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Abstract

In this thesis, the measurements of the production cross section of a Z boson produced
in association with high-transverse-momentum jets and decaying into a charged-
lepton pair are presented. The data used for these measurements are analyzed from
proton—proton collisions at the Large Hadron Collider. The dataset corresponds to
an integrated luminosity of 139 fb~! collected at a centre-of-mass energy of 13 TeV
and recorded by the ATLAS detector between 2015 and 2018. The cross-section
measurements are performed separately for the electron and muon decay channels
of the Z boson and then combined in order to increase the precision of the final
Z(— £T07)+jets measurements.

Events with at least one jet with pr > 500 GeV/c are selected and populate
a high-pr region. In this region, the production of an on-shell Z boson radiated by
a quark is enhanced and results in events with a small angle between the Z boson
and the associated quark jet such that the two objects are measured to be collinear.
A fraction of the events in the high-pt region are also described by Z+1 jet events
where the Z boson and the jet recoil against each-other such that the two objects are
measured to be back-to-back.

The large dataset has made it possible for the first time to separately study
these two event topologies where a Z boson and a jet are either collinear or back-
to-back. This is achieved by measuring the angular correlation between the Z boson
and the closest jet. The production of a Z boson in association with jets, Z+jets,
provides a near inexhaustible amount of information about the physics mechanism
for the production of vector bosons at the Large Hadron Collider.

This analysis allows to measure the cross section of Z-+jets as a function of

characteristic observables. The resulting differential cross sections are compared with



state-of-the-art theoretical predictions. The differential cross sections themselves pro-
vide a powerful way to test the Standard Model and in particular quantum chromo-
dynamics. The data are found to agree with the latest next-to-next-to-leading-order

and next-to-leading-order theoretical predictions for Z+jets production.
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A.1 Differential fiducial cross section in the inclusive region as a function

(a) of the transverse momentum of the leading jet pr ;1 and (b) of the
transverse momentum of the Z boson pry. The unfolded data are
shown with the black points where the statistical uncertainty is given
as an error bar and the total uncertainty as a hatched region. The total
uncertainty is given by the sum in quadrature of the data statistical and
total systematic uncertainties, as defined in Section 9.1.4. The data
are compared with predictions (in red) from NNLOJET@QNNLO and
(in blue) NNLOJET@NNLO supplied with NLO virtual electroweak
corrections from SHERPA 2.2.11. In the ratio panels, the total un-
certainty of the unfolded data is represented as the hatched region.
The red uncertainty bands corresponds to the scale variations of the
NNLOJET@NNLO prediction, while the blue uncertainty band also
contains the envelope of the different virtual EW correction schemes

from SHERPA 2.2.11, as explained in Sections 9.2.2, and 9.2.3, respec-
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from SHERPA 2.2.11, as explained in Sections 9.2.2, and 9.2.3, respec-

XXX



Conventions, List of Symbols,

Acronyms and Abbreviations

The following symbols, acronyms and abbreviations are listed by the order in which

they appear in this thesis.

SM Standard Model of particle physics
ATLAS A Toroidal LHC ApparatuS

CMS Compact Muon Solenoid
LHC Large Hadron Collider

eV Electron-Volt

BSM Beyond the Standard Model
PDF Parton distribution function (or Probability distribution function)
VBF Vector boson fusion

VBF Vector boson scattering
QCD Quantum chromodynamics
EW Electroweak

pr Transverse momentum

pp Proton—proton

COM Centre-of-mass

XXX



MC
QFT
U(N)
SU(N)
QED
Qs

fiR

e
GWS

CERN
PS

pp
LEP
LO
pQCD
ARy
NLO

Olpw

IP

1D
Pixel

Inverse femtobarn

Monte Carlo

Quantum Field Theory

Unitary group of degree N

Special unitary group of degree N

Quantum electrodynamics

Strong coupling constant

Renormalization scale

Factorization scale

Glashow-Weinberg-Salam

Cross section

European Organization for Nuclear Research
Proton Synchrotron

Proton—antiproton

Large electron—positron

Leading order

Perturbative quantum chromodynamics, or pertubative QCD
Angular distance between the Z boson and the closest jet
Next-to-leading Order

Electroweak coupling constant

Interaction point

Pseudorapidity

Rapidity

Inner detector

Silicon pixel detector

XXX1



SCT Semiconductor tracker

TRT Transition radiation tracker
PV Primary vertex

IBL Insertible B-layer

ECal Electromagnetic calorimeter
HCal Hadronic calorimeter

FCal Forward calorimeter

LAr Liquid argon

&5, Sum in quadrature

MS Muon spectrometer

MDT Monitored drift tubes

CSC Cathode strip chamber
RPC Resistive plate chamber
TGC Thin gap chamber

L1 trigger Level-1 trigger
HLT High-level trigger
Rol Region of interest

NNLO Next-to-next-to-leading Order

M Scattering Amplitude

ME Matrix element

GRL Good run list

My Invariant dilepton mass

jl Leading jet (or highest-energy jet)
DT 41 Leading jet transverse momentum
Pree Z-boson transverse momentum

XXXii



Niets Jet multiplicity

Hy Scalar sum of the transverse momentum of all selected jets and leptons
Tz Ratio of Z-boson to closest-jet transverse momenta

St Scalar sum of the transverse momentum of all selected jets

L Integrated Luminosity

Zjj Z+2 jets

Xxx1ii



Chapter 1

Introduction

The Standard Model (SM) of particle physics provides the most successful theoretical
description of elementary particles and their interactions. From its inception in the
1950’s, it has evolved to its current form in the 1970’s and has since been thoroughly
tested and validated by a myriad of experiments. The discovery of the final particle
predicted by the Standard Model, the Higgs Boson — the cornerstone of the model
- was announced simultaneously by the ATLAS [1] and CMS [2] experiments at the
Large Hadron Collider (LHC) [3] in 2012 [4,5]. The LHC was built to probe the SM at
the TeV energy scale, and so far no measurement performed at the LHC experiments
has announced a discovery going against the predictions of the SM.

The experimental agreement to the SM at the currently accessible energy regimes
presents an interesting conundrum. The SM so far disagrees with none of the mea-
surements performed at the LHC, yet it is known to be an incomplete description of
the fundamental laws of the universe: it does not include the description of gravity,
the most important force in our day-to-day lives, nor can it explain the non-zero neu-
trino masses or the observed quantity of dark matter and dark energy in the universe.

This provides ample motivation for experimentalists to search for physics Beyond the



Standard Model (BSM) or to look for disagreements between the SM and experimen-
tal data in order to arrive at a complete description of the laws of physics of our
universe.

The class of processes described by the production of a Z boson in association
with jets, Z+jets, provides a near inexhaustible amount of information about the SM
physics at the LHC. Some processes such as Z+b jets [6] provide important infor-
mation on the proton Parton Distribution Function (PDF), whereas others such as
Vector-Boson-Fusion (VBF) mediated Z+2 jets production [7] provide stringent tests
of the SM by measuring very rare processes that are now just becoming statistically
accessible. Furthermore, measurements of inclusive Z+jets production constitute
powerful tests of perturbative quantum chromodynamics (QCD) [8,9] and, in the
case of high-energy jets, they provide a way to probe the interplay between QCD and
higher-order electroweak (EW) processes [10-13]. Such processes also constitute non-
negligible backgrounds in measurements of the Higgs boson properties [14, 15] and
in searches for new phenomena [16-18], which often exploit the presence of high-pr
jets to enrich a data sample with potential signal of new physics. In those studies,
predictions are used to extrapolate Z+jets backgrounds from control regions to the
signal regions and to model the distributions of the final discriminants.

This thesis summarizes the analysis and measurements of the production cross
section of a Z boson in association with high-transverse-momentum (pr) jets [19]
(Z+high-pr jets) using the complete LHC Run—2 dataset performed at ATLAS. The
data was collected in proton—proton (pp) collisions at the centre-of-mass (COM) en-
ergy of 13 TeV between the years of 2015 and 2018, corresponding to an integrated
luminosity of 139 fb~'. The measurements are performed on events that contain a

Z-boson candidate reconstructed from an ete™ pair or a putpu~ pair in association



with hadronic jets defined as jets having transverse momentum greater than or equal
to 100 GeV/e. This is the first analysis of Z+high-pr jets to be performed by either
ATLAS or CMS using the full LHC Run-2 dataset, resulting in new and precise mea-
surements of several key observables in extreme high-energy phase spaces. In this
analysis, both the differential and integrated fiducial cross sections for the production
of Z+high-pr jets are measured.

These measurements are of great interest to the particle physics community
since they probe phase spaces which are known to be severely mismodeled by contem-
porary Monte Carlo (MC) predictions. In particular, Z-+jets theoretical predictions
in high pr(Z) and pr(jet) phase spaces tend to overestimate data by upwards of 40%—
50% [10,20]. Furthermore, recent analyses highlight the challenge of MC predictions
to model the processes where a W or Z boson is emitted nearby to a jet in W/Z+jets
events [21,22].

Details of the Z+high-pr jets measurements are presented in the following or-
der. The theoretical framework of the SM and the history of the Z boson are dis-
cussed in Chapter 2. The experimental apparatus, the Large Hadron Collider and
the ATLAS detector, is presented in Chapter 3. In Chapter 4, techniques to model
hadron-hadron collisions are briefly described, giving some context on the different
theoretical predictions that are used in this analysis. Chapter 5 presents the data and
simulated samples, while Chapter 6 discusses the event selection requirements. Chap-
ter 7 elaborates on the analysis strategy of these cross-section measurements. The
estimation of the various backgrounds to Z+jets production are discussed in Chap-
ter 8. The different sources of systematic uncertainties are presented in Chapter 9.
Chapter 10 presents the cross-section results and comparisons to MC and fixed-order

theoretical predictions. Conclusions are provided in Chapter 11.



The ATLAS detector was constructed between 2004 and 2009, and is the cu-
mulative work of thousands of engineers and scientists. Data are taken in a general
setting, calibrated and processed, and provided to all the ATLAS collaborators. Sim-
ulated data are also supplied to all the collaborators via distributed grid comput-
ing [23]. Thus, my contribution to the measurement summarized in this work starts
from the data processed and calibrated by the ATLAS collaboration. All code used
to perform the data-mining performed in this analysis is fully written by myself in a
combination of C++ and Python programming languages.

The work in the Z+high-pr jets analysis [19], summarized in this thesis, is in
majority performed by myself. In the rare instances where studies were performed by
other team members, I have replicated their work to serve as validation or to extend
the results when new data were analyzed. As such, unless stated otherwise, all figures
pertaining to the measurements presented in this thesis were created by myself. My
contributions include, but are not limited to, the choice and optimization of the
event selection criteria, the evaluation of backgrounds, the unfolding procedure, the
assessment of systematic uncertainties and the combination of the final results. The
publicly available HEPdata entry of this analysis and the corresponding rivet routine
are also results of my work. The results summarized in this thesis are accepted for

publication in the Journal of High Energy Physics and publicly available in Ref. [19].



Chapter 2

Theoretical foundations

In this chapter, the theoretical foundation and experimental context concerning the Z
boson, one of the gauge bosons that arise from the unification of the electromagnetic
and weak forces, is introduced. A brief outline of the Standard Model of particle
physics is given in Section 2.1. An historical overview of the Z boson is presented in
Section 2.2. The production of the Z boson in association with jets in proton—proton

collisions at the Large Hadron Collider is then put forward in Section 2.3.

2.1 The Standard Model

The Standard Model (SM) of particle physics is a quantum field theory (QFT) that
describes the interactions and properties of all currently known particles. In the
framework of QFT, elementary particles are represented as excitations of their re-
spective quantum fields. The SM describes three of the four! fundamental forces
of nature: the electromagnetic, weak, and strong forces. The interactions of these

forces are mediated by their corresponding gauge bosons, each having spin one, and

!The fourth force, gravity, is rather described by the theory of General Relativity and is not
compatible with the SM. Efforts for unifying all four forces have been ongoing for decades, without
success.
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Figure 2.1: Overview of the particle content of the Standard Model of particle
physics [24]. For the latest scientific consensus on the masses of particles, please refer
to the Particle Data Group [25].

act on the fundamental fermions of spin one-half. The particle content of the SM is
summarized in Figure 2.1.

The current form of the SM results from important theoretical efforts in the
1960-70’s to describe the theory of the strong, weak and electromagnetic interac-

tions [26-31]. It is based on the internal symmetries of the unitary product group?

U(l)y X SU(2)L X SU(S)C, (21)

where U(1)y x SU(2). represents the unification of the electromagnetic and weak

2A good introduction to Group Theory in the context of particle physics can be found in Ref. [32].



forces, and SU(3)¢ the strong force. These groups describe the symmetric transfor-
mations of the different interactions that leave the SM Lagrangian invariant. Several
conserved quantities arise from the application of Noether’s theorem to the guiding
local gauge symmetry principles of the SM [33]. These quantities are described by
quantum numbers that are associated to the different gauge groups. The quantum
number associated to the SU(3)c gauge group is called colour. It serves as the charge
of the strong interaction with the following values (and their opposites): red, green,
and blue. The free particles in the SM must be colour-neutral. The quantum num-
bers associated to the SU(2), and U(1)y gauge groups are called weak isospin I and
weak hypercharge Y, respectively. They are related to the electrical charge () by
Q=13+ %, where I3 is the third component of the weak isospin. The Y in U(1)y
refers to the weak hypercharge, whereas the L index in SU(2), signifies that the in-
teraction only affects particles with left-handed chirality. The fundamental fermions
that make up all of matter are all classified according to their quantum numbers and
whether or not they interact with the strong force. From this point forward, the
natural units will be used where the speed of light ¢ and the reduced Planck constant
h are equal to 1. In this system, momentum p, mass m and energy £ all share the
same units of GeV instead of GeV/c, GeV/c? and GeV, respectively. Electrical charge

will also be given in units of the elementary charge e.

2.1.1 The fundamental fermions

Fermions are particles with half-integer spins that obey Fermi-Dirac statistics. There
are twelve types of fundamental fermions fields (and their anti-particles) of spin 1/2
in the SM that make up the basic constituents of matter.

All fermions interact with the electromagnetic or weak forces. The fermions



with left-handed chirality are written in doublets with weak isospin I = 1/2, whereas
the right-handed fermions form singlets with I = 0. The fermions come in three
families, where each family has the same quantum numbers and differ only in their
masses.

Six fermions do not interact with the strong force and are called leptons. They
form three lepton families, with one family each for the electron e, the muon p and
the tau 7. They all possess an electrical charge of —1. With their associated neutrinos

of charge zero, the v, v, and v,, they form the left-handed doublets:

() 22

The charged leptons interact with the electromagnetic and weak forces, whereas
the neutrinos interact only via the weak force. The charged leptons and neutrinos
have weak isospin I of —1/2 and +1/2, respectively.

In the SM, the neutrinos are massless, whereas the charged leptons are massive
with m, < m, < m,. However, the neutrino masses are known to be non-zero
via the measurements of neutrino-flavor oscillations, indicating that the SM is not a
complete description of particle physics.

The six remaining fundamental fermions are called quarks and interact with
the electromagnetic, weak and strong forces. The left-handed doublets are grouped
into three pairs of either up-type or down-type quarks. The up-type quarks, the up
u, charm ¢ and top ¢, have an electrical charge of +2/3 and a weak isospin [ = —1/2.
The down-type quarks, the down d, strange s and bottom b, have an electrical charge

of —1/3 and a weak isospin I = +1/2. They form three families within the following



left-handed doublets:

(4))6) &

Quarks interact with the strong force and carry a colour charge: either red,
green, or blue. Due to colour confinement, quarks can not exist as free particles and
only form mesons or hadrons that are colour-neutral.

In Feynman diagrams, leptons and quarks are represented with solid straight

lines [34].

2.1.2 The fundamental bosons

Bosons are particles with integer spins that obey Bose-Einstein statistics. In the
SM, fermions interact with each other by coupling to spin 1 gauge bosons. There
are twelve fundamental gauge bosons in the SM that serve as the force carriers and
mediate all subatomic interactions.

The SU(3)¢ colour symmetry group gives rise to 8 massless gauge bosons called
gluons that mediate the strong force and couple only to quarks. The SU(2), x U(1)y
electroweak symmetry group gives rise to the massless photon ~, which couples with
any electrically charged particle, and the massive W* and Z° bosons that mediate
the weak force. The W bosons couple only to left-handed fermions and right-handed
anti-fermions.

The spontaneous symmetry breaking of the SU(2);, x U(1)y groups gives rise
to the Higgs boson, a scalar boson of spin 0. This phenomenon gives mass to the W
and Z bosons, while leptons gain their masses through Yukawa interactions with the
Higgs boson.

In Feynman diagrams, photons and the W and Z bosons are represented with



curvy lines, while gluons are drawn as spirals or spring-like lines.

2.1.3 Fields and gauge interactions

The Standard Model describes particles as quantum fields and uses the Lagrangian
formalism to describe their propagation and interactions. It uses principles of sym-
metry, or properties of physical systems to remain unchanged under specific trans-
formations, to describe the interactions between particles. The SM is a gauge theory
and follows the principle of local gauge invariance.

The notation in the following section follows that of Ref. [34]. We will also
shorthand Lagrangian £ to mean the Lagrangian density.

For a freely propagating fermion ¢/ with mass m that satisfies the Dirac equa-

tion, the equations of motion can be derived from the Lagrangian
/CFree = &(Z’yuau - m)lb (24)

The Lagrangian is invariant under global gauge transformations of the fermion
field ¢p — e®p. However, the underlying symmetry arguments of the SM require
the Lagrangian to be invariant under local gauge transformation. In other words, «
should be a function of space-time coordinates x: o — a(x).

Under this local gauge transformation, the Lagrangian of Equation (2.4) is no

longer invariant and instead transforms as
E — »CFree + “/_}’y#(aua)d} (25>

The solution is to modify the Lagrangian and derivative 0, such that the ad-

ditional term in J,a is canceled. This is done by adding the gauge field A, that

10



transforms as A, — A, — é@ua, where e is a coupling constant. The derivative is also
substituted with the covariant derivative such that 9, — D, = 0, + ieA,, .

The Lagrangian in Equation (2.4) then becomes

L=(iy" Dy — m)th — iFWF’“’, (2.6)

where F,, = 0,A, — 0,A,. At this point, nothing explicitly prohibits adding a mass
term %m’ A, A" for the gauge field. However, A,A" is not gauge invariant and thus
requires the mass m’ to be equal to zero for the Lagrangian to stay invariant. The

Lagrangian is expanded to obtain

- 1
L= ‘CFree + €¢’Y“Au¢ - ZFMVFlwa (27>

which is locally invariant under the local gauge transformation 1 — €@ and

Ay — Ay — é@ua. The Lagrangian can further be expanded into its four separate

terms:
. . . 1
Loep = W00 — myyy 4+ epyFAp — ZF“VFW : (2.8)
—_——— N—— —_———
Kinetic term of ¢y~ Mass term of ¢ Interaction term —

Kinetic term of A,

This is the Lagrangian that describes the theory of quantum electrodynamics (QED).
It relates the behaviours of the fermion fields v, the photon field A, and their cou-
plings. The first and second terms of Equation (2.8) correspond to the kinetic and
mass terms of v, the third corresponds to the interaction term between ¢ and A,,, and
the fourth term is the kinetic term of A,. The coupling constant e is the fundamental
unit of electric charge, which dictates the strength of the interaction, and F),, is the

field tensor strength.

11



We have shown that the theory of QED arises from imposing local gauge invari-
ance and creates interactions between the fermion fields ¢) through the gauge boson
field A, or the photon. This general principle is one of the foundations of quantum
field theory and can be extended to a variety of different symmetry groups. This
example of the U(1)y symmetry group rotation ¢ — e(®)q) is perhaps the simplest
example in QFT. The Lagrangian for the theory of quantum chromodynamics is ob-
tained by requiring a symmetry under the SU(3)¢ local gauge transformation and
is presented in Section 2.1.4. Section 2.1.5 describes how the symmetry requirement
of the SU(2), x U(1)y local gauge transformation produces the Lagrangian of the

electroweak theory.

2.1.4 Quantum chromodynamics

The theory of quantum chromodynamics (QCD) describes the strong force and its
interaction to quarks. It explains the interactions of particles charged under colour,
analogous to QED and the behaviour of electrically charged particles. Whereas the
transformative properties of the QED vector fields A, of Section 2.1.3 were easy
to derive without prior knowledge of group theory, the transformation properties of
the gluon fields can’t easily be guessed and requires some knowledge of the SU(3)
symmetry group.

The Lagrangian arises from requiring the local gauge invariance of the SU(3)¢

transformation on quark colour fields q. The free Lagrangian of the quark fields is

L=gq; (z'fwa# — m)qj, (2.9)

where g; represents the quark fields with colour charge j = red, green or blue. The
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local SU(3)¢ local gauge invariance transforms the quark fields as

igsoz-’i‘ .

g — e 4, (2.10)

where a, are numerical constants, and T represents the eight generators of the SU (3)
group that are related to the Gell-Man matrices by T = %)\“. The eight traceless
3 x 3 X\ matrices form a linearly independent set. By definition they do not commute,
satisfying the group algebra [A,, A\y] = ifapcAe, Where fu. are the fixed structure
constants of the SU(3) Lie group algebra.

The local gauge invariance of Equation (2.9) under Equation (2.10) is conserved
by introducing the covariant derivative and eight vector fields with transformation

properties such that the 0,c, terms cancel:

D VIS
Oy — D, =0, + ZQS?GM (2.11)

and

a a ]' a aoc c
G — G — g—aﬂa — fatGE, (2.12)

where the G, are the eight gluon fields and g; is related to the strong coupling constant

as. The Lagrangian in Equation (2.9) becomes in its expanded form

A 1
—  ig.AM . T _ F.AR Y (e _ Zge oW
EQCD - ZQJ'Y 8MQJ mQJQJ gs QJ’V 9 q]GH 49,”9& ) (2'13)
——
3 3 . “a . %/_/
Kinetic term of ¢;  Mass term of g, Interaction term Kinetic term of G¢

where Ql‘ju = 0,GY — &/GZ — gs fachZG‘,j is the field tensor strength. The third term
of the Lagrangian represents the interaction term between the eight gluon fields and

the three quark colour fields. The kinetic term of the gluon field, the fourth term in
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the Lagrangian, includes self-interactions between gluon fields through g fachZGf, in
Gy, and gives rise to gluon-gluon interactions in the SM. The gluons are massless, as
demonstrated from the lack of quadratic terms in G;.

The theory of QCD offers a unique behaviour because it leads to the phenomena
of QCD asymptotic freedom and colour confinement. Asymptotic freedom refers to
the fact that the coupling constant «, decreases to zero at a logarithmic rate as the
energy scale of the interaction increases and for small distances. On the other hand,
colour confinement relates to the large increase in the value of o, at low energies
and large distances. Colour confinement is the reason why quarks and gluons have
never been observed directly in isolation: when attempting to separate two quarks,
the potential energy increases so that it is energetically favourable to create another

quark pair in a process called hadronization.

2.1.5 Electroweak theory

The Glashow-Weinberg-Salam model (GWS) of electroweak theory describes the uni-
fication of the electromagnetic and weak interactions through the SU(2), x U(1)y
gauge group [29,30]. The derivation of the SU(2), x U(1l)y Lagrangian is more
complex than both the U(1l)y and SU(3)c groups presented in Section 2.1.3 and
Section 2.1.4, hence this looser approach in describing it.

The electroweak Lagrangian is constructed with a kinetic term and a potential

term for a newly introduced complex scalar field ¢, such that

£ = D> +V(9), (2.14)

where D,, is the covariant derivative and V' (¢) the potential. The scalar field ¢ is

defined to transform as a doublet under SU(2) and is symmetric under the SU(2), x
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U(1)y gauge transformation

¢ — 726812 (2.15)

where o; are the 2 x 2 Pauli matrices. In order for the Lagrangian to be invariant

under the local gauge transformation, the covariant derivative must be

D, —0,—ilB, —ilwi 2.1
w = M_Z§ u_l§ 1935 (2.16)

where B, and le are the field tensor strength of the U(1), and three SU(2), gauge

groups, respectively, while g and ¢’ are coupling constants. The Lagrangian is then

expanded and manipulated to simplify some terms before producing the electroweak

(EW) Lagrangian

) g/2 4 92 ) g2 N )
Low= 0ol + S z2m0P - Swiw P+ Vo) L 217)
Kinetic term of ¢ Interaction term Interaction term Potential term

where the gauge field tensor strengths 7, Wj and W, correspond to the neutral Z
boson and the charged W bosons. In this description of the EW Lagrangian, the Z
and W bosons are massless due to the lack of quadratic terms in Z,, and I/Vui In a
similar fashion to the Lagrangian of the electromagnetic interaction, it is impossible to
add mass terms for the three bosons while preserving local gauge invariance. However,
the Z and W bosons have been measured to have mass, indicating that the universe

does not follow a complete SU(2), x U(1)y symmetry.
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2.1.6 Spontaneous electroweak symmetry breaking

Whereas the unified model of electroweak interactions introduces the W and Z bosons
and maintains the invariance of the Lagrangian to local SU(2), x U(1)y gauge trans-
formations, the masses of the three associated gauge bosons are explained through
spontaneous electroweak symmetry breaking. The SU(2), x U(1)y gauge symmetry
is spontaneously broken through the Higgs mechanism [35-37] by setting the potential
for the SU(2);, doublet ¢ to

A
V(g) = 0o+ S(6T0), (218)

where p and A are coupling constants.

For the potential to have an absolute minimum, A\ has to be positive. If p? is
negative, then the minimum, or vacuum ground state, is at ¢ = 0 and the vacuum
state is symmetric. However, if the value of p? is positive, then the potential is at a
minimum for ¢ = \/m, or at a vacuum expectation value v = \/m, as visualized
in Figure 2.2.

The SU(2), x U(1)y symmetry can be spontaneously broken by choosing to

express the field ¢ as oscillations around the vacuum expectation value v, such that

b= (ﬁh)’ (2.19)

where h represents the Higgs boson field. By substituting ¢ into the EW Lagrangian

of Equation (2.17), it becomes

g/2 + g2 2

Loy = (0,h)* + 2,20+ h)? = LWEW (0 + B + V(o + ). (2:20)
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Re(d)

Figure 2.2: Sketch of the scalar potential V(¢) with pu? > 0 and A > 0 leading to
the spontaneous symmetry breaking of the SM [38].

By expanding the second and third terms, interaction terms between the W, Z

and Higgs bosons appear in addition to the following mass terms:

/2 2
3 ;rg 2, 2" (2.21)
and
v2g—2W+W‘“ (2.22)
S : :

Hence, the W and Z bosons have both gained a mass term with My = $+/g” + ¢*
and My = 4. The leptons of the SM do not gain their gain mass through the
same symmetry breaking mechanism and instead acquire their mass through Yukawa

couplings to the Higgs field.

17



2.1.7 Proton—proton collisions at hadron colliders

The description of the Standard Model so far described through its Lagrangian formu-
lation does not provide the necessary tools to calculate the cross sections in proton—
proton collisions in hadron colliders such as the LHC. The framework so far presented
allows for the description of X — Y physics processes but this is only a small part of
the general puzzle of hadron physics.

Hadrons are bound states of an odd number of quarks. The proton is a bound
state of the uud valence quarks that interact via the exchange of gluons. Through
the interactions of these gluons, short-lived gq pairs of all flavors are created within
the proton, which are known as sea quarks. In proton—proton collisions, any of these
constituents of the proton, called partons, may be involved in the initial state of the
hard-scatter interaction.

Due to the composite nature of hadrons, the cross section for two initial-state

protons p; and ps to create the process p;ps — X is given by

1 1
Op1po—X = Z/O dxl A dx?fa(xl>Q2)fb(x27Qz)apapb—)X(ml-Z‘QSaa57HR7ﬂF)7 (223)
a,b

where x; and x5 are the proton momentum fractions carried by partons 1 and 2,
respectively. The Parton Distribution Function (PDF) given by f,(z, @*) describes
the probability of a given parton p to hold a fraction x of the proton momentum. PDFs
are determined experimentally using data and depend on the transferred momentum
squared @? in the interaction. An example of a PDF obtained from the MMHT14
PDF set [39] at different values of Q? is shown in Figure 2.3. The cross section of the

given p,p, — X process for partons a and b is given by o0,,,,x and depends on the
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Figure 2.3: Proton Parton Distribution Function (PDF) from the MMHT14 PDF
set (a) at Q? = 10 GeV? and (b) at Q? = 10* GeV? [39].

partonic centre-of-mass energy § = xxss, the strong coupling constant a,, and the
QCD renormalization and factorization scales ur and pp.

The renormalization and factorization scales ur and pp are introduced in QCD
cross-section calculations to absorb the ultraviolet and infrared divergences at the
high and low energy limits, respectively. In the high energy limit, divergences occur
from virtual loops and are absorbed by the renormalization scale ugr such that the
strong coupling constant a;; becomes a function of pgr: as — as(ug). The low energy
limit infrared divergences are removed through the factorization scale g below which
the hard-scatter processes are absorbed by the PDF instead of being included in the
partonic cross section oy, x. Stated more directly, partons emitted with transverse
momentum higher than pz are considered in the partonic cross section and those
with transverse momentum lower than pup are treated as being a part of the proton
structure. By doing so, perturbative QCD calculations are not performed for low

energy interactions, a regime outside their range of validity. Partonic cross sections
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are further discussed in Chapter 4.

2.2 The history of the Z boson

2.2.1 The era of discovery

The CERN Proton Synchrotron (PS) accelerator was designed and built specifically
to search for the exchange of intermediate W and Z bosons. The protons of the PS
were used to generate beams of muon antineutrinos for fixed target experiments. The
first observation of neutral current interactions mediated through the exchange of a
Z boson was announced in 1972 in the v, +p — p* + A [40] process and again with
the v, + e~ — v, +e~ process in 1973 [41]. These observations were not immediately
hailed as the discovery of the Z boson, but rather challenged for the following years.
A decade later, the CERN accelerator complex was upgraded to be a 540 GeV proton—
antiproton (pp) collider, called the SPS. The SPS was successful in its goal of observing
the direct production of W and Z bosons when, in 1983, the UA1 [42] and UA2 [43]
collaborations both measured evidence of the vector bosons [44-47].

Prior to the discovery of the W and Z bosons, the GWS model of electroweak
interactions unified the electromagnetic and weak forces. It predicted the masses of

the W and Z bosons, which are related to one another, to be

_\/562 1

M2 = ——— 2.24
W 8G sin? 6, ( )
and
My
M, = ——— 2.25

where e is the fundamental unit of charge, Gr the Fermi constant and 6y, the Wein-

berg angle. With the known values of G, e and 0y, the W and Z bosons masses
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were estimated to be around My, ~ 70 GeV and Mz ~ 82 GeV.

To produce the Z boson in a pp collision and measure it precisely, a quark from
one proton must interact and annihilate with an antiquark from the antiproton to
produce the gqg — Z — (¢~ process, where ¢ is most likely an up valence quark, and
¢ = e or . The partonic centre-of-mass energy is Vs = (x1p1+x2p2) = /T1725, where
x1 and 9 are the momentum fraction of the two quarks, p; and ps; the momentum of
the proton and antiproton, and /s the centre-of-mass energy of the pp collision. To
produce an on-shell Z boson, the partonic centre-of-mass energy must be v/ &~ M so
that \/s = My/\/z172. At the time of the design of the SPS physics program, it was
known from proton PDF measurements that each valence quark held approximately
one sixth of the momentum of high-energy protons for a total of approximatly half
the momentum, and the other half was carried by gluons [48]. As a consequence,
the centre-of-mass energy of the pp collision must be /s & 6Mz or about 480 GeV.
Thus, it was expected that the designed CERN SPS pp collider with /s = 540 GeV
would have access to the direct production of the Z boson.

In 1983, the UA1 and UA2 experiments observed the Z — ete™ process with
a final selection of four and three events, respectively. They produced the Z mass
measurement of MY = 952 £ 2.5 GeV [44] and MJ4? = 91.9 + 1.3 (stat.) &
1.4 (syst.) GeV [45]. Both the measured values are consistent with the current state-
of-the art measurement of the Z boson mass. Figures 2.4 and 2.5 show the invariant
dilepton mass distribution of the UA1 and UA2 results, respectively, for the different
steps of the analyses, where the bottom most pads correspond to the final candidate
selections. These measurements solidified the existence of the Z boson and the validity
of the GWS model of electroweak interactions.

Almost 40 years after its discovery, the Z boson is still the subject of many
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Figure 2.4: Invariant dilepton mass distribution leading to the measurement of
Z — eTe” by the UA1 experiment. The bottom pad shows the four event candidates
after the final selection cuts [44].
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Figure 2.5: Invariant dilepton mass distribution leading to the measurement of
7Z — ete™ by the UA2 experiment. The three event candidates after the final selection
cuts are represented by the hatched area of the bottom pad [45].
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Figure 2.6: Leading-order s-channel Z boson mediated lepton-pair production at
the LEP collider. For e*e™ final states, the t-channel diagram also contributes where
the electrons scatter against the Z boson.

studies and still takes an important role in modern particle physics research.

2.2.2 The era of precision

The era of precision physics for the Z boson came shortly after its discovery, when
in the 1980’s the Large Electron-Positron (LEP) collider was built at CERN. It is
still the largest lepton collider ever built, reaching a maximum centre-of-mass energy
of 209 GeV. Four experiments were placed around the LEP facility: ALEPH [49],
DELPHI [50], L3 [51] and OPAL [52]. Since the colliding leptons are not compos-
ite particles like hadrons, where each parton carries an indeterminate fraction of the
hadron momentum, the entirety of the centre-of-mass energy is carried by the two in-
teracting leptons. The leptonic Z-boson decay channels were studied, corresponding
to the ete™ — Z — €14~ process with £ = e or i, and resulted in very clean collision
products and leading to very precise measurements. The leading-order (LO) repre-
sentative Feynman diagram for the process studied at LEP are shown in Figure 2.6.

From the beginning of its operation in 1989 until 1995, LEP operated at a
centre-of-mass energy set primarily to match the Z boson mass within a small window

of a few GeV. This allowed the different LEP experiments to collect approximately
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Year || Centre-of-mass | Integrated
energy range | luminosity
GeV] [pb~]
1989 88.2 - 94.2 1.7
1990 88.2 - 94.2 8.6
1991 88.5 — 93.7 18.9
1992 91.3 28.6
1993 || 89.4, 91.2, 93.0 40.0
1994 91.2 64.5
1995 || 89.4, 91.3, 93.0 39.8

Figure 2.7: Summary of the yearly integrated luminosity provided by LEP to its
experiments between 1989-1995 alongside the different centre-of-mass energies [53].

twenty million Z boson events, leading to several high precision measurements of the
Z boson properties. These measurements are still unmatched in precision to this
day. The yearly amount of data provided by LEP to its experiments for the years of
1989-1995 are provided alongside the different centre-of-mass energies in Figure 2.7.
A precision on the centre-of-mass energy of approximately 2 MeV was achieved by
LEP and allowed for the very precise sweep around the Z boson mass resonance.

The measurements performed at LEP pushed the limits of precision results in
high-energy physics. The most striking measurement of the Z boson properties is
that of its mass My = 91.1875 £ 0.0021 GeV, corresponding to a precision of 23
parts-per-million. The equally impressive measurement of the Z boson decay width
produced 'y = 2.4952 4 0.0023 GeV, corresponding to a precision of approximately 1
part-per-thousand. The measurements of My, and I'; are summarized in Figure 2.8,
where the measurements from the four LEP experiments are presented along with
their combination.

The LEP experiments performed precision measurements not only on the Z

boson mass and decay width, but also on many other different key properties of
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Figure 2.8: Measurements from the LEP experiments [53] (a) of the Z boson mass
and (b) of the total Z boson decay width. The combined measurements from the four
experiments are also shown.

the SM. The wide array of measurements performed by these experiments set the
standards of today’s precision measurements, and will most likely not be beat in
precision for the foreseeable future. Although the LHC provides an abundance of
data at high centre-of-mass energies, its inherent design as a hadron collider makes
the experimental conditions difficult for precision measurements on the same level as
LEP. Instead, the LHC opens the door to different types of Z boson measurements
with its high centre-of-mass energies at 13 TeV and large amount of provided collision
data. It allows for the investigations of processes corresponding to Z bosons produced

in association with jets and other rare Z production mechanisms.

2.3 Z boson in association with jets at the LHC

The LHC offers the perfect experimental conditions to test both QCD and EW inter-
actions through processes involving the production of a Z boson in association with

jets. Through the large inclusive production cross section of 0,, 7 x, the LHC pro-
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Figure 2.9: Leading-order Feynman diagram for the production of a Z boson in as-
sociation with jets. The leftmost ggq vertex is described by QCD, while the rightmost
qqZ vertex involves the EW interaction.

duces a very large amount of data that can be used to carefully study the properties of
the Z boson, the proton PDFs and myriad of different Z+jets processes. The leading
order Feynman diagram describing the Z+1 jet production is shown in Figure 2.9.

The production of Z+jets offers a powerful platform to test QCD and EW inter-
actions because it provides a near inexhaustible amount of information about the SM
physics at the LHC. Figure 2.10 shows an example of a higher-order Z+jets process
where the Z boson is produced in associated with several jets. This diagram can be
described as a leading-order Z+1 jet process with several higher-order corrections in
the form of QCD gluon radiation. Every such quark and gluon radiation provides a
further test of perturbative QCD (pQCD) but also suppresses the process by a factor
of as. The proton PDFs can be studied through the two initial state partons, whereas
the EW interactions can be probed via the vertices around the Z boson.

The Z+jets process often constitutes a non-negligible background in several
measurements and in searches for new physics [14-18]. In these studies, the kinematic
properties of jets, including their transverse momentum, masses and multiplicity,

help separate the signal of interest from a multitude of backgrounds. The precise
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Figure 2.10: Feynman diagram for the production of a Z boson in association with
jets. The figure shows the sensitivity of Z-+jets processes to higher initial energy
states through additional radiation above the leading-order Z boson production. The
outgoing quark and gluons further hadronize and shower to become jets, while the Z
boson decays to two opposite-charge leptons. The resulting final state consists of jets
and two leptons.

understanding of Z+jets, including the relationships between the Z boson and the

jets, is an essential tool to exploit the full potential of the data provided by the LHC.

2.3.1 State-of-the-art measurements

The Z+jets process has been extensively studied since the first construction of high
centre-of-mass energies hadron colliders, starting with the Tevatron Collider in 1983.
Measurements of differential cross sections of observables in inclusive Z+jets pro-
duction have been performed at many centre-of-mass energies in pp collisions, such
as for /s = 1.96 TeV [54,55], and later at the LHC for /s = 7 TeV [56-59],
Vs =8 TeV [60-62] and /s = 13 TeV [20,63, 64].

Measurements of inclusive Z-jets production are important, but do not illus-

trate the intricacies of specific phenomena involving the Z boson. The Z+Db jets
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measurements [6,65] provide important information on the relationship between the
Z boson and the b quark. They provide invaluable insight about the proton PDF
of heavy quarks in the case of Z + 1 b-quark and for gluon splitting ¢ — bb in
Z + 2 b-quark events. These measurements can be used in subsequent analyses that
use myriad of W/Z+jets measurements to determine the proton PDF [66], amongst
other key SM quantities.

Other processes, such as Vector-Boson-Fusion mediated Z+2 jets production [7],
provide stringent tests to the SM by measuring very rare interactions in which the
couplings between the multiple gauge bosons can be carefully investigated. Measure-
ments involving several W and Z bosons in the final state [67-69] also provide im-
portant information on gauge boson coupling constants and are an important source
of backgrounds in several analyses such as those involving the Higgs boson.

The ATLAS collaboration has performed a myriad of measurements on different
processes around the production of W and Z bosons, all of which have found to be

consistent with the predictions of the SM, as shown in Figure 2.11.

2.3.2 Z boson in association with high-pt jets

The measurements of the production of Z+high-pr jets serve as benchmarks for
Monte Carlo predictions since the process is sensitive to higher-order pQCD, next-
to-leading order EW corrections, and their interplay [10-13]. Previous publica-
tions [21,22] have highlighted the difficulty of contemporary Monte Carlo predictions
to model the Z+high-pr jets phase space, and especially in the cases where the Z
boson and a jet are nearby each other such that their angular separation is small.
Measurement of the production of a Z boson in association with jets with pp >

100 GeV using the full ATLAS Run-2 dataset are performed for the first time and sum-
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Figure 2.11: Ratios of the data over the predictions of several different vector boson
(W, Z, ~) production cross sections measured by ATLAS [70].
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marized in this thesis, unlocking the rare and extreme phase space of Z+high-pr jets
production. The expected production cross section for Z+high-pr jets where the Z
boson decays to a charged lepton pair is O(14) picobarns. A further selection cut is
applied so that the leading jet pr is greater than 500 GeV (pr ;1 > 500 GeV). This
selection enhances two processes of great interest: 1) that of the Z+1 jet produc-
tion where the Z boson recoils against the only jet such that they are measured to be
back-to-back, and 2) that of the radiation of a real on-shell Z boson from dijet events.
In the case of the real Z-boson radiation in dijet events, due to kinematic rules, the
Z boson is emitted nearby the jet so that their angular separation is small and they
are measured to be collinear. The representative Feynman diagrams of these Z+1 jet
and Z+2 jets processes are shown in Figure 2.12. One key observable for these pro-
cesses is the angular separation between the Z boson and the nearest jet AR?’?. The
measurements of Z-+high-pr jets performed so far at the LHC [21,22,71] studied the
correlations between the Z boson and the jets using partial Run-2 datasets. This lim-
its the extent of the accuracy of the Z+high-pr jets study due to low statistics. The
use of the full Run-2 dataset in this analysis unlocks more extreme phase spaces and
allows for the first time the complete study of the individual Z+1 jet and Z42 jets
processes detailed above. From this point forward, Z+high-pt jets is used exclusively
to refer to this analysis where all jets possess pr > 100 GeV.

The high-pt Z+1 jet process is of great interest due to its sensitivity to virtual
next-to-leading order (NLO) EW corrections, represented by the Feynman diagrams
of Figure 2.13. The virtual NLO EW correction is described with an exchange of
an internal Z boson line between fermion lines, as shown in Figure 2.13b. These
corrections contribute negatively to the Z+1 jet cross section and grow as the square

of the transferred momentum Q? by the virtual Z boson. In very energetic Z+1 jet
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(a) (b)

Figure 2.12: Representative Feynman diagrams for the production of a Z boson
in association with high-pr jets. (a) The Z+1 jet events are expected to populate
the back-to-back region where the Z boson is balanced against a single high-pr jet.
(b) In dijet events, the Z boson is expected to be radiated from the quark leg, with
kinematics leading to small values of the angular distance between the Z boson and
the closest jet, AR%‘?, and therefore populating the collinear region.

events, such as those where pr(Z) and pr(jet) approach one TeV, the virtual EW
corrections can reduce the cross section by as much as 20%. The phase space with
such a high energy Z boson and jet has so far been statistically limited and only
recently has more precise measurements been accessible with the full LHC Run-2
dataset. Recent studies performed by ATLAS have outlined the possible effects and
mismodelling of these virtual EW corrections [72], motivating the need of precise
measurements of Z+high-pr jets using the full Run-2 dataset.

The measurement of high-pr Z+42 jets probes the effect of high-energy EW
corrections to QCD processes, represented by the Feynman diagrams of Figure 2.14.
The EW corrections take the form of real Z boson radiation from an in- or out-
going quark leg, as shown in Figure 2.14b. Naively, the emission of the Z boson
in dijet events is suppressed by a factor of agy, the electroweak coupling constant,
due to the additional EW vertex. However, the presence of Sudakov logarithmic

factors in collinear emissions [73-78] of the Z boson instead lead to corrections going
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q q q q
(a) LO Z+1 jet production (b) NLO virtual EW correction

Figure 2.13: Representative Feynman diagrams for (a) the LO production of
Z+1 jet and (b) the NLO virtual EW correction to Z+1 jet production. The NLO

virtual EW corrections contribute negatively to the cross section and increase in size
with Q? of the virtual Z boson.

g q g q
?mmm< MZ
g q g q

(a) Dijet (b) Z+42 jets

Figure 2.14: Representative Feynman diagrams for (a) dijet production and (b)
Z+2 jets production. The Z+42 jets diagram corresponds to the final state radiation
of the Z boson from a quark in dijet events. When compared to the dijet production

process, the Z+42 jets process is suppressed by an order of agy due to the presence of
the additional electroweak vertex.
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PT, 41

Mz) such that at high jet pr, the real radiation of a Z boson from

as Opw ln2<
dijet events becomes a significant contributor to the Z+jets production cross section.
Using these corrections, the expected ratio of the cross sections between the Z+42 jets
and Z+1 jet diagrams in Figures 2.12b and 2.12a, respectively, equals «; (n? (%)
Hence, for large enough jet pr, e.g. prji > 500 GeV, the Z+2 jets and Z+1 jet
processes have similar cross sections and can be measured simultaneously. Recent
analyses highlight the challenge of MC predictions to model this process in W/Z+jets
events [21,22], further motivating this measurement.

In summary, this chapter aims to give an introduction of the relevant physics
content in the SM, provides a historical review of Z-+jets production and motivates
this Z-+high-pr jets analysis. More details about the experimental apparatus are

given in the next chapter as the logical step towards the description and execution of

the analysis strategy for the cross-section measurements presented in this thesis.
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Chapter 3

The ATLAS experiment at the

Large Hadron Collider

In this chapter, the experimental apparatus used for the measurements of this analysis
is introduced. Located at the European Organization for Nuclear Research (CERN),
the Large Hadron Collider is the world’s largest subatomic particle accelerator. It
accelerates protons to nearly the speed of light to observe the results of their collisions.
Four experiments are situated along the collider’s 27 km circumference ring, including
the ATLAS detector. The Large Hadron Collider accelerator complex and the ATLAS

detector are described in Sections 3.1 and 3.2, respectively.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most energetic particle
accelerator. As a hadron-hadron collider, it is capable of accelerating and colliding
protons or heavy ions. This analysis only discusses and considers proton—proton

(pp) collisions. The LHC spans a 27 km circumference ring located approximately
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Figure 3.1: Diagram of the CERN accelerator complex. The LHC is the largest ring
of a complex chain of particle accelerators. The four interaction points are shown as
vellow circles [79].

100 m underground at the main CERN facility. It is the final step in a chain of five
different subatomic particle accelerators. Protons are produced by ionizing hydrogen
gas, accelerated by four different accelerators to an energy of 450 GeV and finally
injected into the LHC ring. The LHC further accelerates two proton beams to energies
above a few TeV in opposite directions before colliding them at four interaction points
distributed along its ring. At each interaction point, a detector is housed that records
the collisions: ATLAS, CMS, LHCb and ALICE. A diagram of the LHC within the
CERN accelerator complex is shown in Figure 3.1.

The LHC was designed to accelerate proton beams to a centre-of-mass energy
of \/s = 14 TeV with an instantaneous luminosity of L = 10** cm™2s7!. At these

energies, the protons travel at speeds just a few m/s slower than the speed of light.
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Protons are not accelerated individually and instead are packed into bunches. The
bunches contain approximately 10! protons each and fill the LHC accelerator, sep-
arated in time by only 25 ns, corresponding to a distance of approximately 7.5 m.
The luminosity depends on several variables, including the number of protons in each
bunch and the intensity of the beams.

During the second stage of its physics program between 2015 and 2018, so called
Run—2, the LHC operated at a centre-of-mass energy of /s = 13 TeV and achieved a
peak instantaneous luminosity of L = 2.1 x 103" em™2s™! [80,81]. During this time,
the ATLAS detector collected 147 fb™* from the 156 fb~* of pp collisions delivered by
the LHC. Of the data collected by ATLAS, 139 fb™! were deemed to be of good quality
for physics analyses, as shown in Figure 3.2. As a consequence of the high luminosity
and large pp cross section, several pp interactions occur in a single bunch crossing.
During the LHC Run—2, the average number of interactions per bunch crossing, (u),
was 33.7. The distribution of the mean number of interactions per bunch crossing is

shown in Figure 3.3.

3.2 The ATLAS detector

ATLAS is a general purpose detector designed to record and reconstruct the pp colli-
sions produced at the LHC. It is built following a symmetric cylindrical configuration
centred around the interaction point (IP), providing an almost 47 solid angle cov-
erage. It consists of several subdetectors designed to optimize the detection of the
particles produced in the pp collisions. Closest to the beamline, the inner detector
is used to reconstruct the trajectory and momentum of charged particles in the re-
gion nearest to the IP. Electromagnetic and hadronic calorimeters surround the inner

detector and capture photons and electrons, and hadrons, respectively. The inner
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Figure 3.4: Diagram of the different detector subsystems of the ATLAS detector [82].

detector and calorimeters are enclosed by the muon spectrometer, which is designed
to reconstruct the passage of muons. The subdetector systems are arranged into a
central barrel and two end-cap regions. A diagram representing the ATLAS detector
and its subsystems is shown in Figure 3.4. A two-level trigger system is used that
selects events to be read out and saved to disk.

The ATLAS experiment uses a right-handed coordinate system measured from
the IP. The z-axis is defined along the beam pipe. The z-axis points from the IP
to the centre of the LHC ring, while the y-axis points upwards. The azimuthal and
polar angles ¢ and 6 are measured around the z-axis and the z-axis, respectively.
The pseudorapidity is defined as n = —Intan(6/2). When dealing with massive jets
and particles, the rapidity y = (1/2)In[(E + p,)/(E — p.)] is used, where F is the

jet/particle energy and p, is the z-component of the jet/particle momentum. The
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angular distance is defined as AR = \/(Ay)2 + (Ag)2.

The full 47 solid angle coverage of the detector is not only important to cap-
ture as many particles as possible, but also is crucial to the detection of neutrinos.
The neutrino does not interact with the ATLAS detector and passes by undetected.
Therefore, it is only deduced from imbalances in transverse momentum and energy.
This technique can be used for any hypothetical particles that are believed to not
interact with ordinary matter and can only produce trustworthy results if as many of

the detectable particles are measured.

3.2.1 The inner detector

The inner detector (ID) is the tracking system of the ATLAS detector and covers the
pseudorapidity region |n| < 2.5. It is immersed in a magnetic field of 2 T created by
a superconducting solenoid. The magnetic field is aligned such that charged particles
are deflected only in the ¢ direction. The ID measures the transverse momentum
of charged particles via their trajectory’s curvature. The trajectory of a charged
particle is referred to as a track. The 1.6 m barrel section of the ID consists of three
subdetector systems arranged in concentrical shells around the IP. The silicon pixel
detectors (Pixel) are closest to the beamline, followed by the semiconductor tracker
(SCT) and finally by the transition radiation tracker (TRT). A diagram of the barrel
section of the ID and its subsystems is shown in Figure 3.5. The end-cap IDs are
mounted on disks and are placed perpendicular to the beamline for 2.8 m on both
sides of the IP, as shown in Figure 3.6

By extrapolating the tracks to their origin point near the IP, interaction vertices
are reconstructed. In particular, the point where the pp collision occurs is called the

primary vertex (PV). Secondary vertices arise where long-lived particles decay and
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Figure 3.6: Overview of the ATLAS inner tracker detector. The dimension of the
inner detector, including the barrel and both end-caps, is also shown [83].
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are often used to identify mesons or baryons containing a b quark.

The Pixel subdetector [84] is located in the innermost layers of the ATLAS de-
tector. It provides measurements of the three spatial coordinates of charged particles
over the pseudorapidity region |n| < 2.5. The Pixel detector has the highest granu-
larity of the ID due to its proximity to the IP and is pivotal for the reconstruction of
primary and secondary vertices with a high resolution. It is made of silicon pixels with
a size of 50 x 400 um? providing spacial resolution in the range of 10 gum — 100 pm.
The insertable B-layer (IBL) [85] was added to the Pixel detector before the start
of Run—2 to improve the resolution of the inner tracker, to better resolve interaction
vertices and to overcome radiation damage. Its pixel size is approximately half that
of the original three layers of the Pixel detector.

The SCT [86] surrounds the Pixel detector. In the barrel region, it is made
of four layers with two silicon microstrip sensors each. The sensors measure 80 um
in width. In the end-cap regions, nine disc layers are installed leading to the full
coverage of the pseudorapidity region |n| < 2.5. sensors. In each layer, the two
sensors are rotated by 40 mrad such that it allows for the measurement of a second
spatial coordinate in the barrel and the end-cap regions.

The outermost detector of the ID is the TRT that covers the pseudorapidity
region |n| < 2.0. It consists of straw tube proportional counters. The TRT is designed
so that different dielectric indices of the gas and the materials of the straw tubes
lead to x—ray transition radiation when charged particles pass through the detector.
The radiation then ionizes the gas and creates a measurable electrical signal. Since
the energy of transition radiation is related to the speed of the emitting particle,
particles can be identified according to their masses. For transition radiation, given

the same energy, a particle with low mass will emit much higher energy radiation
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than its heavier counterpart. When compared to the Pixel and SCT detectors, the
4 mm width of the straw tubes leads to a relatively low resolution of only 130 pm.
However, the large number of hits per track, typically 35 — 40, compensates for the
lower hit resolution.

In the range 2.5 < |n| < 2.7, particle detection relies on the calorimeter and

muon spectrometer subsystems.

3.2.2 The calorimeter system

The calorimeter system is designed to provide the energy measurement of electrons,
photons and hadrons by fully absorbing them. It covers the pseudorapidity region
In] < 4.9 and, like the ID, it is also arranged in a cylindrical configuration. The
calorimeter system is built of sampling calorimeters that consist of alternative active
and passive layers. Particles from the pp collision interact with the passive layers
and produce cascade showers that further propagate through the calorimeter. The
active layers absorb the resulting particles and measure the energy deposits. The
calorimeter system is calibrated to infer the total shower energy to account for the
missing energy deposits in the passive layers. The electromagnetic calorimeter (ECal)
is placed closest to the IP and is surrounded by the hadronic calorimeter (HCal). They
cover the central region of |n| < 1.7 in the barrel, and the region of 1.5 < |n| < 3.2
in the end-caps. Forward calorimeters (FCal) are installed in the forward region of
3.1 < |n] < 4.9. The calorimeter system is shown in Figure 3.7.

The ECal is an liquid argon (LAr) calorimeter [88] that uses LAr as the active
material and lead as the passive absorber. It is designed to absorb and measure the
energy of electrons and photons. It has a thickness of 22 radiation lengths X in

the barrel region, and 24 X, in the end-caps. The radiation length is a material
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Figure 3.7: Overview of the ATLAS calorimeter subsystems [87].

characteristic that is related to the energy loss of particles interacting with it. An
electron loses all but 1/e of its energy after one radiation length. The radiation length
is also approximately the mean free path of a photon before it decays through pair
production. The thickness of the ECal is designed to fully contain electromagnetic
showers in the calorimeter system. It is separated into three layers. The inner layer
consists in very fine strips to allow a high degree of angular resolution. The middle
layer constitutes the thickest part of the ECal and is designed to contain the shower.
The third layer is comparably thin and coarse and is designed to measure photon and
electron showers with energies £ > 50 GeV. The relative energy resolution of the
ECal is op/FE = 10%/VE @ 1.2%, where E is in GeV, where @ represents a sum in
quadrature.

The barrel region of the HCal, TileCalo [89], uses scintillating tiles as the active

material and iron as the passive absorber. In the end-caps, the HCal consists of LAr
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calorimeters. It is designed to absorb and measure the energy of hadronic jets, with a
thickness of 10 interaction lengths A. Similar to X, the interaction length is a material
characteristic that represents the mean distance travelled by a hadronic particle before
interacting with the medium. The HCal is designed to contain the hadronic showers
in the calorimeter system. The TileCalo is separated into three layers, sharing the
same design logic as the ECal. The first layer has the highest granularity, the second
is the thickest and the third is designed to measure the highest energy jets. The
relative energy resolution of the HCal is o5 /E = 50%/vVE © 2.5% @ 5%/ E, where E
is in GeV.

The FCal consists of a LAr calorimeter made from radiation hard technology so
that it can withstand the high rate environment of the forward region. The front of
the FCal consists an ECal designed to contain electromagnetic showers. It uses copper
as passive material. The second and third components of the FCal use tungsten as

passive material and provide energy measurements of hadronic showers. The relative

energy resolution of the FCal is 0/F = 100% /v E @ 10%, where E is in GeV.

3.2.3 The muon spectrometer

The muon spectrometer (MS) [90] is the largest and outermost detector system of
ATLAS. Covering the pseudorapidity region |n| < 2.7, it is designed to detect muons,
which are not captured by the calorimeters like the electrons, photons and hadrons.
The MS consists of four types of gas-based detectors and a system of toroid magnets
that creates a magnetic field up to 2 T. The magnet system is designed to deflect
muons in the n direction, orthogonal to their bending direction from the ID solenoid.
The barrel region is assembled from three cylindrical layers and the end-caps consist

of four wheels, covering the regions of |n| < 1.05 and 1.05 < || < 2.7, respectively.
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Figure 3.8: Overview of the ATLAS muon spectrometer subsystems [91].

The MS consists of several subdetectors with the goals of either providing preci-
sion tracking or fast triggering capabilities. A diagram of the MS and its subsystems
is shown in Figure 3.8.

The Monitored Drift Tubes (MDT) and the Cathode Strip Chambers (CSC)
form the precision tracking subdetectors. The MDTs are installed over the full pseu-
dorapidity range |n| < 2.7 of the MS. In the forward-most region 2.0 < |n| < 2.7,
where the rate of particles is highest, the CSCs complement the MDTs due to their
better time resolution. The subdetectors responsible for the fast triggering capabil-
ities, and to some extent tracking, are the resistive plate chambers (RPC) and thin
gap chambers (TGC). Both subdetector technologies benefit from very fast trigger
response, in the order of the nanoseconds. The trigger measurements are provided

in the barrel region by RPCs for |n| < 1.05 and in the end-caps by the TGCs for
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1.05 < |n| < 2.4. The MS does not provide triggering capabilities for |n| > 2.4.

For high-energy muons, the measurement their momentum depends on the mea-
surement of the track sagitta, or the bending of the track in respect to a straight line.
Because of this, the relative resolution on the muon momentum p is proportional to it-
self: o,/p ~ p. This lead to rising momentum resolution as the momentum increases.
The MS provides a relative momentum resolution of o,/p ~ 10% for 1 TeV muons
and 2%-4% for lower momenta. In the case of low-energy muons, the combined MS

+ ID measurements are necessary to properly resolve the transverse momentum.

3.2.4 The trigger system

The ATLAS trigger system [92] is designed to reduce the rate of incoming data by
several orders of magnitude so that it can be realistically stored to permanent storage.
During Run-2, the rate of collisions was approximately 40 MHz. This high rate
leads to a data storage requirement in the order of a petabyte per second, which
is unsustainable for modern data-handling solutions. Furthermore, a fraction of pp
collisions produce uninteresting events that can simply be discarded. The Run-2
trigger system uses predefined algorithms to reduce the rate of stored events from
40 MHz to approximately 1 kHz. It consists of the level-1 trigger (L1) followed by
the high-level trigger (HLT). The HLT further refines the selection made from the L1
trigger, based on additional event selection requirements.

The L1 trigger is a hardware based system that reduces the event rate to 70 kHz—-
100 kHz. Until this trigger decision is taken, all the detector readout information
are kept in buffers. Hence, the quick decision-time of 25 pus from the L1 trigger
is of upmost importance. Because of this short time requirement, the L1 trigger

uses a reduced detector granularity and resolution from the calorimeter and muon
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spectrometer to decide if a given event is discarded or not. By performing a simplified
event reconstruction, it searches for signatures of muons, electrons, photons and jets.
If the signatures are above a certain energy or pr threshold, they determine region
of interests (Rol) in the detector. Events which pass Rol requirements are fully read
out and transferred to the HLT.

The HLT consists of a software based system that runs on a processing farm
where events are further analyzed using the full detector readout information. The
HLT further refines the decision from the L1 trigger by allowing the reconstruction of
tracks in the inner detector and additional muon spectrometer segments. It further
reduces the event rate from the L1 trigger output down to approximately 1 kHz. The
average processing time per event is below 300 ms. Events saved to disk occupy on
average approximately one megabyte of memory. The HLT provides the final trigger
selection for the data samples utilized for off-line physics analyses.

To summarize, this chapter provides a description of the ATLAS experiment
at the LHC used in the measurements of Z-+high-pr jets production. More details
about the theoretical techniques used in the description of proton—proton collisions
are presented in the next chapter. The tools and analysis strategy are then further

outlined starting in Chapter 5.
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Chapter 4

Modelling of hadron-hadron

collisions

The cross section of two initial-state protons p; and py to create the process pi1ps — X
was previously introduced in Equation (2.23). It includes the complete description of
possible processes between proton constituents that can produce a given final state.
The equation can be described as two distinct problems: 1) the parametrization of
the proton structure into PDFs f(z, ur), and 2) the calculation of the partonic cross
sections. The proton PDFs are parameterized using fits to experimental data, while
the partonic cross-section must be calculated from first principles.

The calculation of the cross section for a given process is very complex and
depends on several key parameters. In the field of particle physics, this problem is
overcome with Monte Carlo (MC) event generators. MC event generators allow for the
simulation of subatomic particle collisions and provide the fully detailed final states
at the level of observable particles. The generated events can also be passed through
a faithful simulation of the experimental apparatus. This is of crucial importance

as it allows for a complete description of the detector response to incident particles
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and also for the experimental data to be interpreted on the same footing as the MC
theoretical predictions.

In practice at the LHC, the MC event generation is split up into different steps
prior to reaching the final state of observable particles. First, the hard scattering
process is calculated in a fixed-order perturbative expansion. The expansion is based
on Feynman diagrams to describe a given process of interest, e.g. Z+1 jet production,
and dictates the accuracy of the simulation via the order of the calculation. Since
the computational time of calculating the perturbative expansion of final states with
O(10s) of particles is too high, the further emissions of particles are instead described
by the parton showering. In a second step, the parton showering describes the process
by which the initial parton loses energy via soft and collinear parton radiation down
to the cut-off energy scale of O(1 GeV — 2 GeV). Third, the underlying event, or
multiple interaction, describes further interactions of the proton constituents that
did not take part in the hard scattering. Then, in a fourth step, the hadronization
models the formation of hadrons out of the available partons. The unstable hadrons
finally undergo decays to lighter and longer-lived particles. The steps undertaken by
MC event generators in modelling a pp collision are shown schematically in Figure 4.1.

Fixed-order cross-sections are described in Section 4.1. Parton showering is
introduced in Section 4.2. Hadronization is discussed in Section 4.3. The methods of
matching and merging are explored in Section 4.4. A brief discussion about virtual

EW corrections is included in Section 4.5.

4.1 Fixed-order cross sections

Fixed-order cross sections have a three-fold importance to this analysis. First, the

discussion of different Z+jets production processes is facilitated with the use of Feyn-
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Figure 4.1: Sketch of the simulation of a pp collision. The incoming protons are
located in the centre of the figure and are identified as green arrows. Interacting
partons from the protons are shown in blue. The hard scattering process, represented
by the red circles, is predicted with MC event generators. The parton showering
simulation produces the outgoing partons in red. A secondary hard-scatter is shown
in purple and consists of multiple parton interactions. The simulation of parton
hadronization is shown in light green and is followed by parton decay in dark green.
The radiation of photons is shown in yellow [93].
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man diagrams, a visual representation related to the fixed-order cross section. Second,
all the MC simulated event samples were produced at a given fixed order in the cross
section, as described in Chapter 5. Lastly, the cross-section measurements are com-
pared to fixed-order calculations from the NNLOJET program [94,95], as discussed
in Chapter 5. As a result, the formalism behind the order of a fixed-order cross sec-
tion is introduced in Section 4.1.1. Then, a more precise formulation of fixed-order

calculations is given in Section 4.1.2.

4.1.1 Partonic cross sections

The partonic cross section oy, p,—x, first introduced in Chapter 2, describes the cross
section for the production of the final state X from the incoming partons p, and py.
It is calculated as a perturbative series of the strong coupling constant a:

oc=a"y Mar, (4.1)

n=0
where £ is the minimum number of strong vertices in the tree-level Feynman diagram
and the coefficients ¢™ correspond to the n-th order contribution to the cross section.
Each increasing order of n introduces additional virtual-loop contributions and real
emissions of fermions and bosons. At the energy scale of the LHC, the strong coupling
constant is small, a, ~ 0.118 < 1, such that the perturbative expansion defines a
converging series. The ¢™ coefficients are classified by their order n: n = 0 terms
are called leading order (LO), n = 1 for next-to-leading order (NLO), n = 2 for
next-to-next-to-leading order (NNLO) and so on. Using this notation, Equation (4.1)

becomes

o =0 + a,o™O 4 2O (4.2)
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Although the accuracy of the calculation increases with the addition of higher
order terms, theoretical predictions truncate the sum to a given order N that defines
the order of the calculation. For Z+1 jet production, the LO process contains one
strong and EW vertex such that 07 ~ O(a,amy) and is described by the Feynman

diagram of Figure 2.9.

4.1.2 Fixed-order calculations

A more precise formulation of fixed-order calculations is presented in this section
to give some context on the NNLOJET theoretical predictions considered in this
analysis. The exact perturbative expansion of the cross section ¢ for a given process
is written as

2

= dd 4.3
=3 [ dev (43)

> l
S MR (@)
=0

The sum and integrals over the different PDFs that appear in pp collisions are omitted
for the sake of clarity. The indices N, k and [ represent the number of particles in the
final state, the number of additional particle emissions, and number of loops in the
Feynman diagram, respectively. Furthermore, the integral is taken over final phase
space described by N + k particles, ® .. The scattering amplitude ./\/lg\l,)+k(CI>N+k)
includes all possible scattering amplitudes describing phases spaces with N + k final
particles and [ loops. The real-valued product of scattering amplitudes |M|? is known
as the matrix element (ME). Differential cross sections are obtained through the same

calculation, with the exception that the integral is not performed over the variable

X:

da_

e g;) /N ., o 3(X = X (D). (4.4)

S MR (@)
=0
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In practice however, the perturbative expansion is truncated to a certain order
and not carried over an infinite number of terms. Hence, the cross section calculations
no longer yield exact results, but rather approximations. The LO cross section is

written as

L0 = / A0y B(Dy), (4.5)
N
where B(®y) corresponds to the Born-level matrix element

2

B(d) — ]M§3><<I>N> (46)

The Born contributions are defined as having no loops in the Feynman diagrams, i.e.
[ = 0. The cases where the LO process includes loops, e.¢g. in gluon fusion Higgs
production, are not considered here for the sake of simplicity.

The NLO cross section includes one more power in ag and is

MO = [ a0y (B(@) + V(@) + [ dBy R(@ya), (4.7)
N N+1
where
V(@) = 2Re(MY MY (4.8)
and

2

R(Py+1) = ‘MES)H (4.9)

The contributions from R and V are called real and virtual emission corrections,

respectively. The virtual correction contains the contribution from including one
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internal loop [ = 1, whereas the real emissions describe final states with an additional
emitted particle and no loops. The higher-order cross sections are described using the
same formalism by adding contributions with increasing orders of a,. The accuracy
of the cross section increases with order of the expansion, but so does the complexity
of the calculation. As ay is small, the increase in accuracy of the prediction grows
slowly, while the complexity of the calculation instead grows exponentially.

In principle, the Born (or leading order) cross section is finite. Depending on
the studied process, it may instead be divergent due to different types of singularities
that arise. Moreover, these singularities can also appear in higher-order terms of the
perturbative expansion. In many cases, the configurations leading to singularities
are caused by the presence of soft, collinear or massless partons in the final state.
Applying jet selection cuts in the matrix element (ME) phase space that require a
minimum momentum and minimum separation from the associated partons can often
avoid these problematic configurations.

The fixed-order calculations from NNLOJET considered in this analysis cor-
respond to NNLO and NLO predictions of the Z+1 jet process, where the Z boson
decays to either an electron or muon pair, as described in Chapter 5. The resulting
cross sections correspond to Born-level partons, i.e. the leptons, quarks and gluons
have not been subject to further radiation, decay or hadronization.

From this point forward, the above fixed-order cross-section calculation method

is simply referred as a ME calculation.

4.2 Parton showers

Following the ME calculations above, MC event generators then go through parton

showering to introduce further radiation of the resulting partons. Since none of the
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predictions considered in this analysis include EW parton showering, this section only
describes QCD parton showers.

The appearance of jets in QCD interactions is owed to the running behaviour of
the strong coupling constant a,. The value of a; increases exponentially as the energy
scale of the interaction decreases. For this reason, as a given parton loses energy, e.g.
via QCD radiation ¢ — qg or g — qq, the likelihood of it undergoing further energy-
loss interactions increases. As a result, cones of partons form around quarks and
gluons produced in the ME and hadronize to form the jets that are measured in
particle physics experiments.

It is theoretically possible to calculate the matrix elements for 2 — NN processes
with N = O(10 — 30). However, the calculation is very time consuming and resource
intensive such that it is impossible in practice. For this reason, parton showering
programs are introduced to separate the 2 — N process into a simple 2 — n process
followed by many 1 — 2 parton splittings, where n ~ O(2 — 6). Hence, the parton
shower provides the link between the high energy partons from the fixed-order cross
sections and the hadronization models that are applied to describe the formation of
hadrons at energy scales in the order of 1 GeV-2 GeV.

The process of parton showering is modelled sequentially by evolving high-
energy partons from the ME calculation to continuously lower energy scales. The
energy loss is mediated by a random number of gluon and gq pair emissions. The
parton emissions are described by splitting functions, while the probability that a
parton undergoes an emission is characterized by Sudakov form factors. The evolution
of the parton is tracked via the ordering variable ). The ordering variable can be
chosen from several valid choices, such as the transverse momentum of the mother

parton, the opening angle between the two partons and many more. The sequence
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of parton showering is repeated until the parton energy scale reaches the cut-off
renormalization scale pugr = 1 GeV-2 GeV, where QCD can no longer be described
with perturbation theory and instead hadronization programs take over.

The SHERPA 2.2.11 prediction [72] considered in this analysis presents a unique
treatment of the parton shower evolution histories, as described in Chapter 5. The
parton showering program requires that the ordering variable () must decrease be-
tween each splitting, a property referred to as ordered-histories. Such requirement
leads to increasingly softer (low-energy) and collinear partons emissions. This novel
approach is credited with improving the performance of the SHERPA 2.2.11 theoretical
predictions in high jet-pr and high Z-boson pr phase spaces [72]. The ordering vari-
able () is defined as the ‘k;’ scale of the splittings, a variable linked to the separation

between the partons.

4.3 Hadronization

The process of hadronization describes the transition between the partonic final states
from the parton shower to the hadronic final states comprised of baryons and mesons.
It is applied after the parton showering lowers the energy of indiviual partons down to
the cut-off range of a few GeV, the energy scale where QCD can no longer be modelled
by perturbation theory. The confinement of partons into hadrons is then applied to
the low-energy partons. Hadronization programs are described by non-perturbative
models and are tuned to the data. The most recent and common hadronization models
are the Lund string model [96,97] and the cluster model [98]. The combination of
parton showering and hadronization provides the complete description of the particle

jets that are measured in particle physics experiments.
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4.4 Matching and merging

Matrix element (ME) calculations provide accurate descriptions of high-energy 2 — N
processes, with N being generally small. When the number of final state particles
increases, the complexity of the calculation becomes large and is the limiting factor
when computing cross sections. ME calculations are also sensitive to divergences that
arise from soft and collinear parton emissions. In contrast, parton showers generate
additional emissions through probabilistic methods, often performing well only for
soft and collinear emissions. However, due to the nature of parton showers, they
provide results with worst accuracy than ME calculations in some regions of phase
space. The logical progression of combining ME calculations and parton showers is
used to take advantage of the strengths of both methods simultaneously. In some
cases, the parton shower can replicate the same contributions from higher-order ME
calculations and special consideration must be taken as not to double count these
effects. For example, a parton-shower emission on top of the LO Born cross section

is also described by the real emission corrections in the NLO cross section:

o"© + Parton shower ~ o™"©. (4.10)

As such, the MC event generator must carefully consider and remove the duplicated
contributions in order to produce accurate cross sections. The procedures that com-
bine higher-order ME calculations with parton showers with this in consideration are
called matching and merging.

The process of matching refers to the use of an higher-order cross section from
the ME calculation to improve the parton shower. This can be done with several

methods, such as correcting the parton shower to match the precise ME calculation,
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or by assigning some contributions to either the ME or the parton shower. The
process of merging describes the combination of NLO and LO ME calculations for
various particle multiplicities prior to undergoing through the parton shower.

An example of merging can be explained with the combination of the parton
shower with the NLO ME calculations for Z + 0/1/2 jets production. First, the
MEs are calculated separately for the NLO Z + n jets processes, with n < 2. The
merging procedure then combines the results prior to undergoing parton showering.
Without merging, the ME calculations each go through the parton shower before being
combined and results in the double counting of several cross-section contributions.
This example describes the typical merging applied in the SHERPA 2.2.11 Z+jets MC
event sample used in this analysis.

Various matching and merging schemes exist to combine the ME calculations
with the parton shower. Three of these procedures are used in the different MC predic-
tions in these measurements: 1) the CKKW-L merging [99,100], 2) the MEPS@QNLO
matching [101-104], and 3) FxFx merging [105].

The CKKW-L merging consists in correcting the ME calculations and parton
shower by introducing the merging scale uyg. Partons emitted below the merging
scale are modelled by the parton shower, while those above are modelled in the ME
calculation. The MEPS@NLO matching computes shower subtraction terms that
cancel the double counted parton shower contributions. The FxFx merging combines
MEPS@QNLO matched ME calculations of different parton multiplicities to perform
NLO accurate multijet merging. Through the use of a merging scale, it dictates if
a parton emission from a NLO n-jet ME is replaced with the contribution from the

NLO n + 1-jet ME.
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q q q q

(a) NLO virtual strong correction (b) NLO virtual EW correction

Figure 4.2: Representative Feynman diagrams for virtual NLO corrections to the
production of Z+1 jet. (a) The NLO virtual strong correction of order O(a%ayy) is
shown alongside (b) the NLO virtual EW correction of order O(a a2,,).

4.5 Virtual electroweak corrections

Electroweak corrections to Z+jets production can have an important impact in re-
gions of phase space where the Z boson has large transverse momentum. These correc-
tions arise from the presence of EW Sudakov type factors of the form log(s/m?%) [78],
leading to an impact as large as several tens of percent at the TeV scale. As such, these
corrections are crucial for the accurate modelling of Z+jets production in high-pr(Z)
phase spaces.

When considering Z+jets production, strong and EW contributions have to be
understood as an expansion in both the strong and weak coupling constants a and
agw, respectively. Hence, the order of the respective production cross sections are be
described in terms of O(aMalY, ), where M and N are the order of the strong and EW
expansions, respectively. This is simply demonstrated with Z+1 jet production as an
example. The Z+1 jet process is described at LO as O(asagy ), while the virtual NLO
strong and EW corrections are in the order of O(a?agy) and O(a,a?,), respectively.

The corresponding NLO virtual strong and EW corrections are shown in Figure 4.2.
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When discussing the NLO strong and EW corrections, it is useful to use the

following formalism for the NLO cross section:

NLO _ _LO NLO
O.STRONG =0 _'_ 5O-STRONG
(4.11)
oNLO _ ;LO 4 5,NLO

EW EwW

where, 0™© is the LO cross section and 6oN"© is the NLO correction.
Naively, the most simple approach to combining NLO strong and EW correc-
tions is through a direct sum, in the so called additive scheme, so that

NLO _ _LO NLO NLO
USTRONG+EW =0 + 5USTRONG + 50EW . (4'12>

Alternatively, the higher-order strong and EW corrections can be combined
in a way that includes possible interplay between strong and EW processes in the

multiplicative scheme:

Oatnonexew = (07 + 005nione) % (1 + 0oy ). (4.13)

A third combination scheme is possible, named the exponentiated scheme:

NLO
S0

O_NLO _ (O'LO 4 60_NLO

STRONG X ePW ™ STRONG) X €

(4.14)

Generally, predictions of hadron-hadron collisions are calculated only as a per-
turbative series of the strong coupling constant «g. Hence, higher-order EW correc-
tions are not included in these predictions. However, virtual EW corrections were
made available recently [78,106] and are included in the SHERPA 2.2.11 prediction

studied in this analysis, as described in Chapter 5. The EW corrections modelled by
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the SHERPA 2.2.11 generator only contain virtual-loop terms since applying the full
NLO EW corrections is not currently possible in the current multi-jet merging pro-
cedure. The impact of all these EW corrections are further discussed in Chapter 10
and Appendix A. Quantum interference between strong and EW Z+jets production
processes are also relevant and their effects are exposed in Chapter 8.

In summary, this chapter aims to give a general description of the physics
content needed for an accurate modelling of proton—proton collisions where a Z bo-
son is produced in association with jets. The SHERPA 2.2.11 event generator dis-
cussed above provides the principle tool utilized in this analysis for the description
of Z+high-pr jets events. It corresponds to the state-of-the-art MC prediction for
the production of W/Z+jets at ATLAS. More details about the simulated event sam-
ples are presented in the next chapter as the logical step towards event selection,

background estimation and finally the measurement of differential cross sections.
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Chapter 5

Data and simulated event samples

For the study of Z-+high-pt jets production, candidate events are selected from the
data recorded by the ATLAS detector, where the Z boson decays to an electron or
muon pair: Z — (Y0~ with ¢ = e, u. Out of its possible decay modes, charged leptonic
final states provide the cleanest signature of the Z boson at hadron colliders. In this
chapter, the dataset and MC simulated event samples used for the Z-+high-pr jets
cross-section measurements are presented. The dataset and MC simulated event
samples are described in Section 5.1 and 5.2, respectively. Fixed-order theoretical

predictions of Z+high-pr jets production are introduced in Section 5.3.

5.1 Dataset

The data used for this analysis were collected by ATLAS in pp collisions at the centre-
of-mass energy of 13 TeV between the years of 2015 and 2018. They correspond to
the full LHC Run-2 dataset and amount to an integrated luminosity of 139 fb~*
+1.7% [107]. Compared to previous measurements described in Section 2.3, this

dataset provides an increase of statistical precision by a factor of 2 to 5. This dataset
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enables for the first time the precise measurement of the production cross section of
Z+high-pr jets. The mean number of pp interactions per bunch crossing, including

hard scattering and other interactions in the same and neighbouring bunch crossings

(pile-up), is (u) = 33.7.

5.2 Simulated Monte Carlo event samples

In particle physics, Monte Carlo (MC) simulations are a crucial component of data
mining and physics analyses. In these cross-section measurements, MC event samples
are utilized to validate the event reconstruction, estimate the background, model
the Z+jets process and evaluate the detector response. MC generators are used to
simulate events of the Z+jets signal process and seven background processes that
can mimic the signature of strong Z+jets production. The generated samples are
processed using the GEANT4-based ATLAS detector simulation [108,109] and the
same event-reconstruction algorithms are used for both the MC samples and the

data.

5.2.1 Strong Z-+jets signal samples

As outlined in Section 2.3, contemporary MC predictions have difficulties modelling
high-energy Z-jets phase spaces, especially where pr(Z) or pr(jet) is large, and
where the Z boson and a jet are nearby. In order to compare the behaviours of
different strong Z+jets MC predictions, four different event samples are produced
and subsequently compared to the final cross-section measurements of Chapter 10.
The four simulated signal samples are summarized in Table 5.1.

The production of Z bosons in association with jets was simulated with the

ATLAS configuration of SHERPA 2.2.11 [72], which includes matrix elements for
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up to five partons at LO and up to two partons at NLO. They are calculated
with the Comix [110] and OPENLoOOPS [111-113] libraries and matched with the
SHERPA parton shower [114] using the MEPS@QNLO prescription [101-104] with a
set of tuned parameters (‘tune’) developed by the SHERPA authors. In contrast to
SHERPA 2.2.1 [115], used in this analysis and in previous ATLAS publications, it in-
cludes a modified Catani-Seymour subtraction scheme [116], the Hessian NNPDF 3.0
NNLO PDF set [117] is used, and an analytic enhancement technique has been intro-
duced [72]. The cross section in the phase space with large pr(jet) or pr(Z) has been
considerably reduced relative to the prediction from the previous SHERPA version by
switching to an improved matching scheme with a different treatment of unordered
histories [104]. SHERPA 2.2.11 is also the only sample used in this analysis which
includes NLO virtual EW corrections [112,113], as presented in Section 4.5. The
samples were produced using three options for the combination of NLO EW and
QCD corrections: an additive, a multiplicative, and an exponential scheme. The
nominal prediction is derived via the additive scheme; a systematic uncertainty band
is derived from the envelope of all schemes. In contrast to virtual EW corrections,
EW parton showers are not included in any of the generators used in this analysis.
The SHERPA 2.2.11 Z+jets samples are used for the nominal unfolding of the data
distributions, to estimate the systematic uncertainties and in comparisons with the
cross-section measurements. These samples are state-of-the-art predictions and are
joining the roster of ATLAS recommended MC predictions for the LHC Run-3.

A second Z+jets sample, referred to as MG5 aMC+Py8 FxFx [72], was
produced by using the MADGRAPH5_ aMC@QNLO 2.6.5 [118] program to generate
matrix elements at NLO accuracy in QCD for up to three additional partons in the

final state. The NNPDF 3.1 NNLO set [117] was used in the generation. The parton
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showering and subsequent hadronization was performed using PYTHIA 8.240 [119]
with the A14 tune [120] and the NNPDF 2.3 LO PDF set [121]. The jet multiplicities
were merged using the FxFx prescription [105]. This prediction is compared with the
unfolded cross-section measurements. It is also a state-of-the-art sample and is taking
place in the lineup of ATLAS MC predictions for the LHC Run-3.

A third sample of Z+jets events was produced with the SHERPA 2.2.1 [115]
generator using NLO matrix elements for up to two partons, and LO matrix elements
for up to four partons, calculated with the Comix and OPENLOOPS libraries. They
were matched with the SHERPA parton shower using the MEPS@NLO prescription
with a set of tuned parameters developed by the SHERPA authors. The MC replica
version of the NNPDF 3.0 NNLO set of PDFs was used. The SHERPA 2.2.1 Z+jets
sample is used in comparisons with the unfolded cross-section measurements, as it
was used as a standard prediction in previous ATLAS Run—2 publications.

The fourth Z+jets sample, referred to as MG5_aMC+Py8 CKKWL, was
generated using LO-accurate matrix elements with up to four final-state partons cal-
culated by MADGRAPH5 aMC@NLO 2.2.2 [118]. The ME calculation employed the
NNPDF 3.0 NLO PDF set and was interfaced to PyTHIA 8.186 [122] for the mod-
elling of the parton shower, hadronization, and underlying event. The overlap between
matrix element and parton shower emissions was removed using the CKKW-L merg-
ing procedure [99,100]. The Al4 tune of PYTHIAS was used with the NNPDF 2.3
LO PDF set. This sample is used to validate the unfolding method and in compar-

isons with the unfolded cross-section measurements.
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Table 5.1: Summary of the simulated Z+jets signal samples. For every process the
name of the generator used is indicated in the second column. The third column
reports the order of the QCD calculation in the matrix elements, where np denotes
the number of real parton emissions. The first two predictions correspond to state-
of-the-art MC generators, whereas the bottom two are standard predictions used in
previous ATLAS Run—2 measurements.

Process Generator Order pQCD References
Strone Z+iets SHERPA 2.2.11 0-2p NLO, 3-5p LO [72,101-104,110-117]
&1 MG5.aMC+Py8 FXFX 0-3p NLO [72,105,117-121]
Strong Z4iets SHERPA 2.2.1 0-2p NLO, 3-4p LO [101-104,110-115]
&2l MG5.aMC+Py8 CKKWL 0-4p LO 99,100,118, 122]

5.2.2 Background samples

Seven background processes are simulated and used to estimate the background that
mimic the strong Z+jets signal. The simulation of these samples is described below
and summarized in Table 5.2.

The EW Z+2 jets (or Zjj) process is defined by the t-channel exchange of
a weak boson and at tree level is calculated at O(al,) when including the decay
of the Z boson [7]. In contrast, the strong Zjj process, which is covered by the
Z+jets samples, has no weak boson exchanged in the ¢-channel and at tree level is
calculated at O(a?,a?) when including the decay of the Z boson. Representative
Feynman diagrams of the strong and EW Zjj processes are shown in Figure 5.1. In
this analysis, the measurements target only the strong Z-jets production and treat
the EW Zjj process as a source of background. The EW Zjj samples were produced
in the vector-boson fusion (VBF) approximation with HERwIG 7.1.5 [123,124] at
NLO accuracy in the strong coupling, using VBFNLO 3.0.0 [125] to provide the loop
amplitude. The MMHT2014LO PDF set [126] was used along with the default set of
tuned parameters for parton showering, hadronization and the underlying event. It is

found that the interference between strong and EW Z+2 jets production is present in
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(a) QCD mediated Z+2 jets  (b) EW mediated Z+2 jets

Figure 5.1: Representative Feynman diagrams for the production of Z+2 jets. (a)
The strong Zjj production is described by the exchange of a gluon and (b) the EW
Z 77 production is described with the exchange of a Z boson.

the fiducial phase space of these measurements, but it only corresponds only to a small
number of events. Hence, to account for the interference between the strong and EW
734 production processes, a uniform modelling uncertainty is applied. The relative
importance of the interference effects, as described in Chapter 8, are determined from
simulation with MADGRAPHS aMC@QNLO 2.9.5.

Event samples of Z(— 77)+jets and W+jets processes were produced with the
SHERPA 2.2.1 generator using the same configuration as the SHERPA 2.2.1 Z+jets
sample.

The tt event samples were modelled using the POWHEGBOX v2 [127-130] gen-
erator at NLO with the NNPDF 3.0 NLO PDF set and the hgamp parameter set
to 1.5 myep [131], where my,p is the top quark mass. The hgamp parameter is a re-
summation damping factor and one of the parameters that control the matching of
POWHEG matrix elements to the parton shower, and thus effectively regulates the
high-p radiation against which the tt system recoils. The events were interfaced

to PyTHIA 8.230 [119] to model the parton shower, hadronization, and underlying
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event, with parameters set according to the A14 tune using the NNPDF 2.3 LO set
of PDFs. The tt sample is normalized to the cross-section prediction at NNLO ac-
curacy, including the resummation of next-to-next-to-leading logarithmic soft-gluon
terms calculated with TopP+-+ 2.0 [132-138]. The tf background in this analysis is
derived with a data-driven method as described in Chapter 8 utilizing these MC event
samples as an intermediate step.

Single top quark production in the s-channel, in the ¢-channel, and in association
with a W boson (tW) was modelled using the POWHEGBOX v2 generator at NLO
in QCD with the five-flavor scheme and the NNPDF 3.0 NLO set of PDFs. The
diagram-removal scheme [139] was used to remove interference and overlap with ¢t
production. The tW cross section is corrected to the theory prediction at approximate
NNLO accuracy [140, 141}, where the s- and ¢-channel cross sections are corrected to
the prediction at NLO accuracy [142,143].

Samples of diboson final states (V'V') were produced with the SHERPA 2.2.1, or
SHERPA 2.2.2 generator depending on the process, including off-shell effects and Higgs
boson contributions where appropriate. Here, V' stands for vector bosons V =W or
Z. Fully leptonic final states and semileptonic final states, where one boson decays
leptonically and the other hadronically, were generated using matrix elements at
NLO accuracy in QCD for up to one additional parton and at LO accuracy for up
to three additional parton emissions. The matrix element calculations were matched
and merged with the SHERPA parton shower as detailed above for SHERPA 2.2.1, and
the NNPDF 3.0 NNLO set of PDFs was used.

The production of V+ ~ final states was simulated with the SHERPA 2.2.8 [115]
generator. Matrix elements at NLO QCD accuracy for up to one additional par-

ton and LO accuracy for up to three additional parton emissions were matched and
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Table 5.2: Summary of the simulated Z+jets background samples. For every process
the name of the generator used is indicated in the second column. The third column
reports the order of the QCD calculation in the matrix elements, where np denotes
the number of real parton emissions.

Process Generator Order pQCD References

EW Zjj HerwIG 7.1.5, VBFNLO 3.0.0 NLO [123-125]
Strong Z(— 77)+jets SHERPA 2.2.1 0-2p NLO, 3-4p LO  [101-104,110-115]
W tjets SHERPA 2.2.1 0-2p NLO, 3-4p LO _ [101-104, 110-115]

tt PowHEGBOX v2 + PyTHIA 8.230 NLO [127-130]

Single top (t-, Wt-, s-channel) | POWHEGBOX v2 + PYTHIA 8.230 NLO [127-130]
ZJW (= qq)Z(— £0) SHERPA 2.2.1 0-1p NLO, 2-3p LO _ [101-104,110-115]
W(— w)Z(— qq) SHERPA 2.2.1 0-1p NLO, 2-3p LO  [101-104,110-115]
W(= q@)WT (= ) SHERPA 2.2.1 0-1p NLO, 2-3p LO  [101-104, 110-115]
Llvv, Llly, 000 SHERPA 2.2.2 0-1p NLO, 2-3p LO  [101-104,110-115]
V(= £0) +~ SHERPA 2.2.8 0-1p NLO, 2-3p LO  [101-104,110-115]

merged with the SHERPA parton shower as detailed above for SHERPA 2.2.1, and the

NNPDF 3.0 NNLO set of PDFs was used.

5.3 Fixed-order theoretical predictions

Two additional Z+jets theoretical predictions were calculated with the NNLOJET
program [94,95], which computes fixed-order parton-level predictions for inclusive jet
processes at higher orders in QCD. They are summarized in Table 5.3. The NLO
and NNLO predictions, referred to as NNLOJET@QNLO and NNLOJETQNNLO,
respectively, were calculated as higher-order corrections to the parton-level LO process
of Z+1 jet production. The NNLOJET@QNNLO prediction corresponds to a fixed-
order calculation of Z + up to three jets, whereas the NNLOJETQNLO predicts only
Z + up to two jets. The NNPDF 3.1 NNLO set was used with a central scale choice
of uo = 3(Em,z + Yiepartons Pi) With Er ; = \/m These samples are pure
QCD predictions and correspond to Born-level partons. These predictions are used

as complimentary theoretical comparisons to the final cross-section measurements of

Chapter 10.
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Table 5.3: Summary of the fixed-order Z+jets theoretical predictions. For every
process the name of the program used is indicated in the first column. The second
column reports the order of the QCD calculation in the matrix elements, where np
denotes the number of real parton emissions.

Process Program Order pQCD  References
Strone Z-tiets NNLOJET@NNLO  1p NNLO [94,95]
&2 NNLOJETGNLO  1p NLO (94, 95]

In summary, this chapter introduces the dataset on which the Z+high-pr jets
cross-section measurements are performed. Furthermore, the simulated event samples
that describe the numerous background processes and the Z+jets theoretical predic-
tions are enumerated. Details about the detector-level event selection requirements

applied to the data and MC simulated events are presented in the next chapter.
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Chapter 6

Event selection

This analysis focuses on the measurements of the production cross section of a Z bo-
son in association with high-transverse-momentum jets and decaying into a charged-
lepton pair. Final states containing ete™ or putpu~ pairs are exploited to easily
identify the Z boson and study its properties. The cross-section measurements of
Z+high-pr jets production rely on the selection criteria imposed on data to select a
clean sample of signal events. To select these events, trigger, isolation, identification
and kinematic cuts are applied on the reconstructed objects of the ATLAS detector.

This chapter describes the detector-level event selection criteria applied to data
and MC samples that are used to measure high purity Z+high-pr jets events. The
requirements on the considered events are presented in Section 6.1. The object selec-
tion requirements for electrons, muons and jets are discussed in Section 6.2. The final
detector-level event selection is introduced in Section 6.3. The five signal regions and

the different measured observables are outlined in Section 6.4.
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6.1 Event requirements

The data are required to satisfy criteria that ensure that the proton beams and the
ATLAS detector were in good operating condition [144]. The data events that follow
these criteria form the standard ATLAS good run list (GRL). The GRL is the product
of data quality monitoring that filters out data compromised by anomalous operating
conditions. The dataset size of 139 fb™! is calculated from the contents of the GRL.

Events must also have a primary vertex, defined as the vertex with the highest
sum of track p3, with at least two associated tracks with pr > 500 MeV [145].
They are selected using triggers [146-148] that require the presence of at least two
electrons or two muons, or the combination of at least one electron and one muon.
The efficiencies of these triggers plateau above 95% for pr(e, ) > 25 GeV. Triggers
selecting at least two electrons or muons are chosen to suppress backgrounds that
are not from Z boson production. The trigger demanding at least one muon and
electron is used to validate the tt background in its own control region, as described

in Chapter 8.

6.2 Object selection

The particle reconstruction algorithms in ATLAS combine information from the ID,
calorimeter and MS systems described in Chapter 3 to identify the most likely physical
objects responsible for the observed signals in the detector. Through the application
of carefully chosen event cleaning techniques and selection criteria, those objects are

extracted so that they are uniquely associated to particles and jets.
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6.2.1 Electrons

Electron candidates are reconstructed from inner-detector tracks that come from the
primary vertex and are matched to clusters of energy deposits in the EM calorimeter.
To fulfil the primary-vertex condition, the electron must pass two requirements: 1)
its track’s transverse impact parameter significance must satisfy |dy|/o(dy) < 5.0,
where dj is the transverse impact parameter and o(dy) its uncertainty; and 2) the
longitudinal impact parameter zy; must satisfy |zpsinf| < 0.5 mm, where 6 is the
angle of the track to the beamline. Electron candidates must satisfy the ‘Medium’
likelihood-based identification requirements [149] based on EM shower shapes, track
quality, and track—cluster matching. The ‘Medium’ requirement provides an electron
identification efficiency of approximately 88%. Electron candidates must also satisfy
the ‘PflowLoose’ [149] isolation requirement. The ‘PflowLoose’ constraint prioritizes
efficiency at the cost of a lower background rejection relative to the tighter isolation
working points. Electrons are selected if they pass all the above criteria, have pr >
25 GeV and fall within the coverage of the inner tracker: |n| < 1.37 or 1.52 < |n| <
2.47. The gap in 7 is caused by a crack in the calorimeter between the barrel and

endcap regions that leads to a poor energy resolution.

6.2.2 Muons

Muon candidates are identified by matching inner-detector tracks from the primary
vertex to either full tracks or track segments reconstructed in the muon spectrom-
eter. The muon must fulfil the two primary-vertex requirements: 1) the transverse
impact parameter significance must satisfy |dy|/o(dy) < 3.0; and 2) the longitudi-
nal impact parameter must satisfy |zosinf| < 0.5 mm, where dy, o(dy), 2o and 0

are as defined above for the electrons. Muons must pass ‘Medium’ identification
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requirements [150, 151] based on quality criteria applied to the inner-detector and
muon-spectrometer tracks. The ‘Medium’ requirement provides a muon identifica-
tion efficiency of over 96% for muons with pr > 25 GeV, while keeping identification
related systematic uncertainties small. Muon candidates with pr > 300 GeV must sat-
isfy tighter identification requirements in the muon spectrometer in order to improve
the muon-pr resolution. The tighter identification restriction enforces a higher num-
ber of hits in the muon spectrometer’s precision layers. Muon candidates must also
satisfy the ‘PflowLoose’ isolation requirement, built from tracking and calorimeter
information, with a muon-pr-dependent variable cone size AR [151]. This constraint
provides the highest efficiency for muons with pr > 25 GeV. Muons are selected if

they pass all the above criteria, have pp > 25 GeV and fall within |n| < 2.4.

6.2.3 Jets

Jets of hadrons are reconstructed using a particle-flow algorithm [152] based on noise-
suppressed topological clusters in the calorimeter. Energy deposited in the calorimeter
by charged particles is subtracted and replaced by the momenta of tracks which
are matched to those topological clusters. The jets are clustered using the anti-
k. [153] algorithm implemented in the FASTJET package [154] with a radius parameter
R = 0.4. They are further calibrated according to in situ measurements of the jet
energy scale [155]. All selected jets are required to have a calibrated pr > 100 GeV

and |y| < 2.5.

6.2.4 Overlap removal

The electrons, muons and jets are reconstructed and identified independently. In
some cases, objects are reconstructed by several algorithms and identified as multiple

objects simultaneously. One common example is the high energy electron that leaves
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clusters in the hadronic calorimeter and is reconstructed both as an electron and a
jet. An overlap-removal procedure is then applied to uniquely identify these objects
in an event. For the lepton—jet overlap removal, the pt requirement on jets is relaxed
so that preselected jets with pp > 30 GeV and |y| < 2.5 are considered. The overlap
removal is performed sequentially. First, preselected jets with a high probability to
have been initiated by an electron or a radiated photon such that AR between the jet
and a lepton is smaller than 0.2 are removed. In a second step, leptons closer than
AR = 0.4 to any remaining jet are removed.

The angular separation between two objects is defined as

AR = \/(Ay)? + (Ag)2, (6.1)

where Ay and A¢ are the pseudorapidity and azimuthal angle differences, respec-

tively.

6.3 Detector-level event selection

The Z+high-pr jets process is defined by the presence of two specific objects: the
Z boson decaying to charged lepton pairs (ete™, utp~) and high-pr jets. Events
are selected if they satisfy the criteria defined above and the following kinematic
requirements on the Z boson and jets. These criteria define the detector-level event
selection.

Events are selected if they contain exactly two reconstructed same-flavor and
opposite-charge leptons (¢ = e, ). The dilepton invariant mass my, is required to be
71 GeV < my < 111 GeV. The selected events must also contain at least one jet.

The invariant mass constraint within 20 GeV of the Z boson mass myz = 91 GeV
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Table 6.1: Summary of the Z+high-pr jets objects and event selection requirements.
Only the kinematic cuts applied to the objects and to the event selection are shown.

Physics objects

Electrons
pr > 25 GeV
In| < 1.37 or 1.52 < |n| < 2.47
Muons
pr > 25 GeV
In| < 2.4
Jets
pr > 100 GeV
lyl < 2.5

Event selection

Z boson
Exactly 2 same-flavor and opposite-charge leptons ¢

C=e,
71 GeV< my, < 111 GeV
Jets
At least 1 jet

suppresses background events and ensures the production on an on-shell Z boson.

The objects and event selection are summarized in Table 6.1

6.4 Signal regions and observables

This analysis presents the measurements of Z+high-pr jets production in thirteen
different observables split over five signal regions. The different observables and signal
regions are described below.

In Z+jets measurements, the transverse momentum of the leading jet (pr ;1)

and the transverse momentum of the Z boson (pre) are fundamental observables
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that probe perturbative QCD over a range of energy scales. The jet multiplicity
(Njets) also provides an important probe of QCD. The scalar sum of the transverse

momentum of all selected jets and leptons Hr, defined as

Hr =prye, +pre, + 01 (6.2)
selectod jots
supplies complimentary information on the modelling of the event as a whole. The
phase space with at least one jet is labelled as the inclusive region. In the inclusive
region, the measured observables are pr i, pr e, Njets and Hr.

The high-pr region is a subset of the inclusive and is selected by requiring the
presence of a jet with ppr > 500 GeV. This region, described in Section 2.3.2, is
predicted to be composed of two characteristic topologies: 1) the hard scatter of a
Z boson against a jet in the back-to-back topology as shown in Figure 6.1a, and 2)
the soft radiation of a Z boson from a jet in the collinear topology as visualized in
Figure 6.1b. The two topologies are expected to produce different distributions in
three key observables. The first key observable to study the collinear and back-to-
back topologies is the angular separation between the Z boson and the closest jet:
ARIZH?. In the collinear topology, the Z boson is radiated near a jet such that ARIan;l
is small, whereas in the back-to-back topology the Z boson and the jet travel in
opposite directions such that AR?}; ~ 1 = 3.14. To further study these topologies,
the high-pr region is split by measuring AR?};‘ to create the collinear and back-to-back
regions. The collinear and back-to-back regions, both subsets of the high-pr region,
are constructed by requiring AR < 1.4 and AR > 2.0, respectively. The second

key observable to distinguish between the collinear and back-to-back topology is the

ratio of the Z-boson pr to the closest-jet pr, defined as
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g =y q
7 Vs AR?&”
ARTZ”’;TL 7 -
Vas
q q g q
(a) Z+1 jet (b) Z+42 jets

Figure 6.1: Representative Feynman diagrams for the production of a Z boson in
association with high-pr jets. In these diagrams, the angular distance between the Z
boson and the closest jet are identified and labelled A %“]n (a) The Z+1 jet events are
expected to populate the back-to-back region where the Z boson is balanced against
a single high-pr jet. (b) In dijet events, the Z boson is expected to be radiated from
the quark leg, with kinematics leading to small values of the angular distance between
the Z boson and the closest jet, A 1}“;1, and therefore populating the collinear region.

P
pr(closest jet)’

rZ,j =

In collinear Z-boson emissions, conservation laws lead to small values of pr 4 such
that pr e < pr(closest jet) and result in very small values of 7z ;. In the back-to-
back Z41 jet hard scatter, the Z boson is balanced against the jet such that their
pr are approximately equal so that rz; is approximately equal to 1.0. Finally, the
third key observable is the jet multiplicity Njes. The collinear region is expected
to be dominated by Z+2 jets events (Njes = 2), whereas the back-to-back region is
predicted to be described mostly by Z+1 jet events (Njeis = 1). In the high-pr region,
the measured observables are AR?};‘, r7; and Nijes. In the collinear and back-to-back
regions, restricted by AR?};I < 1.4 and AR?};I > 2.0, respectively, the 7z ; and Nijes

observables are measured.

An alternative phase space is selected by applying a cut on the scalar sum of
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the pr of the selected jets St:

St =Y prj- (6.3)
selectod jets
The high-St region is defined by requiring St > 600 GeV. This alternative region
probes high-energy events but does not depend on the presence on a single very
energetic object. In contrast to the high-pr region, this region is expected to have a
large fraction of events with higher jet multiplicities. The AR?}}I and Njes observables
are measured in the high-St region.

The definitions of the five signal regions and the observables measured within
them are summarized in Table 6.2. This chapter provides the detector-level defi-
nitions of electrons, muons and jets that are used to define the measurements of
Z+high-pr jets. Details on the analysis strategy are presented in the next chapter
and naturally lead to the background estimation and finally the measurements of

differential cross sections.
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Table 6.2: Summary of the Z+high-pt jets signal regions and observables measured
within them.

Region Definition Observables
Pree
Inclusive Z + > 1 jet P ji
Hr
]\Gets
| ARy
Hidh Inclusive and ’
tgh-pr P51 Z 500 GeV 77,
]\Gets
) High-pt and 7
Collinear A Rer]n <14 Ny
High-pt and r7j
Back-to-back ARI;E? > 9.0 Niwe
. Inclusive and ARY®
High-St | §1'> 600 GeV N

jets
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Chapter 7

Analysis strategy

In experimental particle physics, the outcome of a measurement is the result of an
underlying physical process that is convoluted with the response of a detector. There-
fore, unless an effort is taken to decouple detector effects from the measurements,
these measurements fundamentally represent detector-dependent observables. The
unbiased, or particle-level, quantities are obtained by deconvoluting away the detec-
tor effects through an unfolding procedure. In this chapter, the methodology for the
measurements of the Z+high-pt jets production cross section is presented.

The differential cross-section measurement strategy is introduced in Section 7.1.
The particle-level selection that defines the fiducial volume of these measurements is
presented in Section 7.2. The unfolding of detector effects is described in Section 7.3.
The detector response to Z+high-pr jets events is explored in Section 7.3.2. The

validation of the unfolding procedure is exposed in Section 7.3.3.
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7.1 Measurement strategy

The goal of this analysis is to measure differential and integrated cross sections of
Z+high-pr jets production. However, cross sections are not directly measured and
instead are derived from the results of counting experiments. In particle physics,
measurements are based on counting signal events that fall within a particular region
of phase space, called the fiducial volume. The fiducial volume of this analysis broadly
corresponds to the phase space described by Z+high-pr jets production that can be
measured with the ATLAS detector.

Instead of publishing the number of signal events in a given dataset, the fiducial
cross section

\signal fid

0=—F— (7.1)

is relayed, where N®gnabfid is the number of signal events in the fiducial volume and
L is the integrated luminosity of the dataset. Since cross-section measurements are
often performed for a given observable X described by a binned distribution, the

differential fiducial cross section is instead reported and is defined for a given bin 7 as

dO'i N§igna1,ﬁd
dX, LAX, '

(7.2)

where AX; is the bin width. However, the fiducial volume defined in the measurement
is not perfectly replicated by the detector due to several factors including response
effects. Instead, the number of events measured by the detector N is related to the

number of events in the fiducial region N4 such that

Nid = NR, (7.3)
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where R is a complex function that broadly describes the detector response. Further-
more, background processes mimic the signature of the signal process such that the

measured number of events N™ is instead given by

meas Nsignal + Nbg’ (7.4)

where NP# is the expected number of background events.
Equation (7.2) for the differential fiducial cross section in bin i of the given

observable X now becomes

dO'Z' B R(Nmeas _ Nbg)
dX; LAX; ' (7.5)

The differential fiducial cross section of Equation (7.5) encompasses the analy-
sis strategy for the cross-section measurements of Z+high-pr jets production. Three
unknowns need to be evaluated: 1) the measured data N™% 2) the estimated back-
ground NP8 and 3) the detector response function R. The data is measured at
the detector level to produce kinematic distributions of the different observables as
described in Chapter 6. The different backgrounds are described and estimated in
Chapter 8. The response function is introduced in Section 7.3. Once all three un-

knowns are evaluated, the fiducial cross sections can be derived.

7.2 Fiducial selection

Although the detector-level selection used in this analysis has been described in Sec-
tion 6.3, it is not the fiducial definition in which the cross-section measurements are
performed. The fiducial selection is applied to particle-level objects and allows for the

cross-section measurements to be decoupled from the ATLAS detector through an un-
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folding procedure. MC samples are used to model the relationship between the under-
lying particle-level events and the associated simulated detector-level reconstructed
events. Therefore, detector-independent distributions can easily be compared with
theoretical predictions or results from other experiments.

The cross-section measurements presented in this analysis are performed within

the fiducial acceptance region defined by the following requirements:
e Two same-flavor, opposite-charge leptons with pr > 25 GeV and |n| < 2.5,
e 71 GeV < my, <111 GeV,
e At least one jet, where jets must have pr > 100 GeV and |y| < 2.5.

The inclusive, high-pr, collinear, back-to-back, and high-St signal fiducial regions are
defined in analogy to the detector-level definitions defined in Section 6.4.

Particle-level leptons are used to define the fiducial volume. They correspond
to ‘dressed’ electrons and muons. The dressing procedure corrects for effects of final-
state photon radiation. Dressed lepton are defined as the four-vector combination of
a prompt lepton (that does not originate from the decay of a hadron or a 7-lepton, or
from a photon conversion) and all prompt photons within a surrounding cone of size
AR = 0.1. Particle-level jets are found by applying the anti-k; algorithm with radius
parameter R = 0.4 to final-state particles with decay length ¢ > 10 mm, excluding
dressed Z-boson decay products.

The same overlap procedure from the detector-level selection, defined in Sec-
tion 6.2.4, is applied at the particle level. First, jets with pr > 30 GeV within
AR = 0.2 of a dressed lepton are removed. Second, leptons within AR = 0.4 of
the remaining jets are removed. This overlap removal is applied at particle level in

order to best match the detector response, especially in the collinear region where
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the detector is not able to discriminate easily between nearby objects. Ideally, the
overlap removal would be loosened in the fiducial volume of the measurement to allow
for a more precise measurement of the collinear region, where jets and leptons are
often very nearby. However, because of the difficulty in resolving very nearby objects
within the ATLAS detector, the extrapolation from the detector-level measurement
to the particle-level fiducial volume cannot be perfect and makes it necessary to apply
the same overlap removal at both the detector and particle level.

This analysis includes the fixed-order theoretical cross-section predictions from
NNLOJET, as discussed in Section 5.3. These predictions correspond to Born-level
leptons, where the electrons and muons don’t undergo the effects of final state ra-
diation, and thus do not perfectly replicate the above fiducial selection. Hence, to
translate between the Born- and dressed-level leptons, scale factors are computed
with SHERPA 2.2.11 and applied to the predictions from NNLOJET. Additionally,
the particle-level overlap removal procedure is not perfectly replicated in the NNLO-
JET program due to technical limitations. To translate between the different overlap
removal procedures, scale factors are consequently computed with SHERPA 2.2.11 and

applied to the NNLOJET predictions.

7.3 Unfolding of detector effects

For an ideal detector, the measurement of a quantity = would yield the observable x
such that the reconstructed (or detector-level) distribution would equal exactly the
true (or particle-level) distribution. In reality, the measurement of the quantity x also
includes a convolution with the response of the detector. Detector effects such as its
finite resolution smears the measured quantity x. Others, like its limited acceptance

and reconstruction efficiency, result in a number of particles that are partially or not
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at all measured. Additionally, pile-up can produce false signatures of signal events,
or fake events, at the detector level. In consequence, these detector effects blur the
measurements of the given true value x. The process of correcting for the detector
efficiency, pile-up, and resolution effects is called unfolding. It is used to correct for
detector acceptance and extrapolate the measured event yields to particle-level event
yields.

The problem of unfolding is particularly challenging in particle physics exper-
iments. The sheer size and complexity of the detectors make the modelling of the
detector effects complex. Furthermore, the simulated signal process must accurately
describe the data for the detector response modelling to be accurate. The guiding
principle behind unfolding is the presence of a detector response function that can be
applied to the true distribution of an observable in order to produce the measured
distribution. Mathematically, this can be expressed through the use of probability
density functions (PDF). The PDF of a given measurement x, fieas(), is expressed

as

Feas@) = | Blly) i)y, (7.6)

where fiue(y) is the true PDF of the observable y and R(z|y) is the detector
response function. Since the cross-section measurements in this analysis correspond
to binned distributions, the formalism is applied to binned distributions instead of
continuous probability density functions. Without loss of generality, fieas(z) and
firue(y) are replaced by the expected number of detector-level and particle-level events

x and y, respectively. Equation (7.6) is then transformed into the matrix equation

k
T; = Z Rz’jyj7 (7-7>
j=1
where 7 and j represent the detector- and particle-level bins, respectively. Here, £ is
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the total number of bins and R;; is the response matrix describing the detector effects
between the i-th and j-th bins of the distribution of the y observable. In the presence

of background processes, the total number of expected events in bin 7 is equal to

k
i = Z Rijy; + by, (7.8)

j=1
where b; is the expected number of background events in the i-th bin. In this formu-
lation, the background contribution is estimated directly at the detector-level and the
response matrix only describes the detector effects caused by the signal process. To
compute the expected number of particle-level events, Equation (7.8) can be trans-

formed to
k

Y = Zl Ry (ys — bi)- (7.9)
i—

Equation (7.9) describes the unfolding process. By inverting the response matrix and
applying it to the background-subtracted data, the true spectrum of the y observable
is extracted. The computation of the response matrix is not a trivial endeavour, nor
is its inversion. This matrix equation can be solved using a myriad of techniques,
each with their advantages and disadvantages. The unfolding method used in this
analysis is performed with the iterative Bayesian unfolding, as detailed below.

With the formalism introduced in Section 7.1, the differential fiducial cross

section of a given observable X in the j-th bin becomes

k
Z R;Jl (Nimeas _ Nlbg>

== : 1
dX; LAX; (7.10)

The response matrix R;; is estimated using simulated event samples. In order

to enter the response matrix, events must satisfy the detector-level or particle-level
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selections described in Section 6 and Section 7.2. Events that pass both selections
provide crucial information on the bin-by-bin migration due to detector resolution.
The events that only pass the particle-level selection are used to compute the detector
efficiency corrections of the response matrix. Moreover, events that only pass the

detector-level selection are used to estimate the rate of unmatched signal events.

7.3.1 Iterative Bayesian unfolding

An iterative unfolding technique [156] with two iterations, as implemented in the
RooUnfold package [157], is used to unfold the background-subtracted data to the
particle level, thereby accounting for the impact of detector efficiencies and resolution.

The iterative technique is driven by the Bayesian theorem. The probability
density function of a given measurement x, fie.s(z), as a function of the true PDF
of the observable y, fiue(y), and the conditional probability of measuring = given v,
R(z|y), was previously defined in Equation (7.6). The equation can be inverted to

obtain

Fine() = [ R(412) fras(@) e (711)

This equation describes the unfolding of data previously introduced where the mea-
surement of x is unfolded to the true distribution of y. It is crucial to point out
that R(y|x) is actually a function of fiu(y) itself. As a result, the solution to Equa-
tion (7.11) requires some prior knowledge of fiue(y). This type of problem frequently
arises in many fields of physics, labelled as non-linear problems, and can often be
solved with an iterative method. In the iterative method, the problem is first solved
by using an initial estimate of its parameters. The solution is then used to compute
new parameter values and the problem is solved again. This is repeated through

several iterations until certain conditions on the solution are met.
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In the iterative unfolding technique, an initial estimate of R(y|z), evaluated
using a MC simulation, is used to compute the solution fie(y). The solution is
then used to calculate a new R(y|z) and the procedure is repeated through a number
of unfolding iterations. By increasing the number of iterations, the bias from an
incorrect modelling of the response matrix is decreased, but at the cost of an increase
in statistical uncertainty. For well understood processes such as Z+jets, the response
matrix is mostly stable such that it does not change much between iterations.

In this analysis, the optimal number of unfolding iterations is found to be
two. Two iterations provided minimal bias and low statistical uncertainties when
compared to higher number of iterations. The size of the bias is included as a source
of uncertainty on the final differential cross sections, as discussed in Chapter 9.

The electron and muon Z-boson decay channels are unfolded separately to best
account for the differences in detector performance between the channels, reducing
the unfolding bias. Afterwards, the unfolded results are combined to measure the
production cross section for a Z boson decaying into a single charged-lepton fla-
vor: Z(— ¢*¢7). The combination is done to increase the precision of the final

Z+high-pr jets measurements.

7.3.2 Detector response

For this analysis, the response matrix is computed using simulated event samples
from SHERPA 2.2.11 to model the detector response to Z-+high-pr jets events. The
response matrix captures effects that stem from: 1) bin-by-bin migration, 2) detector
efficiencies, and 3) events that pass the detector-level selection but not the particle-
level selection, known as ‘unmatched events’.

Three distributions can be extracted from the response matrix to characterize

90



S0 T T T T T T T T T = C 1
S 8 1400
gﬂ | {s=13TeV, 139fb* Q_ [ {s=13Tev, 139 fb™
Q‘: L Z-ee+21jet Q_F’ FZ- pu+z1jet
< 1000 10 T 1200(— 107
> L a L
g 4 b
) [ @ -
S r S 1000~
= 800 r
s L 102 g r 107
= 800—
r 10° 600(— 10°
— 400(—
10™ F 10
200—
R SR R BRI BRI 10° oy I I USRI AATIATIN AN AVAVAVN AVRVE B 10°
400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400
Detector Level pTil[GeV] Detector Level [ [GeV]
(a) (b)

Figure 7.1: Migration matrix obtained with SHERPA 2.2.11 in the inclusive region
(a) of the transverse momentum of the leading jet pr ;i for the electron channel and
(b) of the transverse momentum of the Z boson prg for the muon channel. The
number of entries (colour coded) is normalized to unity.

these effects. The first distribution, the migration matrix, describes the bin-by-bin
migration of events due to the limited detector resolution. It only includes events
that pass both the detector- and particle-level selections. A given bin (7, j) in the mi-
gration matrix is related to the probability that a true object in bin j is reconstructed
in bin ¢ of the distribution. The migration matrices for a few selected observables
are shown in Figures 7.1-7.3. The migration matrices for these cross-section mea-
surements follow a very diagonal behaviour for every observable and Z-boson decay
channel. Diagonal migration matrices indicate that the binning is well optimized
and the detector response is well understood such that detector-level quantities are
reconstructed in the same particle-level bins.

The second distribution describes the detector-level reconstruction efficiency.
It corresponds to the fraction of events in a given particle-level bin ¢ that also pass

the detector-level selection. The reconstruction efficiency distributions for a few se-
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Figure 7.2: Migration matrix obtained with SHERPA 2.2.11 of the jet multiplicity

Niets () in the inclusive region for the electron channel and (b) in the high-pr region
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Figure 7.4: Detector-level reconstruction efficiency in the inclusive region as a func-
tion (a) of the transverse momentum of the leading jet pr j; for the electron channel
and (b) of the transverse momentum of the Z boson pr 4 for the muon channel. The
reconstruction efficiency from the SHERPA 2.2.1 and MG5_.aMC+Py8 CKKWL
Z+jets samples are also included to validate the performance of SHERPA 2.2.11.

lected observables are shown in Figures 7.4-7.6. Reconstruction efficiencies typically
fall between 40% and 80% and the distributions follow slowly increasing or decreas-
ing trends. The efficiencies are mostly due to the detector-level trigger, isolation
and identification requirements and do not point to severely misunderstood detector
performances. The reconstruction efficiencies in this analysis are typical of Z+jets
measurements.

The third distribution describes the fraction of unmatched events. It corre-
sponds to the fraction of events in a given detector-level bin i that do not pass the
particle-level selection. The fraction of unmatched events for a few selected observ-
ables are shown in Figures 7.7-7.9. In the inclusive region, the fraction of unmatched
events is explained by events where the particle-level pr ;; is just below 100 GeV but

the detector-level jet is reconstructed just above that selection threshold. This be-
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Figure 7.5: Detector-level reconstruction efficiency as a function of jet multiplic-
ity Niets (a) in the inclusive region for the electron channel and (b) in the high-pr
region for the muon channel. The reconstruction efficiency from the SHERPA 2.2.1
and MG5_aMC+Py8 CKKWL Z+jets samples are also included to validate the
performance of SHERPA 2.2.11.

haviour is observed specifically in Figure 7.7a where the first bin in pr ;; has a large
fraction of unmatched events. The same phenomenon causes the generally larger
event of unmatched events in the high-pt region, where a high-pr jet is found only at

the detector level.

7.3.3 Validation of the unfolding procedure

This section presents the closure tests that serve as validation to the correct im-
plementation of the unfolding procedure. The closure test presented here consists
in unfolding the detector-level distributions from SHERPA 2.2.11 with the response
matrix evaluated with SHERPA 2.2.11. By definition of the unfolding procedure, the
resulting distribution should be exactly equal to the particle-level prediction from

SHERPA 2.2.11.
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Figure 7.6: Detector-level reconstruction efficiency in the high-pt region as a func-
tion (a) of angular distance between the Z boson and the closest jet AR?};‘ for the
electron channel and (b) of the ratio of Z-boson to closest-jet transverse momenta
rz; for the muon channel. The reconstruction efficiency from the SHERPA 2.2.1 and
MG5.aMC+Py8 CKKWL Z+jets samples are also included to validate the per-

formance of SHERPA 2.2.11.
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Figure 7.7: Fraction of unmatched events in the inclusive region as a function
(a) of the transverse momentum of the leading jet pr;; for the electron channel
and (b) of the transverse momentum of the Z boson pry for the muon channel.
The distributions from the SHERPA 2.2.1 and MG5 aMC+Py8 CKKWL Z+jets
samples are also included to validate the performance of SHERPA 2.2.11.
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channel and (b) of the ratio of Z-boson to closest-jet transverse momenta r; for

the muon channel. The distributions from the SHERPA 2.2.1 and MG5_aMC+PvY8

CKKWL Z+jets samples are also included to validate the performance of SHERPA

2.2.11.
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Figures 7.10-7.12 show the resulting closure tests for a few selected observables.
The unfolded distribution are compared to the particle-level distributions, labelled
‘Truth’ For all the observables, in all the bins, the two distributions are exactly
equal and validate the implementation of the unfolding procedure.

In summary, this chapter provides the analysis and unfolding strategy for the
cross-section measurements of Z+high-pr jets. Data are unfolded with a Bayesian un-
folding method, correcting for detector effects, and results in fiducial, or particle-level,
cross-section measurements. Details about the background estimation are presented
in the next chapter prior to introducing the different sources of uncertainties and

finally the results of the fiducial cross-sections measurements.
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Figure 7.10: Unfolding closure test distributions in the inclusive region (a) of the
transverse momentum of the leading jet pr ;1 for the electron channel and (b) of the
transverse momentum of the Z boson pr g for the muon channel. By definition, the
particle-level distributions (‘Truth’) should be exactly equal to the unfolded distri-
bution (red squares). The Bayesian unfolding method is used for the cross-section
measurements in this analysis.
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Figure 7.11: Unfolding closure test distributions of jet multiplicity Njets (a) in the
inclusive region for the electron channel and (b) in the high-pr region for the muon
channel. By definition, the particle-level distributions (“Truth’) should be exactly
equal to the unfolded distribution (red squares). The Bayesian unfolding method is
used for the cross-section measurements in this analysis.
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Figure 7.12: Unfolding closure test distributions in the high-pr region (a) of angular
distance between the Z boson and the closest jet AR?};‘ for the electron channel and
(b) of the ratio of Z-boson to closest-jet transverse momenta r ; for the muon channel.
By definition, the particle-level distributions (‘Truth’) should be exactly equal to the
unfolded distribution (red squares). The Bayesian unfolding method is used for the

cross-section measurements in this analysis.
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Chapter 8

Background estimation

The clean signature of the Z boson decaying into two opposite-charge leptons makes
the selection of strongly produced Z+jets events relatively straightforward. There
are few background processes that can mimic the two lepton final state with dilepton
invariant mass around that of the Z boson, 71 GeV < my, < 111 GeV. As such, the
background contributions are expected to be small and are mainly from ¢, diboson
and EW Zjj production. Backgrounds from single-boson, diboson and single-top-
quark processes are estimated using the MC samples described in Section 5.2. The
backgrounds from tt production and ‘multijet events’ are estimated from data.
Sections 8.1 and 8.2 describe the data-driven evaluations of the ¢t and multijet
backgrounds, respectively. Section 8.3 introduces the different background processes
that are estimated using Monte Carlo event samples. The quantum mechanical inter-
ference between the strong Zjj signal and the EW Zjj background is further detailed
in Section 8.3.1. The number of measured and predicted events are then counted and
summarized in Section 8.4. Finally, the kinematic distributions of all the detector-
level measured observables, as well as the predicted signal and backgrounds, are shown

in Section 8.5.
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Figure 8.1: Representative Feynman diagram for the t¢ background of Z+jets pro-
duction. The W bosons decay leptonically to same flavor leptons and the b quark
and anti-quark hadronize to produce jets.

8.1 tt background

The tt processes are a dominant background in this analysis. Produced via gluon fu-
sion or ¢-channel interactions with a cross section of about 1000 pb at /s = 13 TeV,
they become a problematic source of background when both W bosons decay lep-
tonically and into the same lepton flavor, as represented in the Feynman diagram of
Figure 8.1. Although the tt processes can be predicted using MC samples, previous
analyses show that the predicted cross sections overestimate the number of t events
in phase spaces corresponding to dilepton final states with high-pr jets [158, 159].
Furthermore, the modelling uncertainties of the MC prediction grow to nearly 50%
in events with pr(jet) > 500 GeV. These behaviours of the MC ¢¢ predictions would
have a large impact in the final Z+high-pr jets cross-section measurements. The large
MC mismodelling of data and the large associated uncertainties are circumvented by
estimating the ¢ contribution using data.

A dedicated tt-enriched control region is constructed with the same event selec-
tion as the signal region described in Chapter 6, but with e* ;T final states instead of

the same-flavor eTe™ or u*pu~ pairs. This control region contains only percent-level
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Figure 8.2: Detector-level distributions in the ¢ control region (a) of the transverse
momentum of the leading jet pr ;1 in the inclusive region and (b) of angular distance
between the eu dilepton system and the closest jet AR;‘ET} in the high-pr region.
In the figure, the ¢t prediction is estimated with MC simulated event samples. All
backgrounds and the signal samples are stacked to produced the figures. Z+jets,
W+jets and V+ v processes are combined and labelled ‘Other’. The hatched band
corresponds to the sum in quadrature of the instrumental and theoretical uncertainties
described in Chapter 9 for the predicted distributions. The theoretical uncertainties
include only those from the t¢ prediction. The data statistical uncertainty is displayed
with error bars.

contributions from strong Z-+jets, W+jets, diboson, EW Zj7, single-top and strong
Z(— 77)+jets events. Hence, in this control region, the tf processes are the dominant
contribution to the selected data. Figure 8.2 shows the event distributions of pr j;
and AREE% in the ¢t control region, where AR;‘}E is defined as the angular separation
between the ey dilepton system and the closest jet. In the figure, the tt prediction
is estimated with MC simulated event samples and carries theoretical uncertainties
as described in Chapter 9. A significant disagreement is observed between data and
simulation for the pr ;1 distribution, especially in the high-pr region. The data-driven

estimation of the tt background is in part motivated by this disagreement.

Fully leptonically decaying tt processes will produce one of three leptonic final
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states: eTe™, ut,u~ or efuT. Due to lepton universality, every top-quark leptonic
decay mode is as likely as the others. As a result, the e* ;T final states will occur
exactly at twice the rate of the ete™ and pu* ™ final states. By using data to estimate
the tt contribution in e*uT + jets events, the ¢t background in the ¢*/~ final states
can be extracted.

Theoretically the rate of events between e*u¥ and ¢+ ¢~ states differ by exactly
a factor two, but experimentally it is not so simple: the response of the ATLAS de-
tector to electrons and muons is not equal. The trigger, reconstruction, isolation and
identification requirements significantly differ between both leptons flavors and cause
important differences in the reconstruction efficiencies. These efficiency differences
are overcome through the use of simulated ¢t event samples to model the detector
response to tt events. The simulated tf event samples are used to compute ee/ey and
pp/ep scale factors, defined as the ratio of £7¢~ to e*u™ events. The scale factors
are computed for each bin of every observable in the signal region.

The prediction for the ¢t distributions in the £T¢~ signal region is obtained by
multiplying the corresponding measured ¢t distributions in the control region by the
ee/ep and pp/ep scale factors. This method is commonly used in Z+jets measure-
ments [57]. The ¢t distribution in the control region corresponds to the background-
subtracted data.

The method is mathematically described by the following equation:

Vo
N€+Z_ _ eiﬂ$ X NMC (8 1)
data data, Neilﬂ: ) .
MC

Scale factor

where N corresponds to the number of #t events in a bin of a given observable.

The data and MC subscripts indicate if the events are evaluated using data or MC
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predictions, and the leptons indicate the signal and control regions.

This procedure is repeated once for every considered source of instrumental
uncertainty, as described in Chapter 9. Due to this data-driven approach, the tt
uncertainties are therefore naturally covered within the different instrumental uncer-
tainties.

The resulting ¢t background constitutes the leading background in the inclusive
region and the sub-leading background in the high-pt, collinear, back-to-back and

high-St regions.

8.2 Multijet background

In the context of this analysis, the multijet background originates from all-hadronic
and QCD-only processes. These multijet events result from semileptonic decays of
heavy quarks, hadrons misidentified as leptons, and electrons from photon conversion.
The multijet production from QCD-only processes has a large cross section at the LHC
and is expected to be present in many Z-jets measurements. The high jet-pt and
invariant dilepton mass requirements of this analysis are expected to suppress the
multijet background, but it is nonetheless investigated.

Multijet events are assessed with a data-driven approach in a multijet-enriched
control region. Since the multijet events stem mostly from objects misidentified as
leptons, the control region is defined by relaxing or inverting the lepton selection re-
quirements associated with isolation, identification and charge defined in Section 6.2.
The transverse impact parameter significance is loosened to enhance the presence
of heavy flavor jets. The isolation and identification criteria are then inverted or
loosened to select leptons with low likelihoods of being electrons and muons. The

same-sign requirement is also dropped to suppress the Z boson production processes.
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The multijet background is estimated using a template fit of the my, distribution
in the inclusive Z+high-pt jets region. The template is extracted from the multijet
control region. The sub-percent contributions to the multijet template that do not
originate from the multijet background are evaluated using simulation and subtracted.
The fit is performed over the range 51 GeV < my, < 151 GeV. The contribution from
multijet events is then estimated in the invariant-mass interval of the signal region
(71 GeV < my, < 111 GeV). The resulting fraction of multijet events is at the

sub-percent level and so is neglected and not considered as a source of background.

8.3 Monte Carlo predicted backgrounds

The estimation of strong Z-+high-pt jets background processes with MC simulation is
discussed in this section. MC generated event samples perform well in describing data
and carry reasonable uncertainties. This is the case for the predictions of the EW Z7j7,

diboson, W+jets, V4, strong Z(— 77)+jets and single-top-quark backgrounds.

8.3.1 Electroweak Zjj

The EW Z+42 jets, or Zjj, process is a significant background in this analysis. It
is estimated with simulated event samples generated with HERWIG, as described in
Section 5.2. In measurements of Z(— ¢*¢~)-enriched phase spaces [7], the HERWIG
predictions provided the best description of data between the three MC generators
often used in ATLAS. Due to the generator’s good performance, HERWIG event sam-
ples are used to describe the EW Zjj background. Although the production cross
section of EW Zjj is only about 4 x 1072 pb at /s = 13 TeV, EW Zjj events corre-
spond to real Z boson production and do not simply mimic the strong Z+high-pt jets

production.
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Although the EW Zjj events generated with HERWIG describe data well, the
MC event samples do not account for the quantum mechanical interference between
strong and EW Z+2 jets production. In order to properly describe the EW Zjj
background, a careful study of the interference is performed with MadGraph and an
additional modelling uncertainty is applied on the estimated cross section of EW Zjj

production.

8.3.1.1 Matrix elements and interference

The fixed-order cross section was described in Chapter 4. In order to describe the
process behind quantum mechanical interference, the formalism is once again used
here. Without loss of generality, the cross section o of a specific A+ B — X process

is related to the scattering amplitude M by
o= /dcbwy?, (8.2)

where the integral is taken over final phase space momenta ®.
The total scattering amplitude for a given process is given by the linear sum of

all the possible scattering amplitudes such that
M=> M, (8.3)

Equivalently, the total scattering amplitude can instead be written as the sum of

scattering amplitudes mediated by the strong and EW interactions

M = MSTRONG + MEW' (8-4)

Using this notation, the cross section of a given process described through both strong
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and EW interactions is

o= /d(I)|M’2 = /d@(|MSTR0NG+MEW|2)
(8.5)
= /d@(’MSTRONg‘z + |MEW|2 + MSTRONGMI;W + MEWMlTRONG)'

And with the general notation introduced in Equation (8.2), the cross section becomes

o= Gwmog t G+ [ ORe(MhyMin),  (86)
—— ~—~
strong cross section =~ EW cross section

Interference

where ogrrone and oy are the cross sections for the strong and EW processes,
respectively. The products of the strong and EW scattering amplitudes here are
interpreted as the interference between the processes and may have a non-zero con-
tribution to the total cross section. In some production processes, the interference
terms are very small and can be ignored. However, for Z+2 jets production, the
interference terms can become as large as the EW cross section in some phase spaces,
including those described by the VBF mediated Zjj production [7]. The representa-
tive Feynman diagrams describing the strong and EW Zjj production are shown in
Figure 8.3, where the two diagrams differ by the internal gauge boson line. The AT-
LAS collaboration provides MC predictions for both the strong Z+jets and EW Zj;j
processes, corresponding to ggrpong and ogw, with no consideration for the possible

interference.

8.3.1.2 Evaluation of the Zjj interference

The interference between the strong and EW mediated Zj7 production is determined

from simulation using MADGRAPHH5 aMCQ@QNLO 2.9.5. Two set of samples were

109



q
(a) Strong Zjj production (b) EW Zjj production

Figure 8.3: Representative Feynman diagrams for the production of Z+2 jets. (a)
The strong Zjj production is described by the exchange of a gluon and (b) the EW
Z 77 production is described with the exchange of a Z boson.

produced: 1) one consisting only of the EW Zjj process, and 2) one consisting only
of the interference between the strong and EW mediated Zjj production. These
samples are compared at the particle level after applying the event selection require-
ments of this analysis. In order to be insensitive to the differences between the
MADGRAPHS aMC@NLO and HERWIG generators, the relative size of the interfer-
ence is obtained by comparing the predictions of MADGRAPH5_aMCQNLO only.
The relative difference between the EW Zjj production and the interference is used
to evaluate the additional modelling uncertainty on the EW Zjj predictions from
HERWIG 7.1.5.

Figure 8.4 shows the differential cross sections of the EW Zjj and the inter-
ference the interference between strong and EW mediated Zjj as a function of pr ;1,
pr(Z) and jet multiplicity in the inclusive region, and of AR?};‘ in the high-pr re-
gion. The figure also compares the EW Zjj predictions of HERWIG 7.1.5 to those

from MADGRAPH5 aMC@NLO. Both generators produce very similar distributions,

sharing the same observable shapes and having similar absolute differential cross sec-
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tions. Since the predictions of both generators are in agreement with one another,
rough conclusions drawn from MADGRAPH5 aMC@NLO can be applied to HER-
WIG. The impact from the interference is largest in events with large pr j1, reaching
40% of the EW Zjj cross section in the collinear region. The interference has a small
impact on pr(Z), always staying below 20% and falling to 0% at pr(Z) ~ 200 GeV.
The following conservative modelling uncertainty is chosen to cover all possible effects
of interference on the EW Zjj cross section: a flat 25% uncertainty is applied, except
in the collinear region where an uncertainty of 40% is applied instead, motivated by
Figure 8.4d. Since the EW Zjj background corresponds to approximately 1%-3%
of the total measured event yields, these added modelling uncertainties have a small
impact on the uncertainties of the final strong Z-+high-p jets measurements.

The package containing all the required tools and instructions to evaluate the
effects of interference is located on gitlab: https://gitlab.cern.ch/alaurier/

interference-studies [160].

8.3.2 Diboson, single-diboson and single-top-quark

The generation of the background events described in this section are explored in
Section 5.2.

The third significant background in this analysis comes from diboson processes.
Diboson backgrounds originate from semi-leptonic and fully-leptonic decays of WW |
WZ and ZZ final states. The production cross section of diboson events is approx-
imately 100 pb at /s = 13 TeV for events containing a Z boson. The dominant
semi-leptonic processes are W (— qq)Z(— ¢0) and Z(— qq)Z(— ¢¢), contributing
to over 50% of the total diboson events. The following semi-leptonic processes are

considered and are found to be negligible contributions to the diboson background:
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(W — ) Z(— qq) and W*(— v)WF(— qq). The fully leptonic decays producing
Clvv, L0y and €000 final states represent the second largest contribution to the di-
boson background. In fully leptonic decays, at least one lepton is reconstructed as a
high-pr jet in order to pass the detector-level event selection. Diboson processes are
the leading background in the high-pr, collinear, back-to-back and high-St regions,
and the sub-leading background in the inclusive region. The semi-leptonic and fully-
leptonic decays of the WW , WZ and ZZ diboson production are well modelled by
the SHERPA MC generator, as recently studied by ATLAS [161-165], and motivates
the use of SHERPA to predict the diboson background.

The W+jets, V+1, strong Z(— 77)+jets and single-top-quark backgrounds
are also modelled using simulated event samples. These processes contribute at a

sub-percent level to the total measured event yield.

8.4 Event yields of selected events

A summary of the composition and relative importance of the backgrounds in the
various signal regions is given in Table 8.1 for the electron and muon Z-boson decay
channels. The latter table lists the expected number of events from MC predictions
for the strong Z+jets signal, as well as all the other sources of backgrounds. The
total number of events predicted can then be compared with the number of events
in data. The uncertainty on the respective number of events is computed as the sum
in quadrature of the statistical and instrumental systematic uncertainties described
in Section 9.1.1. The overall purity of the strong Z+jets selections (defined as the
expected fraction of signal events after the final selection) ranges from 94% in the
inclusive region to 87%, 86%, 87% and 88% in the high-pt, collinear, back-to-back

and high-St regions, respectively. Backgrounds are dominated by tt, diboson and
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EW Zjj processes, with fractions of 2%5% , 2%6% and 1%-5%, respectively. The
fraction of events arising from strong Z(— 77)+jets, W+jets, V++, and multijet
backgrounds is below the percent level in all signal regions.

An interesting feature is observed: the measured event yield is higher for muons
in the collinear region and higher for electron in the back-to-back region. The ATLAS
detector reconstruction algorithms and overlap removal procedure have issues sepa-
rating electrons very close to nearby jets, which is a main signature of the collinear
region. If jets and electrons are close by, the reconstructed jet axis is often shifted
towards the electron as the jet incorporates parts of the electron radiation, until the
overlap removal passes the threshold of AR < 0.2 and removes the jet. As a con-
sequence of losing the jet collinear to the Z boson, the event is no longer identified
as being in the collinear region and will most likely be assigned in the back-to-back
region. For the muon Z boson decay channel, the jet axis is not shifted unless the

muon radiates a photon, which is rare.

8.5 Kinematic distributions of selected events

In this section, some kinematic distributions at the detector level of Z+high-pr jets
events passing the full selection criteria from Chapter 6 are shown. These distri-
butions compare the data event yields to the sum of the predicted background and
signal processes for some key observables. The event yield distributions are measured
separately for each of the electron and muon Z-boson decay channels. The uncer-
tainty band in these figures correspond to the sum in quadrature of the instrumental
uncertainties described in Section 9.1.1. Moreover, the data statistical uncertainty
is displayed with error bars. In general, the SHERPA 2.2.11 predictions agree with

the data, but do not describe it precisely in the full range of the measurements. The
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Table 8.1: Event yields in the different Z+jets signal regions for the electron and
muon channels. Uncertainties correspond to the statistical and instrumental system-
atic uncertainties described in Section 9.1.1 added in quadrature. The Z+jets pre-
diction is computed with SHERPA 2.2.11. The number of multijet events is negligible
and not included.

7 —ete” ‘ Inclusive ‘ High-pr ‘ Collinear ‘ Back-to-back ‘ High-St
Strong Z+jets 1171000 4+ 49000 | 6150 £+ 310 | 2520 £ 120 | 2520 + 150 | 18300 £ 800
it 43400 + 1300 209 £ 16 136 + 13 472 + 7.5 917 + 41
Diboson 19530 + 750 428 + 29 183 £ 16 167 £ 16 1008 £ 53
EW Zj4 13270 4+ 500 312 + 23 102 £ 11 135 + 14 789 £ 43
Single-top 2430 + 160 279 £ 5.5 14.0 + 3.8 9.8 + 3.2 54.2 £ 8.2
Strong Z(— 77)+jets 515 £ 37 4.6 + 4.2 1.6 +£ 2.1 22 £ 1.7 10.6 + 6.2
W+jets 93 £ 16 34 £ 1.9 0.3 £ 0.6 29 + 1.7 34 £ 1.9
V47 1413 £ 83 14.2 &£ 4.3 6.5 £ 2.6 5.1 £ 2.3 34.1 £ 7.3
Total predicted 1252000 4+ 51000 | 7150 £+ 350 | 2970 £+ 130 | 2890 + 170 | 21100 + 880
Data 1312145 7539 2955 3231 21746

Z = i Inclusive High-pr Collinear | Back-to-back High-St
Strong Z+jets 1537000 + 63000 | 6700 £ 300 | 2950 £+ 130 | 2420 + 120 | 23110 £ 920
it 55400 + 1300 209 £ 16 142 + 12 39.1 £ 6.6 1058 + 41
Diboson 24160 = 870 438 + 27 198 4+ 16 157 + 14 1149 £ 55
EW Zj4 17020 £+ 580 328 £+ 22 113 + 12 134 + 13 915 £ 45
Single-top 3110 £+ 190 29.1 £ 5.5 13.6 £ 3.8 11.2 &+ 3.5 70.0 £ 9.2
Strong Z(— 77)+jets 460 £+ 33 3.5 £ 4.0 1.1 £ 23 1.8 £ 1.5 8.8 £ 54
W+jets 128 + 14 19 +£ 14 0.3 £ 0.5 1.5 +£ 1.3 2.7 £ 2.0
V4~ 1273 £ 90 2.5 + 24 0.0 + 0.7 22 £ 1.5 224 4+ 5.5
Total predicted 1638000 + 64000 | 7710 £+ 330 | 3420 £+ 140 | 2770 + 140 | 26300 £ 1000
Data 1673057 7896 3372 3059 26 567

distributions are discussed in more detail when examining the final differential cross
sections measurements of Chapter 10.

Figure 8.5 shows the data and predicted detector-level event yields in the in-
clusive region as a function of pr j; for the electron channel and as a function of pr 4
for the muon channel. The pr ;; distribution (Figure 8.5a) is represented by a quickly
falling distribution as the leading-jet pr increases. Throughout the range of this ob-
servable, the sum of predicted signal and backgrounds describes the data well. The
distribution of Z-boson pr (Figure 8.5b) has a maximum near prg = 100 GeV, an

effect partially caused by the jet-pr selection threshold set at pr(jet) > 100 GeV. As
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a matter of fact, the inclusive region is populated by a majority of Z+1 jet events. In
these events, the Z boson is balanced against the jet such that the pr 4 distribution is
described by a majority of events where pr ¢ =~ pr ;1. In other Z+jets measurements,
where the selected jets have pr > 25 GeV, the maximum in the pr distribution
is instead found at lower values closer to the jet-pr threshold [57,63]. The sum of
predicted signal and backgrounds describe the data adequately in the full range of
Z-boson pr.

Figure 8.6 shows the data and predicted detector-level event yields as a function
of jet multiplicity in the inclusive region for the electron channel and in the high-pr
region for the muon channel. The inclusive region is dominated with Z+1 jet events
and the distribution quickly falls off with the increasing number of jets. In contrast,
the high-pr region is instead populated by a majority of Z+2 jets events.

Figure 8.7 shows the data and predicted detector-level event yields in the high-
pr region as a function of ARZ for the electron channel and as a function of rz; for
the muon channel. In the ARPY distribution (Figure 8.7a), SHERPA 2.2.11 describes
the data within uncertainties at the exception of the peak at AR?E‘ ~ 7. The large
number of events at A }”]“ ~ 1 populate the back-to-back region and are described
by Z+1 jet events, where the Z boson and jet are travelling in opposite directions.
The collinear region, where AR?};‘ < 1.4, is described well by SHERPA 2.2.11. The
distribution of 7z ; in the high-pr region (Figure 8.7b) exhibits two maxima. The
first is found at small values of rz; and are populated by collinear events, where
the Z boson is emitted by the nearest jet. The second maximum is found around
rz; = 1 and corresponds to back-to-back Z+1 jet events, where the Z boson pr is

approximately equal to the jet pr.

Due to the good performance of SHERPA 2.2.11 in modelling the data, it is
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Figure 8.5: Detector-level distributions in the inclusive region (a) of the transverse
momentum of the leading jet pr j; for the electron channel and (b) of the transverse
momentum of the Z boson pr g for the muon channel. The signal and background
samples are stacked to produce the distributions. The W+jets, strong Z(— 77)-+jets
and V4 processes are combined and labelled ‘Other’. The bottom panel shows
the ratio of the data to the total prediction. The hatched band corresponds to the
sum in quadrature of the instrumental uncertainties described in Section 9.1.1 for the
predicted distributions. The data statistical uncertainty is displayed with error bars.

used to describe the response of the ATLAS detector to Z+high-pr jets events in
the unfolding procedure described in Section 7.3 and for the results of the particle-
level differential cross sections presented in Chapter 10. Before providing the analysis
results, the systematic uncertainties on the cross-section measurements will be pre-

sented in Chapter 9.
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Figure 8.6: Detector-level distributions of jet multiplicity Njets (a) in the inclusive
region for the electron channel and (b) in the high-pt region for the muon channel. The
signal and background samples are stacked to produce the distributions. The W +jets,
strong Z(— 77)4+jets and V4 processes are combined and labelled ‘Other’. The
bottom panel shows the ratio of the data to the total prediction. The hatched band
corresponds to the sum in quadrature of the instrumental uncertainties described
in Section 9.1.1 for the predicted distributions. The data statistical uncertainty is

displayed with error bars.
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Figure 8.7: Detector-level distributions in the high-pr region (a) of angular distance
between the Z boson and the closest jet ARZ for the electron channel and (b) of the
ratio of Z-boson to closest-jet transverse momenta 7z ; for the muon channel. The
signal and background samples are stacked to produce the distributions. The W +jets,
strong Z(— 77)+jets and V++ processes are combined and labelled ‘Other’. The
bottom panel shows the ratio of the data to the total prediction. The hatched band
corresponds to the sum in quadrature of the instrumental uncertainties described
in Section 9.1.1 for the predicted distributions. The data statistical uncertainty is
displayed with error bars.
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Chapter 9

Systematic uncertainties

Systematic uncertainties on the cross-section measurements arise from several inde-
pendent sources. These include uncertainties describing the detector’s performance,
uncertainties on the background estimation, uncertainties on the unfolding procedure
and finally the uncertainty on the integrated luminosity of the dataset. The resulting
cross-section measurements are compared to theoretical predictions that also carry
their own modelling uncertainties.

In this chapter, the different sources of uncertainties are discussed. The different
experimental uncertainties are introduced in Section 9.1. The breakdown of the total
uncertainties on the fiducial cross-section measurements of Z+high-pr jets production
is provided at the end of Section 9.1. The theoretical uncertainties associated with

the different MC and fixed-order predictions are then discussed in Section 9.2.

9.1 Experimental uncertainties

The different sources of experimental systematic uncertainties on the differential cross-

section measurements are presented here. Sources of experimental errors on cross-
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section measurements stem from instrumental, signal and background event mod-
elling, and unfolding uncertainties. To evaluate the systematic uncertainty of a given
source, the corresponding quantity is varied by one standard deviation (+ 1o). The
shift is applied to the MC events as it affects the reconstructed observables associ-
ated with the selected electrons, muon and jet objects. The uncertainties are therefore
propagated to the measured cross sections by varying the subtracted background and
by recomputing the event yield as prescribed by Equation (7.5). Variations are also
applied to the MC inputs for the unfolding procedure (migration matrix, fraction of
unmatched events, reconstruction efficiency, etc.).

Experimental uncertainties common to both electron and muon Z-boson de-
cay channels are treated as being correlated over kinematic regions, distributions of
observables, decay channels and between the signal and background processes. The
experimental uncertainties specific to one leptonic decay channel are independent so

they are not correlated between channels.

9.1.1 Instrumental uncertainties

Instrumental uncertainties specific to each leptonic final state (Z — e'e”
and Z — ptp~): Systematic uncertainties on the lepton-candidate selection are
related to the reconstruction, identification, isolation, and trigger [149, 150]. Uncer-
tainties on the lepton calibrations can cause changes in the acceptance, owing to the
migration of events across the pr threshold and the my boundaries. The uncertain-
ties on the electron energy scale and resolution are taken into account [166], as are
those related to the muon momentum scale, inner-detector and muon-spectrometer

resolution, and sagitta-bias correction [150].
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Instrumental uncertainties common to the electron and muon final states:
Systematic uncertainties associated with jet reconstruction are addressed via jet-
energy scale (JES) variations in a 29-nuisance-parameter scheme and jet-energy res-
olution (JER) variations in a 13-nuisance-parameter scheme [167,168]. The JES
and JER systematic uncertainties originally form over 130 nuisance parameters, but
are reduced down to 42 by combining several smaller components. This reduction
scheme maintains the correlation information between sources of error, while reduc-
ing the computational cost of estimating the systematic uncertainties. To account for
differences in detector response to quark and gluon initiated jets, jet flavor composi-
tion and response uncertainties are also considered. Systematic uncertainties related
to jet reconstruction form the leading source of uncertainty on these cross-section
measurements.

Furthermore, imperfect modelling of the effects of pile-up leads to acceptance
changes for different jet multiplicities. To assess this uncertainty, the average number
of pile-up interactions is varied in simulation. The uncertainty on the combined 2015—
2018 integrated luminosity is obtained using the LUCID-2 detector [81]. Hence, each
simulated event sample has its luminosity varied by the recommended 1.7% [80] prior
to being subtracted from the measured data. Since the backgrounds are small, this
has a negligible impact on the total uncertainty. The uncertainty on the integrated
luminosity is also carried through the calculation of the cross section as introduced in
Chapter 7 resulting in a flat 1.7% uncertainty. The uncertainties on the ¢t background
are naturally covered within all these different instrumental uncertainties via the data-
driven background estimation method described in Chapter 8.

The instrumental uncertainties quoted in Sections 8.4-8.5 consist of the sum in

quadrature of the different instrumental uncertainties described above.
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9.1.2 Uncertainties associated with the unfolding procedure

Systematic uncertainties account for possible residual biases in the unfolding proce-
dure, such as those due to the modelling of the signal events or the finite bin width
used in each distribution. The limited size of a simulation sample can also create bi-
ases in the distribution used in the unfolding procedure. The following uncertainties

from the unfolding procedure are considered:

1. The statistical uncertainties of the MC inputs to the unfolding procedure.
They are propagated to the unfolded cross sections with a ‘toy’ simulation
method based on 1000 ensembles (pseudo-experiments) of unfolding inputs. The
SHERPA 2.2.11 MC samples contain several billion events and provide sufficient
statistical precision in the Z+high-pr jets fiducial volume at the particle level.
As a result, the unfolding uncertainty due to MC statistical effects is generally

below 1%.

2. The effects of the mismodelling of the data by the MC simulation on the results
of the unfolding procedure. The approach consists in estimating the bias intro-
duced by the MC simulation on the unfolded data. This uncertainty is derived
by reweighting the SHERPA 2.2.11 Z+jets MC simulation at particle level for
each unfolded observable, such that the MC simulation distribution matches the
background-subtracted data at the reconstruction level. Hence, the reweighted
MC describes data at the detector level and also carries particle-level infor-
mation. The reweighted MC simulation is unfolded with the non-reweighted
response matrix and the uncertainty is obtained by comparing the unfolded
result against the reweighted distribution at particle level, a so-called closure

test. This bias of the unfolding can be reduced by modifying the number of
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iterations in the procedure, as discussed in Section 7.3. Each iteration in the
unfolding procedure adjusts the response matrix according to prior knowledge,
correcting for incorrect modelling of data. Two unfolding iterations are chosen
to minimize this systematic uncertainty. Furthermore, the bias is small due to
the good performance of SHERPA 2.2.11 in modelling the data in the fiducial
phase space of Z+high-pr jets events. Since SHERPA 2.2.11 models the data
well, the reweighted sample is very similar to the nominal one so that the ex-
pected bias is small. This systematic uncertainty ranges within 0%-2%, with
typical values smaller than 1%. Figure 9.1 shows the results of this closure
test for pr ;1 in the inclusive region for the electron channel and AR?}; in the
high-pt region for the muon channel. The distributions show that the unfolding
procedure introduces a minimal bias and results in a very small systematic un-
certainty. In comparison, the same study performed with SHERPA 2.2.1 Z+jets
samples yields uncertainties in the range of 0%-10% with an average of ap-
proximately 5% in the high-pt region. This analysis indeed clearly shows that
SHERPA 2.2.11 is a much better generator at describing Z+jets events and it is

supersedes SHERPA 2.2.1.

. An additional uncertainty is derived to account for more subtle differences be-
tween the SHERPA 2.2.11 and MG5.aMC+Py8 CKKWL generators (e.g.
hadronization models, additional soft objects, distributions in other kinematic
dimensions) that are not accounted for by the previous method. This un-
certainty covers the possible bias introduced with the choice of a given MC
prediction to model the response matrix in the unfolding. This additional un-
certainty is not standard in ATLAS analyses and is motivated by the concern

that the unfolding bias uncertainty introduced above is underestimated. An
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additional closure test is performed where the MG5_aMC+Py8 CKKWL
samples are first reweighed to match SHERPA 2.2.11 particle-level distributions
for each observable in turn and subsequently unfolded with SHERPA 2.2.11. The
uncertainty is evaluated by comparing the unfolded result and the reweighted
distribution at particle level. The MG5 aMC+Pvy8 CKKWL generator is
chosen over SHERPA 2.2.1 and MG5.aMC+Pvy8 FXFX specifically because
it corresponds to a LO prediction that is very different from SHERPA 2.2.11
and poorly describes data. The choice of this generator provides a very con-
servative systematic uncertainty that covers any potentially missed effects from
the previous method. Nonetheless, the resulting uncertainty is generally small
and does not have a large impact in the final cross-section measurements. This
systematic uncertainty is evaluated to be within 0%4%. Typically, this un-
certainty is below 1%, except for the pr and Hr observables which do reach
4%. Figure 9.2 shows the results of this closure test in the inclusive region for
prj1 for the electron channel and pr g for the muon channel. In most cases,
the results of the closure test are covered by statistical variations. However,
relative differences of up to 4% are observed for the pr g observable, which are
not covered by statistical variations and may point to a real bias introduced in

the unfolding procedure.

The total unfolding uncertainty corresponds to the sum in quadrature of the

above three sources. The total unfolding uncertainty is typically below 2%. For pr g

and Hr, the unfolding uncertainty stemming from the additional closure test raises

the unfolding uncertainty above 3% in the first bins of the distributions. The ARIan;l

and 7z ; observables are also affected by low MC statistical precision in some bins

and can increase the total unfolding uncertainty to up to 5%.
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Figure 9.1: Closure test for the unfolding uncertainty stemming from a possible bias
introduced in the unfolding procedure. The distributions are shown as a function (a)
of the transverse momentum of the leading jet pr j; in the inclusive region for the
electron channel and (b) of angular distance between the Z boson and the closest jet
A %“jn in the high-pr region for the muon channel. The relative difference between the
unfolded and particle-level (labelled ‘Truth’) distributions of the reweighted SHERPA
2.2.11 samples is taken as a source of unfolding uncertainty. The MC statistical un-
certainty of the unfolded distribution is shown as a hatched band, while the statistical
uncertainty on the particle-level distribution is shown as error bars.
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Figure 9.2: Additional closure test for the unfolding uncertainty stemming from a
possible bias introduced in the unfolding procedure. The distributions in the inclusive
region are shown as a function (a) of the transverse momentum of the leading jet pr ;1
for the electron channel and (b) of the transverse momentum of the Z boson pr 4 for
the muon channel. The relative difference between the unfolded and particle-level (la-
belled ‘Truth’) distributions of the reweighted MG5_.aMC+Py8 CKKWL samples
is taken as a source of unfolding uncertainty. The MC statistical uncertainty of the
unfolded distribution is shown as a hatched band, while the statistical uncertainty on
the particle-level distribution is shown as error bars.
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9.1.3 Signal and background modelling uncertainties

Distribution-shape changes stemming from the prescribed variations in the PDF,
QCD scales and EW uncertainties on the SHERPA 2.2.11 Z+jets simulation, as de-
scribed in Section 9.2, are propagated to the fiducial cross sections via changes in the
detector response. The response matrix is adjusted to reflect the varied migration
matrix and associated unmatched-events and efficiency corrections. Although the as-
sociated uncertainties on the predictions can be large, their effect on the cross-section
measurement is minimized by the iterative unfolding technique. The systematic un-
certainties on the modelling of background MC samples are propagated to the fiducial
cross section via the background subtraction in the signal regions. The background-
modelling uncertainty comes mainly from the diboson and EW Zj; backgrounds.
The tt background is insensitive to MC background modelling uncertainties due to

its estimation with a data-driven approach, as described in Chapter 8.

9.1.4 Total systematic uncertainty

The total uncertainties on the unfolded differential cross sections for the combined
Z+high-pr jets production measurement are summarized here and shall be used in the
result section of the next chapter. The total systematic uncertainty is defined as the
sum in quadrature of all the experimental systematic uncertainties enumerated in the
previous sections (9.1.1, 9.1.2 and 9.1.3). This total systematic uncertainty is quoted
in Table 9.1. Moreover, the total uncertainty is defined as the sum in quadrature of
the data statistical uncertainty with the total systematic uncertainty. Table 9.1 shows
the breakdown of the total relative statistical and experimental systematic uncertain-
ties on the measured integrated fiducial cross sections for Z+high-pr jets production

in the five signal regions. In the inclusive and high-St regions, jet reconstruction
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uncertainties dominate with a relative contribution of 2.6% and 2.8%, respectively.
In the high-pt region and its collinear and back-to-back subregions, the jet recon-
struction and data statistical uncertainties are largest, with relative contributions of
3.2% and 2.1% in the high-pr region, respectively, 2.8% and 2.9% in the collinear
region, and 3.6% and 2.7% in the back-to-back region. The background modelling

uncertainties are driven by the diboson and EW 755 backgrounds.

Table 9.1: Relative statistical and systematic uncertainties (in %) on the measured
integrated cross sections for Z+high-pt jets production in the five signal regions,
computed by integrating over the respective jet-multiplicity distribution. The total
systematic uncertainty is defined as the sum in quadrature of all experimental sys-
tematic uncertainties. The total uncertainty is defined as the sum in quadrature of
the data statistical uncertainty with the total systematic uncertainty.

Uncertainty source [%] ‘ Inclusive ‘ High-pr ‘ Collinear ‘ Back-to-back ‘ High-St

JES/JER 2.6 3.2 2.8 3.6 2.8
Lepton 0.9 1.6 14 2.0 1.1
Luminosity 1.7 1.7 1.7 1.7 1.7
Pile-up 0.1 0.4 0.4 0.4 0.4
Unfolding 0.5 1.0 1.1 1.4 0.8
Background modelling 0.5 2.0 2.0 1.9 1.7
Signal modelling 0.5 1.2 1.1 1.1 1.1
Total syst. uncertainty 3.4 4.8 4.4 5.3 4.2
Data stat. uncertainty 0.1 2.1 2.9 2.7 1.2
Total uncertainty 3.4 5.3 5.3 5.9 4.4

In Figures 9.3-9.9, the total fractional uncertainties are shown for the thirteen
observables measured in the Z-+high-pr jets analysis. Each source of uncertainty is
shown individually and them summed in quadrature to create the total uncertainty.
The leading source of experimental uncertainty on the full range of observables are
the jet reconstruction (JES/JER) systematic uncertainties, confirming the results
shown in Table 9.1. For the uncertainties on pr s, the jet systematic uncertainties

unexpectedly dominate for pry < 100 GeV and is caused by the migration of the

129



leading-jet pr above and below the pr(jet) > 100 GeV selection requirement. The data
statistical uncertainty has a leading impact in the high-pr, collinear, back-to-back and
high-St regions, sometimes approaching an uncertainty of 10% for some bins. This
behaviour indicates that even with the full LHC Run-2 dataset, the Z-+high-pr jets
measurements are statistically limited. The impact of the unfolding uncertainty is

well behaved and is generally within 2%.
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Figure 9.3: Fractional uncertainties on the measured differential fiducial cross sec-
tion in the inclusive region as a function (a) of the transverse momentum of the
leading jet pr 1 and (b) of the transverse momentum of the Z boson pr .

130



o
N
3

o
)

Relative uncertainty

0.15

0.1

0.05

Vs =13 TeV, 139 fb™
Z+21jet

‘ - Data stat.
— JES/JER
— Lepton

Luminosity
=+« Pile-up
— Unfolding

Background modelling
— Signal modelling
—Total uncert.

>0.25

§ r ‘ ‘ —_ Data‘ stat. —
] F = 1 — JESIJER J
€ [ {s=13 TeV, 139 fb ~ Lopton ]
2 | Z2+2 lsz)eot Gev Luminosity 4
> [ e -+ Pile-up _
2 0'2, it — Unfolding |
K L Background modelling i
© L — Signal modelling B
@ L — Total uncert. ]
0.15— _
0.1— —
oos—  —T _|

1
— —_— i
Qzaseasees froveseand I--—-.r-—-—-—l ......... pressnasnumnnnnnnnas prasereess

1 2 3 4+
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momenta 7z ;.

>O-25 LI LI L LI L L T T
< - ‘ ‘ ‘ I Data stat. Bl
< - _ -1 — JES/JER -
£ [ Vs=13 Tev, 139 b —Lepton ]
e L 2+ 2>1 Jet o _ Luminosity i
> 0.2k 500 GeV, AR < 1.4 -+ Pile-up |
< L — Unfolding i
K L Background modelling i
o L — Signal modelling B
x L = Total uncert. i
0.15— —
0.1 —
oo L—— L——" .
—|_,—|_l_|_,_l_'
& mi— ; =
o) el i T TETEE ik e el T e i e AT R

0 0.2 0.4 0.6 0.8 1.4
rZ,j

(a)

o
w

\\\‘\\\‘\\\‘\\\‘\\\
r — Data stat.

[ (s=13Tev, 139" —JESHER
rZ+=21jet — Lepton

L Luminosity
p_ =500 GeV, AR™ > 2.0
Til Z,

=« Pile-up
— Unfolding
Background modelling
— Signal modelling
= Total uncert.

Relative uncertainty
o
N
(&2

I
[N}

0.15

0.1
0.051 | —
E i J
1 .
OF"\"T"#' o e PPV PPN - oyl el e
0 0.2 0.4 0.6 0.8 1 1.2 1.4
rz'i

(b)

Figure 9.6: Fractional uncertainties on the measured differential fiducial cross sec-
tion as a function of the ratio of Z-boson to closest-jet transverse momenta 7z, (a)
in the collinear AR%IEI < 1.4 region and (b) in the back-to-back AR‘;}; > 2.0 region.
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Figure 9.9: Fractional uncertainties on the measured differential fiducial cross sec-
tion in the high-St region as a function (a) of angular distance between the Z boson
and the closest jet ARZ™ and (b) of the jet multiplicity Njets.

9.2 Theoretical uncertainties

Uncertainties in the modelling of MC generator and fixed-order predictions are rel-
evant not only when unfolding the data, but also in the comparisons with the fidu-
cial cross-section measurements. It is of upmost importance for the investigation of
new physics at the energy frontier with LHC data to fine-tune the modelling of key
interactions such as pp — Z-+jets + X processes. This analysis serves as a bench-
mark for improving MC predictions in the so far never measured Z-high-pr jets
phase space. Modelling uncertainties affect either the event kinematics or the event
weight, resulting in different predicted observable distributions for both signal and
backgrounds. Systematic uncertainties on the estimated backgrounds manifest them-
selves by changing the MC predicted event yields that are subtracted from the data
prior to unfolding. Uncertainties on the modelling of the SHERPA 2.2.11 Z+jets sig-

nal samples have an impact on the response matrix in the unfolding procedure and
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lead to a source of uncertainty on the resulting fiducial cross sections. The different
Z+jets MC and fixed-order predictions also carry systematic uncertainties that need
to be considered when reporting conclusions on their individual performances and
ultimately their agreement with data.

Modelling uncertainties are taken into account by varying the PDFs, the QCD
scales and, in the case of SHERPA 2.2.11, the virtual EW corrections. Moreover,
the EW Zjj prediction also takes into account interference effects as introduced in

Section 8.3.1.

9.2.1 Parton distribution function

The proton parton distribution function (PDF) uncertainties stem from three possible
effects: 1) the uncertainty around the central value of the PDF, 2) the choice of the
PDF itself, and 3) the effect of varying the value of a.

The first uncertainty source arises from the variations around the central pre-
dicted distribution of the PDF [169]. For this analysis, each PDF is modelled from
100 different uncorrelated parameters that can be varied by one standard deviation
to create a further 100 PDF sets. The associated uncertainty is evaluated following
different recipes according to the PDF of the MC program. For most of the predic-
tions, the uncertainty is calculated from the standard deviation of the set of 100 PDF

distributions

§PDF _ \Jl %(0(1@) —o)2, (9.1)
100 &=

where d, is the uncertainty, the sum is over the 100 sets, ¢®) is the prediction of the
k-th set, and ¢(*) is the nominal prediction. The SHERPA 2.2.11 prediction instead
follows a slightly different procedure to evaluate the uncertainty around the 100 sets,

as determined by its PDF provider. Due to differences in what the 100 PDF sets
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represent, the SHERPA 2.2.11 PDF uncertainty is instead computed as

100
SFPT — \l > (o®) — g0)2, (9.2)

k=1

The second type of PDF uncertainty compares the distributions obtained with
the nominal predictions to those obtained with the MMHT2014NNLO [126] and the
CT14NNLO [170] PDFs. It covers the possible bias introduced with the choice of a
specific PDF set.

The third type of PDF uncertainty is only included in the SHERPA Z+jets
and diboson predictions. This uncertainty compares the results of varying the strong
coupling constant «, in the PDF by one standard deviation [117]. This variation of
o, is also propagated to the hard-scatter calculation of the MEs. Using the current
value for the strong coupling constant of ay = 0.1180 4 0.0015, the uncertainty is

computed by comparing the distributions so that

par o(as = 0.1195) . olas =0 65)7 9.3)

where o(as) is the distribution obtained by setting ay in the PDF to the values
o, = 0.1195 and o, = 0.1165.

The Z+jets and diboson predictions from SHERPA include the three sources
of PDF uncertainties, whereas MG5_aMC+Py8 FXFX only includes the first two.
The different considered PDF uncertainties are added in quadrature to produce the
total PDF uncertainty. The total of PDF uncertainties generally ranges between 0%—
2%. Due to computational limitations in the NNLOJET program, its predictions do

not include PDF uncertainties.
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9.2.2 QCD scale

The effect of QCD scale uncertainties is evaluated by varying the renormalization
(ur) and factorization (up) scales introduced in Section 2.1.7. The QCD scales are
varied by factors of two to provide a total of five sets of predictions with the following

pairs of ur and pp:

(HPUHF), (0-5 X IR, MF>, (2 X MR,/LF), (#R7 0.5 x MF>, (MR, 2 % MF)- (9.4)

The QCD scale uncertainty is defined as the envelope of the five predictions
around the central value. This QCD scale uncertainty is the dominating systematic
uncertainty on the different theoretical predictions of Z-+high-pr jets. In the SHERPA
2.2.11 predictions, the uncertainty ranges between 10% and 60% with average val-
ues near 25%. Meanwhile, the corresponding range in MG5_aMC+Pvy8 FxFX is
between 5% and 20%. The differences between these two generators and their un-
certainties are further explored in Ref. [72]. In the NNLOJET predictions, the QCD

scale uncertainties are typically in the range of 5%—-10%.

9.2.3 NLO virtual electroweak corrections

The prediction from SHERPA 2.2.11 also considers uncertainties related to NLO virtual
EW corrections [72]. The uncertainty is defined as the envelope of the predictions
obtained with the additive, multiplicative and exponentiated EW correction schemes
introduced in Section 4.5. The resulting uncertainties amount to a maximum of 5%
where the EW corrections are largest: in the back-to-back region with large pr 4 and

min ~o
A Z,j ~ ﬂ-.
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9.2.4 Theoretical uncertainties on background processes

The theoretical uncertainty on the diboson predictions used for the data background
subtraction are computed with the PDF and scale uncertainties described above.
Moreover, the EW Zj7 prediction includes the effects of PDF, QCD scale and in-
terference uncertainties, which amount to normalization uncertainties of 2%, 9% and
25%-40% respectively. The effects of PDF and QCD scale uncertainties on the single-
top predictions amount to a total normalization uncertainty of about 4%, primarily
from the normalization to theory predictions at NNLO and NLO accuracies.

The predicted ¢t background is insensitive to background theoretical uncertain-
ties due to the data-driven estimation method described in Section 8.1. However,
the MC tt predictions include the three PDF uncertainties and the QCD scale un-
certainties described above. These uncertainties are used only in the detector-level
distributions of the ¢t control-region and are not used in the data-driven t¢ background
estimation, as described in Chapter 8.

In summary, this chapter provides the description of the total uncertainties
on the unfolded differential cross sections for the combined Z+high-pr jets produc-
tion measurement. In addition, the theoretical uncertainties on the different Z+jets
predictions are outlined. These uncertainties are shown in the resulting fiducial cross-

section measurements of the next chapter.
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Chapter 10

Unfolded results

This chapter provides the final results of this analysis. The results of the Z-+high-
pr jets production measurements at particle level, referred to as fiducial cross sec-
tions, are presented alongside the comparison to several theoretical predictions. Each
fiducial volume corresponds to a phase space region: inclusive, high-pr, collinear,
back-to-back and high-St.

The differential fiducial cross-section measurements are performed separately
for the electron and muon decay channels of the Z boson. For each of the two decay
channels, the estimated background are subtracted from the detector-level data and
the resulting distributions are unfolded using the method described in Chapter 7.
The particle-level unfolded distributions correspond to measurements in the fiducial
region. By unfolding the lepton channels separately, the respective response matrices
describe more accurately the detector response to the given leptonic final state. The
background estimation is taken from the MC and data-driven methods provided in
Chapter 8. Finally, the error on individual fiducial cross-section measurements follows
the prescription detailed in Chapter 9.

The combination of the electron and muon Z-boson decay channels is described
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in Section 10.1. The resulting integrated fiducial cross sections are presented in Sec-
tion 10.2. Then, the differential fiducial cross sections of Z4high-pr jets production

are shown and discussed in Section 10.3. The conclusion follows in Chapter 11.

10.1 Combination of Z-boson decay channels

The compatibility between the fiducial cross-section results of both Z-boson decay
channels is first tested. According to lepton universality, the fiducial cross-section
distributions for the electron and muon decay channels should be compatible within
uncertainties. The resulting cross-section measurements are indeed found to be com-
patible between channels. As a result, the unfolded results are combined to measure
the production cross section for a Z boson decaying into a single charged-lepton flavor,
Z(— £t¢7), in order to increase the precision of the final Z+high-pr jets measure-
ments. The combination is done with the Best Linear Unbiased Estimate (BLUE)
method [171]. The BLUE method provides an unbiased distribution estimate given
two measurements, including their uncertainties and correlations. For this analysis,
where the uncertainties are treated as being Gaussian, the BLUE method is equivalent
to performing a maximum likelihood fit. In the combination, all systematic uncer-
tainties except the lepton-related instrumental uncertainties are treated as correlated
between the electron and muon channels. The data and MC statistical uncertainties
are treated as uncorrelated between channels.

The resulting combined measurements are consistent with both individual decay
channels for the full set of observables. Differential fiducial cross-section distributions
of the combined and individual lepton channel measurements are compared for some
selected observables in Figures 10.1-10.3. In these figures, the hatched band repre-

sents the sum in quadrature of statistical and experimental systematic uncertainties
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on the combined result that are uncorrelated between decay channels. As such, the
uncertainty bands are not artificially made larger by correlated uncertainties, e.g. by
the jet reconstruction (JES/JER) systematic uncertainties, and the compatibility can
be more carefully studied. The coloured error bars represent the sum in quadrature
of the statistical and uncorrelated systematic uncertainties on a single decay-channel.

The pull p in a given bin 7 is defined as

021 (10.1)

bi =

where x is the measurement in the individual decay channel and (z) is the combined
measurement. The uncertainty o(z) is the sum in quadrature of the statistical and
uncorrelated systematic uncertainties of the individual decay channel measurement.
The pulls are well behaved and usually within unity, indicating that the combination
is compatible to both decay channel measurements. This good agreement serves as
a validation of the cross-section measurement strategy of this analysis. As a result,
the final fiducial cross-section measurements of Z-+high-pr jets production of the

combined electron and muon channels are presented in the following sections.

10.2 Integrated fiducial cross sections

Integrated fiducial cross sections for Z+high-pt jets production are evaluated in the
inclusive, high-pr, collinear, back-to-back and high-St signal regions by summing over
the respective unfolded jet-multiplicity distributions. The fiducial cross sections are
compared with the predictions from SHERPA 2.2.1, SHERPA 2.2.11, MG5_aMC+PY8
FxXFX, and with NNLO and NLO predictions from NNLOJET in Tables 10.1 and 10.2.

On the measurements, the statistical and systematic uncertainties as described in
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Figure 10.1: Comparison of the differential fiducial cross section in the inclusive
region for the two Z-boson decay channels and their combination as a function (a)
of the transverse momentum of the leading jet pr ;1 and (b) of the transverse mo-
mentum of the Z boson pr . The hatched band represents the sum in quadrature
of statistical and experimental systematic uncertainties on the combined result which
are uncorrelated between decay channels. The coloured error bars represent the sum
in quadrature of the statistical and uncorrelated systematic uncertainties on a single
decay-channel. The pull is defined as the difference between the individual and the
combined measurements over the sum in quadrature of the statistical and uncorre-
lated systematic uncertainties of the individual decay channel measurement.
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Figure 10.2: Comparison of the differential fiducial cross section for the two Z-
boson decay channels and their combination as a function of the jet multiplicity Njes
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is inclusive in higher jet multiplicities. Further details on the legend, ratio panel and
pull are provided in the caption of Figure 10.1.
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Figure 10.3: Comparison of the differential fiducial cross section in the high-pr
region for the two Z-boson decay channels and their combination as a function (a) of
angular distance between the Z boson and the closest jet ARmm and (b) of the ratio
of Z-boson to closest-jet transverse momenta 7 ;. Further detalls on the legend, ratio
panel and pull are provided in the caption of Figure 10.1.
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Section 9.1.4 are shown separately. The modelling uncertainties of the different pre-
dictions include the uncertainties from the variations of PDF, QCD scales and, in the
case of SHERPA 2.2.11 only, virtual EW corrections, as described in Sections 9.2.1,
9.2.2, and 9.2.3, respectively. The cross sections predicted by the three MC generators
and the NNLOJET predictions agree with the measured values within the theory un-
certainties. The uncertainties on the integrated fiducial cross-section measurements
are clearly dominated by the systematic uncertainties. They are smaller than the
uncertainties on the predictions, except for NNLOJET@NNLO, which matches or
exceeds the precision of the measurements in some kinematic regions. These results
are also depicted in Figure 10.4, where the data total uncertainty corresponds to
the sum in quadrature of statistical and systematic uncertainties, as described in
Section 9.1.4. The uncertainties on the predictions are found by summing in quadra-
ture the uncertainties from the variations of the PDF (excluding NNLOJET predic-
tions), QCD scales and, for SHERPA 2.2.11, virtual EW contributions, as explained
in Sections 9.2.1, 9.2.2, and 9.2.3, respectively. When the virtual EW corrections are
removed from the SHERPA 2.2.11 prediction, the integrated cross sections for the in-
clusive, high-pr, collinear, back-to-back and high-St regions increase by 0.065%, 6.9%,
3.8%, 11% and 3.0%, respectively. However, the theoretical predictions from SHERPA
2.2.11 are not precise enough to meaningfully interpret the importance of NLO virtual
EW corrections. Because of this, the importance of NLO virtual EW corrections on
theoretical predictions are instead studied with the very precise NNLOJET@QNNLO
predictions in Appendix A.

The integrated fiducial cross-sections measurements provide limited information
on the performance of the different theoretical predictions. Although the predicted

values are consistent with the measured data, the associated modelling uncertain-
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ties are in some cases too large to meaningfully interpret the ability of the different
theoretical predictions to describe Z+high-pt jets production. For example, the pre-
dictions from SHERPA are very imprecise with uncertainties reaching upwards of 50%.
Instead, the differential fiducial cross-section distributions provide much more impor-
tant information about the individual performance of different theoretical predictions

in modelling Z+high-pr jets events.
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Figure 10.4: Summary of integrated fiducial cross-section results for Z-+high-pr jets
production [19]. The unfolded fiducial cross sections are shown with black data points
and the error bars represent the total uncertainty. The total uncertainty corresponds
to the sum in quadrature of the data statistical and total systematic uncertainties, as
defined in Section 9.1.4. Data are compared with predictions from MC generators and
fixed-order calculations. The uncertainties on the predictions are found by summing
in quadrature the uncertainties from the variations of the PDF (excluding NNLO-
JET predictions), QCD scales and, for SHERPA 2.2.11, virtual EW contributions, as
explained in Sections 9.2.1, 9.2.2, and 9.2.3, respectively.
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Table 10.1: Measured integrated fiducial cross sections for Z+high-pr jets produc-
tion in the inclusive, high-pr, collinear and back-to-back signal regions and predictions
from SHERPA 2.2.1, SHERPA 2.2.11, MG5_aMC+Pv8 FxFx, NNLOJET@NNLO
and NNLOJET@NLO. The statistical and systematic uncertainties as described in
Section 9.1.4 are shown separately for the data. The modelling uncertainties on the
predictions include the uncertainties from the variations of the PDF, QCD scales,
and, in the case of SHERPA 2.2.11 only, virtual EW corrections, as described in Sec-
tions 9.2.1, 9.2.2, and 9.2.3, respectively.

Inclusive Z+jets

Data 13.90 + 0.01 (stat) + 0.47 (syst) pb
SHERPA 2.2.1 13.8 102 (PDF) +o2 (Scale) pb
SHERPA 2.2.11 13.3 +02 (PDF) 13-4 (Scale) +<0.1(EW) pb
MG5.aMC+Py8 FxFx | 14.5 +o1 (PDF) 0% (Scale) pb
NNLOJET@NNLO 13.83 +0-18 (Scale) pb
NNLOJET@NLO 13.5 o8 (Scale) pb
High-p: pr,j1 > 500 GeV
Data 72.3 + 1.5 (stat) + 3.5 (syst) fb
SHERPA 2.2.1 95 *2 (PDF) F28 (Scale) fb
SHERPA 2.2.11 69 2 (PDF) *28 (Scale) 2 (EW) fb
MG5.aMC+Py8 FxFx | 78 1 (PDF) 2, (Scale) fb
NNLOJET@NNLO 76 19 (Scale) fb
NNLOJET@NLO 71 11 (Scale) fb
Collinear: High-pT and AR%’}J‘,‘ <14
Data 27.9 + 0.8 (stat) + 1.2 (syst) fb
SHERPA 2.2.1 39 2 (PDF) 18 (Scale) fb
SHERPA 2.2.11 28 1 (PDF) 4 (Scale) + <1 (EW) fb
MG5_aMC+Py8 FXxFx | 29.6 *5% (PDF) +3-1 (Scale) fb
NNLOJET@NNLO 27.0 +27 (Scale) fb
NNLOJET@NLO 24.1 F70 (Scale) fb
Back-to-back: High-pt and AR’%‘};‘ > 2.0
Data 31.6 + 0.8 (stat) + 1.7 (syst) b
SHERPA 2.2.1 38 2 (PDF) t1o (Scale) fb
SHERPA 2.2.11 28.1 +0° (PDF) +7-% (Scale) 12 (EW) fb
MG5.aMC+Py8 FxFx | 34.4 % (PDF) +2¢ (Scale) fb
NNLOJET@NNLO 35.3 29 (Scale) fb
NNLOJET@NLO 36.0 *3-2 (Scale) fb
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Table 10.2: Measured integrated fiducial cross sections for Z+high-pr jets produc-
tion in the high-St signal region and predictions from SHERPA 2.2.1, SHERPA 2.2.11,
MG5 aMC+Py8 FxFx, NNLOJET@NNLO and NNLOJET@QNLO. The statisti-
cal and systematic uncertainties as described in Section 9.1.4 are shown separately
for the data. The modelling uncertainties on the predictions include the uncertainties
from the variations of the PDF, QCD scales, and, in the case of SHERPA 2.2.11 only,
virtual EW corrections, as described in Sections 9.2.1, 9.2.2, and 9.2.3, respectively.

High-St: St > 600 GeV

Data 226.0 + 2.6 (stat) + 9.5 (syst) fb
SHERPA 2.2.1 280 19 (PDF) 450 (Scale) b
SHERPA 2.2.11 220 19 (PDF) 400 (Scale) + <10 (EW) fb
MG5.aMC+Pv8 FxFx | 247 119 (PDF) 139 (Scale) fb
NNLOJET@NNLO 223 92 (Scale) fb
NNLOJET@NLO 168 *32 (Scale) fb

10.3 Differential fiducial cross sections

Differential fiducial cross sections are measured and compared in Figures 10.5-10.11
with predictions from SHERPA 2.2.1, MG5.aMC+Py8 CKKWL, and the next-
generation MC generators SHERPA 2.2.11 and MG5 aMC+Py8 FxFX, and with
NLO and NNLO Z+jets calculations from NNLOJET. The data statistical uncer-
tainty is displayed with error bars and the hatched bands correspond to the total
uncertainty defined as the sum in quadrature of the data statistical and total system-
atic uncertainties, as defined in Section 9.1.4. In the ratio panels, the MC statistical
uncertainty is displayed with coloured error bars and the theoretical uncertainties are
shown as coloured bands. The uncertainties on the predictions are found by summing
in quadrature the uncertainties from the variations of the PDF (excluding NNLO-
JET predictions), QCD scales and, for SHERPA 2.2.11, virtual EW contributions, as
explained in Sections 9.2.1, 9.2.2, and 9.2.3, respectively. The MG5_aMC+Py8

CKKWL prediction is included as it was often used as a benchmark in previous
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ATLAS Run—2 analyses. However, the MG5_aMC+Py8 CKKWL prediction is
not shown with uncertainties as they are in the order of O(100%) due to the LO
order nature of the matrix element calculation. In general, NNLOJETQNNLO and
MG5 aMC+Py8 FXFX provide the most precise predictions.

The Z-boson and jet transverse momenta (two correlated quantities) are fun-
damental observables of the Z+jets process and probe perturbative QCD over a wide
range of scales. Moreover, understanding the kinematics of jets in events with vector
bosons produced in association with several jets is essential for the modelling of back-
grounds for other SM processes and searches beyond the SM. Figure 10.5 shows the
differential fiducial cross section as a function of pr ;1 and pr . The high-pr 4 region
is dominated by the back-to-back topology and receives significant negative correc-
tions due to EW effects. In contrast, events with a high-pr jet typically result in both
back-to-back and collinear topologies. The SHERPA 2.2.1 and MG5_aMC+Py8 CK-
KWL generators predict a harder pr j;; distribution than seen in the data, resulting
in an overestimation of the cross section for high pr j;. Although they agree with data
within uncertainties, their central predictions perform very poorly for high pr ;. In
contrast, SHERPA 2.2.11 and MG5_ aMC+Pvy8 FXFX show significantly better mod-
elling of the pr ;1 spectrum and are also in good agreement with the measured pr 4
spectrum. The smaller cross section from SHERPA 2.2.11 relative to SHERPA 2.2.1
in the high-pr region is attributed to the improved matching scheme with a differ-
ent treatment of unordered histories [72]. The prediction from MG5_aMC+Py8
FXFX models the data more precisely owing to the inclusion of NLO matrix elements
with three partons. The pr g and pr; distributions show the significant improve-
ment of the central predictions in SHERPA 2.2.11 and MG5_.aMC+Pvy8 FxFX over

SHERPA 2.2.1 and MG5.aMC+Py8 CKKWL. This improvement is not visible in
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the integrated fiducal cross-section measurements shown above and highlights the
importance of the differential distributions of this analysis that benefits from the
increased statistics of the full Run—2 dataset. The NNLOJET@QNNLO predictions
describe the data very precisely, except for very large values of pr 4 (and pr j1), where
negative NLO virtual EW corrections of 10%-20% are expected and the QCD-only
calculation overestimates the data.

Jet-multiplicity distributions provide an excellent probe of QCD. Whereas the
Z+1 jet bin is most sensitive to PDF effects, those with higher jet multiplicities are
more sensitive to perturbative QCD effects [172]. Jet-multiplicity distributions also
probe the validity of predictions in the presence of jet vetoes, which are frequently used
in searches that require a specific number of jets in their selection criteria. Figure 10.6
shows the differential fiducial cross section as a function of the jet multiplicity in the
inclusive and high-pt regions. As expected [172], the jet multiplicity in the inclusive
phase space follows a downward staircase pattern, whereas in the high-pr phase space,
the cross section increases between 1-jet and 2-jet events followed by a downward
pattern for higher jet multiplicities. Whereas SHERPA 2.2.1 and MG5_.aMC+PYy8
CKKWL tend to overestimate the cross section for higher jet multiplicities, SHERPA
2.2.11 and MG5_aMC+Pvy8 FXFX agree with the data for both the inclusive and
high-pt regions. The latter generator offers a higher level of precision. Although
the four MC predictions agree with data within uncertainties, the central predictions
from SHERPA 2.2.1 and MG5_.aMC+Py8 CKKWL do not describe the data for
events with a large number of jet. Once again, this poor modelling of the data was
not visible in the integrated fiducial cross-section measurements. The NNLOJET
predictions agree with the data in the inclusive and high-pr phase spaces at high

precision when it is expected from the order of the calculation, and at lower precision
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Figure 10.5: Differential fiducial cross section in the inclusive region as a function (a)
of the transverse momentum of the leading jet pr j; and (b) of the transverse momen-
tum of the Z boson pr 4. The unfolded data are shown with the black points where the
statistical uncertainty is given as an error bar and the total uncertainty as a hatched
region. The total uncertainty is given by the sum in quadrature of the data statistical
and total systematic uncertainties, as defined in Section 9.1.4. The data are compared
with predictions from MC generators and fixed-order calculations. In the ratio pan-
els, the error bars correspond to the statistical uncertainty of the prediction and solid
triangles indicate that the prediction is outside the vertical-axis range, whereas the
total uncertainty of the unfolded data is represented as the hatched region. The un-
certainties on the theoretical predictions, dominated by the QCD scale uncertainties,
are shown only in the ratio panels except for MG5_aMC+Py8 CKKWL, which
is not included. They are found by summing in quadrature the uncertainties from
the variations of the PDF (excluding NNLOJET predictions), QCD scales and, for
SHERPA 2.2.11, virtual EW contributions, as explained in Sections 9.2.1, 9.2.2, and
9.2.3, respectively.
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Figure 10.6: Differential fiducial cross section as a function of the jet multiplicity
Niets (a) in the inclusive region and (b) in the high-pr region. In each case, the last
bin is inclusive in higher jet multiplicities. Further details on the legend and ratio
panels are provided in the caption of Figure 10.5.

when the order of the calculation is exceeded.

The angular distance between the Z boson and the closest jet, AR?};‘, and the
ratio of the Z-boson transverse momentum to the closest-jet transverse momentum,
7.5, provide a way to distinguish between the presence of collinear Z-boson emission
and back-to-back topologies. In the high-pr selection, the collinear region is sensitive
to logarithmic enhancements in production proportional to a In? (prj1/mz), whereas
the back-to-back region receives non-negligible virtual EW corrections. Figure 10.7
shows the differential fiducial cross sections as a function of A %“j“ and rz; in the
high-pr region. Both distributions show an accumulation of events at low and high
values of these two quantities: collinear events populate the figures at values AR?};
1.4 and rz; < 0.4, whereas the back-to-back events are observed with AR?};‘ SIS

and rz; ~ 1.0. The collinear events are expected to be dominated by diagrams

corresponding to the EW radiation of a Z boson from one of the quark-jets in a dijet
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event. Consequently, they are expected to correspond to the accumulation of events
with low values of 7z ;. This hypothesis is validated in Figure 10.8a, which shows
the measurement of the rz ; distribution for the subset of collinear events defined by
ARIZ“;n < 1.4, where only the accumulation of low-r ; events is observed. In contrast,
the measurement of the ry; distribution for the back-to-back selection defined by
AR?}; > 2.0 is populated by events with r;; ~ 1 as is shown by Figure 10.8b.
The jet multiplicity is also measured separately for the collinear and back-to-back
topologies as shown in Figure 10.9. It is found that the collinear region is dominated
by dijet events, whereas the back-to-back region is dominated by Z-+1 jet events.
These distributions provide for the first time detailed measurements of real Z-boson
emission from high-pr jets and hard Z+1 jet back-to-back emissions in a high jet-pr
phase space.

Figures 10.7-10.9 show that while still marginally in agreement with data within
modelling uncertainties of up to 50%, SHERPA 2.2.1 central values increasingly overes-
timate the cross section with decreasing values of AR%‘};. A similar trend is observed
for MG5.aMC+Py8 CKKWL. The modelling is improved by the state-of-the-
art generators MG5_.aMC+Py8 FXFX and SHERPA 2.2.11. Good agreement of
MG5_aMC+Py8 FxFX and SHERPA 2.2.11 with data even for very collinear events
indicates that resummation of the additional logarithmic terms, e.g. via EW radiation
in parton showers, is not needed at the present level of theoretical and experimental
precision in the experimentally accessible kinematic regime. The AR%‘};‘ distribution
in Figure 10.7a provides important information on the generator predictions that
was missing from the integrated cross-section results. In the collinear region, where

ARY™ < 1.4, the central predictions of SHERPA 2.2.1 and MG5_.aMC+Py8 CK-

KWL describe the distribution of data very poorly. This behaviour points to an
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Figure 10.7: Differential fiducial cross section in the high-pr region as a function (a)
of angular distance between the Z boson and the closest jet AR%" and (b) of the ratio
of Z-boson to closest-jet transverse momenta 7z ;. For the NNLOJET predictions,
the bins around r; = 1 are merged to be insensitive to the singularity in the fixed-
order calculation. Further details on the legend and ratio panels are provided in the
caption of Figure 10.5.

underlying problem with the generators and not to a cross-section normalization is-
sue. The NNLOJET@QNNLO prediction models the data distribution in both the
collinear and the back-to-back regions with high precision. The good performance
in the collinear phase space is remarkable, as this region contains a large fraction of
events with at least three jets, which are simulated only at LO in NNLOJET@QNNLO
and not at all by NNLOJET@QNLO. The QCD-only calculation overestimates the
cross section for exact back-to-back events in the high-pr region, dominated by high-
pre events, consistent with the pattern observed in Figure 10.5.

An alternative way to select a high-energy phase space is by requiring a large
value of Hy or St. The former is often used as a dynamical scale choice, whereas
the latter is more suited to selecting a phase space similar to the high-pt region. Fig-

ure 10.10 shows the differential fiducial cross section as a function of Hr. The central
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Figure 10.8: Differential fiducial cross section as a function of the ratio of Z-boson
to closest-jet transverse momenta rz; (a) in the collinear ARZ < 1.4 region and
(b) in the back-to-back AR%™ > 2.0 region. For the NNLOJET predictions, the
bins around rz; = 1 are merged to be insensitive to the singularity in the fixed-order
calculation. Further details on the legend and ratio panels are provided in the caption
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Figure 10.9: Differential fiducial cross section as a function of the jet multiplicity
Niets (a) in the collinear ARYY < 1.4 region and (b) in the back-to-back ARZ™ > 2.0
region. In each case, the last bin is inclusive in higher jet multiplicities. In data, no
events with exactly one jet are selected in the collinear region. Further details on the
legend and ratio panels are provided in the caption of Figure 10.5.

values from SHERPA 2.2.1 increasingly overestimate the cross section with increasing
Hr, while still marginally agreeing with the data within modelling uncertainties of
up to 50%. The prediction from MG5_.aMC+Py8 CKKWL shows a similar trend.
In contrast, the state-of-the-art predictions from SHERPA 2.2.11, MG5_.aMC+PY8
FxFx and NNLOJET@NNLO model the data well, the latter with higher precision.
Figure 10.11 shows the differential fiducial cross section as a function of ARZ™ and
jet multiplicity in the high-St region. The high-St region probes high-energy events,
where the energy is typically shared by several jets. Compared to the high-pt region,
the jet multiplicity distribution is shifted towards higher values, and the back-to-back
peak in the AR%‘};I distribution is suppressed relative to events where a jet is in closer
proximity to the Z boson. As in the high-pt region, SHERPA 2.2.1 is marginally con-

sistent with the data within a large theoretical uncertainty, with the overestimation
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Figure 10.10: Differential fiducial cross section as a function of the transverse mo-
menta scalar sum Hrt in the inclusive region. Further details on the legend and ratio
panels are provided in the caption of Figure 10.5.

of the central values most pronounced in the collinear region and for higher jet mul-
tiplicities, with MG5_aMC+Py8 CKKWL showing a similar trend. Both SHERPA
2.2.11 and MG5_.aMC+PyY8 FXFX are consistent with the data, the latter again
at higher precision. The NNLOJETQNNLO prediction models this region well and

with high precision, even though the fraction of events with at least three jets is larger

than in the high-pt phase space.
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Figure 10.11: Differential fiducial cross section in the high-St region as a function

(a) of angular distance between the Z boson and the closest jet A

min

Z,j

and (b) of the

jet multiplicity Njets. In the jet-multiplicity distribution, the last bin is inclusive in
higher jet multiplicities. Further details on the legend and ratio panels are provided
in the caption of Figure 10.5.
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Chapter 11

Conclusion

This thesis presents the measurements of the production fiducial cross sections for a Z
boson produced in association with high-transverse-momentum jets and decaying into
a charged-lepton pair. The data were collected from pp collisions at /s = 13 TeV
at the LHC between 2015 and 2018. The dataset was recorded with the ATLAS
detector and corresponds to an integrated luminosity of 139 fb~'. Measurements are
performed on events that contain a Z-boson candidate reconstructed from an ete™
pair or a ut i~ pair in association with hadronic jets defined as jets having transverse
momentum greater than or equal to 100 GeV.

The results from this analysis are publicly available in Ref. [19]. The cross-
section measurements are collected in the following dedicated HEPdata [173] record:
Ref. [174]. Additionally, a rivet analysis routine is provided and can be found in the
rivet repository [175].

The analysis focuses on selections with very high leading-jet pr (pr ;1 > 500
GeV) and very high St (St > 600 GeV), which are used to study two populations of
events — collinear events and back-to-back events — with distinct patterns in distribu-

tions of ARanf]n, rz, and jet multiplicity. This is the first time that a measurement is
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performed that explicitly focuses on understanding the contributions of real Z-boson
emission from high-pr jets, or collinear events, in Z+jets processes. Moreover, this is
also the first measurement that focuses on measuring events with very large Z-boson
and leading-jet pr corresponding to back-to-back Z+1 jet events.

The data distributions are unfolded to the particle level and compared with
state-of-the-art generator predictions and fixed-order calculations. The integrated
fiducial cross section for Z+high-pr jets production are measured in the inclusive,
high-pr, collinear, back-to-back and high-St signal regions for the first time using the
full statistical precision of the LHC Run—2 dataset. These integrated fiducial cross-
section measurements are compared to five different theoretical predictions, all of
which are in agreement with the observed values in data. The high-pr region requires
the presence of a jet with pr > 500 GeV to enhance the production of collinear
and back-to-back events. The collinear region is a subset of the high-pr region and
is designed to select events that correspond to the real Z-boson emission from a
high-pr jet in dijet events. Due to kinematic rules, the Z boson and the closest jet
are expected to be measured with a small separating angle AR?E‘ and with small
values of the ratio of Z-boson to closest-jet transverse momenta 7z ;. In contrast, the
back-to-back region is defined as a subset of the high-pr region with AR?};’ > 2.0 to
enhance the selection of Z41 jet events where the Z boson and jet are travelling in
opposite directions such that AR%‘? ~ 7 and rz; ~ 1.0.

The measured integrated fiducial cross sections are:

ginelusive — 13 90 £ 0.01(stat.) + 0.47(syst.) pb,

oM PT — 79 3 4 1.5(stat.) & 3.5(syst.) b,
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geollinear — 97 9 4 0.8(stat.) & 1.2(syst.) fb,
gback-tosback — 31 6 4 0.8(stat.) & 1.7(syst.) fb and

o8-St — 296.0 4 2.6(stat.) £ 9.5(syst.) fb.

These results consist of some of the smallest Z boson production cross sections mea-
sured by ATLAS so far, as shown in Figure 11.1. The measurements exceed the
precision of the currently available theoretical predictions from MC generators. The
NNLO prediction from the NNLOJET fixed-order calculation instead matches or ex-
ceeds the precision of the measurements in some kinematic regions. In general, a
meaningful interpretation of the MC generators’ performances is difficult due to their
unsightly large modelling uncertainties, sometimes reaching upwards of 50%. A bet-
ter understanding of the causes behind these modelling uncertainties is needed in
order to improve the precision of the next-generation MC generators and to match
the currently accessible experimental uncertainties.

Differential fiducial cross-section measurements are also performed and com-
pared to six theoretical predictions. These measurements provide crucial information
on the performance of the different theoretical predictions in modelling a range of key
distributions in the Z+high-pt jets process. The predictions from both SHERPA 2.2.1
and MG5 aMC+Pvy8 CKKWL overestimate the cross sections for large values
of prji, Hr and St. The predictions from MG5_.aMC+Py8 FXFX, with ma-
trix elements for up to three partons at NLO, offer a significant improvement over
MG5.aMC+Py8 CKKWL (which models up to four partons at LO) and in general
match the data with high precision. Similarly, SHERPA 2.2.11, with the addition of
a fifth parton at LO in the matrix element, the addition of NLO virtual EW correc-

tions, and a different treatment of unordered histories in the parton shower, shows
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Figure 11.1: Summary of several Standard Model total and fiducial production
cross-section measurements from the ATLAS experiment [70]. The measurements
are corrected for branching fractions and compared to the corresponding theoretical
expectations. The fiducial cross-section measurements of Z+high-pr jets production
presented in this thesis are highlighted in the red square as a function of jet multi-
plicity for the inclusive region.
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a significant improvement over SHERPA 2.2.1 and agrees well with the data. The
NNLO calculations at fixed order from NNLOJET describe the data cross sections at
a very high level of precision, including in high-pr regions where a sizeable fraction
of the events have more than two jets. The calculation exhibits a harder pr ¢ spec-
trum than the data in a region where larger negative EW corrections are expected.
The generally poor performance of SHERPA 2.2.1 and MG5_.aMC+Py8 CKKWL
in describing high jet pr, collinear and back-to-back events expresses the need of fu-
ture measurements to use state-of-the-art predictions that can properly model the
Z+high-pr jets process.

The predicted signatures of collinear Z boson radiation and Z+1 jet back-to-
back scattering are found to be in agreement with data. Indeed, the collinear region
is measured to be dominated by Z+2 jets events. The collinear emission of a Z boson
from a quark-jet is also described by events where the angle between the Z boson and
the closest jet is small, AR}? < 1.4. Moreover, in these events, the ratio of Z-boson
to closest-jet transverse momenta 7z ; is small and generally falls below values of 0.4.
Furthermore, the back-to-back region is measured to be dominated by Z+1 jet events

min

with most likely values of ARZY ~ m and rz; ~ 1.0. This analysis presents the first
ever measurements of the jet multiplicity, A %“Jn and rz ; observables in collinear and
back-to-back events.

These measurements have an important impact on the future of MC generators
and fixed-order calculations that model Z-+high-pr jets events. The measured differ-
ential fiducial cross sections greatly exceed the precision of the theoretical predictions
against which they are compared. Hence, the limiting factor for future measurements

that are sensitive to Z+high-pr jets processes is the precision of the theoretical pre-

dictions. These results will serve two important purposes: 1) they provide important
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information on the ability of different MC generators to describe the shape of data
distributions, and 2) they act as benchmarks for the future development of next-
generation event generators and fixed-order calculations. In analyses where Z+jets
processes constitute a background, the background distributions are often estimated
via template fits. Hence, the ability of generators to model the shape of a given distri-
bution is much more important than predicting the correct integrated cross section.
Furthermore, these measurements inform theorists on possible underlying problems,
or missing higher-order corrections, that have an impact on the ability of a prediction
to model the data. One such crucial correction is the logarithmic enhancement in
collinear emissions of the Z boson. In contrast, due the low precision of SHERPA
2.2.11, the importance of NLO virtual electroweak corrections can not be meaning-
fully interpreted at this time. Novel MC generators would give the ability to study
more precisely processes with Z, W or Higgs bosons produced in association with
jets. The High-Luminosity LHC program calls for a detailed investigation of rare
electroweak processes such as Vector Boson Fusion (VBF) and Vector Boson Scatter-
ing (VBS), where it is critical to understand with unprecedented precision the strong
Z/W /H+jets backgrounds.

The precise measurement of Z+high-pr jets events, and especially collinear
and back-to-back events, has just now been unlocked with the current centre-of-mass
energy and full Run—2 dataset provided by the LHC. These rare production processes
are relevant for many Higgs boson measurements and searches for new physics at the
LHC, e.g. where the production of a Z boson collinear to a jet can become a significant
background for the rare sought after signatures. As the centre-of-mass energy and
rate at which data is provided by the LHC increase, the Z4high-pr jets process

will become more prevalent in the results of high-energy proton—proton collisions.
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Although the precision of the measurements presented in this thesis will be surpassed
soon, these results provide invaluable information on the modelling of Z+high-pr jets
events that will be used for the physics analyses of, and hopefully beyond, the LHC
Run-3.
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Appendix A

NNLOJETQ@QNNLO predictions

with NLO virtual EW corrections

The predictions from NNLOJET@QNNLO are the only ones presented in this anal-
ysis that are precise enough to be sensitive to NLO virtual EW corrections. To
study the importance of these corrections on theoretical predictions, their relative size
and uncertainties are extracted from the SHERPA 2.2.11 predictions and applied to
those from NNLOJET@QNNLO. Differential fiducial cross-sections measurements are
compared in Figures A.1-A.2 with predictions from NNLOJET@QNNLO and NNLO-
JETQNNLO supplied with NLO virtual electroweak corrections from SHERPA 2.2.11.
The data statistical uncertainty is displayed with error bars and the hatched bands
correspond to the total uncertainty defined as the sum in quadrature of the data
statistical and total systematic uncertainties, as defined in Section 9.1.4. In the ratio
panels, the MC statistical uncertainty is displayed with coloured error bars and the
theoretical uncertainties are shown as coloured bands. The uncertainties on the pre-
dictions are found by summing in quadrature the uncertainties from the variations

of the QCD scales and, if applicable, virtual EW contributions, as explained in Sec-
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tions 9.2.2 and 9.2.3, respectively. The EW corrections are largest in phase spaces with
large pr ¢ and pr ji, as observed in Figure A.1. In the tail of the pr ;1 and py g dis-
tributions, the nominal NNLOJETQNNLO predictions overestimate data but near
perfect agreement is observed with the application of NLO virtual EW corrections.
Figure A.2 compares the distributions for the AR?}; and rz; observables. As
expected, the impact of the EW corrections is small except for the back-to-back peaks
at AR?};‘ ~ m and rz; ~ 1.0 that are described by Z+1 jet events where the Z-
boson pr is very large. At the exact back-to-back peak A %“]n = m of the A %“jn
distribution, the EW corrections increase the disagreement between the prediction
and data. Discussions with NNLOJET authors have pointed to possible bin migration
issues since the following bin of 3.2 < AR?}; < 3.4 instead overestimates the data.
Furthermore, in the ry; distribution, the EW corrections improve the prediction in
the back-to-back peak, r;; ~ 1.0, while having a negligible impact in the other bins.
These results suggest that NLO virtual EW corrections are important to pre-
dictions of Z+jets processes where the Z-boson has large transverse momentum. The
corrections have an impact of almost 25% for pr g ~ 1 TeV events and correct the
NNLOJETQNNLO prediction from overestimating to almost perfectly describing
data. However, since the corrections are supplied from the SHERPA 2.2.11 predic-
tions and not directly calculated within NNLOJET, these conclusions are sensitive
to the differences between the generator and fixed-order calculation programs. To
confirm these results, the NNLOJET program would need to include these correc-
tions in its calculations. Although SHERPA 2.2.11 is too imprecise to meaningfully
interpret the importance of these corrections, its central predictions with virtual EW

corrections generally give a better agreement with the data, as shown in Chapter 10.
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Figure A.1: Differential fiducial cross section in the inclusive region as a function
(a) of the transverse momentum of the leading jet pr;; and (b) of the transverse
momentum of the Z boson pr . The unfolded data are shown with the black points
where the statistical uncertainty is given as an error bar and the total uncertainty
as a hatched region. The total uncertainty is given by the sum in quadrature of the
data statistical and total systematic uncertainties, as defined in Section 9.1.4. The
data are compared with predictions (in red) from NNLOJET@NNLO and (in blue)
NNLOJET@QNNLO supplied with NLO virtual electroweak corrections from SHERPA
2.2.11. In the ratio panels, the total uncertainty of the unfolded data is represented
as the hatched region. The red uncertainty bands corresponds to the scale variations
of the NNLOJET@QNNLO prediction, while the blue uncertainty band also contains
the envelope of the different virtual EW correction schemes from SHERPA 2.2.11, as
explained in Sections 9.2.2, and 9.2.3, respectively.
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Figure A.2: Differential fiducial cross section in the high-pt region as a function
(a) of angular distance between the Z boson and the closest jet A g‘f;‘ and (b) of
the ratio of Z-boson to closest-jet transverse momenta r ;. For the predictions, the
bins around 7z ; = 1 are merged to be insensitive to the singularity in the fixed-order
calculation. The unfolded data are shown with the black points where the statistical
uncertainty is given as an error bar and the total uncertainty as a hatched region.
The total uncertainty is given by the sum in quadrature of the data statistical and
total systematic uncertainties, as defined in Section 9.1.4. The data are compared
with predictions (in red) from NNLOJET@NNLO and (in blue) NNLOJET@NNLO
supplied with NLO virtual electroweak corrections from SHERPA 2.2.11. In the ra-
tio panels, the total uncertainty of the unfolded data is represented as the hatched
region. The red uncertainty bands corresponds to the scale variations of the NNLO-
JETQNNLO prediction, while the blue uncertainty band also contains the envelope
of the different virtual EW correction schemes from SHERPA 2.2.11, as explained in
Sections 9.2.2, and 9.2.3, respectively.
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