation variable is used; for Tight and Loose, both calorimeter
and track isolation variable fixed cuts are used.

A discrepancy for the calorimeter isolation variables between data and simulation has been
observed since Run 1 [137]. This discrepancy is caused by a mismodelling in the simulation
of the lateral profile development of the electromagnetic showers. This causes a shift in
the simulated distribution of the calorimeter photon isolation variables from data and is
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Figure 4.9: Efficiencies of the electron isolation working points measured using Z — ee events as a
function of electron transverse energy (left) and pseudorapidity (right). The data and simulation ratio
is shown in the bottom panel of each plot. The uncertainties include the statistical and systematic
components. From reference [132].

Table 4.4: Definitions of the photon isolation criteria.

Working point Calorimeter isolation Track isolation
Loose ESone20 < 0.065 x Et psene20 / Ex < 0.05
Tight ESoned0 < 0,022 x Er +2.45GeV  pSe0/Er < 0.05

TightCaloOnly E%One‘m < 0.022 x E1 4+ 2.45 GeV -

corrected by a data-driven method. This method measures the difference between the peaks
in data and simulation in bins of transverse energy and pseudorapidity differentiating
converted and unconverted photons. Then the measured shift is applied to correct the
simulation.

The photon isolation efficiency is measured using two main signatures: radiative Z decays,
namely Z — ¢{<y events for 10 < Er < 100 GeV, and inclusive photons for 25 GeV < Er <
1.5 TeV. In both cases, measurements are done as functions of photon pseudorapidity and
transverse energy and separately for converted and unconverted photons with data taken
in 2017. The measurement of the efficiencies in the low-Er range with Z — ({-y events is
shown in Figure 4.10. For the inclusive photon measurements, it is done separately for the
calorimeter and track isolation variables. The efficiency measurement for the calorimeter
isolation variable is shown in Figure 4.11 and applies the track isolation variable in the
preselection. For the track isolation variable efficiency shown in Figure 4.12, the calorimeter
isolation variable is applied in the preselection.
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Figure 4.10: Efficiencies of the photon isolation working points measured using Z — {7 events as
a function of photon pseudorapidity (top) and transverse energy (bottom) for converted (left) and
unconverted photons (right). The data and simulation ratio is shown in the bottom panel of each
plot. The uncertainties include the statistical and systematic components. From reference [132].
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Figure 4.11: Efficiencies of the calorimeter isolation working points for photons measured using
inclusive photon events as a functions of photon transverse energy for || < 0.6 (top) and 1.81 <
|| < 2.37 (bottom) for converted (left) and unconverted photons (right). The data and simulation
ratio is shown in the bottom panel of each plot. The uncertainties include the statistical and systematic
components. From reference [132].
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Figure 4.12: Efficiencies of the track isolation working points for photons measured using inclusive
photon events as a functions of photon transverse energy for |77| < 0.6 (top) and 1.81 < || < 2.37
(bottom) for converted (left) and unconverted photons (right). The data and simulation ratio is shown
in the bottom panel of each plot. The uncertainties include the statistical and systematic components.
From reference [132].
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identification and isolation

In this chapter, a description of the procedure to build muon objects used in the analysis
following the methodology employed by the ATLAS Collaboration during Run 2 [138, 139]
is presented.

5.1 Muon reconstruction

Muon reconstruction in ATLAS is primarily based on the tracking provided by the MS.
Additionally, information from the ID and calorimeters is used. This gives rise to sev-
eral muon types: combined, inside-out combined, MS extrapolated, segment-tagged and
calorimeter-tagged reconstruction.

In the MS track reconstruction the first step is the identification of short straight-line track
segments from an individual station. Segments are combined using the IP and a parabolic
trajectory — the first-order approximation to the muon bending in the magnetic field. Then,
these candidates are fitted to a muon trajectory accounting for interactions with the detector
material. After the fit, outlier hits are removed, and missing hits within the trajectory are
added to perform the fit again. In the case of tracks sharing a large fraction of hits, the
lower-quality track is removed. An exception is made for tracks with identical hits in two
stations and no shared hits in the third one. Then, a final fit is performed constrained by the
IP and accounting for the energy loss in the calorimeters. The track is extrapolated to the
beam line to correlate the pr to the IP.

The combined reconstruction matches MS and ID tracks and performs a fit, taking into
account the energy loss in the calorimeter. This trajectory is used to remove outlier hits and
include missed ones that fall within the trajectory. After this step, the fit is repeated. In the
|| > 2.5 region, MS tracks are combined with track segments from the pixel detector and
SCT. These types of combined muons are referred to as silicon-associated forward muons.

The inside-out combined muons are reconstructed by extrapolating ID tracks to the MS.
At least three hits in the MS are required, and a combined fit is performed, accounting for
energy loss. This increases the efficiency for low-pr muons that may not reach the middle
station of the MS.
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The MS extrapolated reconstruction is applied when the MS track does not match any ID
track. This increases the coverage region outside the ID range up to || = 2.7.

Segment-tagged muons are those in which the ID track extrapolated to the MS is tightly
matched in AR with a reconstructed MS segment. In this case, the muon parameters are
obtained only from the ID track information.

Calorimeter-tagged muons are reconstructed from ID tracks extrapolated to the calorimeter.
If the calorimeter deposits are compatible with a minimum-ionising particle, the ID track is
tagged as a muon candidate.

The ID tracks used in the combined, inside-out and segment-tagged reconstruction are
required to have a pt > 2 GeV, while calorimeter-tagged muons use a threshold of 5 GeV.

5.2 Muon calibration

A calibration process is applied to muons to correct their transverse momentum. This
correction is performed separately for the ID and the MS and is given by:

PP+ Lo sB (1, 0) (P

pCor,Det _
T o m—1 ’
2 MC,Det
L+ Eoo ARt (7,9) (YY) g
where p%or’DEt is the corrected transverse momentum for each detector, Det = ID, MS, and
pl%/lc’Det is the simulated uncorrected transverse momentum. The s}t and ArDet are the

momentum scale and resolution as functions of #7 and ¢. The # — ¢ regions are selected to
cover homogeneous detector areas.

The scale correction depends on two terms. The s5°t term corrects the inaccuracy in the
simulation of the energy loss in the calorimeter and other materials between the interaction
point and the detector. For the ID detector, s{ is set to zero as the energy loss is negligible.
The sP¢* term models inaccuracy in the description of the magnetic field integral and the
dimension of the detector in the direction perpendicular to the magnetic field.

The resolution correction is characterised by three parameters assuming that the relative
resolution can be modelled as:

TP) AT g a6 A - pr,
pr pr

where @ denotes the sum in quadrature. The Arg term describes the fluctuations of the
energy loss in the material and is set to zero for both ID and MS as they are negligible. The
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second term, Arj, models the local magnetic field inhomogeneities, multiple scattering and
displacement of the hits in the transverse direction. The third term, Ar, accounts for the
spatial resolution of the hit measurements and misalignment of the MS.

These seven (Ar{D, Arz , s1 , Arllws Arg/ls, SIS/IS, and s; MS) calibration constants are extracted
using J /¢ — pup and Z —> up events. For the ID correction, ArlP, ArlP, and s!P are fitted in
regions of 7 — ¢ using m - Similarly, for the MS constants, the m%s dlStI‘lbuthl’l is used for
the fits. In the case of the Z — up events, an additional variable,

MS Cor,ID
_ Pt —Pr
L= CorlD ’
Pt

which measures the pr imbalance between the measurement in the MS and the corrected
transverse momentum in the ID, is used.

From the corrected transverse momenta of the ID and MS, the combined prt is computed by
performing a weighted average:

CorCB — f pCOrID ( f) p%orMS/

where the weight f is derived from simulations by solving the linear equation

MC CB _ f PMC ID ( f) plj\ﬂC MS

After this calibration, the invariant mass of the dimuon system and its mass resolution are
shown in Figures 5.1 and 5.2. The measurements are extracted as a function of the leading
muon pseudorapidity with J /¢ — pup and Z — pp events.

5.3 Muon identification

Muon candidates go through an identification procedure to enhance their purity. This
procedure separates prompt muons — those produced in the hard scattering — and non-
prompt muons, which are the product of the hadron decay. A set of variables is used to
establish a selection, including the number of precision stations, precision hole stations, q/p
compatibility and p’, as detailed in the following:

* The number of precision stations is the count of MS stations with at least three hits in
the MDT or CSC detectors.

¢ The number of precision hole stations is the quantity of MS stations with fewer than
three hits and is missing at least three hits expected given its trajectory.
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measurements are represented as markers, and the simulation is shown as a line. The bottom panel
shows the Data and MC ratio. The error bars represent the statistical uncertainty, and the shaded

band represents the systematic uncertainty. From reference [139].
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5.3 Muon identification

* g/p compatibility is the agreement between the ID and MS in the charge-momentum
ratio, defined for combined and inside-out muons as:

19/ P> — 9/ pws|
Vo2 (q/pw) + 02 (p/qus)’

q/p compatibility =

where g/ pip and g/ pums are charge-momentum ratios in the ID and MS, and ¢ is the
corresponding uncertainty.

e (' is the ratio of the difference in pr measured by the ID and the MS divided by the
combined track pt, defined for combined and inside-out muons as:

r_ |PT,1D - PT,MS|
pP1.CB ’

where p1p, pTMs, and prcp are the muon pr measured by the ID, the MS, and the one
obtained after combining hits from both ID and MS.

¢ The normalised x? of the combined track fit.

Muons from combined, inside-out, segment-tagged and calorimeter-tagged reconstructions
are required to have at least one hit in the pixel detector and at least five hits in the SCT,
with at most two missing hits in the pixel detector and SCT. An exception is applied to
silicon-associated forward muons, where the required hits in the SCT is reduced to four.

Three main working points are defined for muon identification: Loose, Medium and Tight.
The Medium identification, in the || < 2.5 region, accepts only combined and inside-out
muons. These are required to have two precision stations, except for muons in the || < 0.1
region, which only need one precision station if they have at most one precision hole station.
A g/p compatibility smaller than seven is also required. In the 2.5 < || < 2.7 region,
MS extrapolated and silicon-associated forward muons are accepted if they have at least
three precision stations. The Loose identification includes, apart from the Medium muons,
calorimeter-tagged and segment-tagged muons in the || < 0.1 region. Additionally, inside-
out muons with pr < 7 GeV and || < 1.3 are accepted with one precision station if they
are reconstructed as segment-tagged muons. For Tight muons, candidates are selected from
Medium muons. Only combined and inside-out muons with at least two precision stations
and the normalised x? < 8 are accepted. Additional requirements in q/p compatibility and
o’ are applied. These cuts are optimised in regions of pr and || to maximise the rejection of
non-prompt muons.

Figure 5.3 shows the measured efficiencies for the three working points as functions of pr
using |/ — up events and as functions of # using Z — uu events.
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Figure 5.3: Efficiencies of the muon identification Loose, Medium and Tight working points. The
left plot displays the efficiencies measured using J /¢ — pp events as a function of pt. The right
plot shows the efficiency measured using Z — up events as a function of . The measurements
are displayed as filled markers and the predictions are displayed as open markers. The data and
simulation ratio is shown in the bottom panel of each plot. The error bars include the statistical
uncertainty in the top panel and both statistical and systematic uncertainties in the bottom panels of
each plot. From reference [138].

For very high-pr muons, a different working point is defined. This working point, named
High-pt, is designed to improve the momentum resolution of muons, which worsens rapidly
with pr. The High-pt working point selects only combined and inside-out Medium muons.
They are required to have at least three precision stations, except for muons crossing the
magnetic field inversion zones which are equipped with additional chambers and require
four precision stations. Another exception is made for muons in the || < 1.3 region with
two precision stations if the missing hits are in the inner station. Muons from regions where
the relative alignment of the traversed chambers is not known with sufficient precision are
rejected. An additional cut is applied to the g/ p relative uncertainty of the combined track.
The threshold is optimised as a function of p and |7|.

Figure 5.4 shows the measured efficiency of the High-pt working point as a function of #
and ¢ using Z — uu events.

Similarly to the High-pr identification, for the low-pr region, a pair of working points is
defined: the Low-pt cut-based and the Low-pr multivariate. For these working points,
only combined and inside-out muons are used. The inside-out muons are required to be
independently reconstructed as segment-tagged. Both combined and inside-out muons
use at least one precision station, with the exception of the region || > 1.3, where two
precision stations are required. For py > 10 GeV, the working point is defined as the Medium
identification.

For these working points, three additional variables are used:

¢ The momentum balance significance (MBS) defined as:
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Figure 5.4: The left plot displays the measurement of the efficiency of the muon identification High-pt
working point as a function of # and ¢ using Z — uu events. The right plot shows the data/MC
scale factor of the working point. From reference [138].

MBS = |pID - ﬁMS - Eloss| ,
o (Eloss)

where pip and pys are the momentum measured in the ID and at the entrance of the
MS, E)qss is the energy lost in the calorimeter system and o (Ej.gs) is its uncertainty. If
no momentum is measured in the MS, MBS is set to 0.

¢ The scattering neighbour significance (SNS) is defined as the largest value of the
scattering angle significance over the entire track. It is evaluated considering pairs
of adjacent hits and computed as the angular difference between the two half tracks
divided by its uncertainty.

¢ The scattering curvature significance (SCS) is defined as the integral of scattering angle
significances before and after the assumed decay vertex. It examines all potential pairs
of partial tracks originating or concluding at each hit. The SCS value is calculated as the
maximum absolute difference, among all pairs, between the two sums of significances
along each partial track. This value is then normalised to the square root of the total
number of pairs.

For the Low-pr cut-based working point, each of the three significance variables needs to be
lower than three. In the case of the Low-pr multivariate, a gradient BDT is used separately
for combined and inside-out muons. In adddition to the three significance variables, the
BDT uses the energy lost in the calorimeters, the number of MS segments associated with the
muon and their direction relative to the track in the ID, and the number of missing precision
hits in the middle MS station.

The efficiencies for the cut-based and multivariate Low-pt working points are shown in
Figure 5.5. The efficiencies are measured using J /¢ — up events as functions of pr and
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Figure 5.5: Muon identification efficiencies for the Low-pyr working points. The cut-based (mul-
tivariate) identification is shown in the left (right) plot. The efficiency measurements, derived from
J/¢¥ — pp events as functions of pt and # are represented as filled markers, while the simulation is
represented as open markers. Statistical uncertainties are represented by the error bars. The data and
prediction ratio is displayed in the bottom panel of each plot, including both statistical and systematic
uncertainties. From reference [138].

1. The pr ranges from 3 to 15 GeV. The multivariate criteria show a larger efficiency and
smaller uncertainties in the SFs.

5.4 Muon isolation

Muon isolation is crucial for discriminating muons originating from hard scatterings and
those produced in hadron decays. Isolation is defined as the transverse energy within a cone
around a muon divided by its transverse momentum. The computation employs information
from either ID tracks, calorimeter topological cell clusters, or a combination of both.

Track-based isolation is the scalar sum of transverse momenta of ID tracks associated with the
primary vertex in a cone in the 7 — ¢ plane of a certain size AR around the muon, subtracting
the muon track. Two variables are defined with different AR. The first variable, p_croneZO’ sets
AR = 0.2. For cases with topologies where activity near the muon is expected, pyrcone30
is defined with AR = min (10 GeV/ pff, 0.3). To compute these variables, the minimum
transverse momentum of a track being either 500 MeV or 1 GeV, depending on the working

point.

Calorimeter-based isolation is the scalar sum of transverse energy of topological cell clusters
within a cone in the 17 — ¢ plane of a certain size AR; the contributions from the muon
energy deposits and pile-up effects are subtracted. The calorimeter-based isolation variable
is defined with AR = 0.2, labelled E*P*"*.

A combination of track-based and calorimeter-based isolation variables is done to define the
particle-flow-based isolation variable. This variable is defined as the weighted sum of the

80
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Table 5.1: Definitions of the muon isolation criteria.

Working point Isolation definition Track pr threshold
varcone30 . pneflow20 Lt
PﬂowL(?ose (p,T . +0.4 ETﬂ 20) <0.16 pT}, 500 MeV
PflowTight (pyarcone3d 4 .4 . pReflow20) < 0,045 - ph
varcone30 . 4 ptopocone20 M
L(?ose P < 0.15-p1, Etg om0 <03-pp 1GevV
Tight pyareone30 < 0.04 - pk, EXP <0.15-pk
HighPtTrackOnly p5ene?0 < 1.25 GeV
ioh kOnl varcone30 M 1Gev
TightTrackOnly 2% < 0.06 - pt
PLBDTLoose pyareonedd < max (1.8 GeV, 0.15 - pf) BDT cut to mimic TightTrackOnly efficiency 1GeV
PLBDTTight pyareonedd < max (1.8 GeV, 0.15 - pf) BDT cut to mimic Tight efficiency

track-based isolation, py°n¢30, and the transverse energy of neutral particle-flow objects in
a cone of size AR = 0.2, E¥eﬂow20‘ The weight for track-based isolation is set to 1, while for

Eneflow20 j5 0.4, Contributions from muon energy deposit and pile-up are subtracted from
E%eﬂow20.

A multivariate discriminant based on BDT, labelled prompt lepton BDT, is defined using eight
different variables: calorimeter and track isolation, tracks information within a cone of size
AR = 0.4 around the muon (including track multiplicity), and the likelihood of originating
within a jet from a b-hadron decay.

Eight isolation working points are defined, including PflowLoose and PflowTight using the
particle-flow-based isolation variable, Loose and Tight using both track-based and calorimeter-
based isolation variables, HighPtTrackOnly and TightTrackOnly using only track-based isola-
tion variables and PLBDTLoose and PLBDTTight using the multivariate discriminant. For
some of them (PflowLoose, PflowTight, Loose, Tight, Tight TrackOnly) there is a second variation.
In this variation, pya°"¢® js used in the range where pi < 50 GeV and it is substituted by
psene20 for p¥ > 50 GeV. Table 5.1 summarises the definitions of these working points.

Figures 5.6 and 5.7 present the measured isolation efficiencies for Loose, PFlowLoose and PLB-
DTLoose selections, as well as for Tight, PFlowTight and PLBDTTight selections, respectively.
The efficiencies are measured using Z — uu as functions of transverse momentum and
AR (jet, n).
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Figure 5.6: Efficiencies of muon isolation measured in Z — upu for Loose working points. The Loose
working point is displayed in the top row, PFlowLoose in the middle row, and PLBDTLoose in the
bottom row. The efficiency measurements are shown as functions of transverse momentum on the
left column and as functions of AR (jet, 1) on the right column. Measurements are represented as
filled markers, and the simulation is represented as open markers. The data and prediction ratio
is presented at the bottom panel of each plot, with statistical and systematic uncertainties. From

reference [138].
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Figure 5.7: Efficiencies of muon isolation measured in Z — uyu for Tight working points. The Tight
working point is displayed in the top row, PFlowTight in the middle row, and PLBDTTight in the
bottom row. The efficiency measurements are shown as functions of transverse momentum on the
left column and as functions of AR (jet, #) on the right column. Measurements are represented as
filled markers, and the simulation is represented as open markers. The data and prediction ratio
is presented at the bottom panel of each plot, with statistical and systematic uncertainties. From
reference [138].
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6 Jet reconstruction, calibration and b-tagging

In this chapter, the reconstruction and calibration procedure for jets used by ATLAS in
Run 2 is presented [140, 141]. Additionally, Section 6.3 provides a description of the pile-up
jet suppression techniques using track information [142]. Finally, in Section 6.4, the b-jet
identification method is summarised [143].

6.1 Jet reconstruction

The jet reconstruction process begins by constructing topo-clusters using the same algorithm
employed for electrons and photons, as described in Section 4.1. These topo-clusters, along
with the ID tracks, serve as input for the particle flow algorithm.

The particle flow algorithm, summarised in Figure 6.1, starts by applying a selection over the
tracks. Subsequently, an attempt to match the tracks and a single topo-cluster is performed
and the expected energy deposit in the calorimeter by the particle that created the track
is computed. If the topo-cluster is not sufficiently energetic, additional topo-clusters are
added. Finally, the expected energy deposited by the particle that produced the track is
subtracted from the matched topo-clusters. If the remaining energy deposits are compatible
with shower fluctuations, the remnants are removed.

The track selection step involves several cuts. Firstly, tracks are required to have at least
nine hits in the pixel detector and SCT, with no missing hit when a hit would be expected.
Additionally, tracks must be in the || < 2.5 region and have pr > 0.5 GeV. Also, tracks with
pt > 40 GeV are not considered, as such energetic particles are poorly isolated, comprom-
ising the energy subtraction. Finally, any track matched with an electron or muon identified
with medium quality criteria is rejected.

Selected
racl

Cell

Subtraction

. d +Remnant
Cluster Removal

0 i v : i
Clust > [ Add clust l—;lc o o phodiisd
usters Uareied il e i P| Clusters

Clusters i Clusters .
H ‘/Um:hange

Unmatched Clusters
Clusters

Compute E/p [3 I e ———————————

to Cluster |-

Figure 6.1: Flow diagram of the particle flow algorithm. From reference [140].
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Once topo-clusters are built and tracks are selected, the next step is matching them. For this
process, tracks are sorted in descending pr-order. For each track, topo-clusters are ranked by
the distance defined as:

R
¢ Ty

where A¢ and Ay are the distances between the track extrapolated to the second layer of
the calorimeter and the barycentre of the topo-cluster. Additionally, oy and ¢;, are the topo-
cluster width computed as the standard deviation of the topo-cluster cells. A preliminary
selection is applied by requiring E' / p'™* > 0.1, where E!S is the energy of the topo-cluster
and p'™* is the track momentum. After this preselection, the topo-cluster closest in AR’ is
selected. If no topo-cluster with AR" < 1.64 is found, the track is kept unmatched.

Once topo-clusters are matched with tracks, the average energy deposited in the calorimeter

by a particle with a certain p'™* is given by:

e [ B
(Eaep) = P ( i )+
pref

where (ECUs / ptk) i determined using single-pion event simulated samples without pile-up.
This involves summing the energies of topo-clusters inside a AR = 0.4 cone around the track.
It is measured in regions of the pr and 7 of the track as well as a function of the layer of the
highest energy density. This layer is defined as the one with the largest ratio between the
increase in energy density and the increase in depth with respect to the previous layer. This

ratio is computed as:

Ap; =

where i denotes the layer, (o) is the energy density, and d is the depth of the layer in
interaction lengths. The values for (o), and dj are taken as 0. For the EM calorimeter, the
presampler is considered together with the first layer, and the Tile and HEC calorimeters are
treated as single layers. The energy density of a layer is defined as the weighted average
of the energy density of every cell in the layer. The weight of each cell is computed as
the integral over the cell area in the 77 — ¢ plane of a Gaussian distribution centred on the
extrapolated track with a width of 0.035. Additionally, the spread of the expected energy
deposit, o (Edep)/ is computed as the standard deviation of the Eclus / pgj; distribution in

ref
single-pion simulations.
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6.2 Jet calibration

The next step is to include satellite topo-clusters with the matched ones. For this stage, a
discriminant distinguishes between cases where the particle deposits its energy in a single
or multiple topo-clusters. This discriminant is defined as:

S <Eclus) — Eclus B <Edep> )
7 (Edep)

In the case when S (Edus) > —1, no additional topo-clusters are added. Otherwise, topo-
clusters within a cone of AR = 0.2 around the track position extrapolated to the second layer
of the calorimeter are considered to be matched to the track.

Once additional topo-clusters are matched when needed, the subtraction step is applied. In
cases where (Egep) is larger than the total energy of the topo-clusters, these are removed
completely. Otherwise, a more sophisticated algorithm is applied cell by cell. For this
subtraction, the most likely energy density profile is used. It is obtained from simulated
single-pion samples as functions of the track momentum and pseudorapidity and the layer
of the highest energy density. Then, density profiles are divided into rings in the  — ¢ plane
for each layer, and the subtraction is applied starting with the more energetic rings. If the
energy of a ring exceeds the energy of the cells in this region, cells are completely removed.
In the other case, the energy of the cells inside the ring is scaled to compensate (Egep ).

After the subtraction, the remnant removal is applied when the remaining energy of the topo-
cluster is smaller than 1.5¢ (Eqep ). Then, a final cut removes tracks with |Azpsin 6] > 2 mm
to supress pile-up effects. Finally, the anti-k; algorithm is applied over the selected tracks
and the remaining clusters with R = 0.4 to reconstruct the particle flow jets.

6.2 Jet calibration

Following the reconstruction process, the four-momentum of jets is corrected. This correction
is carried out in two distinct steps: the jet energy scale calibration and the jet energy
resolution.

6.2.1 Jet energy scale calibration

The jet energy scale calibration aims to restore the four-momentum of the jets to that at the
particle level. This calibration is conducted through several steps as illustrated in Figure 6.2,
starting with pile-up corrections to account for energy from additional proton-proton inter-
actions. It then proceeds with the absolute calibration, global sequential calibration, and
residual in situ calibration.
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jets pile-up correction corre calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- andjfor event p/le-U{) p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of i1 and N scale. Both the energy and

direction are calibrated.

Residual in situ
calibration

Global sequential
calibration

Reduces flavour dependence A residual calibration
and energy leakage effects ~is applied only to data
using calorimeter, track, and ~ to correct for data/MC
muon-segment variables. differences.

Figure 6.2: Flow diagram of the jet energy calibration process. From reference [141].

Pile-up corrections

Additional proton-proton interactions, resulting from the high luminosity of the LHC may
increase the measured jet energy during the reconstructing process. To correct for this
excess, a pile-up correction is applied. The first step involves a per-event pr-density-based
subtraction, computed as p X A, where A represents the area of the jet in the # — ¢ plane,
and p is the median jet pr density ((pr/A)). The calculation of p uses jets with || < 2,
reconstructed using the k; algorithm with radius R = 0.4.

The cut in || exploits the fine segmentation region of the calorimeter to characterise the
pile-up activity. However, this description is not completely accurate in the forward region
and a residual pile-up correction is performed by adding two of additional terms to the
correction given by:

pgforr:prTeco—pXA—“X(NPV_l)_ﬁXV/

where Npy is the number of reconstructed primary vertices and y is the mean number of
interactions per bunch crossing, sensitive to in-time and out-of-time pile-up, respectively. To
determine the dependence on these variables, « and B are computed using the difference
between the pr of the reconstructed and true jets in simulations, measured in regions of ||
and p'fUe, the jet pr at true level.

Absolute calibration

The absolute calibration, including jet energy scale and 7 calibration, corrects for energy
losses in passive material, out-of-cone effects, effects on the 77-dependent granularity of the
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Figure 6.3: Jet energy response as functions of the reconstructed jet # (left) and E™ (right). From
reference [141].

calorimeter and non-compensating calorimeter response. This calibration is derived from
the response obtained from simulations of dijet events for anti-k; jets with radius R = 0.4.

The jet energy response R is computed using simulations as the mean of a Gaussian fit to
the E™ / E"¢ distribution. It is measured in bins of E™® and #4e;. The fit is performed as a
function of E™® since the response distribution is Gaussian, while for E™ this is not the
case. The response is then parameterised as a function of E*“° using a numerical inversion
procedure, and the jet calibration factor is taken as the inverse of the response. Figure 6.3
shows the jet energy response for PFlow jets as a function of E™° and 74¢t in bins of 74t and
E™°, respectively.

A second correction, the 7 calibration, is then applied to reduce the deviation from zero in the
signed difference between 7 and 7", as shown in Figure 6.4. This correction is obtained
as the difference between 77 and 7™ as a function of E'™® and 74 Similarly to the jet
energy scale response, a numerical inversion procedure is used to derive the correction as a
function of E™<°.

Global sequential calibration

Following the absolute calibration, a series of corrections are implemented to address the
response effects caused by sources such as flavour, energy distribution of constituents,
and the transverse distribution. This correction is divided into six stages, with each stage
correcting the four-momentum of the jet using different observables as functions of pf"¢ and
det- The six variables used in the global sequential calibration encompass the longitudinal
structure of energy deposits observables, information on tracks associated with the jet, and

information from muon chambers behind a jet. These variables are defined as:

® fcharged, the fraction of pr measured from ghost-associated tracks with pr > 500 MeV
(for jets with |14et| < 2.5);
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Figure 6.4: The signed difference between #™“ and 7 as a function of |#]get|. From reference [141].

* frieo, the fraction of jet energy measured in the first layer of the hadronic Tile calori-
meter (for jets with |7get| < 1.7);

* frar, the fraction of jet energy measured in the third layer of the electromagnetic LAr
calorimeter (for jets with |14e¢| < 3.5);

* Nk, the number of tracks with pt > 1 GeV ghost-associated with the jet (for jets with
|77det| <2.5);

* Wy, also known as track width, the average pr-weighted transverse distance in the
11 — ¢ plane between the jet axis and all tracks of pr > 1 GeV ghost-associated with the
jet (for jets with |r7get| < 2.5);

® Tlsegments, the number of muon track segments ghost-associated with the jet (for jets
with |77get| < 2.7). In this step, the correction is obtained as a function of the jet energy
instead of the pr.

The jet pr response, defined as the average of the p« /p'f"® distribution as function of
each global sequential calibration observable, is shown in Figure 6.5 for various pr regions,
except for the 7segments distribution, which uses energy regions. After applying the complete
sequence of corrections, these dependencies are reduced to less than 2%, with the remaining
deviation from unity resulting from unaccounted correlations between observables.

The fractional jet resolution, oz /'R, where o, is the resolution of the response distribution
computed as the standard deviation of a Gaussian distribution, is used to determine the size
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Figure 6.5: Jet pT response a;e; function of each of the six observableélesed in the global sequential
calibration (a) fraction of the jet pr carried by charged particles, (b) fraction of energy in the first
layer of the Tile calorimeter, (c) fraction of energy in the third layer of the electromagnetic calorimeter,
(d) number of tracks, (e) track width, and (f) number of muon spectrometer track segments associated
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segments distribution that uses E™® regions. The error bars represent only the statistical uncertainty.

From reference [141].
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Figure 6.6: Fractional jet resolution after each step of the global sequential calibration. The black
squared markers represent the resolution after the absolute calibration with none of the stages of
the global sequential calibration. The other markers represent the resolution after each step of the
calibration. The lower panel shows the difference in quadrature between the resolution before any
stage is applied and after the corresponding step. From reference [141].

of fluctuations in the jet energy reconstruction. It is shown in Figure 6.6 and is reduced after
each step of the calibration.

In situ calibration

Once the jets are calibrated, residual differences between data and simulation jet responses
persist. These differences arise from imperfect simulation of detector material, hard scat-
tering, underlying events, jet formation and pile-up. The in situ calibration addresses these
issues by measuring the jet response in both data and simulation and correcting for the
differences between data and simulations.

The jet response is computed as the ratio of the jet pr and the pr of a well-calibrated object
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6.2 Jet calibration

balancing the jet. This process involves three stages. Firstly, a relative calibration, the 7
intercalibration, uses central jets to correct the jet energy scale of forward jets. Secondly, the
Z+jet and y+jet analyses use Z bosons and photons as reference objects to correct central
jets. Finally, the multijet balance analysis uses a set of well-calibrated low-pr jets to calibrate
a single high-pr jet in the central regions balanced to them.

The 7 intercalibration takes jets from the central region of the detector (|#74et| < 0.8), which
are measured with more precision, as well-calibrated objects to correct jets in the forward
region (0.8 < |#4et| < 4.5). Events must have exactly two jets in different # regions of the
detector. For these events the response ratio is computed as:

_ 2+ (A
R=r—ay

where (A) is the mean value of the asymmetry of the two jets, defined as:

left right
./4 o p T p T

- avg ’
Pr

where prTight (p'eft) are the transverse momentum for the jet with larger (smaller) 17 and p'®

is the average of both pr. The average response (R;;,) is measured for each bin i of n'ett, j of
ntieht, and x of p7'®. Additionally, the response ratio defines the calibration factor of the jets
as R = c'eft/crisht, These correction factors are obtained by the minimisation of a 2 and are
normalised such that the average of the central regions is unity.

Figure 6.7 shows the extracted relative jet response and the calibration factor as functions of
Ndet and p];t in regions of pf}Vg and 74et, respectively.

The second stage corrects the energy scale using the pt balance between the jet and the
well-calibrated photon or Z boson. It is extracted for jets of the central region, and the 7
intercalibration ensures it is extrapolated to the forward region. The combination of the
Z+jets and the y+jets measurements provides a wider range in pr than achieved separately.
While Z bosons are measured with high precision at low-pr from 17 GeV, precision is
reduced at moderate and high pr where statistics are lower. In comparison, y+jets precision
at pr < 100 GeV is limited, but it reaches the high-pt range with better precision. The in situ
calibration using y+jets events is explained in detail in Chapter 8 and briefly summarised
here.

This stage uses the missing-Et projection fraction (MPF) technique, which balances the
reference object pr against the full hadronic recoil in an event. In a Z/y+jets event at the
particle level, transverse momentum conservation implies:
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Figure 6.7: Relative jet response for data and simulation as a function of 74, for jets of (a) 40 GeV <
pr 8 < 60 GeV, (b) 85GeV < pT'® < 115 GeV and (c) 270 GeV < p1'® < 330 GeV; and as function
of pt for jets with (d) 1.2 < #ger < 1.4, (€) 2.6 < fget < 2.8, and (f) 3.0 < 7get < 3.2. The lower
panel shows the ratio of simulation and data response for the measurements (markers) as well as
the interpolation used as calibration factor (solid line) and the extrapolation to regions without
measurements (dotted line). From reference [141].
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Figure 6.8: MPF jet response as a function of reference pr using Z-+jets events where the Z boson
decays into electrons (left) and muons (right). Black markers represent the data response for the
2015-2017 period and are compared with two different simulations. The bottom panel shows the
ratio of the simulation and measurement that defines the in situ correction to be applied. The error
bars represent only the statistical uncertainties. From reference [141].

recoil
Ttruth —

ref
T,truth

At the detector level, with a calorimeter response, r\ipr, different than unity and assuming
the only source of missing energy is this response, the conservation relationship becomes:

—7ref - rec01l

P

fnuss

+ r™MpE P

After taking the projection of each term in the direction of the reference object, 7i,¢, the MPF
response, Rypr is defined as:

ﬁref . ﬁmiss

T ref

Pr

Rvee = ( 1+

The MPF response is shown in Figures 6.8 and 6.9 for Z+jets and y+jets respectively, com-
paring measurements and simulations. The bottom panels show the ratio of simulation and
data, which is taken as the correction factor. As these measurements are functions of pif, a

mapping is applied to get them as a function of pT .

Finally, the last step of the in situ calibration uses the multijet balance (M]JB) technique to
correct high-pr jets outside the range of the Z/y+jet analysis. To compute MJB response,
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Figure 6.9: MPF jet response as a function of reference pr using y+jets events. Black markers represent
the data response for the 2015-2017 period and are compared with two different simulations. The
bottom panel shows the ratio of the simulation and measurement that defines the in situ correction to
be applied. The error bars represent only the statistical uncertainties. From reference [141].

events are required to have a single high-pr jet balanced against a system of well-calibrated
jets by the Z/y+jet correction. The response is defined as:

prd
Rmys = - )
Pr

where pif is taken as the vector sum of all jets in the recoil system. This process is done
twice, with the first iteration only selecting events with subleading jets with pr < 1.2 TeV,
and the second raising the threshold to 1.8 TeV. This approach allows the calibration of
events with a subleading jet not calibrated by the Z/«y+jet correction.

Figure 6.10 shows the MJB response as a function of p**!. The measurement is compared
with four simulations, and in the bottom panel, the ratio that defines the correction is shown.
This ratio is then mapped from pif to plft to be correctly applied to jets.
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With the results from the Z/vy+jet analyses and the MJB, a combination is performed to
produce a single calibration covering the full range of pj;t. This combination parameterises
each of the four corrections (Z (— ee)+jets, Z (— up)+jets, y+jets and MJB). After they are
parameterised in bins of 1 GeV using second-order polynomial splines, a x> minimisation
is performed at each bin. Flgure 6.11 shows the result of the combination for the in situ

correction as a function of pT

6.2.2 Jet energy resolution

The jet energy resolution, which quantifies the precision with which the energy of a jet is
measured, can be parameterised by three different components: noise (N), stochastic (S) and
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Figure 6.11: Jet response ratio of data and simulation as a function of p];t. Measurements for
Z (— ee)+ets, Z (— pp)+ets, y+jets and MJB are represented by markers, while the combined
result is shown as a solid line. The inner horizontal ticks on the error bars represent statistical
uncertainties while the outer horizontal ticks include the systematic uncertainties. Statistical and
systematic uncertainties of the correction are depicted as bands. From reference [141].

constant (C). These terms contribute to the relative jet energy resolution as expressed by the
following equation:

where @ denotes the sum in quadrature. The noise term is caused by pile-up and electronic
noise from the front-end electronics, dominating at low pr. The stochastic term corresponds
to statistical fluctuations in the deposited energy, and the constant arises from energy
depositions in passive material, non-uniformities of response across the calorimeter, and the
starting point of hadron showers.

The jet energy resolution is computed by measuring the balance in dijet systems. Addition-
ally, an independent estimation of the noise term is performed. Both measurements are
combined and then applied to reconstructed jets.
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Resolution measurement using dijet events

The measurement of the jet energy resolution is performed using dijet events. After calibrat-
ing the jets, deviations from exact balance are only caused by experimental resolution. To
measure this difference, the asymmetry (A) is computed as:

probe ref
A — pT B pT
avg ’
Pt

where prTef is the transverse momentum of a jet selected in the 0.2 < ’qé‘fft} < 0.7 region,

considered well calibrated, excluding a seam around 74e¢ = 0 to measure the energy as clean

as possible; pgrObe is the transverse momentum of a jet from ‘Ué'ft{ < 45 and p7® is their
probe

det and

average. The standard deviation of A (04) is measured as a function of p7'® and 7
may be expressed as:

robe
O—IIJJT o) U_ref

pr
op = ,
(pr%)

where UE;Obe and a;,eTf are the jet energy responses for the respective jets. For calibrated jets,

the average transverse momenta must be equal, allowing the energy resolution of the probe

jet to be expressed as:
o probe o ref
<PT> PP <PT> _
Pt pr

The relative jet energy resolution for the reference jet is obtained from events where both jets
fall in the central reference region, simplifying the expression to:

< Tpr >mf _ %4

pT V2

Additionally, a correction to ¢ 4 is applied to remove effects not coming from the detector,
such as additional radiation and non-perturbative processes, expressed as:

Ujet — O_%eas o O,Jtiuth'

The measurement of the relative jet energy resolution as a function of pj;t in the central
. probe . . .
region of 775, is shown in Figure 6.12.
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Figure 6.12: Relative jet energy resolution as a function of p]TEt in the central region of the detector
measured using dijet events. The data resolution is shown as black markers and is compared with
the simulated resolution displayed as a solid line. The error bars represent the statistical uncertainty
of the measurement, and the shaded band represents the systematic uncertainty of the simulation.
The bottom panel shows the ratio of the data and simulation. From reference [141].
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Noise measurement using random cones

A direct estimation of the noise term is obtained separately for the contributions caused by
pile-up and electronic noise.

For the pile-up contribution, the random cones method is used. In this method, a couple of
cone regions of the 77 — ¢ plane are selected and the energy deposits are added. The cones
are selected randomly in ¢ and in opposite regions of #. From the transverse momentum
measured in each cone, the quantity ApXC is measured as:

ApY© = pf — Pt

where pS$! and p$? are the transverse momenta measured in each cone. Measuring the central
68% confidence interval of the distribution of Ap?c (orc) as a function of pseudorapidity
and the expected number of interactions per bunch crossing, the pile-up noise term (NV)

can be computed as:

NPU — ORC

=0

To estimate this electronic contribution, a simulation sample with y = 0 is used to measure
the jet energy resolution. Finally, the total noise term is obtained as a sum in quadrature of
both contributions and shown as a function of || in Figure 6.13.

Combination and application of jet energy resolution

A combination of the dijet measurement constrained with the noise term obtained independ-
ently is performed. This result as a function of p];t is shown in Figure 6.14.

The combined resolution is applied to simulation to ensure that the jet energy resolution for
simulation and data match. To achieve this, in regions of jet pr where the resolution in data
is larger than in simulation, the simulation should be smeared until its average resolution
matches that of data. In other regions, no smearing is performed since data should remain
unaltered.
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Figure 6.13: Jet energy resolution noise term as a function of |#|. The error band represents the total
uncertainty of the measurement. From reference [141].

6.3 Pile-up jet suppression from tracking

Even after calibration, where pile-up subtraction takes place, some pile-up remains. It is
caused by local fluctuations in the pile-up activity. To achieve further cleaning of the pile-up,
information from the tracks matched to each jet is used. A discriminant called jet vertex
tagger (JVT) is employed in this process.

The JVT discriminant is constructed as a two-dimensional likelihood based on a k-nearest
neighbour algorithm. The variables used are RPT and corrJVF, defined as:

L P (PVo)
pT — jet 4
Pt

R

where the scalar sum of the pr runs over the tracks associated with the jets originating in the
hard-scatter vertex, and the corrected jet vertex fraction is defined as:
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Figure 6.14: Combined jet energy resolution and noise term as a function of pj;t. The error band
represent the total uncertainty of the measurement. From reference [141].
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where ), >3 pi‘rrlafk (PV,) is the scalar sum of pr of the tracks associated with the jet origin-
ating from a primary vertex different from the hard-scatter vertex, n-J | is the total number
of pile-up tracks per event and k = 0.01. The probability defining the JVT discriminant for
each point of the corrJVF-R;r plane is computed as the ratio of the number of hard-scatter
jets to the number of hard-scatter plus pile-up jets in a local neighbourhood. This neighbour-
hood is defined as the 100 nearest neighbours produced by simulated samples of signal and
pile-up. Jets selected from a dijet sample with 20 < pr < 50 GeV and || < 2.4 are used for

the training of the k-nearest neighbour algorithm.

In Figure 6.15, the efficiency of the JVT cut is measured using Z (— upu)+jets events for three
different JVT working points: JVT > 0.2, JVT > 0.4 and JVT > 0.7, as functions of pfFEf
defined as the transverse momentum of the Z boson.
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Figure 6.15: Efficiency as a function of prTef for (@) JVT > 0.2, (b) JVT > 0.4, and (c) JVT > 0.7 measured
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reference [142].
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6.4 Jet flavour-tagging

The selection of jets containing b-, c-hadrons and jets originating only from light quarks
is an important selection criterion in some analyses. This process, referred to as flavour
tagging, is based on information such as charged-particle tracks, primary vertices, and
jets. Additionally, information about hadrons contained within jets is taken into account in
the simulations. This information is used to design low-level algorithms to identify heavy
quarks, which are later used as input for the high-level flavour tagger.

The low-level algorithms can be split into two categories. The first one includes algorithms
based on impact parameters and the second uses information from reconstructing displaced
vertices. Two algorithms based on impact parameters are defined: IP2D and IP3D. The
first one uses only the signed transverse impact parameter significance, defined as the ratio
of the the impact parameter and its uncertainty, whereas the second also uses the signed
longitudinal impact parameter significance. These methods define three log-likelihood ratios
for each algorithm: one separating b-jets and light-flavour jets, a second differentiating b-jets
and c-jets and a last one discriminating c-jets and light-flavour jets. These log-likelihood
ratios are defined as:

N
LLR =) In (py (Si) / prignt (S:))
i=1

for the b-jets against light-flavour jets discriminant and analogously for the other two. Here,
the sum runs over the tracks associated with the jets and p;, (S;) (prigh: (S;)) are the probability
density functions for the b-jet (light-flavour jet) hypothesis as a function of the track signed
impact parameter significance. These algorithms assume the different track contributions to
be independent of each other, and the addition of more input variables becomes difficult. To
overcome this situation, a recurrent neural network algorithm is used, taking as inputs the
signed transverse and longitudinal impact parameter significances, the fraction of transverse
momentum carried by the track relative to the jet pt, the angular distance between the track
and the jet axis, and the hit multiplicity of the track in the different ID layers of each track.
The tracks are ordered by the absolute value of the transverse impact parameter significances,
and the outputs from the recurrent neural network are the probabilities of being a b-jet, c-jet,
or light-flavoured jet. These probabilities are combined in a discriminant defined as:

Pb
D == ln 7
RNNIP (fc pet+ (1= fe) Plight)

where py, pc, and piign: are the three flavour probabilities, and f. is the c-jet fraction set as
0.07.
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6 Jet reconstruction, calibration and b-tagging

Two more low-level flavour taggers are used based on the displaced vertex approach. Firstly,
the Sv1 algorithm that reconstructs a displaced secondary vertex. This algorithm identifies
possible two-track vertices reconstructed with the tracks associated with the jet and rejects
those compatible with Kg or A decays, hadronic interactions with the detector, or photon
conversions. Then it runs over each possible two-track vertex to fit its position. In case the
invariant mass of the vertex is larger than 6 GeV, a x? is computed for every track to test
the track-vertex association, and the track with a larger Xz is removed from the fit. This
process is repeated until the invariant mass of the vertex is under 6 GeV, and 8 discriminant
variables are used as input for the high-level algorithm. Secondly, a topological multi-vertex
finding algorithm, called JetFitter, takes advantage of the topological structure of the
decays of b- and c-hadrons and tries to reconstruct the complete decay chain. This approach
tries to find the flight path of b-hadrons and vertex positions even for vertices with only one
track. Once the decay chains are traced, 17 variables are computed and used as input for the
high-level flavour tagger.

To maximise the performance of these flavour taggers, the DL1 algorithm series is designed
based on fully connected multi-layer feed-forward neural networks. The first version of the
series, called DL1, uses as input the outputs from the IP2D, IP3D, SV1, and JetFitter
algorithms. Additionally, another variation, called DL.1r, was designed including the RNNIP
output. In Table 6.1, the discriminant variables used as input are listed. These neural
networks have as output the probabilities for a jet to be a b-jet, c-jet, or a light-flavour jet.
Finally, a discriminant for the b-tagging is defined as:

Pb
D r=1In ’
DL1/DL1 (fc pe+(1—fo)- Pnght>

where py, pc and pign are the outputs of the neural network, and f. is set to 0.018 to optimise
the performance. Analogously, a discriminant for c-tagging is defined as:

Dt =1In Pe > ,
DL1/DL1r <fb o+ (L= f) - Pight

where f} is set to 0.2. The working points for these algorithms are defined according to the
efficiency of b-jets passing a fixed cut in the discriminant.

The performance of b-tagging is characterised by rejection factors for light-flavoured and
c-jets. These rejection factors are computed as the inverse of the efficiency for each kind
of background jet. Figure 6.16 presents the rejection factors for the DL1r algorithm in
comparison with the RNNIP, SVKine, and JFKine algorithms as functions of the efficiency
of b-tagging. The SVKine and JFKine taggers are shown in this figure solely to illustrate
the performance of the SV1 and JetFitter algorithms. The DL1r tagger performs better
than all other low-level algorithms. Figure 6.17 provides a similar comparison for the DL1
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6.4 Jet flavour-tagging

Table 6.1: Discriminating variables used as input in the high-level flavour tagger algorithms.

Algorithm Variable Description
pT Jet pr.
1] Jet J1]-
In <Pb / Plight) Likelihood ratio of the b-jet to light-flavour jet hypotheses.
IP2D In (P, /P:) Likelihood ratio of the b-jet to c-jet hypotheses.
In (Pc / Pﬁght) Likelihood ratio of the c-jet to light-flavour jet hypotheses.
P, b-jet probability.
RNNIP P, c-jet probability.
Piight Light-flavour jet probability.
m (2“d> (SV) Invariant mass of tracks at the secondary vertex assuming pion
mass.
fE (2“d> (SV) Jet energy fraction of the tracks associated with the secondary
vertex.
Nk AtVix (an> (SV) Number of tracks used in the secondary vertex.
Sv1 Notkvix (SV) Number of two-track vertex candidates.
Lyy (2“d> (SV) Transverse distance between the primary and secondary vertices.
Lyyz 2nd) (sv) Distance between the primary and secondary vertices.
Sxyz 2nd) (SV) Distance between the primary and secondary vertices divided by
its uncertainty.
AR (7]-,3'(, ?Vtx) (SV) AR between the jet axis and the direction of the secondary vertex
relative to the primary vertex.
m (2“01) (JF) Invariant mass of tracks at the secondary vertex assuming pion
mass.
fE (2“d> (JF) Jet energy fraction of the tracks associated with the secondary
vertex.
NTAtVix (2“d> (JF) Number of tracks used in the secondary vertex.
Noraevix JF) Number of two-track vertex candidates.
Lyy (2“d> (JF) Transverse distance between the primary and secondary vertices.
Lyyz 2nd) (JF) Distance between the primary and secondary vertices.
Sxyz 2nd) (JF) Distance between the primary and secondary vertices divided by
its uncertainty.
JetFitter AR (7jet, 7vtx) (JF) AR between the jet axis and the direction of the secondary vertex

N 1—trkvertices

N >2—trkvertices

Mrk

E <2nd>
fE
NTrkAtvix

min, max, avg
Utrk

()

relative to the primary vertex.

Number of single-prong displaced vertices.

Number of multi-prong displaced vertices.

Invariant mass of tracks from displaced vertices.

Energy of the tracks associated with the secondary vertex.

Jet energy fraction of the tracks associated with the displaced
vertices.

Number of tracks from multi-prong displaced vertices.

Min., max. and avg. pseudorapidity of tracks at the secondary

vertex.
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Figure 6.16: The rejection factor for light-flavour jet and c-jet as functions of the efficiency of the DL1r
algorithm, compared with RNNIP, SVKine and JFKine algorithms. The lower panels show the ratio
of rejections factors of light-flavour and c-jet for these algorithms over the RNNIP rejection factor. The
coloured bands represent statistical uncertainties. From reference [143].

and MvV2c10 taggers. The Mv2c10 algorithm is a previous ATLAS tagger [144] based on
boosted decision trees. Both the DL.1 and DL1r taggers exhibit a larger rejection factor than
Mv2c10 for all efficiencies, demonstrating that the DL1 series has a superior performance.
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The coloured bands represent the statistical uncertainties. From reference [143].
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7 Missing transverse momentum
reconstruction and performance

In this chapter, a description of the method used to reconstruct the missing transverse
momentum in ATLAS is presented [145, 146].

7.1 Missing transverse momentum reconstruction

The missing transverse momentum in the event, whose magnitude is denoted as E%ﬁss, is
defined as the negative vector sum of the pt of the reconstructed and calibrated objects in
the event.

The reconstruction of EX* is performed using the transverse momenta of the particles
present in an event, including muons, electrons, photons, hadronically decaying t-leptons,
and jets. This is calculated following the expression:

miss __ Miss, i miss,e miss,y miss, T miss,jets miss,soft
B =Ew" The TEy TEe TheyT TRy
where each term is computed as the negative vectorial sum of transverse momenta of every
candidate of each kind. The first five terms are commonly referred to as the EF hard term,
while the last one, called soft term, accounts for transverse momenta of energy deposits or
tracks of charged particles that are not associated with any candidate.

Additionally, another important magnitude related to EXSS, the total transverse energy
in the detector, }_ Et, is computed. This quantity measures the total event activity and is
related to the resolution of EMis*. It is defined as the scalar sum of the transverse momenta
of reconstructed objects and the soft term that contributes to the reconstruction of EMss:

Y Er=Y ph+ Y+ pt+ i+ P+ Y ppete

To minimise double counting in the EX* hard term, different objects are treated sequentially.
Firstly, muons and electrons are selected following the same criteria used for the selection
in the analysis. Photons and hadronically decaying t-leptons are either selected following
the selection in the analysis or their corresponding detector signals are treated as if arising
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7 Missing transverse momentum reconstruction and performance

from hadronic jets. Finally, the jet selection is applied analogously to the selection in the
analysis.

To resolve the ambiguity between particles reconstructed with calorimeter deposit inform-
ation such as electrons, photons, hadronically decaying t-leptons, and jets, a hierarchy is
set. Electrons are the higher-priority objects followed by photons. Hadronically decaying
T-leptons come later, and jets are the lower-priority objects. Finally, the energy deposits
associated with jets are accounted for in either the hard or soft term. This ordering is based
on the variables defined in the following. Firstly, the ratio of electron, photon, or hadronically
decaying T-lepton energy and the jet energy is computed:

EPM

_ i
f overlap =~ TEM’
Ejet

where i represents the electron, photon or hadronically decaying t-lepton; the energies are
calibrated at the EM scale. The second variable is the difference in transverse momentum at
the EM scale of the jet and object i:

EM/ijet _ EMjet  EM,i
Apr =pr = —Pp -
Jets with foverlap < 1.0 and APEM’i’jet > 20 GeV are treated in the jet term and, otherwise,
contribute to the soft term.

Additionally, calorimeter showers from muons may be reconstructed as jets and another
ambiguity resolution is performed. To remove these jets, the following four conditions must
be met:

¢ the ID track of the muon is associated with the jet calorimeter deposits.

. p%‘fID / pj;HD > 0.8. The pr of the ID track associated with the muon represents a

significant fraction of the transverse momentum of the sum over all ID tracks associated

with the jet.

. pj{ft / pq_ID < 2. The overall transverse momentum of the jet is not too large compared
to the transverse momentum of the muon ID track.

. Ntlz;/ck < 5. The total number of tracks associated with the jet and emerging from the

hard-scatter PV is small.

Similarly, muons may produce FSR in the form of photons that are not reconstructed as
photons or electrons. As the transverse momentum of these photons reconstructed as jets is
not recovered in muon reconstruction, jets falling in the following selection are included in
the hard term of EIss:
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7.2 Missing transverse momentum performance

¢ the ID track of the muon is associated with the jet calorimeter deposits.

o NIV, < 3. The total number of tracks associated with the jet and emerging from the

hard-scatter PV is very small.

* fem < 0.9, where fpm = EjEeltV[/ Ejet- The jet energy is largely deposited in the electro-
magnetic calorimeter.

pjTEtPS > 2.5 GeV. The transverse momentum contribution of the jet in the presampler
calorimeter is large.

* Wiet < 0.1, where wjet = }; AR;p%/ ¥ pi and AR, is the angular distance of topocluster
i from the jet axis. The jet is narrow with a width comparable to a dense electromagnetic
shower.

. ;ﬁ_ID / pj;HD > 0.8. The pr of the ID track associated with the muon represents a

significant fraction of the transverse momentum of the sum over all ID tracks associated
with the jet.

The soft term is composed of all detector tracks and calorimeter energy deposits not matched
to the reconstructed objects defined previously and may contain contributions from the
hard scatter as well as the underlying event and pile-up interactions. To reconstruct this
term, the particle flow reconstruction is used. Tracks associated to charged particle flow
constituents not associated to any object are selected if they have pr > 0.5 GeV, are in the
region of || < 2.5, and have a longitudinal impact parameter |Azpsin 6| < 2.0 mm.

7.2 Missing transverse momentum performance

The missing transverse momentum performance is characterised by a high level of complex-
ity, due to the composite character of the observable. The resolution for EX*S is a convolution
of the contribution from multiple objects. To asses the quality of the EX reconstruction
its scale and resolution are measured and compared to simulations using Z — uu events,
where no genuine EX*S is expected.

The projection of the EX® vector in the direction of the p;Z is used to measure the EXiss
scale. This observable is sensitive to the contribution from the hadronic recoil in the opposite
direction to the Z boson. It is measured as a function of the transverse momentum of the Z
boson as an indicator of the hardness of the interaction.

Figure 7.1 shows the average projection of EXisS vector onto the direction of the Z boson
transverse momentum vector using Z — upu events. The residual offsets for data and
simulations agree within the uncertainties.
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Figure 7.1: The average projection of EFS onto the direction Az of the Z boson transverse momentum
vector as a function of p% measured using Z — pp events. The simulation is compared to data and
the ratio is shown in the lower panel. The total uncertainty is represented as a shaded area. From
reference [145].

The EXS resolution is estimated by the width of the combined E,‘}};SS distributions. The
width is computed in terms of the RMS.

Figure 7.2 shows the RMS of the Eg;ss resolution as functions of }_ Etr and the number of
primary vertices. The ) Et distribution shows two different behaviours. For the 50 GeV <
Y. Et < 200 GeV range, where the two muons are the dominant hard objects contributing to
the missing transverse momentum, the resolution quickly rises from 5 GeV to about 20 GeV.
Beyond this range, as the transverse momentum of the individual jets rises and the number
of contributing jets slowly increases, the RMS is driven by the resolution from jets and the
slope decreases. For the distribution as function of the number of primary vertices, data
shows a less steep slope than the simulation. However, in both cases data and simulation
agree within the uncertainties.
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Figure 7.2: The RMS width of the E?};SS distributions as functions of } Et (left) and the number of
primary vertices measured using Z — uyu events. The simulation is compared to data and the ratio is
shown in the lower panel. The total uncertainty is represented as a shaded area. From reference [145].
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8 In situ jet energy scale calibration using
v+jets events

The energetic pp collisions produced by the LHC yield final states predominantly character-
ised by jets, which are collimated sprays of charged and neutral hadrons along with their
decay products. Jets are crucial for the physics programme carried out using the ATLAS
detector, and a precise understanding of jet reconstruction is vital for a wide range of pro-
cesses. Measurements of both the jet energy scale (JES) and resolution (JER) of these complex
objects are therefore essential for precision measurements of the SM and for searches for new
phenomena. Improved measurements of the jet energy scale calibration and an evaluation
of their performance in simulation and data pave the way to achieve better precision on
the JES for Run 3 and beyond. These techniques were developed for jets reconstructed
with the anti-k; algorithm [101, 147] with a radius parameter R = 0.4 using particle flow
inputs [140, 141]. Previous calibration strategies by the ATLAS Collaboration, using up to
81 fb~! data [141, 148-152], are extended and improved by taking advantage of the full
Run 2 data sample of 140 fb~!.

The jet energy scale calibration consists of a series of steps. The first stage of the calibration
uses simulation to derive corrections to the jet energy scale, reducing the impact of pile-up,
detector effects, and other parameters. The second stage of the calibration is an in situ
calibration, correcting for remaining differences between data and MC simulation, derived
using well-measured reference objects, including photons and Z bosons.

This chapter presents the measurements of the in situ jet energy scale calibration using
7-+jets events, as detailed in Ref. [153]. The structure of this chapter is as follows. Section 8.1
summarises the data and simulation samples used to measure the in situ jet energy scale,
and Section 8.2 describes the selection criteria employed in the analysis. Section 8.3 briefly
describes the in situ calibration method in the jet calibration process. Section 8.4 presents the
MPF method used to measure the jet response, Section 8.5 details the fitting algorithm used
to estimate the MPF response, and Section 8.6 describes the correction method applied to
the measured MPF response to reduce the effects from the multijet background. Section 8.7
details the uncertainties taken into account in the analysis, and the results are presented in
Section 8.8.
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8 In situ jet energy scale calibration using y-+jets events

8.1 Data and simulated samples

The data used for the calibration study were collected by ATLAS in pp collisions at /s =
13 TeV from 2015 to 2018 with all subdetectors operational, corresponding to an integrated
luminosity of 140 fb~!. The proton bunch crossing interval was 25 ns during this period of
data taking. The average number of interactions per bunch crossing, y, for the Run 2 data is
34. These conditions, along with the detector configuration and reconstruction thresholds,
are taken into account in producing and reconstructing simulated events [154].

The in situ calibration uses simulated MC y-+jets events. PYTHIA 8.230 [155] is used as the
nominal MC sample. Events were generated using tree-level matrix elements for photon-
plus-jet final states as well as LO QCD dijet events, with the inclusion of initial- and final-state
parton showers. The fragmentation component was modelled by final-state QED radiation
arising from calculations of all 2 — 2 QCD processes. The NNPDF2.3L0 [156] PDF set
was used in the matrix-element calculation, the parton shower, and the simulation of the
multi-parton interactions. The samples include a simulation of the underlying event with
parameters set according to the A14 tune [157]. The Lund string model [158, 159] was used
for the description of the fragmentation into hadrons.

An alternative MC sample generated with SHERPA 2.2 [160] was also used. For this sample,
NLO-accurate matrix elements for up to two partons, and LO-accurate matrix elements for
up to four partons were calculated with the Comix [161] and OPENLOOPS [162-164] libraries.
The default SHERPA parton shower [165] based on Catani-Seymour dipole factorisation
and the cluster hadronisation model [166] were used. The samples used the dedicated set
of tuned parameters developed by the SHERPA authors for this generator version and the
NNPDE3.0NNLO PDF set [167]. The NLO matrix elements for a given jet multiplicity were
matched to the parton shower using a colour-exact variant of the MC@NLO algorithm [168].
Different jet multiplicities were then merged into an inclusive sample using an improved
CKKW matching procedure [169, 170] which was extended to NLO accuracy using the
MEPS@NLO prescription [171]. The merging cut was set dynamically at a scale of 20 GeV
according to the prescription in Ref. [172].

For the SHERPA samples, the renormalisation and factorisation scales for the photon-plus-
jet core process were set to the transverse energy of the photon, E]. The strong coupling
constant was set to as (mz) = 0.118 and the QED coupling constant was evaluated in the
Thomson limit. Photons from the matrix elements were required to be within the rapidity
range |y,| < 2.7, and isolated according to a smooth-cone isolation criterion [173] with
dp = 0.1, e, = 0.1, and n = 2. The effects of QCD scale uncertainties were evaluated [174]
using seven-point variations of the factorisation and renormalisation scales in the matrix
elements. The scales were varied independently by factors of 0.5 and 2, avoiding variations
in opposite directions. The PDF uncertainties for the nominal PDF set were evaluated using
the 100 variation replicas, as well as +0.001 shifts of as. Additionally, the results were
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8.2 Data and simulation selection

Table 8.1: List of single-photon triggers used in the y+jet in situ calibration. Each trigger is shown
with its corresponding E'{ range.

E] range [GeV] HLT trigger

17 —20 HLT_g10_loose
20 —25 HLT_g15_loose
25—-130 HLT_g20_loose
30 —40 HLT_g25_loose
40 — 45 HLT_g35_loose
45— 50 HLT_g40_loose
50 — 55 HLT_g45_loose
55 — 65 HLT_g50_loose
65 —75 HLT_g60_loose
75— 85 HLT_g70_loose
85 — 105 HLT_g80_loose

105 — 125 HLT_g100_loose
125 — 145 HLT_g120_loose
145— inf HLT_g140_loose

cross-checked using the central values of the CT14NNLO [175] and MMHT2014NNLO [176]
PDF sets.

All samples are reconstructed using a full detector simulation and minimum-bias interactions
simulated using PYTHIA 8 with the A3 set of tuned parameters [177] and NNPDF2.3L0O
PDF were superimposed set to represent multiple pp interactions during the same or nearby
bunch crossings. The distribution of the average number of pile-up interactions in simulation
is reweighted during data analysis to match that observed in the Run 2 data.

8.2 Data and simulation selection

The event sample used in this analysis is selected using a collection of single-photon triggers.
The lowest unprescaled trigger for single-photon events during the complete Run 2 is
the HLT_g140_loose, which selects events compatible with having a Loose photon with
pY > 140 GeV and reaches an efficiency near 100% in the E] > 145 GeV range. To measure
the energy scale for jets below this threshold, it is necessary to use prescaled triggers and
weight the events selected according to the trigger efficiency. The trigger menu used for
event selection is shown in Table 8.1 with the corresponding E] range for each individual
trigger.
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8 In situ jet energy scale calibration using y-+jets events

Events must satisfy common selection requirements in the in situ analysis. Each event
is required to have at least one reconstructed primary vertex with at least two matched
tracks of pr > 500 MeV. Jets arising from cosmic rays, non-collision background and
calorimeter noise are vetoed by applying data-quality requirements [178]. In addition, jets
with 20 < pr < 60 GeV and |#4et| < 2.4 are required to satisfy the criteria of JVT [142, 179].
The JVT criteria reject jets from pile-up interactions by matching jets with the primary vertex;
it has a selection efficiency of 97% for hard scatter jets at the nominal operating point.

Photon candidates entering the analysis are required to have El > 25 GeV and |7| < 1.37
and to satisfy the Tight identification and isolation selection criteria [132]. The jet is removed
if it falls within AR = 0.4 (0.35) of a photon (lepton).

Events must contain a jet with pr greater than 10 GeV that falls within |7| = 0.8. To suppress
effects from additional parton radiation, further requirements are imposed on the azimuthal
angle between the photon and the leading jet A¢™t > 2.9 and pr of the subleading jet
pr < max (0.3 x p*f,12) GeV, where the subleading jet falls within || = 4.5.

8.3 In situ calibration

The in situ correction, as the final calibration step, accounts for differences in the jet response
between simulation and data. Such differences arise due to the imperfect simulation of de-
tector response and the amount of detector material, and the modelling of physics processes
involved: hard scattering, underlying event, pile-up, jet formation and particle interactions
with the detector material. The in situ calibration also provides important validation of the
MC calibration of jets by comparing the data-to-MC difference between the pr balance of a
jet recoiling from a well-calibrated object or system.

The in situ calibration response, R, s, is defined as the average ratio of the jet pr to the
transverse momentum of the reference object prTef, derived as a function of prTEf . The Riy, situ
response is susceptible to effects such as the radiation of additional partons or the loss
of energy outside the reconstructed jet cone. Dedicated event selections are applied to
mitigate these effects. A double ratio, insensitive to these secondary effects provided they
are well-modelled in simulations, is defined as

— in situ
MC
in situ

Rdata
C =

The calibration factor applied to the jet four-momentum in data is obtained by a numer-
ical inversion of this double ratio as a function of jet pt, and as a function of 74.t in %
intercalibration (see below).
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8.4 The MPF method

Two stages of in situ analyses are done sequentially to assess the performance of MC calibra-
tions. First, a relative in situ calibration referred to as the 7 intercalibration is done, which
corrects the energy scale of forward jets (0.8 < [f7get| < 4.5) to match that of the central
jets (|7qet| < 0.8) using the pr balance in a dijet system. Second, an absolute calibration is
done by measuring the pr balance of a central jet against a well-calibrated Z boson or a
photon. The missing-Et projection fraction (MPF) method [180] is used in Z/y+jet events
to calculate the pr balance between the full hadronic recoil and a Z boson or a photon. The
method is less susceptible to effects of pile-up and the threshold of the jet reconstruction
than the direct balance method, allowing a reliable measurement of the low-pr jet response
below 100 GeV.

For each in situ analysis, the main sources of systematic uncertainties arise from the sim-
ulation model of physics processes, the measurement of the reference object, and the pr
balance due to the selected event topology. Uncertainties related to the simulation model
of physics effects are addressed by taking the difference between the predictions of two
distinct MC event generators. The difference between jet response in simulations depends
on hadronisation models that lead to different jet composition [181]. Uncertainties in the
reference object are estimated by propagating the +1c calibration uncertainties through the
analysis. Uncertainties due to the selected event topology are evaluated by varying the event
selection criteria and comparing the impact on the response ratios between data and MC
simulation. To reduce the statistical fluctuations when applying the systematic variations,
a rebinning procedure similar to that used in previous publications [141] is employed to
obtain statistically significant results using pseudo-experiments. This rebinning procedure is
only performed in regions where no sharp variations in pr response are observed to ensure
that no real physics effects are removed.

8.4 The MPF method

The MPF method measures the pr balance between the reference objects and the full hadronic
recoil in Z /y-+jet events. This technique allows for the direct computation of the calorimeter
response to hadronic showers. It is minimally affected by pile-up and underlying event,
which are uniform across the detector and thus cancelled out in the MPF method. According
to the conservation of transverse momentum, the transverse momentum of all the hadronic
activity ina Z /y+jet event, pt«°ll, should be equal and opposite to the transverse momentum
of the reference boson, p¢, at the particle level, such that

—7ref —rrecoil __
p T truth + P Ttruth — 0. (81)

At the detector level, well-calibrated objects have a response of unity while the calorimeter
response to the hadronic recoil, rvpg, is lower than unity, resulting in possible missing
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8 In situ jet energy scale calibration using y-+jets events

transverse momentum ?‘T“iss in the event. Therefore, Equation 8.1 can be written as:

—>ref recoil __ miss
P g PR =

Projecting the vector terms along the direction of the reference boson using a unit vector 7
in the transverse plane, r\pr depends only on the missing transverse momentum and the
transverse momentum of the reference boson. The average of rvipr, Rmpr, is measured as a
function of pi¢f, the pr of the reference Z /< boson:

7 1:‘ﬁmiss
RMPF:<1+rerefT ,
Pt

where ?%ﬁss is computed using particle-flow objects calibrated at the EM scale.

8.5 Fitting procedure

The MPF response is computed in bins of p™!. In each bin, the distribution of rypr is fitted
to a Gaussian distribution. The fit is performed in a window centred on the mean of the
complete distribution, whose width is between 2.4¢ and 40, where ¢ represents the RMS of
the complete distribution. This limitation in the fitting range aims to reduce the contribution
from mismodelling in the tails of the distribution. The mean value of Rypr is taken as the
mean of the Gaussian distribution obtained in the fit.

The results of the fits of the MPF response in different bins of p¢f for the data sample are
shown in Figure 8.1. Figures 8.2 and 8.3 present the results of the fits for the simulated
samples generated with PYTHIA and SHERPA, respectively.

8.6 Signal purity corrections

Even after requiring photons to be Tight and isolated, a remaining amount of background
events is still present in the sample, as shown in Ref. [182]. Figure 8.4 shows how the
distribution of Tight photon candidates is well described by a fitted linear combination of
the signal simulation and the non-Tight photon candidate distributions. This background
comes from jets misidentified as photons and introduces a variation in the MPF response. A
correction in the response is needed to take into account the contribution of the background.
For this purpose, a data-driven method is used.

Four regions are defined in the p — EX° plane:
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8 In situ jet energy scale calibration using y-+jets events
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Figure 8.4: The EiTSO distributions for Tight photon candidates (dots) for (a) R = 0.2 and (b) R = 0.4
isolation cone. The data distribution is shown together with the signal simulation (dotted line).
Additionally, the result of fitting the distribution (solid line) with a linear combination of the signal
simulation and the non-Tight photon candidates (the distribution of the non-Tight contribution is
shown separately as a dashed line). From reference [182].

* Region A: the signal region. It contains Tight and isolated photon candidates.
* Region B: the control region with Tight and non-isolated photon candidates.
* Region C: the control region with non-Tight and isolated photon candidates.

* Region D: the control region with non-Tight and non-isolated photon candidates.

For the non-Tight photon candidate sample, photons failing the Tight identification criteria
are required to pass the LoosePrime4 identification, which adds to the Loose identification
the requirements on Ry, Wstot, and f; from the Tight working point. Analogously, for the
non-isolated photon candidates, the Loose isolation WP is required.

The correction applied to the response is computed assuming the measured response, i. e.,
the response in Region A, as a linear combination of the signal response and the response in
the control region that describes best the background in Region A. This is given by:

Ra =P RO 4+ (1—P)-Re,

where P is the signal purity in Region A, the fraction of signal events present in this region,
R is the corrected response, and Rr with R = A, C is the response measured in each
region. Figure 8.5 shows the response for regions A and C together with their ratio. The
response in the background region is around 2% higher than in the signal region at low
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Figure 8.5: MPF response as a function of pﬁ?f for y+jets events for both the signal region (isolated and

Tight photon candidates) and the background region with isolated and non-Tight photon candidates.
The bottom plot shows the ratio of the MPF response in both regions. Error bars represent the
statistical uncertainty in the fit.

pif and becomes more compatible as p¢f increases. The reduced number of events in the

high-p'*f range makes the statistical uncertainty increase. In Appendix A, the plots of the fits
for Region C are shown.

To compute the signal purity needed for the response correction, the same data-driven
method employed in previous publications [183-185] is used. This method uses a counting
technique based on observed events in the three control regions previously defined. The
signal purity is defined as:
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8 In situ jet energy scale calibration using y-+jets events

where N, is the total measured number of events in Region A and Nzig is the number of
signal events in Region A. To compute the number of signal events, the number of events for
the background is considered to follow:

bg bg
NA _ Rbg NB

bg bg’
Nc Np

where NEg with R = A, B, C, D is the number of background events in each region and Rb8
represents the correlation factor between yp and Eifo in background events. This correlation
factor characterises the deviation from the uncorrelated case for which it is set to be unity.
With this relationship, the number of signal events in Region A is given by:

bg bg

: N8 - N,

N3® = Na — Nf;g — Ny —Rb8.B __C B €
Np

At the same time, ngg with R = B,C, D is computed as:

b si, si
Ng? = Ng — N3® = Ng —eg - N},

where ¢y, is the signal leakage fractions on Region R. The signal leakage fractions are com-
puted as eg = Nf{lg’MC/ N/S;g’MC. Figure 8.6 shows the signal leakage fractions of each
background region for PYTHIA and SHERPA. Once the signal leakage fractions are computed,
setting RP8 to unity is the only assumption needed to have a solvable quadratic equation
in N8. Taking the positive solution from the equation, or the smaller in the case of two
positive solutions, as N ?, the purity, shown in Figure 8.7, is computed. The signal purity
computed with both samples behaves similarly. In the pif > 1200 GeV range, as unity is
covered by the statistical uncertainty, the purity is set to 100%.

The nominal correction is obtained with the signal leakage fractions computed with the PY-
THIA sample. The SHERPA sample correction is computed to estimate a source of uncertainty
coming from the signal leakage fractions. Both correction factors are shown in Figure 8.8.
The correction factors obtained from both samples range from around 99.3% in the first bin
and approximate to unity as p¢f increases.

8.7 Systematic uncertainties

Several sources of systematic uncertainties are considered. Uncertainties due to the energy
scale and resolution of the photons are derived from existing calibrations for each object
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Figure 8.6: Signal leakage fractions as a function of prTef in y+jets events used for the purity correction
of the jet response. Solid markers represent the signal leakage fractions computed with PYTHIA while
SHERPA is displayed as empty markers. Error bars represent the statistical uncertainty.

and propagated through the corresponding analysis. The impact of additional parton
radiation on the response measurement is evaluated by varying the selection criteria for the
subleading jet veto and A¢™"J¢t. Uncertainties arising from pile-up suppression are estimated
by comparing the response measurement between tighter and looser JVT working points.
The statistical uncertainty dominates at the highest and lowest pr bins. Pseudo-experiments
are implemented in the estimation of uncertainties to reduce statistical fluctuations.

Photon energy scale and resolution

The uncertainty on the MPF response originating from the energy scale and resolution of
the photon is estimated by propagating a positive and a negative component for the energy
scale and the corresponding one for the energy resolution. The systematic uncertainty in
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Figure 8.7: Signal purity in Region A as a function of p%ef in y+jets events used for the correction of

the jet response. The purity computed using PYTHIA (SHERPA) is represented as triangles pointing
upward (downward). Error bars represent the statistical uncertainty.

the MC-to-data ratio coming from the energy resolution is found to be negligible. The
uncertainty originated from the energy scale is the dominant contribution above 100 GeV,
increasing from 0.3% in the low-pf region to 0.8%. A bootstrap method is used to compute

this uncertainty together with rebinning to reduce the effect of statistical fluctuations.

Signal modelling

Two different simulated samples were used to compute the MC response for jets, PYTHIA
and SHERPA. These samples differ in the hard interaction approximation order, the parton
shower, and the fragmentation into hadrons. The signal modelling uncertainty is taken

as the difference in the MC-to-data ratio. This contribution is dominant in the pf under
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8.7 Systematic uncertainties
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Figure 8.8: The purity correction factor for the jet MPF response computed as a function of pf

in y+jets events. The left plot displays the correction factor computed with PYTHIA and the one
computed with SHERPA is presented in the plot on the right. Error bars represent the statistical
uncertainty.

100 GeV. In this region, the uncertainty reaches 0.7% while above this threshold it is typically
smaller than 0.2%.

Purity Correction

Uncertainties arising from photon purity are assessed using the same methodology docu-
mented in [186], in which one of the jets is misreconstructed as a photon. Three different
contributions are taken into consideration to compute this uncertainty. They account for the
effects on the purity correction coming from the sample used to compute the signal leakage
fractions, the identification working point defining the non-Tight regions, and the deviation
from unity of the yp — EiTSO correlation. A detailed breakdown of each component of the
uncertainty arising from the purity correction is presented in Appendix B.

Suppression of additional radiation

For the measurement of the jet MPF response, requirements on the topology of the y+jets
events are made. These requirements include a minimum azimuthal distance between the
photon and the leading jet and a restriction on the pr of the subleading jet. These criteria
reduce the impact from additional QCD radiation ensuring a well-balanced topology. A
systematic uncertainty is taken into account by varying each of these criteria. The A¢
selection is modified by £0.1 around the nominal value, A¢ > 2.9. In the case of the veto
to the subleading jet, the selection is changed from pr < max (0.3 x pretf, 12) GeV to pr <
max (0.2 x pf,10) GeV and pr < max (0.4 x p&f,12) GeV. The estimated uncertainties for
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8 In situ jet energy scale calibration using y-+jets events

both contributions are found to be negligible. A bootstrap method is used to compute this
uncertainty together with rebinning to reduce the effect of statistical fluctuations.

Suppression of jets coming from pile-up

Events selected for the measurement of the MPF response are required to pass a JVT re-
quirement to remove jets coming from pile-up collisions. An uncertainty accounting for the
effect of this selection is taken into account by varying the JVT requirement. The nominal
selection, which uses the JVT > 0.2 working point, is tightened to JVT > 0.4 and loosened by
removing the JVT selection. This uncertainty is found to be negligible. A bootstrap method
is used to compute this uncertainty together with rebinning to reduce the effect of statistical
fluctuations.

Statistical uncertainty

The statistical uncertainty due to the limited luminosity affects both the fits and the purity
corrections. The statistical uncertainty is significant in the low-p%f range, where the trigger
prescales limit the number of events recorded, reaching 0.8% and in the high-p*! region,

where the uncertainty reaches around 0.5%.

Total uncertainty

The total uncertainty for the calibration is presented for the y+jet measurement in Figure 8.9
together with each of the individual components discussed above. Uncertainties are domin-
ated by the modelling in MC simulations in the low-pr regions and by the energy scale of
the photon for pt > 100 GeV. Apart from the first bin, the total uncertainty is smaller than
1%.
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Figure 8.9: Total systematic uncertainty in the MPF response ratios as a function of p%‘*f for jets

calibrated up to, and including, the 5 intercalibration in y+jet events together with the individual
components.

8.8 Results

The MPF response as a function of the reference photon pt is shown in Figure 8.10 using y+jet
events for data and two different MC samples. The MC sample used to derive the nominal
calibration for y+jet corresponds to PYTHIA 8. The alternative MC sample corresponds
to SHERPA 2.2 to determine the uncertainty from the MC event modelling. The dip in the
MPF response at low p¢f arises due to two opposing effects: the jet reconstruction threshold
which tends to increase the response at the lowest jet pr values between 25 GeV and 45 GeV,
and the apparent rise in MPF response as a function of p. The MC-to-data response ratio for
v-+jet deviates from unity by less than 3% and decreases to just above 1% as p™! increases
for both simulations. The ratio is consistent with the results using Z+-jet in Ref. [153].
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Figure 8.10: The MPF response as a function of pfref measured in data and simulations for y+jet. The

data are represented by the black dots. The PYTHIA 8 predictions are represented by the triangles
while the SHERPA 2.2 predictions are represented by the inverted triangles. The MC-to-data response
ratios are shown in the bottom panel. The error bars correspond to the statistical uncertainties.
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9 Measurements of top-quark pair differential
cross sections in the £-+}jets channel in pp
collisions at /s = 13 TeV using 140 fb~—! of
ATLAS data

The production of top-quark pairs (tf) in pp collisions provides a testing ground for the SM
at the TeV scale. Differential cross sections can be used to extract fundamental parameters
of the SM, such as the top-quark mass [187, 188] and the strong coupling constant a [189],
and to derive constraints on the PDFs [189]. These measurements are also sensitive to the
existence of new physics beyond the SM [62, 190], which would appear as deviations of
the measurements with respect to the SM predictions. In addition, for all searches for new
physics in which #f production constitutes a background, the tf differential cross sections are
particularly useful to highlight the differences in MC models and can be used to tune the
MC parameters.

The ATLAS [9, 52-59, 61, 71, 72] and CMS [189, 191-201] Collaborations have published
measurements of tf differential cross sections at centre-of-mass energies /s = 7, 8 and
13 TeV in pp collisions using final states containing a pair of leptons or a single lepton plus
jets, both in the full phase space using parton-level variables and in fiducial phase-space
regions using observables constructed from final-state particles (particle level). These results
have been used extensively to improve the modelling of MC generators [202-206] and to
reduce the uncertainties in the gluon PDF [167].

The analysis presented here focuses on the study of jet observables, which have not been
explored in previous analyses, in the tf and tf+jets systems. In the SM, the top quark decays
almost exclusively into a W boson and a b-quark. The signature of a tf decay is therefore
determined by the W-boson decay modes. This analysis makes use of the {+jets (¢ =e, u)
tt decay mode, also called the semileptonic channel, where one W-boson decays into an
electron or a muon and a neutrino, and the other W-boson decays into a quark—antiquark
pair!. Since the reconstruction of the top quark depends on its decay products, in the
following the top quark is referred to as hadronically or leptonically decaying top quark (or
alternatively hadronic/leptonic top), depending on the W-boson decay mode.

! Events in which the W-boson decays into an electron or muon through a t-lepton decay may also meet the
selection criteria.
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in pp collisions at /s = 13 TeV using 140 fb~! of ATLAS data

Absolute and normalised differential cross sections for the tf and tf+jets systems are meas-
ured as functions of various jet observables to characterise the kinematics, topology and
dynamics of the tf system and are also sensitive to initial- and final-state QCD radiation
effects, represented by the production of additional jets. State-of-the-art NLO and NNLO
QCD predictions interfaced to parton-shower algorithms are compared to the measure-
ments. The measured particle-level differential cross sections as functions of jet observables
presented here benefit from the increase in integrated luminosity and the reduced detector
uncertainties compared to previous publications. Therefore, more stringent tests of pQCD
are achieved.

The structure of this chapter is as follows. Section 9.1 presents the data and MC samples
used in the analysis. The object reconstruction and event selection is described in Section 9.2.
Section 9.3 describes the background determination procedure. The pseudo-top algorithm is
described in Section 9.4. Section 9.5 presents the event yields, and the distributions at the
detector level of simulation. Section 9.6 describes the cross-section measurement procedure
and the systematic uncertainties are presented in Section 9.7. Section 9.8 presents the results
of the analysis.

9.1 Data and Monte Carlo samples

The data used in this analysis were collected with the ATLAS detector during the pp col-
lision running periods of 2015-2018, when the LHC operated at a centre-of-mass energy
of /s = 13 TeV. Only events taken during stable beam conditions and satisfying detector-
and data- quality requirements [154], which include the calorimeters, muon system and
inner tracking detectors being in nominal operation, are considered. The total integrated
luminosity of the collected sample is 140 fb~!. The uncertainty in the combined 2015-2018
integrated luminosity is 0.83% [129], obtained using the LUCID-2 detector [126] for the
primary luminosity measurements.

Samples of MC events are generated to study the characteristics of the signal events. These
samples are also used to perform the unfolding procedure to obtain the measured cross
sections. In addition, several MC samples are used to determine the background to the
signal process, except for the background from misidentified or non-prompt leptons (called
fakes background), which relies instead on a data-driven technique (see Section 9.3). All the
MC samples are described below and summarised in Table 9.1.

Most of the samples of generated events are passed through a full detector simulation [207]
based on the GEANT 4 [112] program. Other samples, used for estimating some of the
systematic uncertainties, are produced using the fast simulation software Atlfast-II [208]. All
MC samples are reconstructed and analysed by the same algorithms as the data.
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9.1 Data and Monte Carlo samples

Table 9.1: Summary of signal and background MC samples, showing the event generator for the
hard-scattering process, the order in pQCD of the cross section used for normalisation together
with its value and total uncertainty, the PDF choice, as well as the parton-shower generator and the

corresponding tune used.

Physics process Generator & PDF set for Parton shower Tune Cross section
hard process normalisation

signal samples: 832+ 51 pb
— PWG+PY8 POWHEG-BOX v2 & NNPDF3.0NLO PYTHIA 8.230 Al4
— PWG+HwW7 POWHEG-BOX v2 & NNPDF3.0NLO HERWIG7.1.3 H7.1-Default
— aMC@NLO+Hw7 MADGRAPH5_aMC@NLO 2.3.3 & NNPDF3.0NLO HERWIG7.1.3 H7.1-Default
— SHERPA 2.2.12 SHERPA 2.2.12 & NNPDF3.0NNLO SHERPA SHERPA
— PWG+PY8 MINNLOPS POWHEG-BOX v2 & NNPDF3.0NNLO PYTHIA + MINNLOPS Al4
background samples:
— single-top quark samples: 299 £ 8 pb

* PWG+PY8 POWHEG-BOX v2 & NNPDF3.0NLO PyYTHIA 8.230 Al4

* PWG+HW7 POWHEG-BOX v2 & NNPDF3.0NLO HERWIG7.0.4 H7.1-Default
— Wjets SHERPA 2.2.1 & NNPDF3.0NNLO SHERPA SHERPA 20100 =+ 1000 pb
— Z+tjets SHERPA 2.2.1 & NNPDF3.0NNLO SHERPA SHERPA 1906 £ 95 pb
— diboson SHERPA 2.2.2 & NNPDF3.0NNLO SHERPA SHERPA 211+8pb
— HV MADGRAPH5_aMC@NLO & NNPDF3.0NLO PYTHIA 8.230 Al4 1.5+0.1pb
— ttH POWHEG-BOX v2 & NNPDF3.0NLO PYTHIA 8.230 Al4 0.51£0.05pb

Pile-up from additional pp collisions in the same and neighbouring bunch crossings is
simulated by overlaying each MC event with a variable number of simulated inelastic
pp collisions generated using PYTHIA 8.186 with the ATLAS set of tuned parameters for
minimum-bias events (A3 tune) [209]. The MC events are weighted (pile-up reweighting) so
that the distribution of the average number of interactions per bunch crossing matches the
one observed in the data.

9.1.1 Signal simulation samples

In this section, the MC generators used for the simulation of the tf event samples are
described for the nominal sample, the alternative samples used to estimate systematic
uncertainties and the other samples used in the comparisons of the measured differential
cross sections. The top-quark mass (1;) and width are set to 172.5 GeV and 1.32 GeV [210],
respectively, in all samples; additional samples, in which m; and the width of the top quark
are varied, are used to study the effect of these parameters (see below).

Nominal tf sample. The nominal signal ff events are generated using the NLO mat-
rix elements (ME) implemented in the POWHEG-BOX v2 [211-214] generator with the
NNPDE3.0NLO [167] PDFE. Events where both top quarks decayed hadronically are not
included. The parton shower, fragmentation, and the underlying events are simulated
using PYTHIA 8.230 [215] with the NNPDF2.3LO PDF set and the A14 tune [157]. The hgamp
parameter, which controls the pt of the first gluon emission beyond the Born configuration
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in POWHEG-BOX v2, is set to 1.5m; [203]. The main effect of this parameter is to regulate the
high-pr emission against which the tf system recoils. Signal tf events generated with these
settings are referred to as the nominal signal sample. In all the following figures and tables
the predictions based on this MC sample are referred to as PWG+PY8.

Additional signal samples are generated for estimating modelling uncertainties (see Sec-
tion 9.7). These samples are:

* events are generated using the same POWHEG-BOX v2 set-up but interfaced to HER-
WIG7.1.3 [216, 217], which includes an angular-ordered parton-shower model. This
sample is generated using the H7.1-Default tune [218] and the MMHT2014LO PDF
set [176] in the parton shower. This MC sample is referred to as PWG+HW?7;

¢ events are generated with MADGRAPH5_aMC@NLO 2.3.3 [219] and the NNPDF3.0NLO
PDF set. The parton shower, fragmentation, and the underlying events are simulated
using HERWIG 7.1.3 with the MMHT2014LO PDF set and the H7.1-Default tune. This
MC sample is referred to as aMC@NLO+HW?7;

e events are generated with SHERPA 2.2.12 [160], which models the zero and one additional-
parton process at NLO accuracy and up to four additional partons at LO accuracy
using the MEPS@NLO prescription [171], with the NNPDF3.0NNLO PDF set [167].
The calculation uses its own parton-shower tune and hadronisation model. These MC
samples are referred to as SHERPA 2.2.12;

¢ a sample is produced with the same settings as the nominal PWG+PY8 sample but
with the lgamp parameter set to 3m;. This MC sample is referred to as PWG+PY8 hgamp;

¢ two other PWG+PY8 samples with m; = 169 GeV or m; = 176 GeV are also generated.
All other parameters remain the same as in the nominal PWG+PY8 sample, except for
the width of the top quark, which is also adjusted in these two additional samples.
These MC samples are referred to as PWG+PY8 m;.

All the samples mentioned above, except for that used to unfold the data (see Section 9.6),
were processed using fast simulation. All these MC predictions are normalised to NNLO plus
NNLL calculations in pQCD using a k-factor. The cross section used to evaluate the k-factor
is 07 = 83272 (scale) + 35 (PDF,as) + 23 (m;) pb, as calculated with the TOP++ 2.0 [11-
16, 220] program to NNLO in pQCD, including soft-gluon resummation to NNLL, and
assuming m; = 172.5 GeV. The first uncertainty comes from the independent variation of
the factorisation (yr) and renormalisation (g) scales, the second one is associated with
variations in the PDFs and «;, following the PDFALHC [221] prescription with the MSTW2008
68% CL NNLO [222], CT10 NNLO [223] and NNPDF2.35f FEN [156] PDF sets, and the third
uncertainty arises from the assumption on the value of m;.
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9.1 Data and Monte Carlo samples

9.1.2 Background simulation samples

Several processes can produce the same final state as the tf {+jets decay mode. The events
produced by these backgrounds need to be estimated and subtracted from the data to
determine the top-quark pair cross sections. The MC simulation used for these background
processes are described below. The background processes simulated using MC samples
are:

¢ Single top-quark production in the t- and s-channels and in association with a W-
boson processes are modelled at NLO in QCD using POWHEG-BOX v2 with the
NNPDEF3.0NLO PDF set. The parton shower and hadronisation effects are simu-
lated with PYTHIA 8.230, using the A14 tune and the NNPDF2.3LO PDF set. The
t-channel sample is generated with the four-flavour scheme. The diagram-removal
scheme (DR) [224] is employed in the W simulation to handle the interference with tf
production [203]. The single-top-quark cross section for the tW channel is normalised
using its NLO+NNLL prediction, while the ¢- and s-channels are normalised using
their NLO predictions [106, 225-228]. Events generated using the diagram-subtraction
method [229] (DS) instead of the DR technique are considered as a systematic un-
certainty on the modelling of this background (see Section 9.7). In addition, events
generated with POWHEG-BOX v2 and interfaced to HERWIG 7.0.4 are also generated
using the H7.1-Default tune and the MMHT2014LO PDE

¢ Events containing a W or Z boson in association with jets (W-jets and Z+jets) are
simulated with the SHERPA 2.2.1 [160] generator using NLO-accurate MEs for up to
two jets, and MEs accurate to LO for up to four jets calculated with the COMIX [161] and
OPENLOOPS [163] libraries. They are matched with the SHERPA parton-shower [165]
using the ME+PS@NLO prescription [171] and the tune developed by the SHERPA
authors with the NNPDF3.0NNLO PDF set. The W-jets and Z+jets predictions are
normalised to the NNLO cross sections [230, 231].

* Diboson production (WW, ZZ and WZ), with one of the bosons decaying hadronically
and the other leptonically, is generated using SHERPA 2.2.2 with MEs computed at
NLO accuracy in QCD with up to one additional parton and at LO accuracy with up
to three additional partons. The NNPDE3.0NNLO PDF set is used. These predictions
are normalised to the NLO cross sections evaluated by the generator.

e The production of tV, with V. = W, Z, events is modelled at NLO using the MAD-
GRAPH5_aMC@NLO 2.3.3 generator with the NNPDF3.0NLO PDF set. PYTHIA 8.230
with the A14 tune and the NNPDF2.3LO PDF is used to simulate the parton showers.
These predictions are normalised to the NLO cross sections evaluated by the generator.

¢ The production of ttH events is modelled at NLO using the POWHEG-BOX v2 gen-
erator with the NNPDF3.0NLO PDF set. PYTHIA 8.230 with the A14 tune and the
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NNPDF2.3LO PDF is used to simulate the parton showers. These predictions are nor-
malised to the fixed-order calculation including NLO QCD and EW corrections [232].

9.1.3 NNLO signal simulated samples

The first matched computation of top-quark pair production at NNLO QCD, including
all-order radiative corrections as implemented via parton-shower simulations, is reported in
Ref. [233] and referred to as the MINNLOPS procedure. This procedure involves three steps.
In the first step, tf pairs plus one light parton are generated using the POWHEG-BOX v2
program, which provides a NLO calculation and includes a second light parton. The second
step involves the calculation of the limit in which the light partons generated in the previous
step become collinear to the tf pair; appropriate Sudakov form factors and higher-order
terms are used to guarantee that the calculation remains finite and accurate at NNLO for
inclusive tf production. The third step includes the generation of the kinematics of the
second radiated parton using POWHEG-BOX v2, which was accounted for only inclusively in
the first step; in this way, the NLO accuracy of the tf+jet cross section is preserved. After this
third step, subsequent radiation is generated using the parton-shower method of PYTHIA.
For the generation of this sample, the NNPDF3.0 NNLO PDF set was used. In addition to
the parton-shower step, PYTHIA was also used for the fragmentation and underlying-event
simulation with the NNPDF23LO PDF sets and the A14 tune.

This prediction was also normalised to O(NNLO+NNLL) in pQCD using the cross section
o7 = 832 pb, as calculated with the TOP++ 2.0 program, as mentioned above. In all the
following figures and tables the predictions based on this sample are referred to as PWG+PY8
MINNLOPS.

9.1.4 Theoretical uncertainties of the signal predictions

The theoretical uncertainties for the differential cross-section predictions are estimated in
the following way:

¢ The uncertainties in the QCD predictions from PWG+PY8 and PWG+PY8 MINNLOPS
due to higher-order terms are estimated by repeating the calculations using values of
ur and pr scaled by factors 0.5 and 2.

® The uncertainty in the NLO QCD predictions from PWG+PY8 due to the uncertainty in
the proton PDFs is estimated using the 100 replicas from the NNPDF3.0 analysis [167].

¢ The uncertainty in the NLO QCD predictions from PWG+PY8 due to the uncertainty
in g is estimated by repeating the calculations using two additional sets of proton
PDFs from the NNPDEF3.0 analysis, for which different values of s at the mass of the
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Z boson are assumed in the fits, namely 0.117 and 0.119; in this way, the correlation
between a5 and the PDFs is preserved.

The total theoretical uncertainty for the NLO differential cross-section predictions of POWHEG
is obtained by adding in quadrature the uncertainties listed above and it is dominated by the
contribution from the scale variations. The total theoretical uncertainty is approximately 10%
to 15% for the theoretical predictions from POWHEG as functions of the angular observables,
whereas for the transverse-momentum and invariant-mass observables the uncertainty rises
up to approximately 35% to 40% in the tail of the distributions. The same estimation of the
theoretical uncertainties as described above is performed for the predictions of SHERPA 2.2.12
and aMC@NLO. The uncertainty from the scale variations in the aMC@NLO predictions is
very similar to that of POWHEG. For the SHERPA 2.2.12 predictions, it is a factor between
approximately 1.1 and 3 larger than for POWHEG. This increase in the uncertainty for the
SHERPA calculation is expected due to the presence of a matrix element calculation with up
to four additional partons at LO. These LO terms lead to larger uncertainties when varying
the scales. For POWHEG and aMC@NLO these LO terms are absent and handled by the
parton shower at lower accuracy.

For PWG+PY8 MINNLOPS, only scale variations are available; in these calculations at
NNLO, a significant reduction of the scale uncertainty with respect to those for the NLO
calculations is obtained. The uncertainties due to the PDFs and «; are expected to be similar
to, or smaller than, those affecting the NLO prediction [234]; the uncertainty due to the
scale variations in the NNLO prediction is still larger than those arising from the PDFs
and & uncertainties. For the comparison with the data in Section 9.8, the total uncertainty
associated with the PWG+PY8 MINNLOPS prediction is taken as the sum in quadrature of
the scale uncertainties of the NNLO calculation and, as an approximation, the uncertainties
due to the PDFs and «; as estimated from PWG+PY8 at NLO.

9.2 Object reconstruction and event selection

The following sections describe the detector- and particle-level objects used to character-
ise the final-state event topology and to define the fiducial phase-space regions for the
measurements.

9.2.1 Detector-level object reconstruction, identification, calibration and selection

Primary vertices. Primary vertices are formed from reconstructed tracks that are spatially
compatible with the interaction region. The hard-scatter primary vertex is chosen to be the
one with at least two associated tracks and the highest }_ p2, where the sum extends over all
tracks with pt > 0.5 GeV matched to the given vertex [235].
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Electrons. Electron candidates are reconstructed as explained in Chapter 4 and are required
to have a transverse momentum pt > 27 GeV and a pseudorapidity |1| < 2.47, excluding
the transition region between the barrel and endcap calorimeters (1.37 < || < 1.52). The
longitudinal impact parameter |Azg| of the associated track is required to satisfy |Azgsin 0] <
0.5 mm and the transverse impact parameter significance |dg| /0 (dp) < 5. The electron
candidates must satisfy a Tight likelihood-based identification criterion based on shower
shape and track selection requirements (see Section 4.3). The candidates must also pass pr-
and 7-dependent isolation requirements based on tracks and energy clusters, defined for
the Tight isolation working point (see Section 4.5); these isolation requirements are used to
reduce the background from jets misidentified as prompt leptons (fake leptons) or due to
semileptonic decays of heavy-flavour hadrons (non-prompt real leptons) [236].

Muons. Muon candidates are reconstructed as explained in Chapter 5. The track associated
with the muon candidate must have |zgsinf| < 0.5 mm and |dy| /0(dg) < 3. Candidates
are required to have pr > 27 GeV and |¢| < 2.5. To reduce the background from muons
originating from heavy-flavour decays inside jets, muons are required to be isolated using
track-quality and isolation criteria similar to those applied to electrons (see Section 5.4).

Jets. Jets are reconstructed using the anti-k; algorithm [101] with radius parameter R = 0.4
as implemented in the FASTJET package [237]. Jet reconstruction is performed on PFlow
objects (see Chapter 6). Their four-momentum is calibrated as explained in Section 6.2. To
reduce the number of jets originating from pile-up, the JVT Tight WP is used (see Section 6.3).
The jets are selected if they have pj;t > 25 GeV and |y*] < 2.5.

b-tagging. To identify jets containing b-hadrons, the DL1r flavour tagging algorithm is
used (see Section 6.4). Jets are considered as b-tagged if the value of the DL1r-algorithm
output is larger than a certain threshold that provides a 70% b-jet tagging efficiency. The
working point of 70% is selected after studying the number of events obtained in data,
contribution from the different types of background processes and systematic uncertainties
(see Appendix D).

Overlap removal. To remove ambiguities in the classification of the objects mentioned above,
a procedure called overlap removal is applied to assign a unique hypothesis to each object. If
a muon shares a track with an electron, it is likely to have undergone bremsstrahlung and
hence the electron is not selected. To prevent double-counting of electron energy deposits as
jets, the jet closest to a reconstructed electron is discarded if AR (jet,e) < 0.2. Subsequently, to
reduce the impact of non-prompt electrons, if AR (jet,e) < 0.4, then that electron is removed.
In cases where a jet is within AR (jet, #) = 0.4 of a muon, if the jet has fewer than three tracks
the jet is removed whereas if the jet has at least three tracks the muon is removed.

Missing Et. The missing transverse momentum, ErTniss, in the event is reconstructed as
explained in Chapter 7 and is used to compute the transverse mass of the reconstructed
leptonically decaying W boson (See Section 9.4). No requirement in E%ﬁss is imposed in the
event selection.
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9.2.2 Particle-level object definition

Particle-level objects are defined in simulated events using only stable particles, which
are defined as those with a mean lifetime T > 30 ps. The fiducial phase space used for
the measurements in this analysis is defined using a series of requirements applied to
particle-level objects analogous to those used in the selection of the detector-level objects.

Leptons. Electrons and muons are required to not originate from a generated hadron in
the MC event, either directly or through a T-lepton decay. This ensures that the lepton
comes from an EW decay without requiring a direct match to a W boson. Events where the
W-boson decays into a leptonically decaying 7-lepton are accepted. The four-momenta of the
bare leptons are then modified by adding the four-momenta of all photons, not originating
from hadron decay, within a cone of size AR = 0.1, to take into account final-state photon
radiation. Such dressed leptons are then required to have pt > 27 GeV and || < 2.5.

Jets. Particle-level jets are reconstructed using the same anti-k; algorithm used at the detector
level with R = 0.4. The jet-reconstruction procedure takes as input all stable particles, except
for charged leptons and neutrinos not from hadron decay as described above. Particle-level
jets are required to have pt > 25 GeV and |y| < 2.5.

b—tagging. A particle-level jet is identified as a b-jet if a hadron with pt > 5 GeV con-
taining a b-quark is matched to the jet through the ghost-matching technique described in
Ref. [238].

Overlap removal. Particle-level objects are subject to different overlap removal criteria than
reconstructed objects. After lepton dressing and jet clustering, muons and electrons with
separation AR < 0.4 from a jet are excluded. Since the electron-muon overlap removal at
detector level depends on the detector-level reconstruction of these objects, it is not applied
at particle level.

Missing Et. Neutrinos from hadron decays, either directly or via a T-lepton decay, are
not considered. The particle-level missing transverse momentum is calculated from the
four-vector sum of the selected neutrinos.

9.2.3 Particle- and detector-level event selection

The event selection comprises a set of requirements based on the general event quality and
on the reconstructed objects, defined above, that characterise the final-state event topology.
The event selection follows closely that of the previous analysis [61]. In addition, in this
analysis, three channels are selected according to the number of jets in the final state. The
same selection, described below, is applied to the reconstructed-level objects in data and MC
samples and a similar one to the particle-level objects in the MC.
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Events were selected online during data taking by single-electron [239] or single-muon [240]
triggers. Multiple triggers were combined in a logical OR to increase the selection efficiency.
The lowest-threshold triggers utilised isolation requirements for reducing the trigger rate.
The isolated-lepton triggers had pt thresholds of 20 GeV for muons and 24 GeV for electrons
in 2015 data, and 26 GeV for both lepton types in 2016, 2017 and 2018 data. They were
complemented by other triggers with higher pr thresholds but no isolation requirements to
increase the trigger efficiency.

Offline, events are required to have a reconstructed primary vertex with two or more
associated tracks and to contain exactly one reconstructed charged-lepton (electron or muon)
candidate with pr > 27 GeV. Each event is also required to contain at least four jets with
pr > 25GeV and |y| < 2.5, of which at least two must be tagged as b-jets. This is the first
channel studied, called tf inclusive. If in addition to these four jets there is a fifth jet, the
second channel is selected and called tt+1jet. If in addition to these five jets there is a sixth
jet, the third channel is selected and called tf+2jets. The tf+2jets sample is a subset of the
tt+1jet. The tf+1jet is a subset of the tf inclusive sample.

9.3 Background determination

After the event selection explained in Section 9.2.3, various backgrounds contribute to the
event yields. Data-driven techniques are used to estimate the background that derives from
events containing jets mimicking the signature of charged leptons or leptons from hadron
decays, for which precise enough simulations are not available. Background from other
physics processes, which include leptons in the final state, are taken into account using the
MC samples described in Section 9.1.2.

Dilepton top-quark pair events (including decays into 7-leptons) can satisfy the event
selection and are considered in the analysis as signal at both the detector and particle levels.
All the tf semileptonic events that pass the fiducial selection described in Section 9.2.3
are considered as signal. For this reason, the leptonic top-quark decays into 7-leptons are
considered as signal only if the T-lepton decays leptonically. Cases where both top quarks
decay into a T-lepton, which in turn decays into hadrons, are accounted for in the multijet
background.

9.3.1 Background determination from Monte Carlo samples

The single-top-quark background, comprising t-channel, s-channel and tW production
modes, constitutes the largest contribution, amounting to 4.3%, 3.6% and 3.1% for the tf
inclusive, tt+1jet and tf+2jets channels, respectively, of the total event yield in each channel.
The Wjets background represents the second largest contribution to the background,
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amounting to 2.3%, 1.9% and 1.8% for the three channels, respectively. The background
contributions from each of the Z+jets, diboson, tfV and tfH samples of events to the total
yield is smaller than 1% for all three channels.

9.3.2 Background determination from fake leptons

Multijet production processes, including production of hadronically decaying tf pairs, have
a large cross section and mimic the ¢-+jets signature due to fake leptons or non-prompt real
leptons. The multijet background is estimated directly from data using a matrix method [241].
The estimation is based on the introduction of a Loose lepton definition, obtained by removing
the isolation requirement and loosening the identification criteria given in Section 9.2.1. The
number of fake and non-prompt leptons contained in the signal region is evaluated by
inverting the matrix that relates the number of Loose and Tight leptons to the number of
real and fake leptons. This matrix is built using the efficiencies for fake and real leptons to
pass the Tight selection. The fake-lepton efficiency is measured using data in control regions
dominated by multijet background with the real-lepton contribution subtracted using MC
simulation. The real-lepton efficiency is extracted by applying a tag-and-probe technique
using leptons from Z-boson decays. The multijet background (called fakes) contributes 1.4%,
1.3% and 1.3% to the total event yield of each of the three channels, respectively.

9.4 Pseudo-top reconstruction algorithm

The pseudo-top algorithm [54] is used to reconstruct the leptonic and hadronic top quarks.
This algorithm reconstructs the four-momenta of the top quarks and their complete decay
chain from final-state objects, namely the charged lepton (electron or muon), missing trans-
verse momentum, and four jets, two of which are b-tagged, using the same method both at
detector and particle levels and described briefly below.

First, the two b-jet candidates are chosen. In events with more than two b-jet candidates,
only the two with the highest pr values are considered as the b-jets from the decay of the top
quarks, and called jet-b1 and jet-b2, with p]ft'bl > p]Tet'm

non b-jet candidates.

. The rest of the jets are considered as

The two non-b-tagged jets to form the hadronically-decaying W are chosen from the available
jets in each event (excluding those already tagged as coming from a b-quark) such that the

invariant mass of the pair is closest to my and called jet-W1 and jet-W2, with pjTet'Wl >
jet-W2
Pr -

For the neutrino, the x and y components of its transverse momentum are taken from the
corresponding components of the missing transverse momentum, whereas the z component
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is calculated by imposing the W-boson mass constraint on the invariant mass of the charged-
lepton—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 neut-
rino. The leptonic top quark is reconstructed from the leptonic W and the b-tagged jet
closest (jet-b1 or jet-b2) in AR to the charged lepton. The hadronically-decaying W boson
is reconstructed from the two non-b-tagged jets (jet-W1 and jet-W2) whose invariant mass
is closest to the mass of the W boson, as mentioned above, and the hadronic top quark is
reconstructed from the hadronic W boson and the other b-tagged jet. This choice yields the
best performance of the algorithm in terms of the correspondence between the detector and
particle levels.

9.5 Event yields, observables and detector-level distributions

9.5.1 Event yields

The individual e-+jets and y+jets channels have very similar distributions and give consistent
results at detector level, thus they are combined by summing the distributions. Table 9.2
shows the final yields from the three channels for the combined /+jets decay mode for data,
signal and background events. The selection leads to a sample with an expected background
of 9%, 8% and 8% for the three channels, respectively. The overall difference between data
and prediction is 2%, 2% and 1% for the three channels, respectively, which means a good
agreement of the SM with the data, after taking into account the systematic uncertainties
(see Section 9.7).

9.5.2 Observables and detector-level distributions

Measurements of differential cross sections in the tf inclusive, tf+1jet and tf+2jets channels,
as defined in Section 9.2.3, are performed as functions of different jet observables.

In the following, the two jets used to reconstruct the hadronically-decaying W are called jet-
W1 and jet-W2, with plft_W1 > pl{ft_wz (as defined in Section 9.4). For the tf+1jet and tf+2jets
channels, the additional jets, called jet-radl and jet-rad2, are chosen as follows: jet-rad1 is the
highest pr jet of those which are not part of the tf system; and jet-rad?2 is the second-highest

pr jet of those which are not part of the tf system.

The following observables are measured in the tf inclusive channel:
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Table 9.2: Observed and expected number of events in the {+jets decay mode after the full event
selection. The systematic uncertainties (see Section 9.7) are also included. Due to correlations, the
sum of the different impacts of systematic uncertainties might not add up to the total impact of all
systematic uncertainties.

Process Yield tf inclusive Yield tf+1jet Yield t4-2jets
t 4120 0007659 3% 2110 000 + 420 000 860 000 == 240 000
single-top quark 194 000 == 33 000 8200013 006 2890015 9%
W-iets 103 00025 590 44 000 = 23 000 17 200 4 8 900
fakes 66 000 == 33 000 30 000 = 15 000 12 000 + 6 000
Z+ets 37 000 == 19 000 14 600 £ 7 600 5400 = 2 800
tHV 13100 4 1 100 10 300 4 900 6 4701650
diboson 6 000 == 600 28201339 1220 + 180
ttH 5460 =+ 320 4710 £310 3260 £ 270

Total SM prediction 4 540 0001729 9 2300 0001330 350 940 000 == 240 000

Data 4445113 2248 410 924 751

* The kinematics of the two jets forming the W boson is characterised by measuring the

transverse momenta of jet-W1 (pjTEt'Wl) and jet-W2 (pjTet_WZ) and the absolute value of

their rapidity ([y/*="!| and |**=W?|, respectively).

¢ The topology of the two jets forming the W boson is characterised by measuring
| Ayt W1 =jetW2 | defined as the absolute value of the difference in rapidity between
jet-W1 and jet-W2, and |A@le*W1-1etW2| defined as the absolute value of the difference
in azimuth between jet-W1 and jet-W2.

Figure 9.1 shows the data, backgrounds and signal MC distributions at detector level for
these observables. Some differences in shape between the distributions for data and SM
predictions are observed, especially at high values of (p]TEt'Wl), which are covered by the

systematic uncertainties.

The following observables are measured in the tf+1jet channel:

¢ The kinematics of the first QCD emission is characterised by measuring the transverse

momentum of jet-rad1l (pj;t'radl) and the absolute value of its rapidity ( }yjﬂ_radl }) ;
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¢ The topology of the first QCD emission is characterised by measuring | A¢toplep —jetradl |,
defined as the absolute value of the difference in azimuth between the leptonic top
(toplep) and jet-rad1, and |A¢gtophad —jetradl| ‘defined as the absolute value of the differ-
ence in azimuth between the hadronic top (tophad) and jet-rad1l. In addition, the abso-
lute value of the difference in azimuth between jet-W1 and jet-rad1 (‘Ac/)jet'W1 ~jetradl ’)
provides more insight into the topology of these events.

 The dynamics of the tf+1jet events is characterised by measuring the invariant mass
of the tf —jet-rad1 system (m!! ~jetradl),

Figure 9.2 shows the data, backgrounds and signal MC distributions at detector level for
these observables. There is an adequate description of the measured distributions by the SM
prediction; the mtt-ietradl measyured distribution is described by the SM prediction, except
for the m'? —jetradl > 4 TeV region.

The following observables are measured in the tf—|—2jets channel:

¢ The kinematics of the second QCD emission is characterised by measuring the trans-

jet-rad2
T

verse momentum of jet-rad2 (p ) and the absolute value of its rapidity (|y/**="42|);

* The topology of the second QCD emission is characterised by measuring
| Ayjetradl Zjetrad2)| defined as the absolute value of the difference in rapidity between
jet-rad1 and jet-rad2, and |Agietradl —jetrad2| defined as the absolute value of the dif-
ference in azimuth between jet-rad1 and jet-rad2. Other angular correlations provide
more insight into the topology of the tf+2jets events: ‘AcptOPIGP‘jet'radz‘, defined as
the absolute value of the difference in azimuth between the leptonic top and jet-rad2,
‘Aq)tol’had ~ jet-rad2 ‘, defined as the absolute value of the difference in azimuth between
the hadronic top and jet-rad2, and ‘Ac])jet'Wl ~jetrad2 |, defined as the absolute value of
the difference in azimuth between jet-W1 and jet-rad2.

* The dynamics of the t{42jets events is characterised by measuring the invariant mass
of the jet-rad1 and jet-rad2 system (pfet-radl -jet-rad2)

Figures 9.3 and 9.4 show the data, backgrounds and signal MC distributions at detector level

for these observables. There is an adequate description of the measured observables by the
SM prediction.

9.6 Cross-section measurement procedure

Differential cross sections are measured at particle level as functions of the observables
defined in Section 9.5 for the three channels. The data distributions, after background sub-
traction (see Section 9.3), are unfolded to the particle level using the iterative application
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by histograms of different colours) are also included. The lower part of each figure shows the ratio of
the total SM and the data distributions.
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of Bayes’ theorem to obtain the measured differential cross sections. The Bayesian unfold-
ing [242] method as implemented in RooUnfold [243] is used. In this method, repeated
application of Bayes’ theorem is used to invert the unfolding matrix. The regularisation
parameter is the number of iterations (Njter), therefore regularisation is achieved by stopping
the iterative procedure at a given value of Njr. The results are found to be fairly insensitive
to Niter for most of the phase space measured; two iterations, i.e. Njr = 2, are used in this
analysis. Uncertainties related to this choice of number of iterations are considered (see
Sections 9.6.1 and 9.7).

The differential cross section as a function of observable X in bin i is computed using the

equation

do 1 unf

dxX; T L-AX;

where the index i iterates over bins of observable X, AX is the bin width, £ is the integrated
luminosity and N"™f represents the unfolded data value in each bin (overflow and underflow
events are not considered when evaluating N') and is calculated as

1

unf _ j ~1, 4 i ]
Ni = g Z_fmatch ) MZ] ’ facc ) (Ndata B kag) ’
]

o

where Nyata (Npkg) is the number of data (background) events in each bin of observable X.
The acceptance fraction fa. is defined as

]
i N, particle Adetector
acc — i ’
detector

where Nparticle Adetector 1S the number of detector-level signal MC events that satisfy the
particle-level selection in each bin; this factor corrects for events that are generated outside
the fiducial phase-space but satisfy the detector-level selection. The M is the unfolding mat-
rix and is constructed from the correlation matrix, which maps the generated particle-level
signal MC events to the detector-level events in their overlap region. Thus, the probability
for particle-level events to be reconstructed in the same bin is represented by the diagonal
elements, and the off-diagonal elements describe the fraction of particle-level events that
migrate into other bins. To suppress combinatorial background in M, additional require-
ments of angularly well matched reconstructed objects are applied. For all events, the

reconstructed top quarks are required to satisfy AR (top—xpart, top—xdet> < 0.8, where top-x
represents the leptonic or hadronic top. In the tf inclusive channel, matching of the jets is
performed by requiring AR (jet-ypart, jet-ydet> < 0.3, where jet-y represents jet-W1, jet-W2.
In the tf+1jet and tf+2jets channels, this requirement is applied to jet-rad1, jet-rad2 or both,

153



9 Measurements of top-quark pair differential cross sections in the /4jets channel
in pp collisions at /s = 13 TeV using 140 fb~! of ATLAS data

where necessary. In addition, the reconstructed objects (top or jets) which are not matched to
a truth object as well as reconstruction inefficiencies (truth objects which are not matched
to a reconstructed object) are taken into account in the Bayesian method. In addition, the
inclusion of a matching scheme ensures the stability of the iterative process, so that the
results are insensitive to Nir, except for statistical fluctuations, as mentioned above. The
effect of the matching procedure in the unfolding is accounted for by the matching fraction
fmatch, Which is defined as

N]
j __ " particle Adetector Amatch
match 7 4
particle Adetector

where Nparticle Adetector Amatch 1S the number of signal MC detector-level events that satisfy
the particle-level selection and matching requirements and Nparticle adetector 1S the number of
particle-level events that satisfy the detector-level selection without the matching require-
ments. Finally, the efficiency ¢ is defined as

i
i N, particle A detector
& = i ’
particle

where Npariicle 1S the number of signal MC events at particle level in each bin; this factor
corrects for events that satisfy the particle-level selection but are not selected at the detector
level.

Figure 9.5 shows the ¢, fmatch and facc for |yt~ W1|, [yiet=radl] and |yiet=rad2| and the unfolding
matrices for the same observables. The signal samples of PWG+PY8 are used in this figure.

The normalised differential cross sections are measured by dividing the differential cross
sections by the total cross section in the region of phase space considered for each channel.

9.6.1 Closure and stress tests

The unfolding procedure is checked by performing several closure and stress tests, which
validate the consistency of the procedure.

The first test is a cross-check of the reconstructed-truth level matching procedure used:
the cross sections are unfolded with (nominal cross sections) and without matching in the
transfer matrices and the ratio of these two cross sections is performed; these ratios are
within the statistical uncertainty of the measurement, and typically consistent with unity
within 1%. Thus, it is verified that the matching procedure does not affect the unfolding.

A second test is performed to check that the unfolding procedure recovers the generated res-
ult in a statistically-independent sample. For this test, a MC signal sample is divided into two
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subsamples A and B; sample A is used as pseudo-data and unfolded to particle level using
sample B (pseudo-data cross section). The pseudo-data cross sections are compared with the
generated results of sample A, B or A + B; the differences observed in these comparisons are
typically less than 1%. Thus, the generated result is recovered in a statistically-independent
sample.

A stress test is performed by weighting the nominal MC signal sample so that it matches
the data distributions after background subtraction at reconstruction level. This weighted
MC sample is used to unfold the data (weighted cross sections); the ratios of the weighted
and nominal cross sections are within the statistical uncertainty of the measurement, and
typically consistent with unity within 1%. The differences observed in this test are considered
as a non-closure systematic uncertainty (see Section 9.7).

A second stress test is performed by using the weighted MC sample as pseudo-data and
unfolding it with the nominal MC sample (weighted pseudo-data cross section); the ratio of
the weighted pseudo-data cross section and the generated result gives back, as expected,
the input fitting function for each observable. Thus, it is concluded that differences between
data and MC at reconstruction level do not affect the unfolded measured cross sections.

A third stress test is performed to ascertain the level of recoverability of the signal for the
possible presence of new physics in the data. The existence of a tf resonance is hypothesised
using a gaussian-shape bump which is introduced at particle level and propagated to the
reconstruction level using a weighting procedure (stressed pseudo-data). To determine
whether the observables studied are sensitive to this hypothetical resonance and whether
the unfolding procedure is able to recover the stressed shape and normalisation, the stressed
pseudo-data is unfolded using the nominal MC sample and compared to the stressed
generated result. The ratio of these cross sections shows that the shape and normalisation of
the effects due to the resonance are recovered for all observables.

9.7 Systematic uncertainties

The sources of systematic uncertainties that affect the measurements of the differential
cross sections include the b-tagging calibration and efficiency, the detector energy scale
and resolution, the reconstruction efficiency, the background and signal modelling, the
statistics of the MC samples and the uncertainty arising from the non-closure. Each source
of uncertainty is separated into independent contributions and evaluated by varying the
background and the signal MC samples in a correlated way, where necessary. The varied
background samples are used to subtract the background and the varied signal samples are
used to unfold the background-subtracted data distributions, as explained in Section 9.6.
Systematic uncertainties are evaluated with respect to the nominal measured cross sections
separately for the upward and downward variations (or in the case of a single variation by
symmetrising the single deviation) for each bin of each observable. For the normalised cross
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sections, each contribution to the systematic uncertainty is assumed to be fully correlated.
Each source of systematic uncertainty is discussed separately in the following.

b-tagging calibration and efficiency. The uncertainties in the b-tagging calibration and
efficiency are determined separately for b-jets, c-jets and light-flavour-jets [244-246] using a
component breakdown in 19 independent contributions. They depend on the p for b- and
c-jets, and on the pt and 7 for light-flavour jets, and they account for differences between
data and simulation. The dominant contribution arises from the b—quark eigenvectors and
amounts to typically 3% for the absolute cross sections and decreases to typically below 0.5%
for the normalised cross sections.

Detector energy scale and resolution. The JES is calibrated using a combination of test beam
data, simulation and in situ techniques (see Section 6.2.1). Its uncertainty is decomposed into
a set of 30 uncorrelated components, with contributions from pile-up, jet flavour composition
and response, single-particle response, and effects of jets not contained within the calorimeter.
The uncertainty of the JER is represented by eight components accounting for jet-pr and
n-dependent differences between simulation and data (see Section 6.2.2). The uncertainty in
EMis$ due to a possible miscalibration of its soft-track component is derived from data and
simulation comparisons of the pr balance between the hard and the soft EX' components
(see Chapter 7). To account for the difference in pile-up distributions between the simulation
and data, the pile-up profile in the simulation is corrected to match the one in the data. The
uncertainty associated with the correction factor is applied. The uncertainty on the electron
and muon energy scale and resolution is also included. The resulting 49 up and down
independent contributions are added in quadrature and the dominant contribution comes
from the effect of the pile-up on the JES. This uncertainty is typically in the range between 3
to 10%, depending on the observable, for the absolute cross sections and decreases to the
range between 0.3 to 9% for the normalised cross sections.

Reconstruction efficiency. Reconstruction, identification, isolation and trigger performance
for electrons and muons differ between data and simulations. Scale factors are applied
to simulated events to correct for these differences. These scale factors are assessed using
Z — ("¢ events in simulation and data. The associated systematic uncertainties are
propagated to the measured cross sections. The JVT requirement and pile-up systematics
are also included. The resulting 16 up and down independent contributions are added in
quadrature and the dominant contribution comes from the JVT contribution. This uncertainty
is in the range between 0.5 to 2% for both the absolute and normalised cross sections.

Background modelling. The uncertainties on the modelling of the background are es-
timated by changing the normalisation of the MC samples according to the uncertainty
of the predicted cross section used for the normalisation of these samples (see Table 9.1).
For the W+jets, Z+jets and fakes background, an uncertainty of 50% is included for the
normalisation. This value for the uncertainty of the normalisation is determined to cover the
differences observed between data and simulations in control regions with exactly three jets
and at most one b-tagged jet or at least four jets and at most one b-tagged jet (see Appendix E);
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these control regions are away from the signal region and enriched in these background
processes. In addition, for the single-top-quark background, since the tW contribution is the
largest among the three single-top-quark production channels, the uncertainty arising from
the method used to handle the interference between tW and tf production is determined
by comparing the tW simulated sample that uses the DS method with the nominal one
based on the DR technique. The resulting uncertainties are symmetrised and added in
quadrature. This uncertainty is typically in the range between 1.5 to 15%, depending on the
observable, for the absolute cross sections and decreases to the range between 0.1 to 10% for
the normalised cross sections.

Signal modelling. The uncertainties that affect the signal modelling and the method of
estimation are discussed below. The effects of the parton-shower and hadronisation models
are estimated by unfolding the data after background subtraction using the PWG+HW7
sample and performing the difference with respect to the nominal cross section (typically
< 2%). Since the single-top-quark processes are the dominant background, PWG+HW?7
samples were also used to model this process when estimating this uncertainty. The impact
of the matching procedure between the ME calculation and the parton-shower model is
evaluated using the aMC@NLO+HW?7 sample to unfold the data after background sub-
traction and performing the difference with respect to the cross section unfolded using the
PWG+HW?7 samples, both for signal and single-top-quark background (typically ~ 1%). The
uncertainties affecting the description of the hard gluon radiation are evaluated by unfolding
the data after background subtraction using the PWG+PY8 ligamp sample and performing
the difference with respect to the nominal cross section (typically < 0.5%). The effect of
the assumed value of m; (172.5 GeV) is estimated using samples of PWG+PY8 generated
with m; = 169 GeV or m; = 176 GeV to unfold the data after background subtraction and
performing the difference with respect to the nominal cross section; the value of the uncer-
tainty obtained in this way is then scaled by 1/3.5, to account for the current uncertainty in
m; (1 GeV) and amounts to typically < 0.3%. The first three contributions listed above are
symmetrised. The dominant contribution arises from the parton-shower and hadronisation
models. The resulting uncertainty is typically in the range between 0.5 to 10%, depending
on the observable, for the absolute cross sections and decreases to the range between 0.2 to
8% for the normalised cross sections. The theoretical uncertainties that affect the unfolding
procedure and the method of estimation are discussed below. These uncertainties affect
the tf signal and the single-top-quark background samples and are taken as correlated in
the two MC samples. The uncertainty due to missing higher-order QCD corrections in the
ME computation is estimated by independently varying pur and ur by factors of 2 and 0.5
with respect to the central value (typically < 1%). The uncertainties in the amount of initial-
and FSR from the parton shower are assessed by, respectively varying the corresponding
parameter of the A14 parton shower tune (Var3c) [157] (typically < 0.5%) and by varying by
factors of 2 and 0.5 the scale uR (typically ~ 2%). The uncertainties due to the PDFs are
estimated following the PDF4ALHC prescription [221, 247] (typically < 0.5%). The dominant
contribution to the systematic uncertainty arising from the theoretical uncertainties on the
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unfolding comes from the variation of the u&® scale. The resulting uncertainty is typically
in the range between 1 to 5%, depending on the observable, for the absolute cross sections
and decreases to the range between 0.5 to 4% for the normalised cross sections.

Non-closure. As explained in Section 9.6.1, the differences observed in the stress test are
considered as a non-closure systematic uncertainty. This uncertainty is typically below
0.5%.

9.7.1 Total systematic uncertainty

The total systematic uncertainty is computed by adding in quadrature the sources of un-
certainty listed in the previous section. Figures 9.6 to 9.9 (9.10 to 9.13) show the resulting
total systematic uncertainty, together with the contribution from each source, the statistical
uncertainty of the MC samples and the data statistical uncertainty for the absolute (normal-
ised) cross sections. The statistical uncertainties in data and MC samples are evaluated using
toy experiments (bootstrap technique) with 1000 statistically-independent replicas. In the
figures, the systematic contributions are stacked, except for the data statistical uncertainty.
In addition, there is an uncertainty from the combined 2015-2018 integrated luminosity,
which amounts to 0.83% [129] (not included in the figures).

In the case of the angular observables, for the tf inclusive channel, the total relative systematic
uncertainty is ~ 7% and dominated by the b-tagging calibration uncertainty. In the case
of the tf+1jet channel, the total relative systematic uncertainty amounts to ~ 10% and is
dominated by the detector energy scale and resolution. The tf+2jets channel has a total
relative systematic uncertainty of ~ 13% and is also dominated by the detector energy scale
and resolution. For the normalised cross sections, the total relative systematic uncertainty is
~ 1%, ~ 1.5% and = 2% for the tf inclusive, tf+1jet and tf+42jets channels.

In the case of the transverse momentum and invariant-mass observables, the values for the
uncertainties quoted above are only valid at low pt or invariant-mass. The total relative
systematic uncertainty in the absolute (normalised) cross sections increases up to ~ 38%

(= 37%) for pt™!, & 38% (= 37%) for pt™?, & 57% (= 55%) for ™Y, ~ 77% (=~ 74%)
for mtt-jetradl '~ 509 (~~ 52%) for p]ﬁt'radZ and ~ 48% (= 46%) for mietradl -jet-rad2 jpy the Jast

bins of these distributions. In these regions of phase space, the background modelling and
statistical uncertainties dominate.

The data statistical uncertainty is below 0.3% for the angular observables in the tf inclusive
channel; in the tails of the pj{Et'Wl and pjTEt'WZ cross sections, it increases up to 17% and 19%,
respectively. For the tf+1jet channel, the data statistical uncertainty is ~ 0.3% for the angular
observables and increases up to 36% and 23% in the last bin of the pj;t'radl and m!t-jetradl

cross sections, respectively. In the tf+2jets channel, the data statistical uncertainty is ~ 0.4%
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for the angular observables and increases up to 19% and 28% in the last bin of the pj;t'ra(ﬁ

and mietradl —jetrad2 croeg sections, respectively.
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in the tf inclusive channel. The individual sources of systematic uncertainty (plotted in stacked form)
and the data statistical uncertainty are also included.
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Figure 9.11: Total relative systematic uncertainties in percentage on the measured normalised cross sec-

tions for (a) p];t-radll (b) ‘yjet—radl ), (c) | A ¢toplep —jet-radl ‘, (d) | A ¢tophad —jet-radl |’ (e) | A (Pjet-Wl —jet-radl |,

and (f) m!f-jetradl ip the tt+1jet channel. The individual sources of systematic uncertainty (plotted
in stacked form) and the data statistical uncertainty are also included.
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statistical uncertainty are also included.
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9.8 Results

9.8 Results

The measured absolute and normalised differential cross sections for tf production at
particle level in the tf inclusive, the tf+1jet and the tf+2jets channels are presented in Sec-
tions 9.8.1, 9.8.2 and 9.8.3, respectively. NLO QCD predictions from PWG+PY8, PWG+HW?7,
aMC@NLO+HW?7 and SHERPA 2.2.12 and NNLO QCD predictions from PWG+PY8 MINNLOPS
are compared to the measurements.

9.8.1 Differential cross sections for the tf inclusive channel

Figures 9.14 and 9.15 show the tf absolute and normalised, respectively, differential cross

sections in the /+jets decay mode for the tf inclusive channel as functions of pj;t'W1, |yet=Wi,

jet-W1

pjTet-WZI [yet=W2|, | AyletWI-jetW2 | and | AgietW1-ietW2| Values of p™! and p'T W2 up to ~

1.5 TeV and ~ 1.1 TeV, respectively, are measured. The measured cross section as a function

of pj;t'W1 (pjTEt'WZ) decreases by more than five (six) orders of magnitude within the measured

range. The measured cross section as function of pj;t"m has a harder spectrum than that of

jet-W2 . . s jetW2 .
pr ", which decreases more rapidly with increasing p} . The measured cross sections as
functions of ‘ylet_““ ‘ and ‘y]et_wz} decrease as the rapidity increases and have very similar
shape and normalisation. The measured cross section as a function of |AyetW1-jetW2|

(| ApietWI=1etW2 () exhibits a peak around |Ay/etW1=1etW2| — o (|A@ietW1—jetW2| — 1 rad).

The predictions of PWG+PY8, aMC@NLO+HW7, PWG+HW7 and SHERPA 2.2.12 are com-
pared to the measurements in Figure 9.14. As explained in Section 9.1.1, these predictions
are calculated at NLO, however, the normalisation is performed at O(NNLO+NNLL). The
|yt WL, |ypet=W2 || Ayjet-Wl-jetW2| and | AgietW1-JeW2| measured cross sections are well
described in shape and normalisation by all the predictions, though the prediction from
aMC@NLO+HW? has a tendency to be above the data for |Aye*W!=1etW2| > 2 The meas-

ured cross section as a function of pjTet'Wl is described by the predictions of PWG+PY8
and PWG+HW? only for p™" < 500 GeV, whereas aMC@NLO+HW?7 and SHERPA 2.2.12
provide a good description of the data in the whole measured range. The measured cross
section as a function of pj;t'wz is well described by the NLO predictions; the differences
between the measurement and the prediction from aMC@NLO+HW?7 are within the theor-
etical and experimental uncertainties. From the comparison of the normalised differential

predictions to the measurements (see Figure 9.15), the same conclusions are drawn.

The NNLO predictions of PWG+PY8 MINNLOPS are compared to the measured absolute
and normalised differential cross sections in Figures 9.16 and 9.17, respectively. For compar-
ison, the predictions of PWG+PY8 are also included in these figures. For all observables, the
theoretical uncertainty in the NNLO calculations is smaller than for the NLO predictions.
The angular observables are well described by the NNLO predictions within the experi-
mental and theoretical uncertainties, though there is a tendency of the NNLO predictions
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to be below the data for ‘ijet'W1 ~jet-W2 ‘, which is clearly observed in the comparison of
the normalised cross section (Figure 9.17(e)). A significant improvement in the shape and
normalisation of the differential cross section as a function of p];t'W1 is observed.
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Figure 9.14: The measured differential cross sections for tf production in the (+jets decay
mode as functions of (a) p];Et'Wl, b) [y=M, (o) p];t'W2, (d) [y=WV2|, () |AyletWL-ietW2| and
(f) [AgletWI=ietW2] (dots) in the tf inclusive channel. The NLO QCD predictions from PWG+PY8
(solid lines), PWG+HW?7 (dashed lines), aMC@NLO+HW7 (dotted lines) and SHERPA 2.2.12 (dot-
dashed lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer) error bars represent
the statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For
most of the points, the inner error bars are smaller than the marker size and, thus, not visible. The
shaded bands represent the theoretical uncertainty on the PWG+PY8 prediction. The lower part of
the figures show the ratio of the predicted and the measured cross sections.
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Figure 9.15: The measured normalised differential cross sections for tf production in the ¢{-+jets

channel as functions of (a) pjTEt'Wl, (b) [V, (¢) pj;t'wz, (d) |yet=W2|, (e) |AyletWI-ietW2| “and

() [AgletWI=ietW2] (dots) in the #f inclusive channel. The NLO QCD predictions from PWG+PY8
(solid lines), PWG+HW?7 (dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12 (dot-
dashed lines) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures show the ratio of
the predicted and the measured cross sections.
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Figure 9.16: The measured differential cross sections for tf production in the (+jets decay
mode as functions of (a) p];Et'Wl, b) [y=M, (o) p]Tet'W2, (d) [y=WV2|, () |AyletWL-ietW2| and
(f) [AgletWI=ietW2] (dots) in the tf inclusive channel. The NLO QCD predictions from PWG+PY8
(blue lines) and the NNLO QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also
shown. Both predictions are normalised to the O(NNLO+NNLL) total cross section. The inner (outer)
error bars represent the statistical uncertainties (the statistical and systematic uncertainties added
in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty on the PWG+PY8
(PwWG+PY8 MINNLOPS) prediction. The lower part of the figures show the ratio of the predicted
and the measured cross sections.
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Figure 9.17: The measured normalised differential cross sections for tf production in the (+jets
decay mode as functions of (a) p]TEt'Wl, (b) |y=W, (o) p];t'wz, (d) [e=W2, (e) | Ayt W1 -ietW2| ‘and
() [AgletWI=ietW2] (dots) in the #f inclusive channel. The NLO QCD predictions from PWG+PY8
(blue lines) and the NNLO QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also
shown. The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the
marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty
on the PWG+PY8 (PWG+PY8 MINNLOPS) prediction. The lower part of the figures show the ratio
of the predicted and the measured cross sections.
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9.8.2 Differential cross sections for the tf+1jet channel

Figures 9.18 and 9.19 show the tf differential absolute and normalised, respectively, cross

sections in the /+jets decay mode for the tf+1jet channel as functions of pjTet'radll |yjet—radl |,

‘A(Ptoplep —jet-radl " ’A(Ptophad—jet—radl |’ |A¢jet—W1 —jet—radl} and m!f —jetradl Values of p]et—radl and

¢ T
mtt-jetradl yp to ~ 1.7 TeV and ~ 5.3 TeV, respectively, are measured. The measured
. . jet-radl |, 4F _iot e
cross section as a function of p]Te A (mtt-jetradly decreases by more than six (five) orders

of magnitude within the measured range. The measured cross section as a function of
m't-jetradl decreases for mff ~iet2dl < 0.5 TeV due to the kinematic constraints. The shape
of the measured cross section as a function of |yjet*rad1| is different than that of }yjet*‘m ’:
the value of the cross section at rapidity of 2.5 with respect to the value at 0 is higher for
‘yje“radl | than for |~V |, which indicates that the first emission tends to be more isotropic
in rapidity than the jets forming the hadronically-decaying top. This is investigated further
by measuring the cross sections as functions of | AgtoPlep —jetradl| and |Aptophad —jetradl |, the
measured cross sections have very different shape, which indicates that the first emission
has a higher probability of arising far from the leptonically-decaying top. In addition, the
measured cross section as a function of |AgietW1-jetadl| shows a peak at |AgietW1 —jetradl | ~
0.5 rad and at 7t rad, which indicates that there are more events with a gluon emission back-
to-back with jet-W1, though a fraction of the events has an emission close to jet-W1.

The NLO QCD predictions describe well the measurements as functions of ‘ yjet_radl‘,

‘A(Ptoplep—jet-radl " ‘A(Ptophad—jet-radl‘ and ‘A()bjEt'Wl —jet—radl" As is the case for the measure-

ments in the tf inclusive channel, the cross section as a function of pj;t'radl is described by

the predictions from PWG+PY8 and PWG+HW?7 only for p]Tet'radl < 500 GeV, whereas the
predictions from aMC@NLO+HW?7 and SHERPA 2.2.12 provide a good description of the
data in the whole measured range. The cross section as a function of m! ~jetradl js well
described by all predictions for m! -jetradl < 3 TeV. The same conclusions can be drawn

from the normalised differential cross sections in Figure 9.19.

A significant improvement by the NNLO predictions of PWG+PY8 MINNLOPS is observed

for the description of the measured differential cross sections as functions of pjTEt'radl and
mtt—jetradl v respect to the predictions of PWG+PY8, as seen in Figures 9.20 and 9.21.
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Figure 9.18: The measured differential cross sections for tf production in the /+jets decay
mode as functions of (a) pj;t—radl’ (b) ‘yjet—radl ‘, (c) ‘Agbtoplep —jet-radl ’, (d) ‘Agbtophad —jet-radl ’,
(e) |AgietWI-jetradl| and (f) m!f -ietradl (dots) in the tf+1jet channel. The NLO QCD predictions from
PWG+PY8 (solid lines), PWG+HW?7 (dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12
(dot-dashed lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer) error bars rep-
resent the statistical uncertainties (the statistical and systematic uncertainties added in quadrature).
For most of the points, the inner error bars are smaller than the marker size and, thus, not visible.
The shaded bands represent the theoretical uncertainty on the PWG+PY8 prediction. The lower part
of the figures show the ratio of the predicted and the measured cross sections.
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Figure 9.19: The measured normalised differential cross sections for tf production in the {+jets
yjet—radl‘ (c) ‘Agbtoplepfjet-radl’ (d) ‘A¢tophadfjet-rad1|

channel as functions of (a) pjTet'radl, (b)

() |AgietWI-jetradl] and (f) m!! -Ietradl (dots) in the t+1jet channel. The NLO QCD predictions from
PWG+PYS8 (solid lines), PWG+HW?7 (dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12
(dot-dashed lines) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures show the ratio of
the predicted and the measured cross sections.
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Figure 9.20: The measured differential cross sections for tf production in the (+jets decay
mode as functions of (a) p]et -radl , (b) ‘yjetfradl‘, () ‘A¢toplep—jet-radl|, (d) |A¢tophad—jet-rad1’,

(e) |AgietWi-jetradl] and (f) ﬂt”‘je*'r‘%‘d1 (dots) in the tf+1jet channel. The NLO QCD predictions
from PWG+PY8 (blue lines) and the NNLO QCD predictions from PWG+PY8 MINNLOPS (purple
lines) are also shown. Both predictions are normalised to the O(NNLO+NNLL) total cross section.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic uncer-
tainties added in quadrature). For most of the points, the inner error bars are smaller than the marker
size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty on the
PWG+PY8 (PWG+PY8 MINNLOPS) prediction. The lower part of the figures show the ratio of the
predicted and the measured cross sections.
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Figure 9.21: The measured normalised differential cross sections for tf production in the {+jets
decay mode as functions of (a) p]Tet-radll (b) ‘yjet_radl )/ (c) |Agtoplep —jetmadl) (q) ‘Aﬁbmphad*jet'radl |,

(e) |AgietW-jetradl] and (f) m! -ietradl (dots) in the tF+1jet channel. The NLO QCD predictions
from PWG+PY8 (blue lines) and the NNLO QCD predictions from PWG+PY8 MINNLOPS (purple
lines) are also shown. The inner (outer) error bars represent the statistical uncertainties (the statistical
and systematic uncertainties added in quadrature). For most of the points, the inner error bars
are smaller than the marker size and, thus, not visible. The shaded (hatched) bands represent the
theoretical uncertainty on the PWG+PY8 (PWG+PY8 MINNLOPS) prediction. The lower part of the
figures show the ratio of the predicted and the measured cross sections.
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9.8.3 Differential cross sections for the tf+2jets channel

Figures 9.22 and 9.23 (Figures 9.24 and 9.25) show the tf absolute (normalised) differ-

ential cross sections in the /+jets decay mode for the tf+2jets channel as functions of
1 t- d2 s ESy iy Ey ey P P
p]; ra , ‘ y]et rad2 " ‘ Ay]et radl —jet-rad2 ” ’ A (P]et radl —jet radZ‘, ‘ A (Ptoplep jet-rad2 " ‘ A (Ptophad jet-rad2 ‘,

’A(Pjet—Wl —jet—rad2| and mietradl —jet-rad2 yalues of pj;-t-radZ and mietradl - jet-rad2 up to ~ 1.2 TeV
jet-rad2

and ~ 4 TeV, respectively, are measured. The measured cross sections as functions of py.
and mjetradl -jetrad2 decrease by more than five orders of magnitude within the measured
range. The measured cross section as a function of |y/**"42| decreases as the rapidity in-
creases and has a very similar shape to the one for }yjet*radl |. The measured cross section as
a function of |Ayietradl ~jetad2| decreases rapidly with increasing |Ayietmadl -jetrad2| and the
| Agietradl—jetrad2) distribution exhibits peaks at 0.5 rad and 7 rad, with approximately the
same rate; these features indicate that the second hard emission tends to be close in rapidity
to the first emission and that there is a weak dependence of the difference in ¢ between
the first and second emissions. The decrease of the cross section at [AgetTad! ‘jet'rad2’ ~0
is due to the fact that since the jets are reconstructed with R = 0.4, they cannot be closer
than that value in ¢ if they have the same rapidity. The measured cross sections as functions
of |Agtoplep —jetmad2| | Agtophad ~jetrad2| and | Apiet- W1 —jetrad2| show similar features to those
measured for jet-radl; thus, the second emission also has a higher probability of arising far
from the leptonically-decaying top.

The NLO QCD predictions describe well the measurements as functions of }yjet*radz},
’ ijet—radl —jet—rad2‘ ‘ A q-)jet—radl —jet—radZ’ ’ A 4)t0plep —jet-rad2 ’ | A (Ptophad —jet—radZ‘ and
| AgietWi=jetrad2| though the prediction from aMC@NLO+HW?7 has a somewhat different

shape than the data for ]ijet'radl ‘jet'mdz‘ (see Figures 9.22(c) and 9.24(c)). The measurement

as a function of pj;t'radz is described adequately by the predictions of PWG+PY8, PWG+HW?7

and SHERPA 2.2.12, whereas the prediction from aMC@NLO+HW? fails. For mietradl —jetrad2,
the predictions describe the data only for mietradl —jetrad2 1 TeV; for larger mietradl —jet-rad2
values, the predictions of PWG+PY8, PWG+HW7 and SHERPA 2.2.12 (aMC@NLO+HW?)
overestimate (underestimate) the data.

The comparison of the NNLO predictions to the measurements in the tf+2jets channel is
shown in Figures 9.26 to 9.29. The central value of the NNLO predictions for the angular vari-
ables in this channel has a tendency to be above the data, though the PWG+PY8 MINNLOPS
predictions are compatible with the measurements within the experimental and theoretical
uncertainties, except for the normalised cross section as a function of ‘ijet'radl - jet-rad2 !, for
which the PWG+PY8 MINNLOPS prediction is below the data for |Ay/etTadl -jetradz) > 3,
The description of the data by the NNLO prediction is somewhat worse than that at NLO
for the p];t'radz observable (see Figures 9.26(a) and 9.28(a)), especially at high p];t'radz values.
This effect might be attributed to the fact that these calculations are only lowest order in

QCD for the second emission; thus, higher-order corrections are modelled with the parton
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Figure 9.22: The measured differential cross sections for tf production in the /+jets decay mode

as functions of (a) p]Tet-rad2’ (b) ‘ yjet—radz " (©) ‘ ijet-radl —jet-rad2 ’/ and (d) | A¢jet—rad1 —jet—radZ‘ (dots)
in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (solid lines), PWG+HW?7
(dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12 (dot-dashed lines) normalised to
O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures show the ratio of

the predicted and the measured cross sections.

shower and the theoretical uncertainty due to the scale variations might be underestimated
since it does not account for the scale variations in the parton shower.

181



9 Measurements of top-quark pair differential cross sections in the /4jets channel
in pp collisions at /s = 13 TeV using 140 fb~! of ATLAS data

—— 7
r ATLAS Preliminary -
=== POWHEG+PYTHIA8 s =13 TeV,140 fb"

«=- POWHEG+HERWIG7

aMC@NLO+HERWIG7

[ oo SHERPA 2.2.12 ]
r ¢ Data pp — tf (= /+ets) + 2jets

—— 7
r ATLAS Preliminary
| === POWHEG+PYTHIA8  {s=13 TeV,140 fo"
|-+ POWHEG+HERWIG7

+ aMC@NLO+HERWIG7

[ oo SHERPA 2.2.12 ]
- ¢ Data pp — tf (= A+ets) + 2jets B

do/d‘A(plap\ep—je(-radZ‘ [ob/rad]
do/di ¢|aphad—je(-rad2‘ [ob/rad]

Prediction/Data
Prediction/Data

toplep — jet-rad2

tophad - jet-rad2

1A | [rad] 1A | [rad]
(a) (b)

5 [T T = 7
g ATLAS Preliminary [4] L ATLAS Preliminary |
S 10f-== POWHEG+PYTHIAS Vs =13 TeV,140 fb’" - % 1075, VS =13 TeV,140 fb" E
= | -s+ POWHEG+HERWIG? | = F T i ots ]
g aMC@NLO+HERWIG7 o 102 rer ¢ Data pp — tf (- ¢jets) + Zjets 2
z Foaen SHERPA 2.2.12 1 g E o === POWHEG+PYTHIA8 ]
0 L #Data pp — ti (- #+jets) + 2jets — S o100 e POWHEG+HERWIG7 <
H 3 E b aMC@NLO+HERWIG7 3
% s 10 E i oo IR SHERPA 2.2.12 -
5 s .f E
8 8 107 E
L 1 10°F z
r 1 107k g
| | | E |
s OF T T E s F T
@ 1.2 ) L |
] = Q 2F o -
c [ = L |
5 5 F ..................._1_
3 3 (peswenle 3 5
8 o8l I s s 1
c b N I AR AR AR EVRR:

0 1000 2000 3000 4000
‘A¢lezrw1 qewaaz‘ [rad] pjetradi - jetrad2 [GeV]

(0) (d)

Figure 9.23: The measured differential cross sections for tf production in the /+jets decay mode as
functions of (a) ‘ A ¢toplep —jet-rad2 ’, (b) ‘ A q)tophad —jet-rad2 ’, () ‘ A ¢jet—W1 —jet-rad2 |, and (d) pjetradl —jet-rad2
(dots) in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (solid lines), PWG+HW7
(dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12 (dot-dashed lines) normalised to
O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures show the ratio of
the predicted and the measured cross sections.

182



9.8 Results

= —— — T T T T ST AN R
3 3 ATLAS Preliminary 3 g 1 ATLAS Preliminary
Q » . Vs =13 TeV,140 fo' 3 §> F Vs=13TeV,140 fo’' q
= 107 g, E =
g 0 E* # Data pp — tf (= ¢+jets) + 2jets 3 % r ¢ Data pp — tf (= #ets) + 2jets |
i ET > H == POWHEG+PYTHIA8 |
g E o O POWHEG+HERWIG7
B 10 = r v aMC@NLO+HERWIG7
% E 05 e SHERPA 2.2.12 .
E B erisnssgnin
= E e o SP
z E 3 4
1076? [ e wetn
73:7 | = o b L Ly
%10 ‘ ‘ = %07“H‘HH‘HH‘HH‘HH’
o 2f E 8 rer E
c ] c C ]
g g 1 OISl ittt o o  pegueeelUTEITY o L. A'
3 5 i e
5 r k<1 L ]
o L S 08f 3
[ [- e S N B BN BT
0 25
pjenadz [GeV] |y|e|rrad2|
"
(a) (b)
o e e e 5 ————— ——
g r ATLAS Preliminary g L ATLAS Preliminary |
5 L Vs =13 TeV,140 fo” = 08 Vs =13 TeV,140 fb -
;;m ¢ Data pp — tf (- +ets) + 2jets | % [ ¢ Data pp — tf (- +ets) + 2jets |
B == POWHEG+PYTHIAS —| s r == POWHEG+PYTHIAS ]
2 L e POWHEG+HERWIG7 | L POWHEG+HERWIG7 ]
R aMC@NLO+HERWIG7 £ [ s aMC@NLO+HERWIG? |
S oo SHERPA 2.2.12 1 e L e SHERPA 2.2.12 ]
G S o0af o
h = L Ty [ry =
-8 L [evy ey prrgres O 4
’6‘ |- 4
= 02 -
L n n | | \7
£ s 0 T T T
] T 120 3
e e ]
c f=4 L i
2 2 e .-
3 ] 5 T ]
® B 2 o8l i
o R b e o R 1
2 3 5 0 1 2 3
| Ay]enam - Jenadzl A q)]elrracﬂ - |elrrad2| [rad]
(c) (d)
Figure 9.24: The measured normalised differential cross sections for ¢tf production in the /+jets decay
jet-rad2

mode as functions of (a) Py , (b) ‘yjetfradZ ‘, (c) ’ijet-radl —jet—radZ‘, and (d) |A¢jet-rad1 —jet—radZ‘
(dots) in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (solid lines), PWG+HW7
(dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12 (dot-dashed lines) normalised to
O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the statistical uncertainties
(the statistical and systematic uncertainties added in quadrature). For most of the points, the inner
error bars are smaller than the marker size and, thus, not visible. The shaded bands represent the
theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures show the ratio of
the predicted and the measured cross sections.
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Figure 9.25: The measured normalised differential cross sections for tf production in the (+jets
decay mode as functions of (a) |A¢toplep —jet—radZ" (b) |A(Ptophad—jet—rad2|’ (c) |A¢jet—W1 —jet—rad2|’ and
(d) mietradl —jetrad2 (ots) in the tF+2jet channel. The NLO QCD predictions from PWG+PY8 (solid
lines), PWG+HW?7 (dashed lines), aMC@NLO+HW?7 (dotted lines) and SHERPA 2.2.12 (dot-dashed
lines) normalised to O(NNLO+NNLL) are also shown. The inner (outer) error bars represent the
statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For most of
the points, the inner error bars are smaller than the marker size and, thus, not visible. The shaded
bands represent the theoretical uncertainty on the PWG+PY8 prediction. The lower part of the figures
show the ratio of the predicted and the measured cross sections.
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Figure 9.26: The measured differential cross sections for tf production in the /+jets decay mode
as functions of (a) pJEt rad2 , (b) ‘yjet—radZ" (c) ‘ijet-radlfjet-radZII and (d) |A¢jet-rad17jet-rad2‘ (dots)
in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (blue lines) and the NNLO
QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also shown. Both predictions are
normalised to the O(NNLO+NNLL) total cross section. The inner (outer) error bars represent the
statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For most of
the points, the inner error bars are smaller than the marker size and, thus, not visible. The shaded
(hatched) bands represent the theoretical uncertainty on the PWG+PY8 (PWG+PY8 MINNLOPS)
prediction. The lower part of the figures show the ratio of the predicted and the measured cross
sections.
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Figure 9.27: The measured differential cross sections for tf production in the /+jets decay mode as
functions of (a) |A¢toplep —jet-rad2 |’ (b) ‘A(Ptophad —jet-rad2 |, (C) |A¢jet—Wl —jet-rad2 }’ and (d) mjetradl —jet-rad2
(dots) in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (blue lines) and the NNLO
QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also shown. Both predictions are
normalised to the O(NNLO+NNLL) total cross section. The inner (outer) error bars represent the
statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For most of
the points, the inner error bars are smaller than the marker size and, thus, not visible. The shaded
(hatched) bands represent the theoretical uncertainty on the PWG+PY8 (PWG+PY8 MINNLOPS)
prediction. The lower part of the figures show the ratio of the predicted and the measured cross
sections.
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Figure 9.28: The measured normalised differential cross sections for tf production in the ¢/+jets decay

. jet-rad2 fet— ot —iet- iet- —jet-
mode as functions of (a) p]"? ra , (b) ‘y]et radZ‘, (c) ’Ay]et radl —jet radZ‘, and (d) |A4)]et radl —jet radZ‘

(dots) in the tf+2jet channel. The NLO QCD predictions from PWG+PY8 (blue lines) and the NNLO
QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also shown. The inner (outer)
error bars represent the statistical uncertainties (the statistical and systematic uncertainties added
in quadrature). For most of the points, the inner error bars are smaller than the marker size and,
thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty on the PWG+PY8
(PWG+PY8 MINNLOPS) prediction. The lower part of the figures show the ratio of the predicted
and the measured cross sections.
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Figure 9.29: The measured normalised differential cross sections for tf production in the {+jets
decay mode as functions of (a) |A¢toplep —jet—radZ" (b) |A(Ptophad—jet—rad2|’ (c) |A¢jet—W1 —jet—rad2|’ and
(d) mietradl —jetrad2 ({ots) in the tF+2jet channel. The NLO QCD predictions from PWG+PY8 (blue
lines) and the NNLO QCD predictions from PWG+PY8 MINNLOPS (purple lines) are also shown.
The inner (outer) error bars represent the statistical uncertainties (the statistical and systematic
uncertainties added in quadrature). For most of the points, the inner error bars are smaller than the
marker size and, thus, not visible. The shaded (hatched) bands represent the theoretical uncertainty
on the PWG+PY8 (PWG+PY8 MINNLOPS) prediction. The lower part of the figures show the ratio
of the predicted and the measured cross sections.
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9.8 Results

9.8.4 x2and p—values

To quantify the level of agreement between the measured differential cross sections and the
theoretical predictions, x? values are evaluated using the following equation [248]

X =Y

ik

+

-1
Cstat,uncor,ik

Di — Ti (1 — Z’)/l]b]>
j

62 T?>+ 62, DT,
1 i,uncor " i istat™— 11 bgl
TLlos 5 D2+]Z

i,uncor istat

Dk — Tk (1 — Z’)’k]b]>
i

(9.1)

known as the Hessian method [249].

In Equation 9.1, indices i and k represent different bins in a differential cross section and index
j represents each source of uncertainty. The symbol D represents the measured differential
cross section in a given bin as a function of each observable. The statistical uncertainties are
incorporated in the covariance matrix Cstatuncor- This matrix contains also the systematic
uncertainty due to non-closure (see Section 9.7), which is the only experimental uncertainty
considered uncorrelated between bins. All the other systematic uncertainties, denoted by
the symbol < in Equation 9.1, are considered as correlated between bins and are accounted
for by using nuisance parameters (symbols b in Equation 9.1). The parameters b are obtained
from a minimisation using the MINUIT [250] program.

The symbol T represents the theoretical prediction in each bin of each differential cross
section. The uncertainties that affect the theoretical predictions (see Section 9.1.4) are taken
into account: the uncertainties arising from pg, pr and the amount of initial- and final-
state radiation in the parton shower are considered as uncorrelated whereas those arising
from the PDFs and the value of &g are considered as correlated bin to bin. As for the
experimental uncertainties, the uncorrelated uncertainties are incorporated into Cstat,uncor
and the correlated uncertainties are accounted for by using the nuisance parameters b.

The first term in Equation 9.1 gives the main contribution to the x? and the second term
is a small bias correction term, referred to as the log penalty [249], which arises because
the diagonal term of Cstat uncor 1S given by Cstat uncor,ii = 5gun worI?+ ‘Siz,statDiTi' with different
weights for the statistical (J; stat) and uncorrelated (J; yncor) Uncertainties.

Table 9.3 shows the x? and p-values for each differential cross section and for each theoretical
prediction tested separately. The p-values obtained confirm the qualitative conclusions
discussed in the previous sections.
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Table 9.3: x* values, number of degrees of freedom and p-values for each observable and each
prediction for the absolute differential cross sections.

Prediction PWG+PY8 PWG+HW? aMC@NLO+HwW?7 SHERPA 2.2.12 PWG+PY8 MINNLOPS
Observable X>/NDF  p—value | x*/NDF p-value | y?/NDF p—value | x>/NDF p-—value | x?/NDF p—value
et 6.2/10 0.79 41/10 0.94 2.7/10 0.99 1.8/10 1.0 3.4/10 0.97
[yt W1 1.8/10 1.0 1.6/10 1.0 2.3/10 0.99 1.1/10 1.0 2.7/10 0.99
Jet W2 23/8 0.97 0.45/8 1.0 2.8/8 0.94 0.53/8 1.0 2.6/8 0.96
[yiet=W2| 1.9/10 1.0 17/10 1.0 2.4/10 0.99 1.1/10 1.0 2.7/10 0.99
|Ayiet W1 —jet-W2 | 1.6/10 1.0 2.7/10 0.99 4.3/10 0.93 0.9/10 1.0 6.0/10 0.81
|Agiet-WL=jet-W2 | 1.7/10 1.0 1.6/10 1.0 2.5/10 0.99 1.2/10 1.0 2.1/10 1.0
pletradt 7.7/11 0.74 7.1/11 0.79 3.3/11 0.9 2.6/11 1.0 6.4/11 0.85
[yiet—radL | 1.6/10 1.0 2.8/10 0.99 3.4/10 0.97 0.69/10 1.0 3.0/10 0.98
| Agptoplep —jet-radl| 1.4/7 0.99 22/7 0.95 29/7 0.89 0.81/7 1.0 23/7 0.94
| Agptophad —jet-radl| 14/7 0.98 26/7 0.92 29/7 0.89 0.85/7 1.0 24/7 0.93
| Agiet- W1 —jetradl 1.6/10 1.0 2.9/10 0.98 3.4/10 0.97 0.77/10 1.0 2.7/10 0.99
!t ~jetradl 7.7/8 0.46 6.5/8 0.59 4.4/8 0.81 4.4/8 0.82 55/8 071
jetrad2 32/9 0.96 40/9 0.91 37/9 <001 1.7/9 1.0 11/9 0.28
|yjet—rad2| 1.4/10 1.0 3.9/10 0.95 24/10 0.99 0.2/10 1.0 5.3/10 0.87
|Ayjetradl—jetrad2) 1 16/10 1.0 4.0/10 0.95 4.0/10 0.95 0.13/10 1.0 5.4/10 0.86
|agietradl —jetrad2) 1 4/10 1.0 4.0/10 0.95 24/10 0.9 0.25/10 1.0 5.2/10 0.88
| Agptoplep ~jet-rad2| 1.3/7 0.99 32/7 0.86 2.0/7 0.96 0.46/7 1.0 4.1/7 0.77
| Agptophad jet-rad2| 12/7 0.99 32/7 0.87 2.1/7 0.96 0.46/7 1.0 4.1/7 077
| Agiet W1 —jetrad2 1.3/10 1.0 3.8/10 0.95 2.4/10 0.99 0.22/10 1.0 5.1/10 0.88
mjetradl —jet-rad2 62/9 0.72 6.7/9 0.66 2.6/9 0.98 42/9 0.9 8.8/9 045
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10 Extraction of a5 using top-quark pair
differential cross sections in pp collisions
at /s = 13 TeV measured by ATLAS

The strong coupling constant, a; is a fundamental parameter of the theory that describes
the colour interactions. The value of this parameter is not given by the theory; it must be
extracted from experimental measurements. However, the theory provides the behaviour of
s as a function of the scale of the interaction (running). Measuring the running of «; is a
test of QCD, as the running depends on the gauge symmetry group underlying the theory
and the number of active flavours.

The calculations of cross sections for tf production are sensitive to as as the main production
channels in hadron colliders, such as the LHC, are mediated by the strong interaction. The
measurements from the analysis presented in Chapter 9 are used for the extraction of as (1)
and the test of the running, which are presented in this chapter.

The structure of this chapter is as follows. Section 10.1 presents the measurements and
simulations used in the extraction of as. The method used for the extraction is described
in Section 10.2. Section 10.3 details the systematic uncertainties taken into account in the
measurement, and the results are presented in Section 10.4.

10.1 Data and next-to-leading-order calculations

Three of the tf absolute differential cross sections presented in Chapter 9 have been taken
as input for this analysis. The distributions chosen are the cross sections as functions of
pj;t'w'lead, pjTet'rad'lead, and m!f-jetradlead - Thege cross sections are measured with events
recorded by ATLAS with 140 fb~! of Run 2 at /s = 13 TeV using the tf /+jets channel.
Distributions as functions of transverse momenta and invariant masses have been preferred

for this analysis over the angular distributions and angular correlations since these distribu-

. jet-rad-sublead 3. . .o .
tions have a strong dependence on as. The pr " distribution has not been used as

the predictions for this observable are only NLO and the second QCD radiation originates
exclusively from the parton showers.
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10 Extraction of as using top-quark pair differential cross sections in pp collisions
at y/s = 13 TeV measured by ATLAS

Three predictions with different values of a5 (1) are used in this analysis. These samples are
modelled using the POWHEG BOX v2 [211-214] generator, which provides matrix elements
at NLO in a5, and the NNPDF3.0NLO [167] PDF. The hgamp parameter, which controls the
matching in POWHEG and effectively regulates the high-pr radiation against which the
tf system recoils, was set to 1.5m; [203]. The functional form of the renormalisation and

factorisation scales was set to the default scale /m? + p%. The events were interfaced with
PYTHIA 8.230 [155] for the parton shower and hadronisation, using the A14 set of tuned
parameters [157] and the NNPDF2.3L0 set of PDFs [156]. The decays of bottom and charm
hadrons were simulated using the EVTGEN 1.6.0 program [251].

The tf sample was normalised to the cross-section prediction at NNLO in QCD including
the resummation of NNLL soft-gluon terms calculated using ToP++ 2.0 [11-16, 220]. For
pp collisions at a centre-of-mass energy of /s = 13 TeV, this cross section corresponds to
(T?NLOJ“NNLL = 832 £ 51 fb using a top-quark mass of m; = 172.5 GeV.

The different values used for as (mz) are 0.117, 0.118, and 0.119. Figure 10.1 shows the ratios
of the predictions for the three observables computed with the three values of a; (mz).

The scale uncertainty is computed by varying separately the renormalisation and factorisa-
tion scales. Both scales are increased and decreased by a factor of two. The NNPDF3.0NLO
replicas were used to evaluate the PDF uncertainties for the nominal PDF.

10.2 «g (mz) extraction method

The method to extract as (1) follows that of Refs. [252, 253]. In this method, the differential
cross section in bin i is parameterised as a function of as (1) as:

1

[j; (as (mz))] = Cl - ag (mz) +Ch a2 (myz), (10.1)

where A is the corresponding observable and C; with j = 1,2 are two parameters character-

ising the dependence on as () for each bin. A pair of parameters C; and C} is extracted
for each bin. They are determined by a x2-fit method of Equation 10.1 for each bin using
the three predictions at three different values of a (mz). The extracted as (mz) value is
computed as the solution to the quadratic Equation 10.1 given the pair of C]l: parameters and
the measured cross section.

Equation 10.1 has been chosen to be quadratic since it provides a good approximation to
the dependence on ;s (m7) of the NLO predictions. To account for the correlation of as (1)
on the PDFs, together with the variation of as (17) in the hard process, the PDF is varied
accordingly.
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10.2 as (mz) extraction method
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Figure 10.1: Ratios of the predictions computed with the three different a () and the prediction

computed with the nominal a (mz) = 0.118 value. In the top row, the ratio as a function of pjTEt'W'lead

(left) and as a function of p];t_rad_lead

tf —jet-rad-lead

(right) are presented. In the bottom plot, the ratio as a function

of m is shown.
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10 Extraction of as using top-quark pair differential cross sections in pp collisions
at y/s = 13 TeV measured by ATLAS

A combined value of as (1) is computed for each of the three observables. Another Xz-ﬁt
method of Equation 10.1 is applied simultaneously to every bin using as inputs the measured
cross sections and the pairs of C]’: parameters as input.

Additionally, an extraction of & as a function of the scale is computed. For this extraction,
the scale in each bin is taken as the transverse momentum or the invariant mass of the
corresponding observable at the bin centre. For each prediction, the as is computed at the
corresponding scale of each bin. In this case, Equation 10.1 is modified using a5 (Q) instead
of as (mz). After this change, the same process is repeated.

10.3 Systematics uncertainties

The sources of systematic uncertainties affecting the extraction of a (mz) and the test of the
running of a5 are propagated from those affecting the measurement of the differential cross
sections presented in Chapter 9. These uncertainties account for the b-tagging calibration
and efficiency, the detector energy scale and resolution, the reconstruction efficiency, the
background and signal modelling, the statistics of the MC samples, and the uncertainty
arising from non-closure. Each source of uncertainty is separated into independent contribu-
tions and evaluated by varying the measured cross section and extracting a new value of
as (mz). Systematic uncertainties are evaluated with respect to the nominal value of ag (mz)
or as (Q) separately for the upward and downward variations (or in the case of a single
variation by symmetrising the single deviation) for each bin of each observable or for the
combined extraction.

The total systematic uncertainty is computed by adding in quadrature the sources of uncer-
tainty listed in the previous sections together with the statistical uncertainty.

10.4 Results

The values of as (m7) extracted for each bin using the absolute differential tf cross sections

- . : : jet-W-lead
are shown in Figure 10.2. The values extracted using the three cross sections, i. e. py =,

pjTet'rad'lead, and m'f-jetradlead “exhibit a similar behaviour. The extracted values typically
agree with the world average [91], with some exceptions when the transverse momentum
and invariant mass increase. Additionally, a trend is observed in the three cases. The value
of the extracted «; (1) decreases as the transverse momentum and invariant mass increase.
However, the values extracted from each bin are typically in agreement with each other and

with the world average within uncertainties.

Three values of as (mz) using the combination of every bin in each cross section have been
extracted. The results are:
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Figure 10.2: Extracted values of a5 (mz) obtained for each bin of the measured differential cross
sections. In the first row, the p];t_w_lead p]Tet_rad_lead) cross section is used for the extraction in the left
(right) plot. The bottom plot presents the s (111;) extracted values using the m!f ~jetrad-lead crogq
section. The right side of each plot displays the combined value for as (7). The inner error bars
represent the experimental uncertainty in the extraction of a5 (117 ), and the outer error bars represent
the sum in quadrature of the experimental and theoretical uncertainties. The world average [91] is

shown as a solid line with a shaded area representing the uncertainty.

jet-W-lead 0.0117

o From ph " % ag (mz) = 0.116775:5%¢4 (exp.) Tyoosy (theo.)
jet-rad-lead 0.0122

e From pp % ag (mz) = 0.1161700573 (exp.) "5 (theo.)

e From mif-jetradlead; 5 (5 ) — 01161109074 (exp.) TO0121 (theo.)

Figure 10.3 shows the running of as. The dependence of & on the scale extracted from each
observable is in agreement with the running predicted by QCD. Similarly to the extraction
of g (mz), the region at high scale shows greater differences between the measurements
from individual bins and the running of the combined «; (m7), but it is in agreement with
the predicted behaviour within the uncertainties.

The comparison of the three combined values for as (m7) is shown in Figure 10.4 together
with the extracted values obtained by the ATLAS Collaboration using multijets transverse
energy—energy correlations (TEEC) [254], and the results obtained by the ZEUS Collaboration
in DIS [255] and in photoproduction [256]. Every measurement is in agreement with the
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10 Extraction of as using top-quark pair differential cross sections in pp collisions
at y/s = 13 TeV measured by ATLAS
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Figure 10.3: Running of & (Q) obtained with three different measured differential cross sections. In
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the first row, the p]]? e p]; 197 cross sections is used for determining the values of as (Q) in

the left (right) plot. The bottom plot presents the a5 (Q) running obtained using the m !t ~jetrad-lead

cross section. The running extracted from the combined measurement is shown as a solid line
surrounded by a shaded area representing the sum in quadrature of the experimental and theoretical
uncertainties.

world average, within the uncertainties. The uncertainties for the values obtained in this
analysis are larger than in the other studies. This is due to the fact that extraction of & in the
TEEC analysis used ratios of cross sections, for which the correlated uncertainties cancel,
and is based on NNLO predictions. The analyses from ZEUS yield smaller uncertainties due
to the fact that a careful choice of observables and region of phase space was made so that
experimental and theoretical uncertainties were minimised.

Figure 10.5 shows the running of a5 (Q) as a function of the scale obtained with three
different measured differential cross sections. In this figure, they are compared to the
running obtained by the ATLAS Collaboration using multijets transverse energy—energy
correlations (TEEC) [254], and the results obtained by the ZEUS Collaboration in DIS [257]
and in photoproduction [256]. The running of a5 for the extracted value of as (mz) using
p];t'rad'lead is shown for comparison together with the running of the world average. The

predicted running of a5 is in good agreement with the extracted values at different scales.
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Figure 10.4: Comparison of the combined values of as (my) extracted using the tf differential cross
sections as functions of p]Tet'W'lead, p]]?t'rad'lead, and m!t-jetradlead tooother with the extracted val-
ues obtained by the ATLAS Collaboration using multijets transverse energy—energy correlations
(TEEC) [254], and the results obtained by the ZEUS Collaboration in DIS [255] and in photoproduc-
tion [256]. Experimental uncertainties are represented by the inner error bars and the outer error
bars represent the sum in quadrature of the experimental and theoretical uncertainties. The world

average [91] is shown as a solid line with a shaded area representing the uncertainty.
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10 Extraction of as using top-quark pair differential cross sections in pp collisions
at y/s = 13 TeV measured by ATLAS
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representing the uncertainty.
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11 Summary and conclusions

Three different measurements were presented in this thesis. The analysis included the
in situ jet energy scale calibration using y+jets events, the measurements of top-quark pair
differential cross sections in the /+jets channel in pp collisions at /s = 13 TeV using 140 fb~!
of ATLAS data, and the extraction of a5 using top-quark pair differential cross sections in pp
collisions at /s = 13 TeV measured by ATLAS.

The in situ jet energy scale calibration using y4-jets events using data recorded by ATLAS
during the 2015-2018 period was measured. The JES was measured as a function of the
photon transverse momentum for photons with pI > 25GeV and |577| < 1.37. The leading jet,
reconstructed using the PFlow method, was required to have p];t > 10 GeV and |17°*| < 0.8.
The JES was measured with an uncertainty below 1% in the pif > 45 GeV range. This
was achieved thanks to the complete luminosity of Run 2, the MPF method, and PFlow
jets, which improved the statistics and the techniques used for the measurements with
respect to previous calibrations. The in situ correction deviates from unity by less than
3% and decreases to just above 1% as pif increases. Between 25 and 45 GeV, this trend is
not observed due to limited statistics. The JES measured with both PYTHIA and SHERPA
simulations exhibit similar behaviours. The measurement range reaches up to 2000 GeV.

The measurements of top-quark pair differential cross sections in the £4-jets channel
in pp collisions at /s = 13 TeV using 140 fb~! of ATLAS data recorded between 2015
and 2018 was presented. The tf events were selected in the /+jets decay mode. The
measurements presented benefit from the large statistics available from the full Run 2 sample
and a reduction of the systematic uncertainties compared to previous analyses. Absolute and
normalised differential cross sections as functions of jet observables, including jet transverse
momenta and rapidities, angular correlations and invariant masses, were measured in three
channels: #f inclusive with NI®® > 4, tf+1jet with NI*® > 5 and tf+2jets with NJ*® > 6. The
observables, either constructed from the jets forming the tf system or arising from hard QCD
radiation, were measured and used to characterise the kinematics, topology and dynamics
of the tf system; they also proved to be sensitive to initial- and final-state QCD radiation
effects, represented by the production of additional jets. The measured cross section as a
function of p];t'W1 has a harder spectrum than that of p]ft'wz. The measured cross sections
as functions of [**"W1| and |i**"W2| have very similar shape and normalisation. The
measured cross section as a function of [AyetWI=jetW2| (| Apiet- W1 =jet W21y exhibits a peak
around |AyetWI—IeEW2| — 0 (|A@letW1-1etW2| — 1 rad). These observables characterise the

kinematics of the two light jets forming the hadronically-decaying top. Values of m!f ~jetradl
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11 Summary and conclusions

(mietradl —jetrad2) 35 to ~ 5.3 TeV (~ 4 TeV) were measured. The measured cross sections as
functions of m!! ~jetradl and pyjetradl -jetrad2 qecrease by more than five orders of magnitude
within the measured range. These observables characterise the dynamics of the first and
second emissions. From the event topology point of view, differences in the shape of
the measured cross sections as functions of the rapidities and angular correlations for the
tt+1jet and tt+2jets channels with respect to those measured in the tf inclusive channel
indicate that the first and second emissions tend to be more isotropic in rapidity than
the jets forming the hadronically-decaying top. This is supported by the measurements
as functions of ’ A (Ptoplep —jet-radl |, ’ A ¢t0phad —jet-radl ‘, } A (Ptoplep —jet—radZ} and ‘ A¢tophad—jet—rad2 ,
which show that the first and second emissions have a higher probability of arising far
from the leptonically-decaying top and that there are more events with a gluon emission
back-to-back with the jets forming the leptonically-decaying top. In addition, the measured
features indicate that the second hard emission tends to be close in rapidity to the first
emission and that there is a weak dependence on the difference in ¢ between the first and
second emissions. NLO QCD predictions normalised to O(NNLO+NNLL) describe well the
shape and normalisation of the measured absolute differential cross sections as functions of
angular observables, but the transverse momentum and invariant mass observables are, in
general, described well only at low values. Recently, predictions for ¢ production at NNLO
QCD have become available and the interface with the parton shower provided by PYTHIA
via the MINNLOPS matching scheme allows the computation of differential cross sections
for jet observables, as those presented here. The NNLO predictions are compared to the
measured cross sections and provide a good description of the angular observables, though
there is a tendency of the NNLO predictions to be below the data for ‘ijEt'Wl _jet'wz‘ > 3.

The description of the data by the NNLO prediction is somewhat worse than that at NLO for
jet-rad2

the pr . For the transverse momentum and invariant mass observables, the NNLO QCD
predictions provide a significant improvement in the description of the p]Tet'Wl, p]ft_wz, p]Tet_radl,

mtt-jetradl and ppjetradl —jetrad2 ghservables with respect to that of the NLO predictions.

The extraction of as using top-quark pair differential cross sections in pp collisions at
v/s = 13 TeV measured by ATLAS was presented. The extraction was performed using
. . . . jet-W-lead _ jet-rad-lead tf —jet-rad-lead
the differential cross sections as functions of py , Pr ,and m' ™) . The
strong coupling at the Z-boson mass scale was measured for each bin of the cross-section
distributions. The extracted values typically agree with the world average, except for very
large values of the transverse momenta and invariant mass. From each distribution a
combined value was extracted. All of them agree with each other within the uncertainties
and there is good agreement with the world average. The running of as was measured for
the same three distributions taking the transverse momentum and the invariant mass of each
bin as the scale. In the three cases, a5 (Q) decreases as Q increases and their dependence is in
agreement with the running of the combined s () within the uncertainties as predicted

by QCD.
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A Background response fits for the in situ
measurements

Figure A.1 shows the rypr distributions and the fitted Gaussians to extract the mean response
in Region C. The fitting method is the same as that used for the Tight and isolated sample. In
the 1200 GeV — 1600 GeV range, a couple of bins do not have enough points to perform the
fit. However, this is not a problem because the purity approaches unity as p%f increases. In
the pf > 1200 GeV region, the purity is compatible with unity within the uncertainties and
no background response is needed for the correction.
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B Uncertainties arising from the purity
correction in the in situ measurements

The uncertainty of the in situ jet energy scale arising from the purity correction is computed
as the sum in quadrature of three different components:

* The uncertainty arising from using the SHERPA sample to compute the signal leakage
fraction in the purity estimation.

* The uncertainty from varying the photon identification working point used to define
background regions C and D.

e The uncertainty from deviations from unity of the R correlation.

For the uncertainty originating from the simulation sample used to compute the signal
leakage fractions, the difference in purity from using the SHERPA sample instead of the
PYTHIA sample is taken as the uncertainty. Figure B.1 shows this uncertainty contribution.
This uncertainty varies from around 0.03% in the first bin and decreases as p¢f increases.
This uncertainty is symmetrised.

For the uncertainty arising from the identification criteria used for photon candidates in
regions C and D, three alternative working points are used to compute three different
nuisance parameters:

* LoosePrime2: adds to the Loose identification the requirements on Ry, Wstot, f1, Eratio,
and AE from the Tight working point. This is the tightest selection criterion used as
an alternative to LoosePrime4.

* LoosePrime3: adds to the Loose identification the requirements on Ry, Wstot, f1, and Eratio
from the Tight working point.

* LoosePrimeb: adds to the Loose identification the requirements on Ry and f; from the
Tight working point. This is the loosest selection criterion used as an alternative to
LoosePrime4.

Figure B.2 shows the three nuisance parameters for the three identification working points.
All of them are negligible except in the first bin where LoosePrime2 and LoosePrime3 are in
absolute value slightly higher than 0.5%, while LoosePrime5 is much lower.
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B Uncertainties arising from the purity correction in the in situ measurements
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Figure B.1: Relative uncertainty of the purity arising from the simulation used to compute the signal

leakage fractions as a function of prTef .

The three nuisance parameters are combined with the envelope distribution of all of them.
Figure B.3 shows the uncertainty of the purity arising from the identification working point
used to define the background regions. The positive component reaches above 0.1% in the
tirst bin, while the negative reaches —0.5%. In both cases, they are negligible for higher
P

For the uncertainty arising from deviations from unity in the R correlation, R®8 has been
varied from £0.2 in the low-p%f region to 0.6 as p*! increases. This variation is taken as a
conservative modification in the value of R given by the studies presented in Appendix C.

ref

This uncertainty goes from around 0.2% at low-p%f and reduces for higher values of p%f (see
Figure B.4).

The combination in quadrature of the three components of the purity uncertainty is shown
in Figure B.5. The positive component decreases from above 0.2% in the first bin as p:¢f
increases. A similar behaviour is observed for the negative component starting above
—0.6%.
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C Studies on RP8 for the in situ measurements

The isolation and identification photon variables used to define the plane in the data-
driven method employed in the correction (see Section 8.6) are assumed as uncorrelated
(RP8 = 1). To account for possible deviations from unity caused by a degree of correlation,
an uncertainty is estimated by varying RS (see Appendix B). To set the variation range for
R®8, the same method used in Ref. [182] is applied.

R®8 is computed as the correlation between four control regions:

. NB’ . ND”

Rbg —
NBH . ND/

where Nr with R = B’, B”, D’, and D” are the number of events in the background control
regions defined as follows:

* Region B’: Tight photon candidates with ES"®40 > 0.022 - E 4 2.45 GeV and ES™40 <
0.022 - E] +12.45 GeV.

e Region B”: Tight photon candidates with E$"40 > 0.022 - EJ + 12.45 GeV.

* Region D’: non-Tight photon candidates with ES™40 > 0.022 - E] + 2.45 GeV and
ESoned0 < 0,022 - ET 4 12.45 GeV.

* Region D”: non-Tight photon candidates with ES"¢40 > 0.022 - E] + 12.45 GeV.

The Rb8 computation is repeated six times by shifting the Eifo thresholds by 0, 1, 2, 3, 4, and
5 GeV. Figure C.1 shows the distribution of R for the six different thresholds in Ei°.

211



C Studies on RP® for the in situ measurements
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Figure C.1: RS for different Ei° thresholds as a function of p£f. The dashed line represents the value
of RP8 used for the uncertainty variations.
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D b-tagging optimisation

The final state of the tf system decay contains two b quarks and consequently the choice of
the b-tagging WP has an important role in the efficiency of the selection used to identify tf
events and on the capability to reject background events. The increase in data statistics given
by basing this analysis on the full Run 2 dataset and the use of the new b-tagging algorithm
DL1r allows the investigation of a tighter WP than used previously. The advantage of a
tighter b-tagging WP is a reduction of the amount of remaining background in the selected
sample and the reduction of its related uncertainty. The disadvantages of a tighter WP are
the increase in the b-tagging uncertainty and the reduction in data statistics. Four different
WPs are available for DL1r: 85%, 77%, 70% and 60%, which correspond to the efficiency for
tagging the b-jet.

Data statistics. The effect of the tagging efficiency on the data statistics was investigated by
counting the number of events in data, background and signal MC. Figure D.1(a) shows the
integrated number of events as a function of the WP and Table D.1 shows the event yields
in the tf inclusive channel for each WP. The number of data events decreases rapidly with
decreasing WP. There is a good description of the data by the SM prediction for all WPs.

Background contamination. The effect of the tagging efficiency on the background contribu-
tion was investigated by studying the contribution of each background process as a function
of WP. Figure D.1(b) shows the percentage of each background to the total SM prediction, to-
gether with the systematic uncertainties associated to each process. The contribution of each
background process decreases as the WP decreases, except for the £V and tfH contributions
which are approximately constant. The background from W+jets dominates for the 85% WP
and its contribution to this WP is much higher than for the other WPs; also, its uncertainty
is higher for the 85% WP. For the other WPs, the background from single-top processes
dominates. Figure D.1(c) shows the percentage of the ratio of data and SM prediction; this
ratio decreases slightly with decreasing WP. In the same figure, the contribution from the
signal MC and the background are shown. The contribution from the signal increases as the
WP decreases, demonstrating that the contamination of the background decreases, being
maximal for the 85% WP and decreasing rapidly as the WP decreases.

Systematic uncertainties. The effect of the tagging efficiency on the systematic uncertainties
was investigated by estimating the contribution of each systematic nuisance parameter
(NP) as a function of the WP. See Section 9.7 for full details on the systematic uncertainties.
Figure D.2 shows the relative systematic uncertainty in the measured cross section as a
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D b-tagging optimisation

Table D.1: Observed and expected number of events in the {-+jets channel for different DL1r WPs in

the tf inclusive channel.

Process Yield 85% Yield 77% Yield 70% Yield 60%
tt 6537684 (86%) 5088726 (90%) 4088358 (91%) 2971083 (91%)
single top 341275 (4.5%) 248561 (4.4%) 192840 (4.3%) 136233 (4.2%)
Wjets 383440 (5.0%) 159852 (2.8%) 101786 (2.3%) 64442 (2.0%)
Fakes 174952 (2.3%) 95017 (1.7%) 65491 (1.5%) 41674 (1.3%)
Z+jets 119868 (1.6%) 53483 (0.94%) 36567 (0.81%) 24275 (0.75%)
tv 21491 (0.28%) 16406 (0.29%) 13136 (0.29%) 9430 (0.29%)
diboson 19592 (0.26%) 8911 (0.17%) 5918 (0.13%) 3882 (0.12%)
ttH 7183 (0.09%) 6205 (0.10%) 5423 (0.12%) 4389 (0.13%)
Total prediction 7605485 5677161 4509522 3255408
Data 7541003 5617401 4445113 3189801
Data/Prediction 0.99 0.99 0.99 0.98

function of [/*"~W1| for each DL1r WP. The largest contribution, not surprisingly, arises from
the b-tagging NPs and the second-largest contribution comes from the detector NPs for all
WPs. The background and detector (b-tagging) systematics are larger for the 85% (60%) WP
than for the other WPs.

As a conclusion from all these studies, the 85% WP is discarded because it produces the
largest background contamination and largest background systematic; the 60% WP is dis-
carded because it produces the largest b—tagging and statistical uncertainties. From the
two remaining WPs, the 70% WP was selected as WP in this analysis because the statistical
uncertainties are similar but the background contamination is slightly smaller and is the WP
that yields the same efficiency as the previous analysis [61].
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Figure D.1: The measured (a) integrated number of events (dots) for the tf inclusive channel as a
function of DL1r WP. The error bars represent the statistical and systematic uncertainties added in
quadrature. The MC simulation of the signal (blue histograms) and various backgrounds are also
included. (b) The percentage with respect to the total SM prediction for the different background
processes as a function of the DL1r WP. The width of the bands represent the systematic uncertainty
associated to each background type. (c) The percentage of the ratio of the data to the SM prediction
(dots) as a function of DL1r WP. The error bars represent the statistical and systematic uncertainties
added in quadrature. The blue bands represent the contribution and uncertainty of the signal MC to
the SM prediction. The magenta bands represent the contribution and uncertainty of the background
processes to the SM prediction. The background contribution has been multiplied by a factor 8.4 to
aid visibility.
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D b-tagging optimisation

b-tag WP: 85%

0.1

uncertainty

I data statistics
—0. 1= b-tagging

mm background

=== detector mm modelling
L scal(T, factors | = \C st‘ats |
0 0.5 1 1.5 2
Iyjet—W—Iead|
> T T T T T T T T ‘ T T T T T T T T T T T T
b= b-tag WP 70%
-‘é
o 0.1
o
c
>
I data statistics
—Q. 4= b-tagging mm background
=== detector mm modelling
L scal(‘e factors | = \C st‘ats |
0 0.5 1 1.5 2
Iyjet—W—Iead|

2.5

2.5

uncertainty

uncertainty

b-tag WP: 77%

0.1

I data statistics

—Q. = b-tagging mm background

=== detector mm modelling
L scale‘ factors | = \C st‘ats |
0 0.5 1 1.5 2 2.5
jet-W-lead

ly

b-tag WP: 60%

0.1

I data statistics

—Q. = b-tagging [ background
=== detector mm modelling
L scal(? factors | = \C st‘ats |
0 0.5 1 1.5 2 2.5
jet-W-lead

ly |

Figure D.2: The relative uncertainty in the measured cross section as a function of |yjet—W1 | in the
tt inclusive channel for different DL1r WPs. The contributions from the b-tagging, detector, scale
factors, background and modelling NPs and data and MC statistics are shown separately.
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E Control Regions for tf production

Figures 9.1 to 9.4 show the data and MC comparison for the signal region (SR), which is
defined as having at least four jets and at least two b-tagged jets. Three control regions (CR)
were studied, which are dominated by background and depleted of signal contribution, to
estimate an uncertainty on the normalisation of the background contributions arising from
the W+jets, Z+jets and fakes processes. These CRs are defined as far away as possible to the
SR and taken as:

¢ CRI: exactly 3 jets and at least 2 b-tagged jets;
* CR2: exactly 3 jets and at most 1 b-tagged jet;
* CR3: at least 4 jets and at most 1 b-tagged jet.

Figures E.1 to E.3 show the data compared to the SM predictions at the detector level in each
CR. The distributions shown in these figures are as functions of the transverse momentum of
the lepton ( plTep), the pseudorapidity of the lepton(;7'°P), the missing transverse momentum
(E%‘iss), the transverse mass of the W boson reconstructed from the lepton and the E%ﬁss (m%v ),
the transverse momentum of the jets ( p]{ft), and the transverse momentum of the b-jets (p?et).
It is seen in this figures that the normalisation of the SM prediction in the control regions is
similar to that of the signal region. In addition, control regions 2 and 3 are dominated by the
background contributions from W-jets, Z-+jets and fakes. On the other hand, CR1, which is
closest to the definition of the SR, has a higher signal and lower background contributions;
still, compared to the SR, the background is high.

An uncertainty of 50% on the W+jets, Z+jets and fakes contributions covers all deviations
observed between data and SM prediction for all observables in CRs 2 and 3; CR 1, which
as mentioned above has a lower background contamination from W+jets, Z+jets and fakes,
shows deviations in the tails of the pr distributions that are larger than the systematic
uncertainty on the normalisation of these background processes (see Section 9.7 for the full
list of systematic uncertainties).
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E Control Regions for tf production

Events/GeV

MC/data

Events/GeV

MC/data

Jets/GeV

MC/data

Figure E.1: The measured (a) plTep, (b) nleP, (c) ETmiSS, (d) m%v , (e) rfTEt, and (f) pf}'}et distributions (dots)
in the tf inclusive channel for control region 1. The MC simulation of the signal (blue histograms)
and various backgrounds are also included. The lower part of each figure shows the ratio of the
total SM distribution to the data. The error bars represent the statistical uncertainty of the data and
the hatched bands represent the uncertainty on the normalisation of the W+jets, Z+jets and fakes
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Figure E.2: The measured (a) plTeP, (b) 77191’, (0 ErTniSS, (d) m%v ,(e) pr , and (f) p?et distributions (dots)
in the tf inclusive channel for control region 2. The MC simulation of the signal (blue histograms)
and various backgrounds are also included. The lower part of each figure shows the ratio of the
total SM distribution to the data. The error bars represent the statistical uncertainty of the data and
the hatched bands represent the uncertainty on the normalisation of the W+jets, Z+jets and fakes
contributions.
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Figure E.3: The measured (a) plTep, (b) nleP, (c) ErT“iSS, (d) m%v , (e) p]TEt, and (f) p?]et distributions (dots)
in the tf inclusive channel for control region 3. The MC simulation of the signal (blue histograms)
and various backgrounds are also included. The lower part of each figure shows the ratio of the
total SM distribution to the data. The error bars represent the statistical uncertainty of the data and
the hatched bands represent the uncertainty on the normalisation of the W+jets, Z+jets and fakes
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