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Abstract

Differential cross-section measurements of the electroweak production of W in associa-
tion with two jets are made using proton-proton collision data with an integrated luminosity
of 140fb™"! and a centre-of-mass energy of \/s = 13 TeV, recorded by the ATLAS detec-
tor. Six different observables are used to present the differential cross-sections, where these
observables are chosen due to their anticipated sensitivity to anomalous quartic gauge cou-

plings and CP-violating interactions.

The differential cross-section measurements are presented at particle-level after applying
corrections to account for detector inefficiencies. These corrections are applied to differ-
ential signal yields which are obtained through a minimum log-likelihood fit of the data to
simulations and data-driven background estimates. The measured differential cross-sections
are compared to predictions from simulation, and are found to be compatible within statisti-

cal and systematic uncertainties.

Correction factors to the jet energy scale calibration for large-radius jets are presented. These
residual insitu corrections account for detector mismodelling in applying the simulation de-
rived jet energy scale to data. The calibration is performed using Z+jets events in both the
electron and muon decay channels, and are found to be most relevant in the kinematic range
of 200 GeV < p'Tet < 500 GeV, where p’Tet represents the jet transverse momentum. The total
uncertainty on the insitu calibration factor is found to range from 0.5 — 1.5% depending on

the decay channel and ]fft bin.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is a quantum field theory which describes the
interactions of six quarks and six leptons along with their anti-particles in addition to four
vector bosons, and a scalar boson. Even though many predictions of the SM have stood up to
experimental scrutiny [1], the theory has a number of shortcomings which indicate it is not a
complete description of nature. To name a few of these, the SM does not explain the origin of
neutrino masses [2], the reason why there are three generations of fermions [3], and the origin
of electroweak symmetry breaking [4, 5]. It is possible that the resolution to some of these
problems lie in the idea that the SM is a low-energy effective theory, which is completed at
some higher energy scale [5, 6]. It is through precision measurements of SM interactions that
this hypothesis can be tested. The study of Vector Boson Scattering (VBS) in particular is of
interest due to the presence of quartic EW boson interactions which are potentially sensitive to
beyond-the-standard-model (BSM) contributions. Additionally, the scattering cross-sections
of VBS processes diverge at high centre-of-mass energies without the presence of delicate
cancellations in the form of Higgs boson interactions [7, 8]. Measurements of VBS processes

therefore also provide an insight into the nature of the Higgs mechanism.

Experimental measurements of VBS processes are extremely challenging because these rep-
resent some of the rarest SM processes measurable with the 140fb~' ATLAS Run-2 dataset
[9]. This means that the accuracy of these measurements are usually limited by the statisti-
cal precision of the dataset. Furthermore, these measurements are often accompanied by a
large irreducible background which dominates over the signal process. Measuring the signal
therefore requires precise modelling of this background, in addition to the careful derivation

of data-driven background constraints.

The work presented in this thesis focusses on the differential cross-section measurements of
W (— (v)~y in association with two jets in the electroweak production mode (no strong cou-
pling vertices at leading order). Separating the signal from the dominant strong irreducible
background is facilitated by performing the measurement in a phase-space optimised for sen-
sitivity to VBS processes. Such a phase-space is constructed using knowledge of the charac-
teristic event topologies of VBS processes, which is summarised by the presence of two jets
with large longitudinal momenta and a large separation in rapidity. Furthermore, the lack of
colour flow between the partonic initial states results in an absence of hadronic activity in the

rapidity interval between these two jets.



The shape and normalisation of the signal and the strong background predictions are con-
strained via a binned log-likelihood fit of the data to simulation. The construction of three
background-enriched control regions, and careful consideration of the floating parameters in
the likelihood help to constrain the background. Differential cross-sections in six observables

are obtained after applying corrections for detector effects to the extracted signal yields.

In addition to the measurements of differential cross-sections, this thesis presents work on
the calibration of large-radius jets. The hadronic decays of high transverse momentum heavy
particles such as top quarks and W or Z bosons result in a highly collimated decay product,
where the angular separation of the outgoing partons is often not large enough to enable
the resolution of the individual jets. In these situations, the hadronic decay product can be
reconstructed as one large-radius jet. Up until recently, the reconstruction of large-radius jets
has been performed using inputs constructed solely from topologically grouped clusters of
calorimeter cells [10, 11]. Recent advancements have lead to jet definitions derived using
inputs from combined track and calorimeter information, which results in jets with improved
pileup stability, energy/mass resolution, and substructure performance [12—14]. This thesis
outlines the calibration of large-radius jets reconstructed using one of these improved inputs
known as “unified flow objects” (UFO) [14].

The jet calibration work in this thesis pertains to the derivation of residual corrections to the jet
energy scale (JES), known as the insitu calibration. This correction is applied at end of a chain
of calibration steps, where the initial steps are primarily responsible for bringing the energy
scale of reconstructed jets to that of simulated truth particles. The insitu calibration uses
data-to-simulation ratios to primarily correct for detector effects not captured by simulation
when applying the JES to data [10]. The insitu calibration itself is derived from the statistical
combination of a number of different methods which all exploit the transverse momentum
balance of a well measured reference object against a probe jet to define a response which
should be close to unity. The calibration presented in this thesis is derived using events where

the reference system is comprised of a reconstructed Z —ete™ or Z — ptpu~ decay.

The chapters in this thesis are outlined as follows. Chapter 2 begins with an introduction to
the SM, and culminates in a description of the SM Lagrangian. Subsequently, a section on
the formation of hadronic final states begins with an introduction to matrix-elements, Feyn-
man diagrams, and cross-sections, and ends with a description of the techniques employed by
event generators to model the non-perturbative physics. The final section outlines the defin-
ing theoretical and experimental features of VBS, in addition to a summary of recent VBS
measurements made at ATLAS. Chapter 3 introduces the LHC and the ATLAS experiment,
and contains a detailed description of the subsystems comprising the ATLAS detector. Addi-
tionally, this chapter describes the ATLAS trigger and data acquisition systems along with the
reconstruction algorithms which go into defining the objects used in ATLAS analyses. Chap-
ter 4 describes the author’s work on the insitu calibration of large-radius jets, and Chapter 5
outlines the authors work on the differential cross-section measurements of the electroweak
production of W (— /fv)v in association with two jets. Finally, Chapter 6 concludes this

thesis.
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Chapter 2
Theory

2.1 The Standard Model

This section is primarily based on quantum field theory undergraduate lecture notes from Tim

Evans [15], David Tong [16] and lecture notes on unification by Arttu Rajantie.

The standard model (SM) is the best description of fundamental physics at the quantum scale.
Itis a quantum field theory (QFT) that describes the interactions of the fundamental particles,
which emerge as quantised excitations of fields. In order to understand the details of this
theory, one must first be introduced to the concepts of quantum mechanics and classical field

theory.

2.1.1 Quantum Mechanics and Classical Field Theory

The equations of motion of a classical system are determined by the principle of least action.

This states that the trajectory z(t) of a particle is the one that extremises the action S:

S = /dtL(x,:b), 2.1)
where L(z, t) is called the Lagrangian. In this Lagrangian formulism, a particle trajectory
is parametrised by its coordinates x and their time derivative x.

In the equivalent Hamiltonian formalism of classical physics, a point particle is parametrised
by coordinates and momenta (z, p). A function called the Hamiltonian (/) is defined which
describes the evolution in the space of coordinates and momenta, called phase space. The

equations of motion are given by Hamilton’s equations:
i={z,H}, p={p H} (2.2)

where {, } are the Poisson brackets, and a dot denotes the partial derivative with time. The

Poisson brackets for coordinates and momenta are:

{z,p} =1, {x,2} =0, {p,p} =0, (2.3)

and the time evolution of any function F'(x, ) can be expressed in terms of the Poisson brack-

11



ets:

& = (R H). (2.4)

The probability of being in dpdz is denoted through a probability density function w(p, x, t):
w(p, x,t)dpdx, where / dpdz w(p, x,t) = 1. (2.5)

Quantum Mechanics (QM) can be defined through the direct quantisation of a classical dy-
namical system of particles, in a process known as canonical quantisation. In this process,
the system is quantised by replacing Poisson bracket relations with a commutator relation
times ¢ /i, and replacing the conjugate variables x, p with operators Z, p. For a finite system

of point particles, the canonical commutation relations are written as:

There are many interpretations of quantum mechanics, one of the most used ones is the
Copenhagen Interpretation, which proposes that the state of the system is described analo-
gously to equation 2.5 by a wave function, 1)(x), where the probability density p(x) of finding

the system in a given state is described by the Born rule:

p(x)d*s = [12d*z, where / oz [P = 1. @.7)

This description of reality has a number of problems. First, the universe is assumed to be
split into quantum and classical regimes, where classical physics emerges at larger scales
(lower energies). Secondly, QM only describes a finite number single-particle states — this
can be seen from equation 2.7, which states that a particle exists with probability 1. This is
problematic since this is at odds with the principle of matter-energy equivalence from special
relativity. Namely, single-particle states don’t allow for the creation of particle-antiparticle
pairs. Additionally, a multi-particle theory is necessary from the standpoint of causality. This

is less obvious, but a good description of causality violation is given in [17].

In classical field theory, single particle states are replaced by a fields which are functions
defined at every point in space and time. This formalism describes the dynamics of continuous
systems with an infinite number of degrees of freedom. Examples of classical fields are
the electric and magnetic fields in Maxwell’s theory of electromagnetism. The equations
of motion are again determined through the principle of least action, where the Lagrangian
is replaced by its continuous generalisation, the Lagrangian density, L — in the rest of this

chapter £ will simply be referred to as the Lagrangian. The action is written as:

S = / d'zL(¢,0,0), (2.8)

where the index /. runs over one time coordinate (z°) and three space coordinates (z', z?, x3)

_ 9
and = 5om

tion under a set of symmetries. If a given transformation leaves the laws of physics unchanged,

One of the most important aspects of a field theory is the invariance of the ac-

12



the Lagrangian must be left unchanged up to a total derivative. In particular, a relativistic field
theory requires that the Lagrangian is invariant under Lorentz transformations. Fields which
transform under the trivial representation of the Lorentz group (the value of the field at any
spacetime point remains unchanged) are called scalar fields'. These fields don’t come with
a Lorentz index, 1. Fields with a Lorentz index are called vector fields, and the components
of these fields change under non-trivial Lorentz transformations. The Lagrangian can also
have internal symmetries, which specifies the invariance of the theory under some symme-
try group. Demanding a number of internal symmetries, limits the form of £, and therefore

limits the theory by, for example, only allowing certain interactions.

To introduce QFT, it is useful to start with the simple classical field theory of a real, non-
interacting scalar field. After enforcing the theory to be invariant under the group of spacetime

symmetries (Poincare group), the only possible Lagrangian is of the form:
1 2 1 2,2
L=-(0,0)" — =m°¢°. (2.9)
2 2
This corresponds to the equations of motion:
9,0"p +m*¢p = 0, (2.10)

which is the Klein-Gordon equation, and describes a relativistic spin-zero field of mass m.
This field theory can be quantised in a similar procedure to the canonical quantisation. This
— oL

is done by promoting the field and its conjugate momentum-density 7(x) = 5% to operators

and enforcing the axioms:

[D(x, ), 7y, )] = 76 (x —y),  [p(x.),0(y. )] = [F(x. ), 7(y. )] =0, (2.1

where 03 (x — y) is the Kronecker delta function. These are called the equal time commu-
tation relations. In going from QM to QFT, the coordinates x no longer represent quantised
operators, but are arguments of the field. This is a big conceptual shift — fields represent devi-
ations in a field space. This is very different to QM, where the equations of motion describe

the dynamics of single particles in coordinate space.

2.1.2 Quantum Electrodynamics (QED)

Maxwell’s theory of electrodynamics can be described as a classical field theory using the
scalar potential ¢ and the vector potential A. The electric and magnetic fields are given in

terms of the potentials by:

E:—%—?—V(]ﬁ, B=V xA. (2.12)

These scalar and vector potentials can be combined into a real Lorentz vector field, the four-
vector potential A" = (¢, A).

n the SM, scalar fields are spin-zero fields, and their excitations represent Bosons.

13



Let’s assume the Lagrangian of classical electrodynamics involves A* and its derivative 0, A,
The general form of the Lagrangian can be derived from the knowledge that £ must be (i) a
Lorentz scalar, (ii) renormalisable, and (iii) invariant under gauge transformations. Renor-
malisation is a concept from QFT which limits the energy dimensions of the terms in the
Lagrangian. Namely, renormalisable terms are those with energy dimensions of at most 4,
since the introduction of higher dimension terms leads to divergent cross-sections. Gauge in-
variance is simply the statement that certain changes to the scalar and vector potentials ¢ and
A leave the electric field E and the magnetic field B invariant. These gauge transformations
are given by:

A, — A, — O\ (z) (2.13)

where ) is an arbitrary scalar function. It is immediately clear that terms like A, A" and
0, A" are not invariant under gauge transformations, and are therefore not allowed. The only

renormalisable Lorentz scalar term which is invariant under gauge transformations is:

1
L=~ FuF", (2.14)

where F),, is the anti-symmetric tensor known as the field strength tensor F,,,, = 0,,/A,—0,A,,
and the normalisation of —% is chosen by convention. The equations of motion correspond-
ing to this Lagrangian reproduce all of Maxwell’s equations but with no charge-density and
current-density terms. This describes the dynamics of massless, non-interacting spin-1 fields,

which can be identified as photons in the quantised theory.

Scalar and vector fields give rise to spin-0 and spin-1 particles, respectively. To describe lep-
tons and quarks, which have spin-1/2, requires the concept of spinor fields y). The Lagrangian

which describes the dynamics of fermions in the SM is given by the Dirac Lagrangian:
L = (iv"0, — m)y, (2.15)

where «# are the gamma matrices, which are a set of four 4 x 4 matrices which satisfy the

Clifford Algebra, and 1) = 1’7", The equations of motion are given by the Dirac equation:
i(@ —myy =0, (2.16)

where a slash indicates contraction with the gamma matrices. The Dirac equation is a first-
order equation which replaces the Klein-Gordon equation for spin-1/2 particles. The plane-
wave solutions to the Dirac equation represent particles and antiparticles with energies given
by E? = p? + m?.

The Dirac Lagrangian has a global® U(1) symmetry, i.e. it is invariant under the transforma-
tion 1 — e1). As a consequence of Noether’s theorem, which states that every continuous
symmetry of the action has a corresponding conservation law, this symmetry results in a con-

served current, j*, which satisfies the continuity equation. This gives rise to an associated

2 A global symmetry transformation is not position-dependent, whereas a local symmetry transformation is position-dependent.

14



conserved charge. The current is given by:
j* = —ely"y, where 9,j" =0, (2.17)

where —e is the charge of the electron. In the quantised Dirac theory, this gives rise to the

conserved charge given by:

A A d3p
Q:/_€Z(NZ_N§)(27T)37 (218)

where N 5 and N ; are the number operators for fermions and anti-fermions, respectively, in
spin state s. The global U(1) symmetry of the Dirac Lagrangian therefore gives rise to particle

number, and as a consequence, electric charge conservation [17].

The description of QED given by the Dirac Lagrangian (2.15) and the Maxwell Lagrangian
(2.14) does not give the full picture. First, the Maxwell term does not reproduce Maxwell’s
equations for non-zero electric charge, and there is still no description of interactions between
photons and fermions. Both of these issues are solved by adding an extra interaction term,
—j*A,, where j* is the conserved current in equation 2.17. With this additional term, the

QED Lagrangian is given by:

1 - _
L= —ZFMVF“” + (i@ — m) + ey P A,,. (2.19)
This is equivalent to:
1 _
_ZF"”FW + (i) —m)y, where D, = 0, +ieA,. (2.20)

D, is referred to as the covariant derivative. In going from the sum of the Maxwell (Equation
2.14) and Dirac Lagrangians (Equation 2.15) to Equation 2.20, a global U(1) symmetry is
replaced by a local U(1) symmetry. This process of turning a global symmetry into a local
symmetry through the introduction of the covariant derivative has given rise to interactions

between fields.

The Dirac Lagrangian (Equation 2.15) is invariant under parity transformations defined by
(t,x) — (t,—x) if the spinor as transforms as ¢» — 7. However, this contradicts ex-
perimental observations of parity violation in beta decay [18]. The generalisation of Dirac
spinors to left- and right-handed Weyl spinors allows parity to be violated. By introducing
a fifth gamma matrix 7° which anti-commutes with all other gamma matrices, Hermitian

“Left” and “Right” projection operators can be defined
1 5 1 5
PL:§(]I—7 ), PR:§(]I+7 ) (2.21)
which are then used to construct the Weyl spinors

Y = Py, g = Pry, where ¢ = + ¢p. (2.22)

15



It can be shown that left (right) handed Weyl spinors transform into left (right) handed Weyl
spinors under Lorentz transformations, which implies it’s possible to construct a Lorentz
invariant theory using Weyl spinors. Under parity transformations, however, left-handed Weyl
spinors turn into right-handed Weyl spinors, and vice-versa, giving rise to parity violating

theories. The Dirac Lagrangian (Equation 2.15) can be written in terms of Weyl spinors as

L= idr + pidbr — m g + Y pibr), (2.23)

where the spinors decouple at m = (. The handed-ness is interpreted as the helicity of the
particle, i.e. whether the spin is parallel or anti-parallel to the momentum. This is only well-
defined in the m = 0 case as here a Lorentz boost to the centre-of-mass frame (where the

momentum is zero) is not possible.

2.1.3 Spontaneous Symmetry Breaking

Equation 2.20 describes a theory of a massless photon, massive fermions and interactions
between photons and fermions. However, there is still no theory of massive vector bosons.
To realise this, it is necessary to introduce the concept of spontaneous symmetry breaking
(SSB). This describes the situation where the Lagrangian has an internal symmetry, but there

exists a ground state which is not invariant under the full symmetry group of the Lagrangian.

Let’s introduce the concept of SSB with the Lagrangian of complex scalar field

1
L= 30000~ V(5,0), V(om0 = 266 + N0 224)

with ;2 > 0. Notice that this is simply the Klein-Gordon Lagrangian (Equation 2.9), where
the scalar field is now complex, and with the addition of a ¢* term, which can be added
by virtue of it being renormalisable. This Lagrangian has a global U(1) symmetry, i.e. is
invariant under

¢ —ep, 6€0,2n). (2.25)

The ground state is described by the minima of the potential V' (¢*, ¢), which are

o= Lew, where v? = 1%/ (2.26)

V2

This describes a circle of identical minima, and we have the freedom to choose the vacuum
state ¢ = v/ \/§, where v € R. The value of the field at the minimum is called the vacuum

expectation value (vev). Expanding ¢(z) around the vev gives

o) = %(v + o) +ix(@)), ¢.x €R 2.27)

Up to quadratic order, this results in the Lagrangian

1 1
L) = S(0up) + 500X — 179", (228)
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from which it is clear that there is no mass term for the field x(x). Therefore, as a result of
SSB, the theory contains a massless scalar particle known as a Goldstone boson. This is a
general consequence of SSB known as Goldstone’s theorem: every generator’ of the global
symmetry group that changes the vev (known as an broken generator) results in a massless
boson. Spontaneous symmetry breaking when applied to a local symmetry is known as the
Higgs Mechanism. In the application of the Higgs mechanics to the theory of electroweak
unification (Section 2.1.5), the available degrees of freedom are reassigned to allow the W=
and Z bosons to become massive. Furthermore, all massless goldstone modes can be removed

through a gauge choice.

Up until this point, only theories with a U(1) symmetry have been considered. This is an
example of an Abelian* group. The theory of electroweak unification is invariant under an
additional group called SU(2), which is an example of a non-Abelian group. The next section
gives a brief overview of the mathematical tools required for the application of the Higgs

mechanism to a theory with a non-Abelian gauge symmetry.

2.1.4 Non-Abelian Gauge Symmetries

Each element of a non-Abelian group corresponding to a local symmetry transformation has a
representation M (x), which is an N x N matrix. Each group element can also be expressed as
M = """ where 0* are real coefficients, and ¢ are a set of basis matrices called generators.
The number of generators is given by the dimensionality of the group, D. For the group of

traceless, Hermitian matrices, SU(NV), the dimensionality is given by D = N2 — 1.

Under a local non-Abelian transformation, the components ¢; of an N-component complex
é1

scalar field ( : ) transform as
éN

¢i(z) = Mij(w)9;(x). (2.29)

In order for the Lagrangian in equation 2.24 to be locally gauge invariant, the derivatives
should be replaced with covariant derivatives D,, = 0, + igA,,. This Lagrangian is gauge

invariant only if A, transforms as:

A, — MAM + é(auM)MT . (2.30)

Invariance under this transformation only holds if A, can be expressed as a linear combina-
tion of group generators A7¢, where Aj, are real coefficients. This implies that A, is a D
component vector field. The group generator t® is a broken generator if t°¢y # 0 and t* is

an unbroken generator if ¢y = 0, where ¢y is the vev.

3Group generators are defined in Section 2.1.5.
4An Abelian group is one where the group elements commute. Conversely, transformations that do not commute are called non-
Abelian.
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It is useful to define a D x D matrix
ab 1 t a b
S = ST T} oo, 2.31)

It can be shown that unbroken generators are eigenvectors of S with zero eigenvalue. The

A

eigenvectors ¢ can be used to define a new set of generators

A ( Avarga
T = ()T, (2.32)
with A € {1,..., D} and where the eigenvectors are ordered so that the zero eigenvalues
come first. Then R
TAby, =0 for A< D'
390 oraA= (2.33)

T4¢g; #0 for D' < A< D.

The generators for A < D’ generate a subset of the original group, and generate the group of

residual symmetries after symmetry breaking.

2.1.5 Electroweak Unification

The theory of electroweak unification is invariant under the symmetry SU(2) x U(1) and
contains one complex doublet scalar field (the Higgs field), ¢ = (i; ); a three-component
vector field A, = Aﬁt“ which transforms under SU(2)’; and a one-component vector field

B,, which transforms under U(1). The transformation law for ¢ goes as
¢ — TG q € {1,2,3}, (2.34)

where ¢ and 7 are real numbers and ¢* are the generators of SU(2) which are 2 x 2 matrices.
The SU(2) and U(1) gauge couplings are given by g» and ¢, /2, respectively. The Lagrangian
for this theory is given by

1 1 1
L= —FL " = 2B BY + (D) D"6 + 126'6 — SA('0)* (235
where
Fi, = 0,A5 — 0,A% 4 gae™ AL A a € {1,2,3}, (2.36)
and €% is the levi-cevita symbol and the covariant derivative is

D¢ = 8,6 +ig2A%°¢, a € {1,...,4}, (2.37)

where a fourth generator and gauge field component is introduced for convenience. These are
defined as t* = £-1 and A, = B,,.
92 H H

The kinetic terms in the Lagrangian are similar to the theory of free non-interaction photons

(Equation 2.14). However, this theory would not be invariant under a non-Abelian transfor-

5AM has three components since the dimensionality of SU(2) is equal to three.
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mation (Equation 2.30). In turns out that the trace of the field strength tensor is invariant,

however, which explains the form of the first term in Equation 2.35.

By expanding ¢ around the vev

o(x) = ¢o + %g@(z), where ¢y = % (S) , (2.38)

and expressing the gauge fields in terms of the generators in Equation 2.32,i.e. A, = A/‘:‘TA,

the covariant derivative can be written as

i

V2

1 . .
D¢ = ﬁﬁugo + ALY + —= g AT, (2.39)
where we have defined g})A =74 ¢o. To quadratic order, the derivative term in the Lagrangian

becomes:

(D) (D"6) = L(0,0)10% + 63 3" N AR 1+ O((0,0)04 4%, 2.40)
A

where we have used the fact that the vectors ¢ are orthogonal
(6M)16" = Noap, (2.41)

and \P are the eigenvalues of the matrix S% in Equation 2.31. Finally, the mixing term in
Equation 2.40 and the ¢3,? potential term can be eliminated through a gauge choice called

the unitary gauge. Up to quadratic order, the Lagrangian becomes:

L0 =~ L(@uA — B AN @A — v A

) (2.42)
+ 05 ) NAGA 4 S (0,9) 10" 0 + BT,
A

from which the particle spectrum can be read off®. There is one scalar particle, the Higgs
boson, with mass /2y and four gauge bosons with mass gQ\/Q/\_A, with A € {1,...,4}.
Therefore calculating the eigenvalues of the matrix S gives the masses of the gauge bosons.
It turns out that the Lagrangian after symmetry breaking has a residual U(1) symmetry, which
has dimensionality one. Therefore, according to equation 2.33, there is one eigenvalue which
satisfies \* = 0, which means there is one massless gauge boson, i.e. the photon. The other
three eigenvalues are non-zero implying that the other gauge bosons are massive. It is worth
noting that the residual U(1) symmetry group is not the original U(1), but rather a linear
combination of a subgroup of SU(2) and the original U(1) group. This means that the gauge
fields corresponding to the W and Z bosons are linear combinations of the SU(2) and U(1)
gauge fields.

SCalculating the equations of motion using the Euler-Lagrange equations would lead to 4 separate massive Klein-Gordon equations
for the gauge field components AZ‘. This calculation is omitted here for brevity.
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2.1.6 The Standard Model Lagrangian

The SM has SU(3) x SU(2) x U(1) gauge symmetry, where the SU(3) gauge fields are given
by G,,,.. After spontaneous symmetry breaking, the residual symmetry group is SU(3) x U(1),
meaning that SU(3) is not a broken gauge symmetry, and hence the SU(3) gauge fields do not
gain mass under the Higgs mechanism. Hence this theory contains eight (since SU(3) has
dimensionality eight) massless gauge bosons called gluons, which are the mediators of the

strong interaction. With the extra gauge field, the covariant derivative becomes
D, = 0, +ig3G ) Tyes) + 1924, Tsye) + i1 Y Bu1, c € {1,...,8},a € {1,2,3}, (2.43)

where Y is the U(1) hypercharge which is just a real coefficient which changes depending on
how a particular field transforms under U(1). The SM also contains three left-handed Weyl
spinors representing the lepton fields U f e {1, 2,3}, which are neutral under SU(3) as

leptons do not interact with the strong force

A R - e . R (2.44)
€r 1939 TL

Charged leptons and neutrinos are known to interact via the weak force, hence the doublet
lepton fields should be charged under SU(2) and since they are doublets they should transform
under the 2 x 2 matrices which make up the fundamental representation’ of SU(2). The SM
scalar field is the complex doublet discussed in Section 2.1.5, which means that it is in the
trivial representation of SU(3) (meaning that 7 g5, = 0 for the Higgs field), the fundamental
representation of SU(2), and that the hypercharge is ¥ = % The theory also contains three
right-handed lepton fields which are neutral under SU(3) and SU(2)

(yp =epr, U3 =pg, {3 ="r (2.45)

To identify the ey, /g, 1t1./r, 71/ r fields as the electrically charged left and right-handed leptons
and v.r,v,r, Vrr, as the electrically neutral neutrinos, the hypercharge is required to be Y =
—% for the left-handed spinors and Y = —1 for the right-handed spinors. The Lagrangian
cannot have a mass term like in equation 2.23 since this is not gauge invariant as left- and
right-handed spinors transform differently under SU(2) and U(1). The lepton mass term in
the SM goes as

Lo —yf(Cr ol + Tpot ) — gt (ol + Tpot ) — yf ((Lol% + Tre'03),  (2.46)

where ylf , f € {1, 2,3} are the Yukawa couplings for leptons. There are no cross-generational
terms since these can be removed via singular value decomposition which diagonalises the
matrix of Yukawa couplings without affecting the lepton kinetic terms. After SSB, using the
Higgs vev ¢y from Equation 2.38, this reduces to the mass term from Equation 2.23 with

mass m, = ylf v/ /2. There is also no neutrino mass term in the broken phase. Therefore the

7The fundamental representation is the original representation of D N x N matrices.

20



SM predicts massless neutrinos.

Quarks are represented by left and right handed Weyl spinors which are charged under SU(3)
and are in the fundamental representation. This means that the quark fields come with three
(since, in the fundamental representation, the generators of SU(3) are 3 x3 matrices) colour
indices, which are omitted here for brevity. Since the weak interaction can change quark
flavours, the left handed fields are assumed to be charged under SU(2) and are in the funda-
mental representation. Just like with leptons, quarks come in three generations. For a given
generation f € {1,2, 3} and colour index, the left handed fields are therefore doublets of the

f “{
q; = pak (2.47)
L

where u{ refer to up-type and dé refer to down-type quarks. Left handed quark fields also

form

need to be charged under U(1) with Y = —1/6 for the up-type and down-type quarks to have
an electric charge of —l—%e and —%, respectively. The SM also contains right-handed quarks
which are in the fundamental representation of SU(3) and are neutral under SU(2) and have
hypercharge Y = +§ and Y = —% for up and down-type quarks, respectively. The SM

Yukawa term for quarks is given by

LD —yl%ghods + (y39) d%otel + yl9g) ds, + (y19) d%o' gl (2.48)

where ¢ = io2¢* and o is the Pauli matrix with imaginary components. This redefinition
is necessary for the last term to have the correct transformation properties under SU(2). The
matrix of quark Yukawa couplings can be diagonalised just like with leptons, however this
affects the kinetic term for the quark fields since the left-handed up-type and down-type quark
fields are rotated differently, resulting in interactions between the W-boson and the quarks that

can change the quark generation. This is summarised by the CKM matrix
Verau = V) Var, (2.49)

where V,,; and V;;, are the singular value decomposition matrices applied to the left handed

quark fields. Similarly to the lepton case, the quark field mass terms appear after SSB, where
f
Ya¥

the masses are given by 7

and % for down-type and up-type quarks, respectively. Finally,
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the SM Lagrangian is given by
L=— —G“ GHe — Wb W 1B B*
4" 4 4
(D) D 6+ 616~ SN(610)?

+ Z [(1iID0] + i pth, + qhilPgl + dpi s, + whipuy] 2.50)

Z lialody, + (v dyotal + vlitalédy, + (yl?) d%elal]

—Z[WW%%WH, ae{l,...,8}, b fge{1,23}
f

a
where G e

and B, is the U(1) field strength tensor. The SM has 19 parameters which have all been

W/’jy are the SU(3) and SU(2) field strength tensor components, respectively,

experimentally measured. These are the 3 gauge couplings, Higgs self-coupling A and mass
parameter u, the 3 lepton Yukawa couplings, 6 quark Yukawa couplings, 3 CKM mixing
angles and one complex phase, and finally an additional parameter called the strong CP angle,
0.

2.2 Physics of Hadron-Hadron Collisions

This section is primarily based on the textbook ‘“Practical Collider Physics” [19], undergrad-
uate lecture notes on quantum field theory by Tim Evans [15], in addition to lecture notes
from the 2020 STFC HEP summer school. The review “General-purpose event generators

for LHC physics” [20] was used in writing the subsection on Monte-Carlo generators.

2.2.1 Scattering Amplitudes and Cross-sections

The equations of motion for a free, real scalar field are given by the Klein-Gordon (KG)
equation. The KG equation can be solved by taking a trial solution for ¢(x) as the Fourier
transform, i.e. a sum over plane waves. Substituting this into Equation 2.10 gives the usual rel-
ativistic dispersion relation m? = k?, where k? = k2 —k?, and k denotes the four-momentum.

Therefore the general solution is®

/ ARO(K: = m2) (0(—K") Aye ™ + O(K°) Bye™™)
(2.51)
:/_( —zwkt+zkx+B ezwkt 7,kx>’ where Wi = 1/k2+m2’

ka

Ay, and By, are general functions of k, d'k = d Gmt and the Heaviside step function §(4-k°)
is used to separate the ky < 0 and ky > 0 solutlons. Equation 2.51 motivates the following

8The notation is used where k or = without bold font are four-vectors. The Minkowski metric of (+1,-1,-1,-1) is assumed.
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form of the quantum field operator ¢(z)

. Bk

The field operator can be interpreted as creating one quantum at z# = (X, t), and the raising

operator &f‘ creates one quantum at 3-momentum K. The raising (and lowering) operators act

(e7* %Gy + e™*al), where kx = wit —k - x. (2.52)

on states which are momentum eigenstates of the free Hamiltonian. These states are vectors
in a Hilbert space of all possible momentum eigenstates. An n-particle state is denoted in

terms of n creation/annihilation operators acting on a single vacuum state |0)

1, P2, ..., Pa) = al al ...l |0). (2.53)

In the Schrodinger picture, states evolve in time and operators are fixed. States evolve accord-
ing to the time-dependent Schrodinger equation (TDSE)
dl)s

i = Hl|Y)s, (2.54)

where H is the Hamiltonian, and a subscript .S denotes the Schrodinger picture. In the Heisen-

berg picture, states are fixed, and operators O evolve in time

OH(t) — ethL(QSe—th7

- (2.55)
V) e =€) s,

where a subscript [ denotes the Heisenberg picture. The interaction picture is a hybrid of the
Heisenberg and Schrodinger pictures. The Hamiltonian is split up into the free Hamiltonian
H, and the interacting part H;,’

H = Hy+ Hy. (2.56)

In the interaction picture, the time dependence of the operators is according to Equation 2.55
but with the Hamiltonian replaced with the free Hamiltonian H. The states in the interaction
picture evolve according to the TDSE with the Hamiltonian replace with H;,.. A corollary of
this is that states are evolved in time from % to ¢ through the unitary time evolution operator
U(t, to)

()1 = U(t, to)[¢(to)) 1, (2.57)

where the subscript I denotes the interaction picture. U(t, ) is given by Dyson’s formula

t
U(t, to) :Texp<—i / Hl(t’)dt’), (2.58)
to

where 1" denotes the time ordering of the operators such that later times are on the left.

We want to calculate the probability P for a scattering processes which has some initial state

°In principle this is an arbitrary split, but it useful for the discussion of matrix elements for the split to correspond to the free part and
the interacting part of the Hamiltonian.
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|i) and a final state | f). This is given by

M
(L)l

where M is called the matrix element. To determine the form of M, we make the following

P = (2.59)

assumptions. The scattering process happens at some time ¢, ¢ < ¢t < ¢ and the interactions
happen on very short time scales. Therefore at {;. — 400 there are no interactions, which
means the initial and final states |i) and | f) are simply the eigenstates of the free theory. The

matrix element is given by

M= lim (FlU(E,t)li) = (IS]), (2.60)
where U (t,t_) is the unitary operator which evolves the state |¢) in time to the state |f),
where these are now eigenstates of Hy, and S is the operator known as the S-matrix. By

Taylor expanding S, the matrix element can be written as
M = 8y + i(2)} (sz Z )A, 2.61)

where the factor of (27)* comes from the normalisation of the states, the first terms describes
the case where there is no scattering, and the delta function in the last term imposes overall
energy-momentum conservation. The remaining quantity A is called the amplitude, and is
like the matrix element M but without the energy-momentum conservation and only includes

the pure scattering terms.

Scattering amplitudes can be explicitly calculated through writing the matrix element as a
product of Green’s functions, which are time-ordered vacuum expectation values of the field
operators that define the initial and final states. Perturbatively expanding the S-matrix gives
the amplitude at a given order, and the time-ordered product of fields can then be computed
using Wick’s theorem [17]. The method of using Feynman diagrams simplifies this procedure
by representing each term in the perturbative expansion of M — 9, as a diagram. The specific
set of rules which defines the correspondence between terms and the diagrams is dependent

on the interacting part of the theory. These rules are called the Feynman rules.

Feynman diagrams consist of external legs which correspond to initial or final state (real)
particles; internal legs which correspond to virtual particles; and vertices which correspond
to interaction points between particles. Feynman diagrams are constructed as follows

1. Draw an external line for every particle in the initial state and in the final state.

2. Write down all possible combinations of n vertices if calculating A at order n.

3. Connect the legs corresponding to the same particle together in all possible ways.
The simplest diagrams that contribute to a given process give the Leading Order (LO) dia-
grams. The addition of diagrams with extra radiation amounts to an increase in the number
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f v v |4
T
f 1% |4 %
Figure 2.1. The types of possible EW interaction vertices at tree-level (no loops), omitting the diagrams
involving a Higgs boson. V represents an EW gauge boson (v, Z, W¥), f represents a fermion. Care must be

taken in the choice of particle, as there are many interactions with the configurations listed here which are not
allowed.

q g g )
9 TATAT< g mé Zgl%
q g g g
Figure 2.2. The types of possible QCD (strong) interaction vertices at tree-level, omitting the diagrams

involving a Higgs boson. g represents a gluon and ¢ a quark. Since gluons carry colour charge, they can
self-interact.

of vertices, which comes with additional factors in the coupling constants. Considering only
diagrams up to a given order in the coupling is called perturbation theory. The simplest

corrections to the LO diagrams are called next-to-leading order (NLO).

The types of possible vertices for the EW interactions are shown in Figure 2.1. Care must
be taken to ensure that vertices involving a v must involve charged particles, and therefore
vertices like vZZ are not allowed. Since, it is only through interactions with the 11/-boson
that quarks can change families, flavour changing neutral current vertices like Zds are not
allowed, and vertices which do involve an interaction between a 1/ -boson and quarks from
different families are suppressed by off-diagonal factors from the CKM matrix. Additionally,
diagrams like vy, 227, ZZZV, and vV are not allowed. Finally, charge and lepton
number must be conserved at each vertex, where lepton (and baryon) number conservation

are accidental symmetries of the U(1) gauge invariance.
The types of possible QCD interaction vertices are shown in Figure 2.2.

From Equation 2.59, the probability of an interaction is proportional to the square of the

matrix element. Ignoring factors of 27, this is given by

IM? = A6 (Z pi—> qf)5<4>(0), (2.62)
i !

where 6 (0) comes from the square of the delta function, and results in an infinite interaction

probability. This infinity is resolved if a finite space-time volume V7' is considered

oW (0) = /d%eim’

= / dix =VT. (2.63)
p=0

After summing over all possible momentum states, the interaction probability per unit time
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reduces to [19]

&
Z 4E1E2 <H/ 25)5(4) 2.0 _Z‘-’f>|“4|2’ (2.64)

momenta
where F; and 5 are the energies of the initial and final state particles.

pp collision experiments don’t directly measure scattering probabilities since the interaction
rate depends on factors which are specific to the experiment, such as the focus, shape, and
intensity of the particle beams. Instead, a quantity known as the cross-section is measured,

which is related to scattering amplitudes but is not dependent on the properties of the beam.

Cross-sections

In a scattering event it is useful to think of one of the particles as being the incident particle,
and the other as being the target. Then, there is some region of space around the target particle,
such that an interaction occurs if the incident particle is within that region. Therefore the
target particle has an effective cross-sectional area for interaction, which is referred to as the

scattering cross-section, o.

The number of scattering events N in a given amount of time is directly related to o and

satisfies
dN

dt

which defines the quantity known as the instantaneous luminosity L(t) (this is discussed in

= L(t)o, (2.65)

more detail in Section 3.1.1), which carries the dependence on the beam parameters. Linking
the interaction cross-section to an event rate requires knowledge of some properties of the

incident and target particles, specifically

_ LN
- N,F, 6t

where F, = n4(v, + vp), (2.66)

and n, is the number of incident particles per unit volume; /N, is the total number of target
particles; v,, v, correspond to the incident and target particle speeds; and F, is the flux of the

incoming particles.

Scattering processes are described by Poisson statistics since the interaction probability is
constant in a given amount of time. For Poisson processes, the total probability per unit time
is equal to the event rate. Therefore scattering amplitudes can be linked to cross-sections by

taking Equation 2.64 and dividing by a flux factor. This gives
1
o= F/dq)|,,4’27 where I’ = 4(E1‘p2’ +E2‘p1’)’ (2.67)
and

/ do = (27)* H / fg: 5<4> Zp —Z ) (2.68)
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where I’ is referred to as the Lorentz invariant flux, the product is over final state particles,
and [ d® is the phase-space integral. The calculation of a scattering cross-section is therefore
performed by (i) calculating the square modulus of the scattering amplitude .4, (ii) performing

the phase-space integral, and (iii) dividing by a flux factor.

Chapter 5 outlines the measurement of a differential cross-section. This describes the depen-
dence of o with a some observable O, and is denoted 5—8. Experimentally, this is determined
through measuring the number of scattering events in a given bin of the observable, and nor-

malising by the integrated luminosity (Section 3.1.1).

2.2.2 Calculations of Cross-sections in pp Collisions

The methods described above allows for the calculation of cross-sections for the scattering
of two fundamental particles. However, it is not immediately obvious how to extend this
prescription to pp collisions. A proton is a bound state of three quarks, uud, where the binding
force is the strong interaction, or QCD. One of the properties of QCD is that the interactions
become asymptotically weaker at higher energies (equivalently, smaller times or distances),
this is called asymptotic freedom. Hence, for the high-energy collisions at the LHC, protons

interact as if their constituents are not in a bound state at all.

10°of the proton

Due to the Heisenberg uncertainty principle, the constituent valence quarks
have non-zero momenta, even in the rest frame of the proton. In the proton rest frame, the
extreme case can be considered where the energy of one of the valence quarks is equal to half
of the proton mass. A Lorentz boost to the lab frame then reveals that the quark momentum
can take any value between zero and the total proton momentum. Therefore it is useful to
think of colliding partons as having a momentum collinear with the proton p; which is some

fraction x; of the total proton momentum F;
pi =0, 0<z; <1 (2.69)

Individual cross-sections for quarks and gluons can then be combined in the following way

to give the total cross-section o corresponding to a pp collision

= dey /O daafi(e) fy ()5 (2.70)

ivie{aa.g} 7O

where the sum is over all combinations of partons, and &;; is the cross-section for a given
parton scattering process, referred to as the partonic cross-section. The functions f;(z;) are
called parton distribution functions (PDFs) which are probability distributions that give the
probability of there being a parton ¢ with momentum fraction xj, in proton k. The total cross-
section o is therefore split up into a part which can be calculated using perturbation theory —

the partonic cross-sections — and a part which cannot be calculated using perturbation theory,

10The valence quarks are the real uud quarks that make up the proton. However, the proton mass is much larger than the sum of the
valence quark masses. Therefore it is useful to think of a proton as consisting of partons, which describes a valence quark, gluon, or a
virtual quark (known as a sea quark).
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and must be determined from the particle collision data — the PDFs. It is worth pointing out
that this treatment of PDFs is a simplification, and in particular, PDFs can be negative at

next-to-leading and higher orders. The true form of the hadronic cross-section is written as

1 1 A2
o= Z / dI1/ dszi(JJl,M%)fj(Iz,M}Q:)&m(fz’,/ﬁ%a{pz"pj})"‘o< CQ?(Q:D) , (2.71)
ije{ag.a) " 0

which includes a momentum transfer scale describing the partition between the perturbative
and non-perturbative physics, the factorisation scale ygr (more detail in Section 2.2.3). Equa-
tion 2.71 also contains a dependence on the energy scale of the hard scattering process, Q?,
and the scale at which the strong coupling becomes large, Agcp. Variations in the PDFs and
factorisation and renormalisation'' scales are used to estimate uncertainties in theory predic-

tions, for more details refer to Section 5.13.6.

2.2.3 Formation of Hadronic Final States

Even if it is possible to calculate the partonic cross-section for a given scattering process at
a fixed order in perturbation theory and combine these with PDFs to get a hadronic cross-
section, there are still a substantial number of complexities to consider before arriving at a
result which can be compared with experimental data. It turns out it is not possible to describe
the hadronic final state solely using perturbation theory. In practise then, the hadronic final
states are simulated using Monte Carlo (MC) event generators, where MC refers to a class of

statistical techniques used in the simulations.

In any given pp collision at the LHC, the incoming partons can radiate gluons and since those
gluons are colour charged, they can go to radiate even further. There is therefore a huge
amount of QCD radiation from the incoming partons prior the hard interaction (i.e. the pro-
cess where a large momentum transfer occurs or where heavy objects are created) in addition
to radiation from the outgoing partons. Calculating the Feynman diagrams corresponding to
each emission is clearly not practical. In practise, MC event generators employ parton shower
algorithms to model this QCD radiation. At a certain point, the partons cease to radiate. Since
free partons cannot exist due to a property of QCD known as confinement, they go on to form
colour neutral (singlet) bound states, hadrons, before they can be observed. The formation of
hadrons from partons is called hadronisation, and occurs when the momentum transfer scale
is small. This in turn means that the value of strong coupling «; is large. In this regime,
perturbation theory breaks down as it relies on a4 being small. Hadronisation, therefore, is
intrinsically non-perturbative. In describing the hadronic final state, MC generators employ

hadronisation models to describe this non-perturbative physics.

"1"The renormalisation scale is a factor which enters into the running of the masses and the coupling constant in QCD. For more detail
refer to [19] and Section 5.13.6.
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Parton Showers and Hadronisation

The description of parton showers begins with the observation that partonic cross-sections
tend to diverge when we consider soft or collinear (small-angle) radiation. Consider a qq
scattering process where there is additional gluon radiation off of an incoming external quark
leg. If the quark has momentum p; and the radiated gluon has momentum £, there is an

additional internal quark leg whose propagator'” contains the factor

1 1
(pr —k)*  —2|pu|[K|(1 - cos )’

(2.72)

where the last equality holds when we consider the lab frame at a pp collider, and the gluon

momentum is parametrised in terms of a qg scattering angle 6, i.e.
P = (Ip1/,0,0, |p1]), &* = (/K| 0, |k|sin0, [K|cos6). (2.73)

The scattering amplitude diverges in the soft and collinear limit. The problem here lies in
that this calculation pertains to a scattering amplitude for a process where the final state has
a fixed number of partons. This amplitude is not infrared safe (IR safe) as it does not include
a sum over all physically indistinguishable states. For the case of pp collisions, all partonic
cross-sections are not IR safe by themselves. This is because there are divergences associated
with not summing over all possible initial states. The total hadronic cross-section is IR safe
however, as the IR divergences are absorbed by the PDFs by defining a momentum transfer
scale up, called the factorisation scale which effectively divides the perturbative from the

non-perturbative physics. In simulating scattering events ;. must be set at some fixed choice.

Let’s consider the case where a final state parton ¢ radiates and therefore splits into other
partons, j and k. In turns out that in the collinear limit, the partonic differential cross-section
for the n + 1 parton production factorises into the differential cross-section for n parton

production multiplied by a factor that includes a sum over all partons that give final state

Kma 2 Zm:
R R max d|kT| ‘max dZ
A6y i1 = do, Z /k T / — Pyi(2), (2.74)

parton j.

min min z
where Ky is the transverse momentum of the parton £ relative to j, Pj; are splitting func-
tions which are different depending on the specific parton splitting vertex and depends on
a, and z, which is the fraction of the momentum of parton ¢ carried by parton j. Equation
2.74 makes it possible to calculate the differential partonic cross-section for any number of
collinear splittings. Even if the splittings are not exactly collinear, this will give a reasonable

approximation since radiation is enhanced in the collinear limit.

With each emission, the emitting parton gets progressively closer to satisfying

t=p; =0, (2.75)

i(p+m)
pZ—m2+ie
ties. This factor is called the propagator. For the calculation in this section, the quark is assumed to be massless.

121n the QCD Feynman rules an internal leg corresponds to a factor of , where € < 1 insures the correct causal proper-
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where the virtuality t is defined as the square of the momentum of parton ¢, and the parton
is assumed to be massless. This means that the parton gets progressively closer to being
on-shell. However, because of colour confinement, the parton will never be precisely on-
shell, therefore the parton ceases to emit at a certain virtuality, £y. The probability of an
emission between virtualities ¢,, to t,,,; for momentum fractions z,, and 2, is given by the
probability of no (resolvable) emissions in the virtuality range multiplied by the probability
of a (resolvable) emission which is related to the splitting function for the pair (z,, z,41)-
The probability for a whole cascade of partons is just given by repeated products of these
terms. Therefore a parton shower algorithm can simulate QCD radiation through randomly

generating a set of virtualities and momentum fractions.

Thus far we have only considered radiation in the small angle limit, but Equation 2.72 shows
that soft radiation is also enhanced. For wide-angle soft radiation, the differential cross-
section does not factorise like in Equation 2.74. However, the resolution to this is relatively
straightforward. By ordering the parton shower in emission angle 6 rather than virtuality, the
effects of soft emissions are correctly accounted for — this is called angular ordering. Another
resolution is to replace the notion of radiation recoiling off a single parton with recoil against
a pair of partons. This is called a dipole shower. Depending on the MC generator, either
transverse-momentum ordered dipole showers or angular ordering are used in parton shower

algorithms.

In the current description of the formation of the partonic final state is an unaddressed am-
biguity relating to whether the additional partonic radiation should be generated from the
matrix element or from the parton shower. Since the parton shower is only exact for collinear
radiation, it does not provide a good description of wide-angle radiation. Therefore it is
preferable not to leave the generation of additional partons entirely up to the parton shower.
On the other hand, the matrix element calculations contain collinear singularities, meaning
that additional small-angle radiation is not well described by higher order calculations in the
matrix element. The PyTHIA8 user manual [21] defines the procedure of combining one ma-
trix element calculation with the parton shower as matching, and combining several matrix

element calculations with each other and the parton shower as merging.

The formation of final state hadrons from a collections of partons is modelled through hadro-
nisation algorithms. The two primary models are called the Lund string model and the cluster
hadronisation model. The Lund string model is predicated on the fact that the strong force
between a quark-antiquark pair is constant with the distance between them if they are suffi-
ciently far apart. The gluon field lines between the quarks are called flux tubes (or strings)
with uniform energy per unit length. At a large enough separation, the flux tube breaks re-
sulting in the formation of another quark-antiquark pair. Hadrons are formed by the grouping
of quarks when a string splitting is no longer kinematically possible. The model depends on a
number of parameters which affect the functions describing the momenta of the quarks after
a string break and the probability distributions governing a string break. In the cluster model,
the gluons at the end of the parton shower split up into quark-antiquark pairs. Subsequently,

colour neutral clusters are formed from neighbouring quark-antiquark pairs, which then go
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on to decay into hadrons.

The description of a hadronic scattering process given here still does not include a number
of complexities such as the interactions between multiple incoming partons — called multi-
parton interactions (MPI) — and effects of the proton remnants. Such additional complexities
which are not considered in the hard scatter, parton shower, or hadronisation are collectively
referred to as the underlying event (UE). Accurate modelling of the UE is often very important

in comparing predictions with experimental data [20].

Jet Formation

The hadrons produced as a result of the pp collisions at the LHC are grouped into collimated
streams of hadrons called jets. The reason for this is that the hard interaction gives rise to high
transverse momentum partons which then go on to emit approximately collinear radiation.
The kinematics of the resulting jet is then closely related to that of the original hard parton
[22]. Jets are defined using by a specific jet algorithm, which is a set of rules that govern the
grouping of partons. Simulated and measured collision events can then be readily compared
if the same algorithm is used for both. The primary requirement of a jet algorithm is that
it should be IR safe, meaning that the addition of soft and/or collinear emissions should not

change the results.

The jet algorithm that is primarily used at the LHC is the anti-k, algorithm [23]. This algo-
rithm falls under a class of IR safe algorithms known as sequential recombination algorithms
which both find jets and assign a clustering sequence to an event. In these algorithms, pairs
of particles are grouped together according to the value of a distance parameter. In the anti-%;
algorithm, the distance parameter is based on the transverse momenta of the particles. This
choice is motivated by the observation that the parton multiplicity of a jet depends on its

transverse momentum [24-26].

The anti-£, algorithm uses a particle distance parameter d;; and an additional beam distance

parameter d;p.

AR?,
diy = min(p%, p, ) —2, AR = (yi — ;) + (¢ — ¢3)%, (2.76a)

dip = p,}, (2.76b)

where the R parameter is related to the radius of the jet and is usually setat R = 0.4 at ATLAS.
¢; and y; denote the azimuthal angle and rapidity (defined in Chapter 3) of the particle.

The anti-k; algorithm favours clustering around hard seeds and produces circular jets [27].
This is attractive because soft hadrons which are produced from the emissions of a hard parton
ought to be assigned to the jet of the nearest hard parton [26]. Circular jets are desired since
any jet that points at least a distance R from the edge of the center of the detector will then
be fully contained within it [22].
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Monte-Carlo Event Generators

The generation of simulated events in Monte-Carlo (MC) event generators begins with the
matrix element calculation of a user-selected hard process at a given order in perturbation
theory which is typically at NLO. In order to calculate a cross-section, the square of the
matrix element needs to be derived for every phase-space point (the set of incoming and
outgoing momenta). There is the possibility of relying on analytical results for LO matrix
elements for low multiplicity final states (usually 1-3 particles), and all multi-purpose MC
event generators rely on such a list of LO matrix elements. Alternatively, dedicated matrix-
element and phase-space generators exist for the calculations involving more complex final

states. Some examples are the ALPGEN [28], AMEGIC [29], or Comix [30] programs.

After the construction of the matrix element, the phase-space integrals are usually computed
using algorithms which rely on phase-space sampling. Examples of such algorithms are se-
quential algorithms which rely on the pole structure of one of the Feynman diagrams con-
tributing to the matrix element [31] and multi-channel integrators which utilise combinations
of several sampling algorithms [32]. Because of the large dimensionality of the phase-space,
numerical techniques such as quadrature integration are not typically not practical for the

computation of phase-space integrals [20].

Subsequent to the simulation of the hard interaction, MC event generators are also responsible
for simulating the parton showers associated with incoming and outgoing partons, performing
hadronisation algorithms, simulating underlying-event activity, and modelling the decays of

unstable particles.

The primary event generators used for event simulation in the analyses described in Chap-
ters 4 and 5 are PowHEG [33-35], PyTHIAS [21, 36], SHERPA [37, 38], and MADGRAPH [39].
For the MC samples used in this thesis, when matrix elements are calculated using PowHEG
and MaDGRraPH, they are interfaced with Pytnia8 for parton showering and hadronisation,
whereas samples generated using SHERPA use the same program for parton showering and
hadronisation. PyTHIA8 and SHERPA both have pr-ordered dipole showers, but PyTH1A8 uses
the lund string model for hadronisation, whereas SHERPA uses the cluster model. MADGRAPH,
SHERPA, and PowHEG all use different schemes for the matching and merging of matrix ele-
ments with parton showers [40—42], where for NLO matching and merging, MADGRAPH uses
the MC@NLO implementation [43], SHERPA uses a variant of this [44], and POWHEG has its
own dedicated approach [35].

2.3 Vector Boson Scattering

Precision measurements of processes involving Vector Boson Scattering (VBS) and Vector
Boson Fusion (VBF) have become experimentally measurable only very recently, with the
first measurements by ATLAS and CMS in LHC Run-1 [45-51]. The defining feature of VBS
and VBF processes is the t-channel exchange of an EW gauge boson in a quark/anti-quark
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scattering processes. The presence of one (two) EW boson(s) in the final state is referred to
as VBF (VBS). The two final-state quarks are manifested as hard tagging jets in the forward
and backward regions of the detector. Moreover, these events are characterised by the lack of
hadronic activity in the rapidity interval of the tagging jets, centrally produced EW bosons,

and a large dijet mass m;; of the tagging jets.

Measurements of VBS processes are of particular interest because the production cross-
section is sensitive to Feynman diagrams which include quartic EW boson (Z,W,7) self-
interactions.'? The scattering cross-section in VBS processes also include contributions from
trilinear interactions, but since these can be probed through more common diboson processes,
the primary goal in measuring VBS is to study the quartic vertices. These cross-sections are
usually of the order of fb, and therefore represent some of the rarest processes which are still
measurable at the LHC.

Chapter 5 outlines the differential cross-section measurement of W~ production in associa-
tion with two jets. This process is sensitive to VBS interactions, and occurs with electroweak
(EW) and strong production modes. The EW production mode is defined by tree-level di-
agrams calculated at O(agy ), and include diagrams with the t-channel exchange of an EW
boson and (s-channel) triboson production. The strong production mode has tree-level di-
agrams at O(a2ady,) and includes diagrams where quarks and gluons are exchanged in the
t-channel. Some examples of tree-level diagrams for the EW and strong production modes
are shown in Figure 2.3. The rate of the strong production mode is significantly higher than
the EW production mode because of the appearance of two powers of the strong coupling
constant and the larger number of subprocesses that contribute to the total cross-section. It is
for this reason that the dominant systematic uncertainties associated with VBS measurements
usually pertain to the modelling of the strong background. A precise measurement of the EW

production mode therefore requires this background to be carefully constrained.

The lack of central hadronic activity for VBS processes is a feature of perturbative QCD, and
is a consequence of the colour structure [52]. In the tree-level VBS diagrams in Figure 2.3,
it is only colour singlet states that are exchanged through the rapidity difference of the two
partons. Therefore the dominant contributions to the EW process are the t-channel diagrams
which do not have any colour exchange between the partons. This results in the outgoing
quarks being only slightly deflected, and the emission of any partons will be therefore be
along the beamline. For the strong diagrams (for example diagram (f) in Figure 2.3), a colour
charge is accelerated through the rapidity difference of the incoming partons, which will
generate parton radiation away from the beamline. A central jet veto is therefore paramount
in separating the VBS signal from large strong backgrounds. Because of the lack of central
hadronic activity, the outgoing quarks in a VBS interaction will have a back-to-back geometry
with large longitudinal momenta. This motivates the requirements of a large dijet mass and

rapidity separation.

131t is important to note that the full gauge invariant set of Feynman diagrams contributing to the scattering cross-section includes
those contributions from non-VBS interactions. Therefore, it is not possible to solely measure the VBS interactions.
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Figure 2.3. (a) EW-W+jj production involving no gauge boson self-interactions; (b) bremsstrahlung
EW-W+~jj non-VBS production involving trilinear gauge boson interactions; (c) EW-W~jj VBS involving
trilinear gauge boson interactions; (d) EW-Wjj non-VBS production through s-channel triboson interaction
involving EW quartic gauge boson interactions; (€) EW-1W~jj VBS involving quartic gauge boson
interactions; (f) strong-W~jj production. Diagrams produced by author apart from (b) and (e), which are from
[53].

Status of VBS Measurements at ATLAS

A summary of the standard model fiducial and total cross-section measurements derived at
ATLAS are shown in Figure 2.4. From this figure it is clear that the VBS and VBF mea-
surements correspond to some of the rarest standard model processes measured at ATLAS.
In addition to electroweak W ~;jj, some of the most recent VBS-sensitive measurements in-

clude
» The fidual cross-section measurement and observation of electroweak W*W 7 pro-
duction [54];

e The electroweak and inclusive differential cross-section measurements of W+ £5

production [55];

* Electroweak and inclusive differential cross-section measurements of Z Z(— 4¢)jj [56].

A summary of all public VBF, VBS, and triboson cross-section measurements, and their

agreement with theory are shown in Figure 2.5.
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Standard Model Production Cross Section Measurements
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Figure 2.4. Overview of standard model total and fiducial cross-section measurements made at ATLAS. Total
cross-sections are corrected for branching fractions. Figure from [9].
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Chapter 3

The LHC and ATLAS Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider [57] (LHC) is a two-ring proton-proton and Pb-Pb ion collider
installed into the 27km long LEP tunnel at CERN. The primary discovery goal of the LHC
was the observation of the Higgs boson which was achieved in July 2012 [58]. The LHC has
two high-luminosity experiments, ATLAS [59] and CMS [60] with a design peak luminosity
of 103*cm~2s™!, in addition to TOTEM [61], LHCb [62], and ALICE [63].

The proton source for the LHC is a bottle of hydrogen gas. The hydrogen is ionised by an
electric field before they are accelerated to around 50 MeV by Linac 2. The Proton Syn-
chrotron (PS) PS accelerates protons to 25 GeV and provides them as bunches with a 25ns
spacing to the Super Proton Synchrotron (SPS). The SPS accelerates the bunches to an en-
ergy of 450 GeV. The acceleration of proton bunches in the LHC itself is achieved through
the radio frequency (RF) system. The RF system is comprised of 16 RF cavities housed in
4 cryomodules. Each RF cavity delivers an oscillating longitudinal electric field of SMV/m,
delivering an accelerating voltage of 2MV at a frequency of 400MHz. The RF cavities serve
two primary purposes, first to accelerate the protons with every pass of the RF system, and
second to group the packets of protons from the PS into even tighter bunches, to ensure a
high luminosity at the collision points. The proton injection is timed such that the center of
a packet of protons is located just after the oscillating field maximum. Hence, protons just
before the center of the bunch (closer to the field maximum) will be accelerated more than
protons just after the center of the bunch (further from the field maximum). This results in
protons away from the center of the bunch to be moved towards the center, creating stable,
tight, bunches. The number of possible stable bunches (h) is therefore equal to the number
of possible synchronised protons. A proton is synchronised if the RF frequency (frg) is an

integer multiple of the revolution frequency (fey)

frRE = 1 X frev. 3.1)

Therefore dividing the two frequencies gives the number of possible bunches. With f., =
¢/27km and frr = 400MHz, this gives the value of h as approximately 35640. These are
called RF buckets. Not every RF bucket is filled, and the number of occupied buckets in the
LHC is 2808. Each bunch contains ~ 1.15 x 10! protons [64—66]. A schematic of the CERN
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The CERN accelerator complex
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Figure 3.1. The CERN accelerator complex. Figure taken from [67].

accelerator complex is shown in Figure 3.1.

As protons carry electric charge, the particle beam will naturally diverge. In the curved sec-
tions of the LHC (arcs), the beam must be focused such that its width and height are con-
strained to be within the vacuum chamber. At the interaction Points (IPs), to enhance the
interaction probability for each bunch crossing, the beams are focussed to a size of 16pum in
the z — y plane for CMS and ATLAS. The focussing in the arcs is achieved by collections
of superconducting quadrupole, dipole, and other multipole magnets organised into twenty-
three LHC cells per arc, resulting in a total of 858 quadrupoles and 1232 dipoles. For the
1232 superconducting dipoles to operate reliably at the 8.33T magnetic field required for 7
TeV beams, the magnet system must operate in a bath of superfluid helium at a temperature of
1.9K. Dispersion suppressors, comprised of four quadrupoles separated by two dipole mag-
nets, are located at the boundaries between the beam insertion regions (IRs) and the arcs, and
reduce the machine dispersion (momentum spread of particles within a bunch). Reducing the
machine dispersion at the IPs to zero requires two additional quadrupole magnets at each side
of the arc. The focusing of the bunches at the IP is achieved using 8 sets of superconducting

“inner triplet” magnets [64, 68, 69].
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3.1.1 Detector Luminosity

The instantaneous luminosity (Equation 2.65) depends on a number of beam parameters, and
is given by
o N[;anfrev’}/r

Lt)=— 75— 5 (3.2)

where NN, is the number of particles per bunch, n, the number of bunches per beam, f,
the revolution frequency, v, the relativistic gamma factor, €,, the normalized transverse beam
emittance (this reflects the beam quality, and is roughly defined as the smallest opening the
beam can be squeezed through), 5* the beta function (the width of the beam, squared, divided
by the emittance) at the collision point and F' a geometric luminosity reduction factor. The
linear dependence on v, and square dependence on /V, implies that a large luminosity requires
beams of high energy and high intensity. Separate dipole magnetic fields and vacuum systems
are required for the two beams, as both beams contain positively charged protons. At the IRs

the two beams share a common 126m (for ATLAS and CMS) long beam pipe.

Integrating Equation 2.65 yields the integrated luminosity L

T
L— / cdt, (33)
0

which is a measure of how much data has been taken in time 7. Equation 2.65 can be written

in terms of L as
N =oL. 3.4

The luminosity in the LHC is not constant over a physics run. The beam intensities and emit-
tances of the circulating beams degrade primarily due to the collisions themselves, leading to

a decay in the luminosity. This is quantified with the luminosity lifetime, 7.

The expected integrated luminosity of the LHC of a luminosity run is given by
L = Lorp(1 — e Tn/72), (3.5)

where the assumption is made that the time for beam injection, ramping up the beam energy,
ramping down the magnets, and programmed main systems checks total a turnaround time
of Tiyrnaround ~ 70min. Assuming that the LHC is taking data 200 days a year for an optimum

run time of 12h, the total maximum luminosity per year is about 120fb™! [64].

The Run-2 total integrated luminosity is shown in Figure 3.2. The Run-2 integrated luminos-
ity recorded by ATLAS with good data quality is 140.1fb~* [70].

3.1.2 Pile-up

All LHC analyses need to contend with the harsh experimental conditions which come about

due to the very large number of interactions per bunch crossing. The mean number of inter-
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Figure 3.2. The total integrated luminosity for Run-2 versus time. The green curve shows the luminosity
delivered to ATLAS by the LHC. The yellow curve shows the luminosity recorded by ATLAS. The blue curve
shows the luminosity of the dataset certified to be good data quality. Since this plot has been produced, the
most accurate assessment of the total integrated luminosity certified good for physics has been updated to
140 b~ [70]. Figure from [71].

actions per bunch-crossing (averaged over luminosity) (x) in Run-2 was (u) = 33.7. The
largest momentum transfer happens in the primary hard scatter interaction, all other sec-
ondary interactions are referred to as pile-up interactions and consist mainly of soft-QCD
processes. There are two types of pile-up. In-time pileup refers to pp collisions from the
same bunch-crossing as the interaction of interest, whereas out-of-time pileup refers to pp

collisions occurring in bunch-crossings just before and after the interaction of interest.

Pileup is responsible for a large number of soft hadrons distributed throughout the detector.
Therefore the reconstruction of jets and Missing Transverse Energy (MET) are especially
effected. Without pileup mitigation techniques, the energies of jets will in general be overes-
timated, and spurious jets not associated with the hard scatter will be included in the event
leading to changes in the MET measurement. In addition to these biases, pileup also results
in the degradation of the resolution of reconstructed quantities. The reason for this is that the
pileup activity itself is not a fixed quantity, which therefore results in fluctuations of the bias
due to pileup. The challenges associated with pileup in the context of object reconstruction

is discussed in more detail in Section 3.2.6 [19, 72].
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3.2 The ATLAS Experiment

The design of the ATLAS detector was initially motivated by the search for the Higgs boson
and physics beyond the Standard Model (SM). The challenging experimental conditions at
the LHC require fast, radiation-hard electronics and sensors. Large particle fluxes require a
good detector granularity. An almost 47 acceptance is necessary to access the rich physics
contained in the forward regions, such as the Vector Boson Scattering (VBS) process targeted
in this thesis. Excellent electromagnetic (EM) calorimetry is a requirement for accurate elec-
tron and photon identification. The need for accurate jet and MET reconstruction dictates the
energy resolution requirements for the hadronic calorimeter systems. Muon identification
and momentum resolution must be able to determine the charge of high transverse momen-
tum muons. Finally, a highly efficient trigger and data acquisition system is required to be

able to select signal events on interest whilst rejecting backgrounds.

Figure 3.3 shows the different nested subsystems of the ATLAS detector. From the IP, the
products of inelastic p-p collisions travel outwards through the detector subsystems. The
origin of the coordinate system is defined as the IP. The beam direction defines the z-axis,
whereas the © — y plane is transverse to the beam direction. The positive x-axis points from
the IP to the LHC ring centre, and the positive y-axis points upwards. The azimuthal angle
¢ is measured around the beam axis; and the polar angle @ is the angle from the beam axis.

The rapidity is defined (in natural units) as

y=1/2n[(E +p.)/(E - p.)]. (3.6)

where F is the energy, and p, is longitudinal component of the momentum p. In the |p| >
m limit, the rapidity can be approximated by the pseudorapidity, = —Intan(6/2). The
distance between two particles ¢ and j can be quantified using a metric, A R;;, which combines

the rapidity separation Ay,; = |y; — y;| and the azimuthal separation A¢;; = |¢; — ¢;|

ARy = \/Ay% +A¢2,  ARL =\ /Ap2 + A (3.7)

The coordinate system used to describe the kinematics of particles detected at the ATLAS
detector is represented schematically in Figure 3.4. The three-momentum of the final-state
particle is denoted by p. The transverse momentum, pr, is defined by projecting p onto the

x — y plane and taking the magnitude.

3.2.1 Inner Detector

The Inner Detector (ID) is comprised of three independent sub-detectors contained within a
cylindrical envelope in a 2T solenoidal magnetic field. As charged particles travel through
the ID, they ionise the material and leave behind a trail of electrical signals which are re-
constructed to form tracks through the inner part of the ATLAS detector. The momentum

can be inferred with high resolution from the curvature of the tracks. The ID also provides
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Figure 3.3. A cut-out of the ATLAS detector showing the tracking, calorimeter, muon, and magnet systems.
Figure from [73].
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Figure 3.4. The ATLAS coordinate system. Figure from [74].

primary vertex (PV) and secondary vertex measurements (vertices are defined and discussed
in Section 3.2.6), and provides electron identification complimentary to the calorimeter. The
ID covers the pseudorapidity range of || < 2.5. In order of radial distance from the IP, the
subdetectors consist of silicon pixel layers (Pixel detector), silicon microstrip layers (SCT
detector), and layers of gaseous straw-tube elements called the Transition Radiation Tracker
(TRT detector).

The Pixel Detector

At the inner radii, the highest resolution silicon sensors are required due to the difficulties
in resolving tracks close to the IP. As such, the Pixel detector consists of three cylindrical

silicon layers with individual sensor elements of 50 x 400m?. The Pixel sensor elements are
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made up of 16 Front-End (FE) readout ASICS connected to a thin (250um) layer of silicon.
When a charged particle travels through one of the pixel sensor elements, silicon atoms are
ionised and liberated electrons travel through the bump bonds to the FE electronics. There
are 2880 readout cells per FE ASICS chip. The readout cells of the FE amplify the sensor
charge signal and compare it to a programmed discriminator threshold. For each readout, the
hit pixel address, time stamp and amplitude information is transferred to buffers at the bottom
of the FE.

The top of the sensor elements contain a layer of kapton film onto which a Printed Circuit
Board (PCB) is mounted containing a number of Surface Mounted Devices (SMDs) such
as a temperature sensor, decoupling capacitors, and the Module Controller Chip (MCC). The
MCC isresponsible for Timing, Trigger and Control (TTC) logic tasks such as rejecting events
where there are too many (> 15) hits triggered in the FEs. The MCC is also responsible for
extracting ordered hits from the FE and preparing them for transmission out of the pixel
module [75].

The Semi-Conductor Tracker (SCT)

The SCT enhances the high-resolution pattern recognition abilities of the ID at high radii,
and consists of 4088 modules, arranged in four cylindrical layers in the barrel region and
two end-caps, each containing nine disk layers. Each module consists of four sensors, with
two sensors each on the top and the bottom side. A hybrid' assembly bridges the sensors
on each side. The top and bottom sensors are rotated through a relative “stereo” angle. In
order to achieve the design azimuthal (the R-¢ plane) and radial (R) resolutions of 17m and
580um respectively, the sensors are rotated at an angle of 40mrad. The silicon sensors are
connected to binary signal readout chips. The readout hybrid on each SCT module contain
12 ASICs, with a total of 1536 readout channels. For each channel, there is a pre-amplifier,
signal discriminator, and a shaper (splits each signal into overlapping channels, and applies a
filter to optimise the signal/noise ratio). A buffer stores the hit information for approximately

3.2us, to allow for the L1 trigger decision (discussed in Section 3.2.4).

The Transition Radiation Tracker (TRT)

The TRT enhances the performance of the ID at large radii, and consists of a barrel section
and two end-cap sections. The basic elements of a TRT detector module are 4mm diameter
polyimide straw tubes reinforced using carbon fibre bundles which stabilise the straw geome-
try by providing protection against environmental factors such as humidity and temperature.
The straw tube walls are comprised of two multi-layer 35,m thick films bonded back-to-back.
Each tube contains a 31m diameter positively charged tungsten wire plated with 0.5-0.7pm
gold, directly connected to the front-end electronics. The tubes are filled with a mixture of

70% Xe, 27% CO-, and 3% O, gas. The gold plated wires act as anodes, attracting electrons

Here, hybrid technology refers to the use of carbon-fibre substrates that have been directly interfaced with thin-film (polyamide)
circuits to produce low-mass, thermally conductive, and radiation hard devices [76]
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liberated by charged particles and photons interacting with the gas mixture. The films contain
a layer of aluminium, ensuring the sufficient electrical conductivity of the tube which acts as

a cathode attracting positively charged ions [77].

3.2.2 Calorimeters

The ATLAS calorimetry system consists of electromagnetic (EM) and hadronic calorimeters.
These are sampling calorimeters, meaning that they are comprised of separate materials for
inducing particle showers and for detecting the energy of the particles. Due to superior energy
resolution, the energy measurements of most charged and neutral particles are provided by the
calorimeters (rather than the tracking system). The electromagnetic calorimeters primarily
make measurements of electrons and photons. The energy measurements of hadrons are

primarily derived from signals in the hadronic calorimeter system.

The EM Calorimeters

The EM barrel and end-cap calorimeters have an accordion geometry and are comprised of
lead and stainless-steel absorbers, LAr active material, and copper readout electrodes, which
are positioned in the gaps between the absorbers. There are three active layers in the central
region (0 < |n| < 2.5), and two in the forward regions (2.5 < |n| < 3.2). The first layer is
read out front, which is defined as the inner radius of the EM barrel, and the small-z region
of the end-cap. Conversely, the second and third layers are read out from the back. The
barrel EM calorimeter is made up of two halves covering |n| < 1.475. The cell granularity
in An x A¢is 0.025/8 x 0.1,0.025 x 0.025, and 0.050 x 0.025 in the first, second, and third
layers respectively, for || < 1.40. Inthe |n| > 1.40 region, the cell granularity is significantly
coarser. The end-cap regions cover the 1.375 < |n| < 3.2 range. The cell granularity in this
region is the finest in the central part of the coverage range. The first layer has a granularity
of 0.025/8 x 0.1 at 1.5 < |n| < 1.8, and the granularity becomes coarser towards the limits
of the end-cap coverage. There is a crack region at 1.37 < |n| < 1.52 where the transition
between the barrel and end-cap calorimeters takes place. There is also a small crack at |n| = 0

due to the fact that the calorimeter half-barrels are separated by 6mm at z = 0.

When electrons and photons interact with the stainless-steel absorbers, narrow particle show-
ers are produced as a result of a combination of bremsstrahlung, e* — e*v, and v — eTe™.
Repeated interactions of the produced particles results in a cascade of particles with decreas-
ing energy, which continues up until the pair production energy threshold. Below this thresh-
old, photon energy losses occur primarily via compton scattering and the photo-electric effect,
and the shower ceases. The characteristic amount of matter traversed by a particle before
undergoing bremsstrahlung or pair production is the radiation length X, which is used to
quantify the amount of material used in the calorimeter layers. The expectation values of

the energies of the electrons E£(x) and intensity of the photons /(x) in the shower follow
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exponential decay laws, with the decay constant determined by the radiation length

z

(E(z)) = Eye %0,  (I(x)) = Ije 90, (3.8)

o~

where z is the distance of the traversed material. The EM calorimeters are complemented by
pre-samplers which provide measurements of energy losses incurred by particles in the inner

detector, i.e. before they interact with the calorimeter material.

The Hadronic Calorimeters

Hadrons interact with the nuclei of the absorbers via the strong force, resulting in the pro-
duction of hadrons, especially pions. Each hadron undergoes additional interactions to form
a cascade. Through nuclear de-excitation, lower energy neutrons, protons, a-particles and
photons are also produced. The hadronic shower also has a substantial electromagnetic com-
ponent, which comes about primarily due to the decays of neutral pions [78]. Hadronic show-
ers are characterised by the nuclear interaction length A, which is a function of the inelastic
cross-section of the scattering process. Nuclear interaction lengths are typically an order of
magnitude larger than radiation lengths, which explains why the ATLAS hadronic calorimeter

system is larger than the EM calorimeter system [19].

Hadronic showers represent a number of challenges. There are a considerable number of
sources of energy leakage, such as backscattering and nuclear excitation processes, which
do not result in an observable signal. In this way, the ATLAS calorimeter system is non-
compensating. This means that the calorimeter response (the ratio of the average calorimeter
signal to the energy of the particle) is smaller for non-EM components of hadron showers
than for EM components. Additionally, there are large fluctuations in the fraction of the EM
and non-EM components of the larger hadronic shower. All of this degrades the hadronic

energy resolution.

The three hadronic calorimeters correspond to the Tile, the Hadronic End-Cap (HEC), and the
Forward Calorimeters (FCal). The Tile calorimeter is comprised of an array of steel absorbers
and scintillator sheets as the active medium. The Tile calorimeter comprises three layers, and
covers the region || < 1.7, behind the EM calorimeter, and has a radial depth of about 7.4\.
The An x A¢ cell granularity in the first two layers is 0.1 x 0.1, and 0.2 x 0.1 in the last
layer. The scintillator signals are read out by photomultiplier tubes coupled to each tile edge

through a series of fibres. The Tile calorimeter has a total of 187456 readout channels [59].

The HEC calorimeter uses copper as the absorber and liquid-argon as the active material. The
HEC comprises four layers, which cover the range 1.5 < |n| < 3.2. The HEC calorimeter has
a radial depth of about 9.7\. The An x A¢ cell granularity is 0.1 x 0.1 at 1.5 < |n| < 2.5,
and 0.2x0.2at 2.5 < |n| < 3.2. The gaps between the plates that comprise the HEC modules
contain the readout modules, which are made up of three electrodes separated by honeycomb
spacers. The central electrodes contain readout cells of size An x A¢ = 0.1 x 0.1 in the

In| < 2.5 region and 0.2 x 0.2 for larger values of ||. The HEC calorimeter contains 5632
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readout channels [59, 79].

The FCal extends the calorimeter coverage into the forward regions (3.1 < |n| < 4.9), and has
aradial depth of about 10\. The FCal comprises one electromagnetic module (FCall) and two
hadronic modules (FCal2, FCal3). The An x A¢ cell granularities are 3.0 x 2.6, 3.3 x4.2, and
5.4x4.7 in the central cells of the FCall, FCal2, and FCal3, respectively, and the granularities
are around four times finer around the coverage limits. Copper is used as the absorber for
FCall to optimise the energy resolution of measurements of EM showers, and tungsten is
used as the absorber in FCal2 and FCal3 to contain the lateral spread of hadronic showers.
Each of the FCal modules contain readout electrodes which are connected to the module faces.
Signals are read out from the side nearer to the interaction point for FCall, and from the side
furthest from the interaction point for FCal2 and FCal3. The FCal calorimeter contains 1762

readout channels [59].

Energy Resolution

The energy resolution defines the most important attributes of the ATLAS calorimeter system
and is often quoted as follows

@ - % @ % @ %, (3.9)
where & denotes addition in quadrature. The a term is the stochastic term, which primar-
ily arises due to fluctuations in the number of particles produced in the shower. This term
limits the low-energy performance of the calorimeters. The b term describes electronic noise
primarily from readout electronics, and the ¢ term is a constant term which dominates in the
high energy limit. Measurements of the calorimeter energy resolutions are made using lepton
and hadron test-beams. Results from these measurements are shown in Figure 3.5. Note that
for the LAr energy resolutions results using electron test-beams are fitted with equation 3.9,
without the % term. This is because a noise-subtraction step is implemented for every energy
measurement since the noise here depends on the gain of the LAr calorimeter cells. The pion
test-beam results for the combined calorimetry shown in Figure 3.5 utilises the full functional
form of equation 3.9.

3.2.3 Muon Spectrometer

The muon spectrometer (MS) covers the pseudorapidity range of |1)| < 2.7. The MS measures
charged particles (primarily muons) that penetrate the barrel and end-cap calorimeters. The
primary purpose of the MS is to identify and measure high momentum muons. The MS is
designed to measure the transverse momentum of muons with pr > 1TeV to an accuracy
of 10%. The MS is also capable of triggering on muon tracks, and is designed to trigger
in the region of |n| < 2.4. The precision momentum measurements of the MS system are
provided by Monitored Drift Tube (MDT) chambers and Cathode-Strip Chambers (CSC).
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Figure 3.5. Fractional energy resolution in the ATLAS EM barrel calorimeter as a function of the beam
energy obtained from electron test-beams at || = 0.687 (left). Fractional energy resolution obtained using
pion test beams for combined LAr and tile calorimetry at || = 0.25 (right). The energy resolution for pion

test-beams is shown as a function of 1/+/Epeam. Markers corresponding to Epean are shown at the top of this
plot for the ease of comparison. 100 GeV electrons have an energy resolution of about 1.1% in the central
region of the calorimeter system, compared to about 6.2% for hadrons. Note that in regions where the forward
calorimetry (FCal) system is in use (3.1 < || < 4.9), the energy resolution increases to about 5% for
100 GeV electrons, and to about 8% for 100 GeV pion test-beams [59, 80].

This is complemented by Resistive Place Chambers (RPC) and Thin Gap Chambers (TGC)

which provide fast triggering capabilities to clarify events of interest.

The MS is partitioned in the barrel and endcap regions into three layers referred to as the
inner, middle, and outer layers. Two MDT chambers are housed in each of the layers. There
are a total of twelve MDT segments in radially consecutive stations (collection of segments
in a layer) spanning three layers. The CSCs are located in the inner endcap layer. Both the
CSCs and MDTs are segmented into large and small chambers. The RPC system is layered
into three trigger stations and is comprised of large and small small segments. The RPCs are
located in the middle and outer layers of the barrel. The TGC system is comprised of seven

layers in the EM layer, and two layers in the inner endcap layer.

The MDTs cover the pseudorapidity range of || < 2.7 in all but the inner most layer. The
MDTs are drift tubes with a diameter of about 3cm, and are pressurised with a mixture of
Ar and CO; gas. The centers of the tubes contain a 50um diameter tungsten-rhenium wire.
When a charged particle enters the tube, the gas is ionised, and liberated electrons drift to the

wire and the ions drift to the walls of the tube.

The MDTs provide a position resolution of 80m. The position measurements are determined
by the drift time of the charges deposited in the MDTs. Muon tracks are reconstructed using
these measurements, and this is discussed in more detail in Section 3.2.6. The pr of the muon
is directly inferred from the radius of curvature of the tracks. For the required momentum
resolution, a sagitta > along z of about 500.:m needs to be known with a resolution better than

o50um.

The CSC system covers the forward 2 < |n| < 2.7 region. The CSC system are two disks

of eight wire chambers. Each chamber is filled with an ArCO, gas mixture and contains an

2The perpendicular distance between the apex of the arc of the track, and the chord intersecting the inner and outer layers of the
MDT.
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array of high voltage anode wires and cathode planes at ground potential. Precision position
measurements in both R and z are obtained with a resolution of 60um via measurements of

the charge distributions on the cathodes.

The muon trigger system consists of RPCs and TGCs. The RPCs are used in the barrel region
(In| < 1.05), and TGCs in the end-cap region (1.05 < |n| < 2.4). Different technologies
are used in different regions due to different requirements on spatial and timing resolution as
well as considerations of trigger rate. The RPCs are gaseous parallel electrode-plate detectors.
These are comprised of two parallel dielectric plates separated by 2mm. In the 2mm gap is a
gas mixture, and a high electric field is applied (4kV/mm) between the plates. When a charged
particle travels through the gas gap, the gas is ionised, and the positive ions travel towards the
cathode, and the electrons towards the anode. The liberated electrons are accelerated by the
high electric field to a sufficient extent such that they go on to liberate additional electrons
from the gas medium resulting in a chain reaction of ionisation events. This process is known
as a Townsend avalanche [81]. The electrical signals from the avalanches are read out via
metallic strips mounted on the outer faces of the resistive dielectric plates. TGCs operate on
the same principle as the wire chambers of the CPC. The primary function of the RPCs and
TGC:s are to facilitate triggering on muon events, but they also complement the MDT tracking
data. Through the additional measurement of the track coordinates in the non-bending ¢
plane, which complement the measurement in the bending 7 plane, the MDT and RPC (and

TGC in the end-cap region) measurements can be combined in an unambiguous way [59, 82].

3.2.4 ATLAS Trigger and Data-acquisition

The ATLAS trigger and data-acquisition (TDAQ) system is responsible for deciding which
events from of the 40 x 10® bunch-crossings per second at the ATLAS interaction point to save
for physics analyses, calibrations, monitoring, and performance measurements. The trigger

system is comprised of two stages. These are the Level-1 (L1) and HLT triggers.

The hardware based Level-1 trigger is principally responsible for making the trigger decision
to reduce the event rate from 400MHz to maximally 100kHz by processing signals from the
calorimeters and MS. The L1 trigger consists of the L1Calo, L1Muon, L1Topo, and Central
Trigger subsystems. The L1Calo comprises the Cluster Processor (CP) and Jet/Energy-sum
Processor (JEP), which receive calibrated calorimeter signals in parallel to identify physics
object candidates. Tile calorimeter and MS information is passed to the L1Muon, where
searches are performed for signals consistent with muons originating from the interaction
point. The L1Topo receives object candidates from the L1Calo and L1Muon in order to
reconstruct topological observables such as invariant masses and angular observables. The
outputs from the L.1Calo, L1Muon and L1Topo are processed by the Central Trigger Pro-
cesser (CTP) which makes the L1 trigger decision. The CTP is also responsible for applying
a preventative dead-time mechanism to moderate the L1 accept rate. For every L1 trigger

decision, “Regions Of Interest” (Rols) are identified using n and ¢ information [19, 83, 84].
After a L1 trigger accept, the events are processed by the software-based High-Level Trig-
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ger (HLT). Events processed by the HLT use fine-granularity calorimeter and precision MS
information, as well as tracking information from the ID. The HLT performs the event recon-
struction within the L1 Rols or the full detector, as needed. In most cases, the HLT performs
a fast first-pass reconstruction using a sequence of feature-extraction algorithms. A trigger
decision is then subsequently made by the hypothesis algorithms. Afterwards, more precise
and computationally expensive algorithms reconstruct high level physics objects in greater
detail — this is called the online reconstruction. The online reconstruction of objects is less
precise, but nevertheless similar to the offline reconstruction (Section 3.2.6). Events passing
the HLT decision are saved to the CERN Tier-0 computer centre for offline reconstruction,
this occurred at a rate of approximately 1.2kHz during the 2018 data taking for Run-2 for
triggers dedicated to physics analyses [83, 85].

Each combination of L1 and HLT event selections has an associated set of prescale factors,
which take values of at least 1. A prescale value of n means that an event has probability of
1/n of being kept. Prescales are defined for both L1 and HLT, but the prescale is implemented
slightly differently in each case. For L1 prescales, since the CTP is fast, the trigger decision
is still computed for every event, but for each event that passes the trigger decision, a random
number generator determines whether it is passed to the HLT. Since the online reconstruction
is expensive, HLT prescales are applied before the trigger decision is computed. The reason
for applying prescales is to prevent saturating the allowed bandwidth. This is possible for
certain processes, such as minimum bias, which have very loose triggers and therefore very

high event rates [19].

A combination of L1 and HLT prescales and event selections comprises an item in the trigger

menu, which consists of a list of:

* Primary triggers: used for physics analyses, usually unprescaled.

* Support triggers: used for monitering, performance, and efficiency measurements. These

are usually prescaled, and have small HLT rates of around 0.5Hz

* Alternative triggers: used in the commissioning of new triggers. These use alternative

reconstruction algorithms, and are complimentary to primary triggers

* Backup triggers: used in case CPU usage or output rate of primary triggers too high.

These are similar to primary triggers but with tighter selections.

* Calibration triggers: used for detector calibrations, and run at high rates.

All items in the trigger menu are connected to an HLT data stream. The Main physics stream
contains events for physics analyses, and a small fraction of these events are written to the
Express stream which is used to derive offline calibrations soon after data taking. There
are about twenty additional streams for calibration, monitoring and detector performance
studies in addition to specialised Trigger-Level Analysis and debug streams. The physics Main
stream events are partitioned into categories called trigger signatures, for example “single

leptons”. Each trigger signature is split up into multiple items giving the L.1 and HLT trigger
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Figure 3.6. Layout of the trigger towers used in the L1 trigger electron and photon reconstruction. The EM
calorimeter cells are colored in yellow, and the majenta cells denote the hadronic calorimeter cells. Figure
from [85].

thresholds, object multiplicities, online object isolation requirements, as well as peak trigger
rates. For example, for an offline selection of a single isolated muon with pr > 27 GeV,
the corresponding trigger in the 2018 trigger menu corresponds to a 20 GeV single muon
requirement at L1, a 26 GeV isolated muon at HLT, with a peak L1 trigger rate of 16kHz, and
peak HLT trigger rate of 218kHz. The values of the offline py values in the trigger menu are

usually defined as the value where the trigger efficiency’ plateaus [87].

Photon and Lepton Triggers

Electron and photon candidate Rols are identified in the L1 trigger using only calorimeter
information in the central (|| < 2.5) region. The identification works by iterating over
groups of EM calorimeter cells, called “trigger towers”, of size 2 x 2 (An x A¢ = 0.1 x 0.1).
Within each 2 x 2 region, the 't of all the four possible 1 x 2 and 2 x 1 pairs of towers
is calculated. If the maximum FE1 among these pairs passes the L1 Er threshold (nominally
22 GeV), the 2 x 2 region is identified as an Rol. An additional hadronic activity veto can be
applied, where candidates are rejected if the 2 x 2 hadronic calorimeter trigger towers behind
the EM cluster have an Er above a given threshold. An isolation requirement can also be
defined by a threshold on the energy of the EM isolation ring around the 2 x 2 Rol. Figure
3.6 shows a schematic view of the EM and hadronic trigger towers [85, 88].

The reconstruction of electrons and photons at the HLT is performed in each Rol identified

3The trigger efficiency is the number of correctly identified objects divided by the actual number of objects above a certain pr
threshold. At the LHC, typically trigger efficiencies of > 90% (10% accuracy) are deemed acceptable [86].
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by the L1 trigger. For the fast stage of the HLT decision, a cut-based algorithm is used for
electrons below 15 GeV and for the reconstruction of all photons. Objects are identified based
on the Frp of the cluster and the shape of the EM shower. After the initial fast HLT decision,
information from outside the Rol may be used, and the precision online-reconstruction is
performed in a similar manner to the offline electron and photon reconstruction outlined in
Section 3.2.6.

At the precision stage, there are optional requirements on the calorimeter-only isolation used
in the photon triggers denoted by icalvioose or icaltight in the trigger menu. These operating
points differ in the size requirements of the isolation cone around the photon candidate used
for noise subtraction, and in the fraction of topo-cluster energy required to originate from the
photon candidate. For the noise subtraction, the icalvioose working point uses a cone size
of AR = 0.2, and icalvloose uses AR = 0.4. The ratio of the total topo-cluster Fr to the
photon-candidate Er is required to be < 10% for icalvloose and < 3% for icaltight.

For identifying electrons at the precision stage, a likelihood discriminant is constructed in a
similar way to the offline-reconstruction. The likelihood discriminant operating points are:
lhvloose, lhloose, [hmedium, and lhtight. For some electron triggers, the transverse impact
parameter dy, and its significance |dy /o (dp)| are not used in constructing the online discrimi-
nant. Such triggers are labelled with the suffix “nod0”. A tracking-only isolation requirement

called ivarloose is also available for electron triggers [88].

3.2.5 Data Processing

What happens upstream of the offline physics object reconstruction steps is different depend-
ing on whether real collider data or simulated event generator data is being processed. With
real data, particles interact with the ATLAS subdetectors, and the data are retrieved from the
detector readout hardware, after the Levell and HLT trigger decisions, through the DAQ sys-
tem. These raw signals are then passed through the offline reconstruction algorithms. For the
case of simulated data, a detector simulation is used on the information from the MC event
generator event record. ATLAS makes use of the GEANT4 [89] program to perform this
step. The output from this step is a collection of simulated energy deposits in the detector,
called “hits”. The raw hit information cannot be used to reconstruct physics objects, as these
algorithms rely on information from the detector subsystem readout electronics. The process
of “digitization” turns the hits into simulated detector responses (digits), which correspond

to the electrical signals from the readout system.

After the building of physics objects via the offline reconstruction step, the output is a highly
detailed collection of event data containing the physics objects as well as information pertain-
ing to the raw detector readout or digits in the case of simulated events. This is called Event
Summary Data (ESD). ESD is not used directly in a physics analysis. Instead, a reduced for-
mat called Analysis Object Data (AOD) provides the necessary physics object information.
Since different analyses and calibrations have varying needs for information on the recon-

structed objects, the AODs require filtering into smaller subsets which are actually used at an
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track

Figure 3.7. Schematic of the track coordinates defined using the perigee of the track. Figure from [90].

analysis level. These subsets are called derived AODs, or DAODs (also “derivations™). At
ATLAS, each combined performance and analysis subgroup have their own set of DAODs
which are targeted at specific calibrations or physics analyses. The following terms are often
used in the context of derivation production:

* Skimming: where physics object cuts and trigger requirements are used to remove

events.
* Slimming: the removal of unrequired computed quantities.

* Thinning: the removal of containers of physics objects [19].

3.2.6 ATLAS Object Reconstruction

Tracks and primary vertices

Tracks are described by five parameters relative to a reference point, as shown in Figure 3.7.
The transverse and longitudinal impact parameters (dy and zp) are defined using the perigee
(point of closest approach) of the track relative to the reference point. dy and z, are then the
transverse and longitudinal distances of the perigee to the reference point, respectively. The
other three parameters are the angles ¢ and 6, which are the azimuthal and polar angles of
the track momentum relative to the reference point, and the ratio %, which is the ratio of the
electric charge divided and the magnitude of the track momentum. The reference point for
track reconstruction is defined as the “beamspot” position, i.e. the average position of the pp

interactions. See Figure 3.7 for a schematic view.

Track reconstruction is partitioned into a primary tracking chain of algorithms followed by

a back-tracking chain. The primary tracking chain starts with track seed formation. Track
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seeds consist of a triplet of space-points (SP) in the pixel or SCT layers, which are consistent
with originating from a charged particle track. Next, for each seed, a set of detector modules
in the path of the track are identified. The seeds are extended using SCT and pixel clusters
contained within those modules using a Combinatorial Kalman Filter [91]. This results in a
set of potentially overlapping track candidates. Fake tracks also are reconstructed, which are

incorrect combinations of unrelated pixel and SCT clusters [92].

A dedicated ambiguity resolution step is performed to reduce contributions from fake tracks.
In this step, a score is given to each track candidate based on a number of criteria, and lower
quality candidates are rejected if there are a large number of shared hits with higher quality
tracks. After the ambiguity resolution, a global x? fit is performed to obtain the final track
parameters. Finally, if an extension of the track into the TRT is possible, tracks are extended,
and a re-fit of the entire track is performed. For electron and converted photon tracks, there
is an additional refitting procedure using a “Gaussian-sum Filter” (GSF) which is a generali-
sation of the Kalman filter. The GSF method takes into account non-linear effects related to

bremsstrahlung [93].

To increase the acceptance of the tracking to particles produced away from the beamline, such
as electrons originating from photon conversions, tracks are reconstructed from the outside-in
(seeded by the TRT) using detector hits not already associated with tracks from the primary
pass. To avoid large contributions from falsely reconstructed tracks backtracking is only per-

formed in regions seeded by energy deposits (£t > 6 GeV) in the EM calorimeter [94].

With the mean number of interactions per bunch-crossing being (1) = 33.7 for Run-2 [95],
precisely identifying the specific pp interactions, called primary vertices *, is an important
task. An iterative vertex finding algorithm, which takes all tracks as input parameters, is used
for vertex reconstruction. The hard-scatter vertex is usually identified amongst many pileup
vertices as the vertex which has the largest Y p2 of contributing tracks. The assumption here
is that the charged particles produced in the hard-scatter interaction have a harder py spectrum

than those produced in pile-up interactions [94, 97].

Electrons and Photons

Electrons and photons can be identified by the presence of a shower in the EM calorimeter.
The showers of electrons and photons are almost indistinguishable, since electrons emit pho-
tons through bremsstrahlung, and photons produce electron-positron pairs. However, since
the ID only responds to charged particles, photons and electrons can be distinguished through

the presence or absence of a track.

Electrons are experimentally defined as objects consisting of a cluster built from energy de-
posits in the calorimeters and one or more matched tracks. Converted photons are defined as
calorimeter clusters matched to a photon conversion vertex. Unconverted photons are defined

as clusters without either a matched conversion vertices or an electron track.

4“Primary” refers to pp interactions. Secondary vertices are defined as the spatial locations of hadronic interactions from primary
(pp) collision products. From here on, the term “vertex” will be used to refer to a primary vertex [96].
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Electron and photon reconstruction starts with a topological cluster (topo-cluster) forma-
tion algorithm. Topo-clusters are topologically connected collections of EM and hadronic
calorimeter cells, calibrated at the EM scale’. The algorithm starts with the formation of seed
cells, which are required to have a cell energy of at least four times the expected cell noise.
Neighbouring cells are then connected if the cell energies are at least twice the expected cell
noise. These clusters of cells then go on to become the seed cells for the next iteration, and
proto-clusters are merged if they share cells. In the final splitting step, proto-clusters are split
into separate clusters if they contain two or more local maxima (Fe; > 500 MeV and > 4

neighbours with a smaller signal).

Topo-clusters contain both EM and hadronic calorimeter cells, however, only the energy mea-
sured from cells in the EM calorimeter are used for photon and electron reconstruction. En-
ergy measurements in the hadronic calorimeter are still important, however, since they are
used to quantify the fraction of the EM calorimeter energy to the total cluster energy, fgu.
Topo-clusters with fgy > 0.5 are called EM topo-clusters. Each topo-cluster is interpreted as
a massless pseudo-particle, and the energy and momentum components are calculated from
the cluster energy at the EM scale and the angular coordinates of the cluster. The reason
for defining clusters as massless is because there is no physically meaningful mass without
a corresponding particle hypothesis for the origin of the signal [98]. The reconstruction is
finalised with the matching of tracks and conversion vertices to clusters using a AR criteria
[99].

After reconstruction, electrons and photons are calibrated to account for energy losses in ma-
terial upstream of the calorimeter, energy deposited outside of the clusters, and energy losses
beyond the EM calorimeter. The electron/photon energy scale® is determined in a calibra-
tion chain, where the response of electrons and photons is derived from simulated samples
[100, 101]. After the simulation-based correction is applied, additional corrections are de-
rived using data to account for response variations not included in simulation, and non-linear
behaviour of the electronics [102]. Finally, a residual energy scale correction factor, called
the in-situ calibration, is applied to data so that it agrees with the expectation from simula-
tion. Additionally, a correction factor is applied to simulation so that the energy resolution
agrees between data and simulation. These factor are derived using the m.. invariant mass
distribution in Z — ee events, where a y* minimisation simultaneously solves for the energy
scale and resolution parameters in bins of 7). For photons, there is an additional correction
to account for the mis-modelling of out-of-cluster leakage. This is only derived for photons
since the mis-modelling is found to be lower than 0.1% for electrons. The photon energy scale
calibration is cross-checked using Z — ee~y decays, and the electron energy scale is validated
with J /1 (c¢) — ee events in data [101, 102]. The calibration chain used for correcting the
full 140 fb~! Run-2 dataset is shown as a schematic in Figure 3.8.

Electrons and photons can be mimicked by other objects, particularly jets, converted photons

5The EM Scale is derived using electron test beams and is defined as the mean calorimeter response measured as the ratio of de-
posited charge to test-beam energy. The EM scale therefore corrects the measured calorimeter signal to the correct energy for EM show-
ers.

6The energy scale is numerical factor that corrects the measured energy to that of simulated truth particles as a function of 77 and Et
or pr.
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Figure 3.8. The e/~ calibration chain used to correct the full Run-2 ATLAS dataset. Figure from [102].

and heavy-flavour hadron decays. It is actually very rare for a jet to be collimated in addition
to being almost entirely contained in the EM calorimeter [100]. After reconstruction and
calibration, identification algorithms based on shower shape variables are calculated to sep-
arate prompt’ electron/photons from jets. These variables quantify the degree to which the
shower is collimated (the lateral shower development), how deep the shower penetrates the
calorimeters (the longitudinal shower development), and in the case of electrons, the spatial

compatibility of the track with the cluster.

Prompt electrons entering the central region (|n| < 2.47) of the detector are selected using
a likelihood-based (LH) identification (ID) discriminant [99]. By cutting on values of this
discriminant, a given electron candidate can pass or fail Tight, Medium, Loose, or VeryLoose
ID criteria. An electron satisfying a tighter working point has lower reconstruction efficiency
but is more likely to correspond to a prompt electron. The likelihood discriminant is deter-
mined from signal and background probability density functions (pdf®). The signal pdfs are
derived from Z — ee and J /i) — ee events with a strict requirement on one of the recon-
structed electrons and a very loose requirement on the other electron. The background pdfs

are derived in a dijet enriched, prompt electron deficient fiducial region.

For photon identification within the region of || < 2.37,1.37 < |n| < 1.52 excluded, a cut-
based, selection is implemented. Photon ID criteria are designed to select prompt, isolated
photons, and reject backgrounds from jets. Eleven shower shape variables are used to define

Tight, Medium, and Loose (the latter two are used in the trigger) working points. Additionally,

"The definition of a prompt lepton are those not from hadron decays. Prompt photons are those not from hadron or 7 lepton decays
[103].
8pdf refers to probability density function, and PDF (capitalised) refers to parton distribution function.
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there are multiple photon ID working points for variations of the Tight selection, where a
number of shower-shape variable cuts have either been removed, or relaxed. These are called
LoosePrime2-5. These working points are useful for estimating systematic uncertainties on

non-prompt photon estimates [99, 100].

The degree to which reconstructed electrons or photons are surrounded by other particles
can be quantified using calorimeter or track based isolation variables. The calorimeter-based
isolation energy (E$"*X) is calculated by summing up the energy of topo-clusters whose
barycentre’ falls within a fixed-size cone of size AR of the EM particle cluster barycentre
(Ein‘r%X), and subtracting the energy contributed by the electron or photon which is taken to
be a fixed An x A¢ = 5 x 7 cluster around the barycentre of the EM particle cluster (Ercore)-
An additional leakage correction (FErjeakage) s required to account for the fact that not all of

the EM particle energy is subtracted. Finally, there is a correction to account for pileup and

underlying-event'” (Erpiewp)- The full calorimeter-based isolation energy is expressed as:
E%oneXX - E"l[‘g(r);zvix - ET,core - ET,leakage(ET7 n, AR) - ET,pile—up (7]7 AR); (310)

where XX refers to the size of the cone, AR = XX /100. The track isolation variable (p5*"e*X)
is calculated by summing the pr of tracks within a cone centered around the electron track or
photon cluster direction, whilst excluding the tracks matched to the electron or converted pho-
ton. Track-based isolation has better resolution and lower pile-up dependence and provides
a superior pr resolution. However, calorimeter-based isolation includes neutral particles and
particles below the ID track pr threshold. Hence, both variables provide complimentary in-
formation, and the combination of selections on both variables generally results in improved

performance over cutting on one variable [99].

Electron isolation working points include the Gradient working point which is defined such
that the selection efficiency is 95% at pr = 20GeV and 99% at pr = 60 GeV, as well as
Loose, Tight, and HighPtCaloOnly which implement a cut on the calorimeter or track iso-
lation variables as a function of pr. The HighPtCaloOnly working point gives the largest
rejection of all the working points at high pr, and only uses the calorimeter-based isolation
variable. There are three photon isolation working points: Loose, Tight, and TightCaloOnly.
These all cut on the isolation variables as a function of Er, and the TightCaloOnly working

point only uses the calorimeter-based isolation variable.

Differences between data and simulation can arise due to imperfect detector modelling (see
Section 3.2.5 for more details), mismodelling of the shower shape variables, as well as the
modelling of complex objects such as the beamspot. The ratios of the data-to-MC efficiencies
are referred to as ID or isolation efficiency scale factors, or just scale factors, and correct the
MC simulations so that they closely resemble the data. Systematic variations in these scale

factors are propagated through to the analysis-level objects [105].

9The barycentre of a topo-cluster is the average position of the cluster, weighted by energy deposits.
10The underlying event (UE) is usually defined as all particles from a single particle collision except those from the process of inter-
est. The UE is not equivalent to minimum bias events, but they are related [104].
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Muons

Muons can be reconstructed solely using the MS (stand-alone muons), or a combination of
detector subsystems. Stand-alone muons are of use in the reconstruction of ID + MS com-
bined muons and when operating in the forward region 2.5 < |n| < 2.7, which is not covered
by the ID. Stand-alone muon reconstruction starts with track reconstruction in the MS, where
preliminary track candidates are formed through the identification of short straight-line track
segments from hits in individual MS stations. The tracks are then built using all MS sub-
detectors, taking into account detector-misalignment, particle-detector interactions, outlier
hits, track overlaps, and calorimeter energy losses. Track candidates are finalised after being
extrapolated to the IP [106].

In most cases, it is advantageous to combine the signals from the MS with other detector
subsystems. Since muons are the only standard model particle that leave signatures in the MS,
usually the combination of ID and MS information is sufficient. However, in some special
cases it is advantageous for the full detector information to be used. There are four classes of

reconstructed muons where detector information beyond the MS is used:

1. Combined muon (CB) tracks are formed from a successful combination of stand-alone
MS muons and ID tracks.

2. Inside-out combined (I0) muons are reconstructed with an algorithm that extrapolates
ID tracks to the MS whilst using the ID track, the calorimeter energy losses, and the MS
hits in a combined fit. IO muons have some performance improvements over CB muons
as they do not rely on the independently reconstructed MS track. Most analyses only
select for combined (either CB or I0) muons as the combination of two tracks results in

the best possible precision.

3. Segment Tagged (ST) muons are required to have a tight angular matching of an ID track
to at least one reconstructed MS segment, and the muon parameters are taken solely from
the ID track fit. ST muons are of use when there is no fully reconstructed MS track, but

only segments in layers of the MS. This can be the case with low pr muons.

4. Calorimeter-tagged (CT) muons require an ID track which is extrapolated into the calorime-
ters. Energy deposits compatible with a minimum ionising particle are used to tag the
ID track as a muon, and the muon parameters are taken directly from the ID fit. CT
muons are only of use when there is no MS track, which is possible for cases where
there are known holes in the MS. The signatures for these muons are easily caused by
other particles and hence CT muons have low purity (one minus hadron misidentifica-

tion rate).

Muon identification working points (Loose, Medium, and Tight) are defined to moderate the
prompt muon purity and reconstruction efficiency trade-off. This is achieved through re-
quirements on the number of hits in ID layers and MS stations, track properties, and ID-MS

compatibility variables. Non-prompt muons can come about due to semileptonic decays of
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light hadrons as well as heavy-flavour hadron decays. Since light hadron decays result in
lower-quality muons, the working points are optimised to reject muons from light-flavour
hadrons. Non-prompt muons from heavy flavour decays result in higher quality muon tracks
and can usually therefore be distinguished from prompt muons through the association with
the primary vertex and the isolation of the ID tracks or calorimeter deposits. In addition to
the standard working points, Low-pr and High-pt working points are optimised to select for

low and high pr muons.

The track and calorimeter-based isolation variables for muons are defined in a similar way
to electrons and photons (Section 3.2.6). pr requirements on the calorimeter and track-based
isolation variables as well as a requirement on the track pr give an array of isolation working
points. These are Loose and Tight, in addition to more specialised working points such as
the particle-flow working points which are optimised to reject muons from heavy-flavour

hadrons, as well as a set of track-only working points [19, 106].

Jets

The vast majority of pp collisions at the LHC result in the production of quarks and gluons
of which the observable signatures are collimated streams of hadrons, jets. A number of
algorithms for the clustering of observed detector outputs into jet objects exist, where the
primary one for ATLAS jet reconstruction is the anti-k; algorithm (Section 2.2.3). The most
common anti-k; distance parameter is ® = 0.4 (small-R jets), however, jets reconstructed
with R = 1.0 (large-R jets) are used in cases where high pr jets originate from the hadronic
decays of massive particles like H/'W/Z bosons and top quarks. Since the angular separation of
their decay products scales as 1/pr,i.e. AR =~ QP—T, they become collimated (highly Lorentz-
boosted) [107]. In these situations, these decay products can be reconstructed in a single

large-R jet.

The inputs to the anti-k; algorithm are four-momentum vectors called input objects, which can
be derived from various sources. These are either tracks, calorimeter deposits organised into
topo-clusters, or acombination of track and calorimeter information. Jets reconstructed solely
from tracks are referred to as track-jets. The acceptance limitations of the ID (|| < 2.5), and
the inability for the ID to measure neutral particles limits the usefulness of track-jets. For this
reason, jets in most ATLAS analyses are reconstructed solely using calorimeter topo-clusters,

or a combination of topo-clusters and tracks.

The formation of topo-clusters for jet reconstruction is identical to the description given
in Section 3.2.6. Calorimeter jets reconstructed at the EM scale are called EMTopo jets.
Calorimeter jets can also be reconstructed at the Local hadronic Cell-Weighting (LC) scale,
where an additional calibration factor is applied to topo-clusters consistent with hadronic
energy deposits. These jets are called LCTopo jets. The LC weighting is derived from simu-

lations of single pion events, and corrects for signal losses and calorimeter non-compensation.

In Run-1 and in early Run-2 analyses, jets were reconstructed solely using topo-clusters. How-
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ever, using a combination of ID and calorimeter information is preferable for the reasons that:

* The calorimeters provide measurements of both charged and neutral particles.

* The superior angular resolution of the ID means that tracks can be associated with ver-

tices.
* The momentum resolution of the ID at low F'r is superior to that of the calorimeters.
* The energy resolution of the calorimeters at high Er is superior to that of the ID.

* The calorimeters cover the forward 2.5 < |n| < 4.9 regions.

Different algorithms are used for the complimentary use of both track and calorimeter infor-
mation. These algorithms are classified under the umbrella term of particle-flow, or PFlow,
algorithms [108]'". The PFlow algorithm described in [12] was developed at ATLAS to com-
bine tracking and calorimetric information for hadronic jet and soft activity'” reconstruction.
At the heart of this algorithm is the ability to distinguish charged from neutral particle deposits
in the calorimeters and furthermore to subtract the energy deposited by charged particles from
the topo-clusters and to replace them with the momenta of tracks matched to the topo-clusters.
The output of the algorithm is a list of tracks, a list of unmodified topo-clusters, and a list of
modified topo-clusters. These outputs are often referred to as a Particle Flow Objects (PFOs).
The pion mass is assumed, since pions dominate the charged component of the jet, and to take

up an average of approximately two-thirds of the visible jet energy [12, 109, 110].

The steps of the PFlow algorithm are as follows:

1. Track selection: Well-measured tracks are selected: 9 hits in the Pixel + SCT; no pixel
holes; ID acceptance || < 2.5; and 0.5GeV < pr < 40GeV. The lower bound pr
threshold is chosen to allow for tracks from particles below the topo-cluster energy
threshold. The upper bound selects against poorly isolated tracks. Tracks matched to
electrons or muons with medium 1D are rejected since the algorithm is optimised for

hadronic showers.

2. Matching tracks to topo-clusters: For each track, an attempt is made to find a match
with a single topo-cluster. In some cases tracks are determined to not have formed a
topo-cluster. These tracks are retained in the algorithm output list of tracks and steps

3-6 are not performed.

3. Expected deposited particle energy: The mean deposited energy of a track of mea-
sured momentum p'*, denoted (Eyep), is determined using single-pion samples without
pileup. Additionally, the spread in the expected single-pion energy deposition (¢o/( Eqep))

is determined. These are important quantities for steps 4-6 of the algorithm.

n this thesis, the terms particle/PFlow jets and the particle/PFlow algorithm will be used to refer to the particle flow algorithm
described in [12]. However, particle flow is a broader concept which can also be used to describe other input object algorithms. These are
the TCC and UFO algorithms, and are described further on in this chapter.

1280ft activity is the additional hadronic recoil below the energy threshold used for jet reconstruction (this is important for missing
transverse momentum reconstruction).
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Figure 3.9. Flow chart showing the algorithm used in the construction of particle flow jet input objects.
Figure from [12].

4. Split-shower recovery: For each track/topo-cluster system, a discriminant S(E“") =

Eclus_ <Edep>
U(Edep)

tween cases where the particle energy is entirely deposited in a single topological clus-

, where E°I" is the energy of the topo-cluster, is calculated to distinguish be-

ter, and cases where the energy is split across multiple topo-clusters. This is actually
very common, especially where the shower is split across two topo-clusters. A value of
E“" > —1 indicates that more than 90% of clusters have the large majority (> 90%) of
the particle’s true energy deposited in the topo-cluster. Hence a discriminant value of
—1is used in performing the split-cluster recovery. The algorithm extrapolates the track
to the EM calorimeter and expands the set of matched clusters using a simple AR = 0.2

criteria around the extrapolated track.

5. Cell-by-cell subtraction: It is possible that particles unrelated to the track (for example
neutral particles) deposit their energy in close proximity to the clusters matched to the
track. Hence simply removing every topo-cluster matched to a track would potentially
remove energy deposits made these close-by particles. For this reason, the energy of
the total set of topo-clusters is compared to (Eqep), and if it is less than (Eqep), the topo-
clusters are removed. If total topo-cluster energy is larger than (Eyp), a cell-by-cell
subtraction procedure is implemented to remove calorimeter cells around the extrapo-
lated track.

6. Remnant removal: If the cell-by-cell subtraction is implemented, it is likely that there
will be some remaining energy from the cells that were not subtracted (if there are energy
deposits from neutral particles, for example). A procedure is implemented to determine
whether this energy is consistent with shower fluctuations, or whether the energy is con-
sistent with close-proximity particle deposit(s). The remnant topo-clusters are removed

if the former case, and retained in the latter.

Figure 3.9 shows a flow chart of this PFlow algorithm.

In the presence of pileup, where jets can arise from particles not produced in the primary
hard scatter interaction, the performance benefits of PFlow jets can clearly be observed. This
is shown in Figure 3.10a, where the average number of pileup jets (referred to a “fake jets” in
the figure) are compared between LCTopo jets and PFlow jets. The fake-rate is an order of
magnitude lower for PFlow jets in the region of tracker acceptance, and there are no large de-
viations in performance outside of the tracker acceptance. Figure 3.10b shows the efficiency
of reconstructing a hard-scatter jet, and improvements to the hard-scatter jet reconstruction

efficiency can be seen in the comparison of PFlow jets to LCTopo jets.
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Figure 3.10. Performance improvements of PFlow jets over calorimeter jets. Figures from [12]. with and
without a jet vertex fraction (JVF) cut applied. JVF is the ratio of two scalar sums, where the numerator is the
scalar sum of the py of tracks associated to the jets which are matched to the the hard-scatter vertex; and the
denominator is the scalar sum of pr of all tracks associated with the jet.

In spite of the performance benefits shown in Figure 3.10, the algorithm does have some
shortcomings, particularly at high pr. Since the lateral shower width of a jet scales as 1/pr,
high pr jets have a dense core. The presence of a dense core degrades the accuracy and
efficiency of track reconstruction. Additionally, the angular resolution of the calorimeter
limits the degree to which the cell subtraction step can be performed reliably in the presence
of close proximity showers. It is because of these reasons, that tracks with pyr > 40 GeV are

excluded from the algorithm in the track selection step [108].

Another PFlow algorithm called the Track-CaloCluster (TCC) algorithm [13] was developed
at ATLAS for improved jet substructure reconstruction performance, and hence tagging per-
formance in very high pr jets. Since the energy resolution of the calorimeters is superior to
that of the ID at high pr, the TCC algorithm directly uses the energy information from topo-
clusters and the angular information from tracks. The output of the TCC algorithm is a set of
four-momenta (pr,n,¢,m), where m is the invariant mass of the object'®. The TCC algorithm

works are follows:

* All loose tracks matched to primary vertices (including pileup) are matched to topo-
clusters calibrated at the LC scale, and each track forms its own TCC object. In cases
where one track matches one topo-cluster, the pr of the TCC object is taken from the

topo-cluster, and the 7 and ¢ coordinates from the track.

e If multiple tracks match to multiple topo-clusters, the cluster pr is split amongst the

tracks, and the track angular coordinates are taken from the seed track.

* In cases where there is a topo-cluster (track) unmatched to a track (topo-cluster), the

four-momentum of the TCC object is taken as that of the topo-cluster (track).

I3TCC objects are massless if < 1 topo-clusters are matched to the seed track, and have non-zero mass if multiple clusters are
matched to the seed track
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A particle flow algorithm called the Unified Flow Object (UFO) algorithm was designed
as a solution to the problem that no single jet input object definition, be it PFlow, TCC or
LC/EMTopo, is optimal for any given measure of performance. TCC jets, while having ex-
cellent tagging performance at high pr, perform worse than LCTopo jets at low pr. PFlow
jets outperform LCTopo jets across the entire pr range, particularly when it comes to pileup
sensitivity. However, PFlow jets have significantly worse tagging performance than TCC jets

at hlgh pr-

The UFO algorithm combines the PFlow algorithm in [12] and the TCC algorithm [13] in
such a way as to optimise the performance across the kinematic range. In this algorithm,

the pi* < 40GeV cut is replaced with a method to gradually switch from the PFlow cell

subtraction to the TCC cell subtraction depending on p''*, and on the measured calorimeter
activity [111]. The switch is made if the energy £ in a cone of size AR = 0.15 around

the extrapolated particle satisfies:

Eclus _ <Edep>

o (Fac) > 33.2 x log,,(40 GeV /pX). (3.11)

In this way, the PFlow cell subtraction algorithm is not implemented for cases where the track
momentum is high, and in cases where the measured calorimeter activity is high, such as in
very dense environments. Additionally, charged PFOs (tracks selected by PFlow algorithm)
which are not matched to the hard-scatter vertex are removed in order to suppress contri-
butions from pileup. This procedure is called “Charged Hadron Subtraction” (CHS). The
neutral PFOs (modified or unmodified topo-clusters) have constituent-level (before jet build-
ing with anti-%;) pileup mitigation algorithms applied that go by the names of “Constituent
Subtracton” (CS) and SoftKiller (“SK”). These pileup mitigation algorithms are applied for
both small-R and large-R jets. The full UFO algorithm is outlined in Figure 3.11. UFO jets

will be the default for small-R and large-R jet definitions in Run-3 analyses.

Jet Flavour Tagging

Identifying jets containing b- and c-hadrons is very important in the context of precision
electroweak measurements (for example [112, 113]). In the VBS measurement discussed in
Chapter 5, b-tagging is of importance due to large backgrounds from top quarks, which decay

to a W-boson and a b-quark.

Because third generation quarks have a large CKM Suppression (little mixing between quark
families), b-hadrons tend to have a large decay length. Furthermore, b-hadrons formed from
the fragmentation of b-quarks tend to carry a large fraction of the intial quark momentum.
This means that b-hadrons are likely to have a large Lorentz boost. The combination of these
effects results in prominent displaced vertices. This detector signature is exploited in b-jet
tagging algorithms, such as the DLIr multivariate algorithm used for the W~ VBS measure-
ment [114]. When implementing b-tagging in an analysis, a tagging efficiency (the rate at

which a true b-jet is identified correctly) working point needs to be selected depending on
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“dense environment” decision is defined by equation 3.11, and results in the TCC algorithm being applied to
track and topo-cluster combinations with high pr tracks or very energy-dense calorimeter environments.

efficiency and purity requirements [19].

Missing Tranverse Energy

Since protons travelling along the LHC beamline carry no momentum component in the trans-

verse plane, the pr in any collision must be conserved. However, in many processes, an im-

balance in momentum is expected due to the production of neutrinos which don’t interact with

the ATLAS detector, but can carry significant pr. The missing transverse momentum p is
miss ,,miss

given by pf™* = (pi"™*, pi™**) and quantifies the momentum balance in the transverse plane.

The magnitude of the vector p™** is referred to as the missing transverse energy (MET), EMss:

Eﬁrfniss — \/(pxmiss)Q + (p;niss)Z. (312)
The direction of the p™ in the transverse plane is defined as
O™ = atan2(p™, pp™), G-13)

where the atan2(y, =) function is defined to return the argument of the complex number z+y,

—5: 5

and is used over the arctan function as it covers the interval (—=, 7], rather than the [-7, 7

interval covered by the arctan function.

miss
z(y)

UIEEDY

t€{hard objects}

are given by the negative vector sum of hard objects and soft signals

Px(y)i — Z

jée€{soft signals}

The components p
in the event:

px(y),j' (314)

The hard objects refer to electrons, photons, muons, 7 leptons, and jets, with a set of kinematic
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and object reconstruction quality requirements. The soft signals refers to all detector signals
for the triggered event which do not contribute to the hard objects. They include non-collision
backgrounds such as scattered soft particles from the UE as well as signals from objects which

do not satisfy the hard object selection criteria.

The mutual exclusivity of the detector signal requires a well defined sequence of contribu-
tions as well a way of rejecting signals where overlaps are present. The usual reconstruction
sequence for the hard objects is electron reconstruction, followed by photons, hadronically
decaying 7s, muons, and finally jets. Each of these objects are fully calibrated before they

enter the p™* calclation, such that contributions to p™** do not arise due to incorrect energy

scales. All electrons passing some selection criteria are included in the p™™* reconstruction
first, and particles further in the sequence are rejected if there is a shared calorimeter signal

with an earlier particle in the sequence.

The contributions from soft signal are calculated in the following way. Good quality tracks
in pr range of 400MeV < pr < 100GeV are selected. The tracks are then extrapolated
to a high granularity region of the EM calorimeter, and a AR check is performed to assess
whether the track is associated with an calorimeter deposits. Those tracks which do not have
calorimeter deposits are retained in the soft term, and those which do match to a topo-cluster,
are also retained, but the topo-cluster is removed in order to take advantage of the improved pr
resolution of the ID. For cases where multiple topo-clusters are matched to a given track, the
highest energy cluster is retained. Any left over topo-clusters which have not been matched
to tracks or discarded are also added to the soft term. The performance of EM and pfiss
reconstruction is assessed using Z — ee/uu events, where selections of the dilepton invariant
mass around the Z invariant mass peak provide clean signal with no expected contributions
for E2ss, Events involving leptonic W decays in association with jets are used to study cases

with true £ [19, 115].

Taus

Tau leptons decay (decay length 87um) either leptonically or hadronically before reaching
the active parts of the ATLAS detector. About 35% of the time, taus decay to a tau neutrino,
electron/muon, and lepton neutrino mediated via an off-shell 1/ boson. 65% of the decay
modes involve the tau decaying hadronically, where in 72% and 22% of the time one or three
charged pions are produced, respectively. Additionally, 68% of hadronic tau decays involve
the production of a neutral pion. Leptonic tau decays cannot be distinguished from electrons
or muons at the interaction point, however hadonic tau decays have a very specific signature.
Firstly, the invariant mass of the system of jets must be less than the tau invariant mass of
around 1.8 GeV, and the predictable production of charged pions result in either one or three
tracks in the ID [116]. Taus also have very collimated showers compared to QCD jets, this
is because QCD jets are initiated by partons carrying colour charge, where the hadronisation
process results in multiple quark and gluon emissions due to them being colour-connected

to the initial parton. Additionally, tau tracks tend to have large impact parameters due to the
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Figure 3.12. Feynman diagram for tau decays via off-shell " boson. From [19].

significant decay length of the tau. Taus are reconstructed initially as jets using the anti-k;
with R = 0.4. Afterwards, a multivariate analysis uses various jet properties to tag the taus
[19, 117].
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Chapter 4

Insitu Calibration of Large-R Jets Using

Direct Balance in Z+Jet Events

4.1 Introduction

This chapter describes the methods used to derive the first Jet Energy Scale (JES) insitu
calibrations for large-R jets using Z+jets events, for jets that have been reconstructed using
UFO input objects (Section 3.2.6). The JES is derived in the region |n| < 0.8, for large-R jets
with 152.2 GeV < pr < 754.6 GeV for Z — eTe™ events and 156.9 GeV < pr < 745.4 GeV
for the Z — u* 1~ events. The calibration was derived using the “InsituBalance” framework,
which is a software package originally created for the MultiJet-Balance calibration [10], but

was adapted by the author for the Z+jet insitu calibrations.

4.2 Jet Calibration

After reconstruction, jets are calibrated so that the average reconstructed jet pr and mass, m,
is restored to that of particle-level (also called truth) jets. These are simulated jets which have
not gone through detector simulation. The correction factors are known as jet energy/mass
scale (JES,JMS) factors. The JES+JMS calibration consists of a series of steps outlined in
Figure 4.1, where the steps are slightly different for small-R and large-R jets.

After anti-k; jet building of the detector-level (also called reco) jets - these are simulated jets
which have gone through detector simulation - a reference set of truth jets are reconstructed
and geometrically matched to the reco jets using a A R matching requirement. Small-R jets
then have a pileup correction applied in the first stage of the calibration chain. The purpose
of this step is to correct for the contribution to the jet energy due to pileup. The correction
consists of two steps: the jet area-based correction and the residual pileup correction. The
area-based corrections subtracts the expected contribution from pileup based on the area of
the jet and the median pr density in the event. After this correction there is still a depen-
dence of the difference between the reco jet and truth jet pr on the pileup activity. A residual
correction is therefore implemented, parametrised in the number of PVs (/Npy), and i which

quantify in-time and out-of-time pileup' respectively.

lin-time pileup refers to pp collisions from the same bunch-crossing as the interaction of interest, whereas out-of-time pileup refers
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Figure 4.1. Jet calibration chain for small-R and large-R jets. Adapted from [11].

Large-R jets do not have a pileup correction applied in the same way as small-R jets. Since
the jet volume of large-R jets encloses a larger fraction of the calorimeter than small-R jets,
they are significantly more sensitive to pileup. In spite of the fact that large-R jets represent
high pr objects, and pileup is typically low pr, the angular structure of large-R jets can be
affected, limiting the jet substructure performance. For this reason, “grooming” algorithms
are applied to large-R jets. Grooming algorithms remove jet constituents, and rebuild the jets
from the remaining constituents. The “trimming” algorithm was prevalent for large-R jets in
early Run-2 analyses, where regions of the jet with small relative contributions to the jet pr
are removed. The latest recommendations use variations of the “Soft-Drop” algorithm, which
is a technique for removing soft and wide-angle radiation from a jet. With the reconstruction

of large-R truth jets, the same grooming algorithm is applied as the reco jets.

In the next step of the calibration chain, the MC-based JES and JMS corrections are de-
rived using dijet events. The pr and mass responses are defined as R,, = (pF*°/pf") and
R, = (m™°/m'"*), where the averages are determined from Gaussian fits (recently, small-
R UFO jets were calibrated using a “numerical inversion” technique which uses piecewise
polynomials called “splines” to fit the response [118]). For the JES calibration, the response
fits are performed in bins of jet energy and detector pseudorapidity (pseudorapidity relative
to the geometrical center of the ATLAS detector, rather than the hard scatter PV). The JES
factor, cjgs = 1/ R, is then smoothed in energy and 74¢. A correction to 1, An is also de-
rived. After cjps is calculated, a correction to the jet invariant mass is derived”. Jet mass

det ag well

corrections are derived using the same procedure as the JES, and in bins of E,eco, 77
as 10g(Myeco/ Ereco)- The IMS calibration factor (cyvs = 1/ R,,,) is applied only to the mass of
the jet while keeping the energy fixed, and allowing the pr to vary. The ¢ coordinate is not

affected by the calibration. The calibrated kinematic variables are thus given by:

reco V Eg _ ~?MSTFL(Z) (41)

Ereco = cips B y Mreco = CJESC mo, Mreco = +A ) =cC
JES 40 JESCIMST0, 1) Mo n, Pr JES cosh(1o + A7)

where the quantities with a 0 subscript refer to those prior to any calibration, but after jet

grooming (for the large-R case) [10, 119].

to pp collisions occurring in bunch-crossings just before and after the interaction of interest.

2Corrections to the large-R jet mass in particular are important since the mass is more sensitive than the pr to soft, wide-angle con-
tributions, calorimeter geometry and topo-cluster merging and splitting. Moreover, the large-R jet mass is a powerful substructure vari-
able used for discriminating between QCD jets and hadronically decaying massive particles.
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For small-R jets, there is an additional step after the MC-based calibration, which is the
Global Sequential Calibration (CSC). This step aims to improve the relative pr resolution
given by %, where piF5S*™S g the jet transverse momentum after the MC-based
calibration. The GSC also corrects for differences in the pr response for gluon initiated and
quark initiated jets. This correction is derived based on global jet observables such as the
longitudinal shower structure, and tracking information, and takes the form of a sequence
a multiplicative corrections. Recently a neural network approach (Global Neural Network
Calibration) has been explored which is an alternative to this sequential correction and allows

for correlated global observables to be used in deriving the calibration [120].

The final calibration stage is the in situ calibration. Differences in the jet response can arise
between data and simulation due to imperfect detector modelling, pileup, particle-detector
interactions, the UE, and jet formation. The in situ correction factor is defined as the double

ratio of the response in data divided by the response in MC:

Rit s
c= ‘ 4.2)
MC
7?'in situ
where the response is defined as:
jet
T
Rin sie = et 4.3)
br

and pt' is defined as the pr of a well-measured reference object, and p'Tet is the transverse

momentum of the jet being calibrated. Rij, i, is transformed from a function of pﬁ?f to a
function of jet transverse momentum through a process of numerical inversion (see Section
4) prior to the double ratio c calculation. The response Ry, sir iS sensitive to secondary effects
such as out-of-cone radiation, where jets from QCD radiation are not captured by the jet cone.
The expectation is therefore that R, s is skewed below 1, and these effects are partially
mitigated through the event selection. The double ratio ¢, however, is robust to such effects,

so long as they are not mismodelled in simulation.

There are three stages of the insitu calibration which are performed sequentially. First, the
inter-n calibration uses dijet events to correct the energy scale of forward jets (0.8 < |nge| <
4.5) to that of central jets (|74e] < 0.8). The reason for deriving this correction is that the
in situ calibrations that follow are derived solely in the central region as forward jets have
increased response variations due to the more complicated detector structure in the forward
regions. The n-inter calibration requires two back-to-back jets in the transverse plane from
different 7q4 regions. All insitu calibration steps exploit the momentum balance of the sys-
tem. In the case of the n-inter calibration, the two jets are required to have equal and opposite
pr to satisfy the momentum balance. A quantity called the momentum asymmetry is con-
structed, which is the difference of the jet transverse momenta divided by the average jet pr,
and quantifies the response difference between the two detector regions. For a given pair of

Naet» the asymmetry can be used to define the calibration factors.
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The next step of the calibration chain exploits the pr balance in v/ Z(— ee/upu)+jet events.
Electrons and photons are accurately calibrated as described in Section 3.2.6, and the muons
are calibrated using Z — ppu, J /W — ppand T — pp events. These methods benefit from
the accurate knowledge of the energy scale and resolution of leptons and photons. These in
situ calibrations are called the direct-balance (DB) calibrations. The DB response is:
il

Rop = %), P =pr| cos(Ap)], (4.4)
where p’T1 is the pr of the leading jet, and A¢ is the azimuthal separation between the photon
or the reconstructed Z. The reason for the | cos A¢| factor is to reduce the effect of “out-of-
cone” (OOC) radiation, which is additional QCD radiation from the jet which is not captured
in the jet cone during jet building. The reference object is colour neutral, hence there is
more QCD radiation in the jet hemisphere resulting in a bias which takes the response below
unity. This | cos A¢| factor reduces the effect of this bias by balancing the momentum of the

reference object onto the jet axis in the transverse plane.

Events are selected by requiring low pr jet veto, and a minimum requirement on the A¢ be-
tween the leading jet and the reference system. Independent calibration factors are derived
for Z(— ee)+jet, Z(— pp)+jet and Z~y+jet DB. The Z+jet calibration is limited to the sta-
tistically significant pt range of Z boson production, and is therefore only relevant at low and
medium pr in the range of around 17 < py < 800 GeV. The complementary ~y+jet measure-
ments which are limited by small numbers of events at high pr and by dijet contamination,

are relevant at around 30 < py < 2000 GeV with a limited precision at py < 100 GeV.

For the calibration of small-R jets, an additional insitu calibration called the Missing Mo-
mentum Fraction (MPF) method is also used to complement the DB calibrations. The MPF
method measures the py balance between the reference object and the full hadronic recoil (i.e.
including any QCD OOC radiation). This method is very robust against pileup and the UE,
and covers a similar kinematic range to y+jet DB. In the final stage of the insitu calibration,
a pr balance method using multijet events is implemented to extend the kinematic range of
the calibration to larger transverse momenta than what could be achieved by y+jet. Recent
developments in the insitu calibration have allowed for a precision of the correction factor at
level of 19%. Additionally, recent developments have allowed for measurements of the JES
for b-tagged jets at the level of 1% using y+jet direct balance. These measurements have the
potential to improve the precision of analyses which are very sensitive to the b-jet JES such
as H — bb and top mass measurements [10, 120, 121].

For the case of large-R jets, an in situ calibration for the JMS is also calculated. Two inde-
pendent methods are used to derive these corrections. The Ry, method uses calorimeter-to-
tracker response ratios. This method was used for calibrating large-R LCTopo jets for Run-2
analyses, where the fact that tracker and calorimeter provide independent measurements is
exploited in order to validate the modelling of large-R jet properties. The forward folding
method uses a high purity, high pr large-R jet sample from ¢¢ events, where one of the top

quark decays hadronically (¢t — b + W (— jets)), and the other decays via a leptonically
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I Year Levell \ HLT

2015 Er > 10 GeV(*); Er > 12GeV;
Hadronic activity veto loose ID
2016 Er > 13 GeV(*); E7 > 15 GeV;
Dielectron trigger Hadronic activity veto | vloose ID, dO unused

Er > 15 GeV(¥);

2017/2018 Hadronic activity veto; Er > 17GeV:

vloose ID, d0 unused

Isolated
2015 Er > 10 GeV FEr > 10GeV
Dimuon trigger
2016/2017/2018 Er > 10GeV Er > 14 GeV

Table 4.1. An n-dependence of the L1 trigger threshold is denoted by (*).

decaying W (t — b+ W (— [v)). The response is obtained from fits to the top and W mass
peaks in the invariant mass distribution of the large-R jet of the hadronically decaying top
candidate. The W mass peak is present when a large-R b-jet veto is applied, and the top mass
peak is present when the large-R jet is b-tagged. Two independent methods for calculating the
large-R jet mass are implemented. These are the calorimeter jet mass, m®°, and the track-
assisted jet mass (m™). For a large-R calorimeter jet J with topo-cluster constituents 7 with

energy F; and momentum p;, the calorimeter-based jet mass is defined as:

medo — \/(Z Ez>2 _ (Z pi)27 4.5)

icJ ieJ

and the track-assisted jet mass is defined as:

calo

TA pT track
m = X m, 4.6)

T

where the track invariant mass, myy, is assumed to be the pion mass. The values for the

response in data and MC are extracted simultaneously in a fit known as forward folding [10].

4.3 Data and MC samples

Proton-proton collision data at a centre-of-mass energy of /s = 13TeV are using in the
in-situ calibration. The data are required to pass unprescaled dielectron or dimuon triggers
depending on whether the Z-boson decays to electrons or muons, respectively. These trig-
gers are shown in Table 4.1, and depend on the year the data were recorded. The dataset
corresponds to an integrated luminosity of 139fb~! [122]. The data are required to pass data-
quality criteria to ensure the data were taken during periods where the detector subsystems
were fully functioning. This is achieved via “GoodRunsLists (GRLs)”, which are provided
by the ATLAS Data Quality group.

The nominal sample of Z+jets events is generated using PowneG-Box v1 [33-35], with NLO
matrix-element (ME) accuracy in perturbative QCD for inclusive Z production. The CT10
PDF set is used in the ME calculation [123]. The parton-level final state is interfaced with
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PyTHIA8 (v8.186) [36] for generating the parton shower (PS), hadronisation, and multi parton
interactions (MPI), utilising the AZNLO tuned parameter set [ 124]. The PHoTOS++ program
[125] is used for the modelling of QED emissions from electroweak vertices and charged

leptons. EvtGen 1.2.0 [126] is used for the properties of b- and c-hadron decays.

For evaluating the systematic uncertainty due to MC generator choice, a second Z+jets sample
is generated using SHERPA2.2.1 [37, 38] and is subdivided (sliced) into discrete regions of
max (Hr, pY ), with boundaries at [0,70,140,280,500,1000,6500] GeV, where Hry is defined
as the scalar sum of all partonic jet transverse momenta, and p¥ is the mass of the dilepton
system. NLO-accurate matrix elements for up to two jets, and LO-accurate matrix elements
for up to 4 jets are calculated with Comix [30]. The b- and c-quarks are treated as massless
at the ME calculation, and massive in the parton shower. The parton showering is conducted
by CSSHoweR [127], which is based on Catani-Seymour dipole factorisation [128]. Virtual
QCD corrections to the ME are derived with OpEnLoops [129]. The NLO matrix elements
for any given jet multiplicity is matched to parton shower, and different jet multiplicities are
then merged according to the CKKW matching procedure [40, 41] and extended to NLO
accuracy using the MEPS@NLO prescription [130]. The NNPDF3.0nnLo PDF set [131] is
used with dedicated parton shower tuning developed by the SHERPA authors. The invariant
mass of the dilepton system is required to be at least 40 GeV [132]. The MC event simulations
are interfaced with the GEanTt4 toolkit [89] for detailed modelling of the ATLAS detector
response [133].

4.4 Jet definitions

The large-R jets, which are the subject of the insitu calibration described in this chapter, are
built from UFO jet input objects [14] using the anti-k; algorithm [23] with radius parameter
R = 1.0. Constituent-level pile-up mitigation is applied using the Constituent Subtraction
(CS) [134] and SoftKiller (CS) [135] algorithms. To remove soft contributions from the re-
constructed jet, the Soft-Drop (SD) grooming algorithm [136] is implemented. Additionally,
fully calibrated small-R jets [111, 137] are used for py balancing and jet veto purposes. These
jets are built from Particle Flow (PFlow) [12] input objects using the anti-k, algorithm with
radius parameter R = 0.4. An overview of the definitions of the different jet objects is shown
in Table 4.2. The specific implementation of the jet clustering algorithm is taken from the
FastlJeT package [138, 139].

Large-R jets are calibrated in both data and simulation up the MC-based JES and JMS (MC
JES+JMS) calibration scale [ 10]. Small-R jets are fully calibrated in both data and simulation,

as described in Section 4.2.
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’ I Algorithm | R [ Settings

Particle-Flow 0.4 N/A
Jet input objects
Unified Flow Objects 1.0 N/A
Ay =0.01
Constituent Subtraction | 1.0 | ARpa = 0.25

Pile-up mitigation algorithms a=0
SoftKiller 1.0 {=0.6
. . Zeut = Ol

Jet grooming algorithms Soft-Drop 1.0 B=1

Table 4.2. Summary of the jet input object algorithms used for small-R (R = 0.4) and large-R (R = 1.0) jets,
in addition to the specific pile-up mitigation and grooming algorithms used for the large-R jets. Since
different versions of the pile-up and grooming algorithms exist, the exact parameters used relevant to these
algorithms is shown in the last column. See [134-136] for further details on the parameters..

4.5 Object Selections

4.5.1 Electrons

Electrons are reconstructed from ID tracks and calorimeter information as described in sec-
tion 3.2.6. Electrons are calibrated using the “EgammaCalibrationAndSmearingTool” with
the ESModel “es2018_R21_v0” configuration using the decorrelation model setting “1NP_v1”,
which results in one non-zero scale and resolution systematic variation. Electrons are re-
quired to satisfy Loose ID, and FCLoose isolation requirements®, and are reconstructed within
In| < 2.47, excluding the gap between the barrel and endcap EM calorimeters (1.36 <
In| < 1.52). Electrons are required to satisfy pr > 20GeV. Electrons are constrained to
originate from the primary hard-scatter vertex through the requirements |dy|/|o4,| < 5 and

|20 sinf| < 0.5mm, where the impact parameters are defined in Section 3.2.6.

4.5.2 Muons

Muons are reconstructed from MS tracks matched to ID tracks as described in Section 3.2.6.
Muons are calibrated using the “MuonCalibrationAndSmearingTool” and the “correctData_ID
MS” scheme which gives muon track resolution and momentum scale systematic variations
on the seperate ID and MS components of the combined (CB) muon. Muons are required
to satisfy Loose 1D, and FCLoose isolation requirements, and must be reconstructed within
In| < 2.4 with pr > 20GeV. Muons are constrained to originate from the primary hard-
scatter vertex through the requirements |dy|/|o4,| < 3 and |zpsinf| < 0.5mm, where the
impact parameters are defined in Section 3.2.6. The 7 cut, ID quality, and track selections
are performed by the “MuonSelectionTool”, which also facilitaties vetoing events contain-
ing mis-reconstructed muons, as these objects tend to have significantly worse momentum

resolution. Muons consistent with cosmic ray backgrounds are removed.

3“RC” refers to “FixedCut”, i.e. that a cut is put on the isolation variables themselves, rather than using cut maps to achieve a target
selection efficiency.
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4.5.3 Jets

As described in Section 4.2, the Z+jets insitu calibration is designed to provide residual
corrections to jets measured in the central detector region. Therefore, large-R jets are selected
to be in the region || < 0.8 and with py > 100 GeV. Small-R jets are selected with pr >
10 GeV and |n| < 4.5 and are required to be AR > 1.4 from the leading large-R jet, to ensure
no overlap. Small-R jets with pr < 60 GeV and |n| < 2.4 are required to satisfy the Tight Jet
Vertex Tagger (JVT) [140] working point in order to reject additional jets originating from
pileup. The Medium JVT working point is used as a systematic variation to assess the impact

of the JVT selection on the calibration.

4.5.4 Overlap Removal

To prevent detector signals from one object being used in the reconstruction of a different
object, an object overlap removal procedure is applied according to the ATLAS standard
overlap removal tool [141] in the following order:
* If two electrons share the same track in the ID, the electron with the lowest pr is rejected.
* Calorimeter muons are rejected against electrons if they share the same track in the ID.
* Electrons are rejected against muons if they share the same track in the ID.
» Small-R jets are rejected against electrons if AR < 0.2.
* Electrons are rejected against small-R jets if AR < 0.4.

* Small-R jets are rejected against muons if there are < 3 tracks and either the jet and the

muon are ghost-associated* or AR < 0.2.
* Muons are rejected against small-R jets if AR < 0.4.

* Large-R jets are rejected against electrons if AR < 1.0.

4.6 Event Selection

Event selection criteria are applied such that the analysis is performed in a region that is
populated by event topologies in which the reconstructed Z-boson’s momentum is balanced
by the momentum of the large-R jet (a so-called 2—2 topology). Furthermore, to ensure the
leptons are consistent with a Z-boson decay, lepton pairs are required to have the same flavour
and opposite charge. The invariant mass of the dilepton system is required to be consistent
with the invariant mass of the Z-boson, i.e. 66 GeV < m; < 116 GeV. The 2 — 2 topology
selection is enforced by a veto on events in which (i) there is a small-R jet that carries a

significant amount of the total jet momentum, and (ii) the large-R jet and the dilepton system

4With “ghost-association” particles can be associated to jets by treated them as particles with negligible pr and clustering them
within the jet [142].
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Variable Nominal Selection Up Variation Down Variation

Pt < max(0.1pRf 15 GeV) < max(0.15p% 20 GeV) < max(0.05p% 10 GeV)
AP(Z, 1) > 2.8 >29 > 2.7
my 66 GeV < my; < 116 GeV — —

Lepton charge Opposite charge pairs — —

Table 4.3. Event selection criteria and corresponding systematic variations. The large-R jet with the highest
pr (hardest) is given the label J1. The hardest small-R jet is given the label j1 (not capitalised).

Reference P with P, Ifor Z(ee)tjets in data
,oa
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C —300

P, Balance
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700 800
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Figure 4.2. pRef with pB for Z — e*e™ events in data. The response distributions in bins of p&¢f are y-axis

slices of this 2D histogram.

are separated by A¢(Z, J;) ~ w. The event selections and their variations for evaluating

systematic uncertainties are listed in Table 4.3.

4.7 Nominal Response Calculation

Measurements of Rpg are carried out separately in the electron and muon channels. These
measurements are later combined in the insitu combination effort to provide a single insitu
correction. Rpg is measured using a 2D histogram of p&f and pB = zf?; for every event
passing the selection criteria. The binning of p%ef is chosen to be [150, 175, 200, 225, 250,
300, 350, 400, 600, 800] GeV to match the previous calibration effort for EMTopo large-

R jets [10]. The p3 variable has a fine binning to facilitate a Gaussian fit of the response

curves. The 2D histogram is shown for Z — e*e™ events for the response calculation in data

in Figure 4.2.

The 2D histogram is sliced in bins of pX*', and the average response Rpg is determined from

the mean of a Gaussian fit. The error on the mean is used to quantify the statistical uncertainty

on pBal,

Before performing the fit, each p&! distribution is uniformly re-binned in accordance to

Scott’s normal reference rule [143], which states that the bin width should be as close as pos-
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Figure 4.3. Gaussian fits to p2 in slices of pR¢' in the electron channel. The y-axis shows the number of

events per bin.

sible to %}%‘ (onist is the standard deviation of the histogram and /N is the number of events).

After re-binning, a Gaussian distribution is fit using a minimum log-likelihood method, where

the likelihood is built assuming a Poisson probability density function for each bin [144]. This

Im

8
bin with the maximum histogram content. After the fit, the range is adjusted to g £ 1.604;,

fit is performed over the range z,, £ 2, where z,, is the x value corresponding to the
where fi5, is the mean of the Gaussian, and oy is the width’. In this way approximately 90%
of the events contribute to the fit. A second Gaussian fit is then performed over the new fit
range, now using x? minimisation. The fit range is adjusted again in the same way, and a
third Gaussian fit is performed, again using x> minimisation. This fit method results in lower

reduced y? values than a single fit with a static fit range [145].

The response fits are shown for data in the electron channel in Figure 4.3 and the muon channel

in Figure 4.4. See Appendix A.1 for the Gaussian fits from simulated events for both channels.

The 18 Gaussian fits in Figures 4.3 and 4.4 qualify the average jet response, Rpg, as a func-

tion of pX°f. However, since the final insitu calibration is applied to large-R jets, the p&ef
values need to be mapped to pf. To derive the mapping, a 2D histogram of pR vs p{ is

produced. For a given p&<f slice, the p{ bin center is given by the histogram mean over the

low high low high : :
range [0.4p7ye ;, 1.6p7 et ;] Where pry;; and pp o ;, are the lower and upper bin edges for bin

Ref e

i of pR', respectively. The p7 midpoint values for each p&f bin are shown in Figure 4.5.

SThe reason for not fitting over the entire histogram range is because of the non-Gaussian nature of the low p?a] tail. This non-

Gaussian tail comes about due to the 100 GeV cut on the large-R jet pr, and the maximum value of the p¥°f bin. For example, in the
150-175 GeV bin, the minimum value p.‘?"‘l can take is 100/175 = 0.57. There is no such upper limit for p¥ef, leading to a slight bias at
low p$5f
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Figure 4.4. Gaussian fits to pp® in slices of pr® in the muon channel. The y-axis shows the number of events
per bin.

4.8 Systematic Uncertainties

Systematic uncertainties in the insitu correction arise from the reconstruction and calibration
of the leptons, the choice of event generator used to calculate the double ratio c, the JVT
working point, and the variations in the event selection criteria (given in Table 4.3). JES
and JER systematic uncertainties on the small-R jet used in the radiation veto, and lepton
reconstruction, ID, isolation and trigger efficiency scale factors, are not considered. These
uncertainties were found to be negligible in previous large-R jet calibration efforts at ATLAS
[10]. The statistical uncertainties from the number events in data, and the number of simulated

events are included in the final uncertainty.

There are 64 independent sources of uncertainty which contribute to the electron energy scale
variations. These include uncertainties in the material upstream of the calorimeter, cell read-
out non-linearity, transitions between higher and lower gains in the EM calorimeter, presam-
pler calibration, intercalibration of first and second accordion layers, Z — e*e™ energy scale

calibration, pileup modelling, and lateral shower shape development [102].

The sources of uncertainty contributing to the electron energy resolution are: shower and sam-
pling variations in the calorimeter, fluctuations in the energy loss upstream of the calorimeter,
electronics and pileup noise, and residual non-uniformities affecting the measurement of the
energy in the data [100]. For the muon pr scale and resolution uncertainties, the sources
include: the J/¢ — ptp~ and Z — p*p~ fits, reweighting simulated Z samples to im-
prove agreement with data, decay and final state radiation modelling, J/¢/Z pr template
range, .J /v /Z mass binning, .JJ/1/Z mass window, .J /1 alternate background parametrisa-

tion function, the closure test, and statistical uncertainty [146].
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the pR°f bins. It is evident from this plot that the bins at higher pR*' have a larger correction than the bins at

lower p&ef,

Up and down variations in the each of the scale and resolution systematic uncertainties are
propagated independently through the analysis chain and are later symmetrised (with the ex-
ception of MC modelling and JVT). Systematic variations in the electron and muon calibra-
tion are applied only to simulation when calculating the systematic uncertainty on the double
ratio ¢. Each source of uncertainty for the e/u scale and resolution is considered as fully
correlated across 7 and pr, and are all added in quadrature (independently for electrons, and
MS and ID components for muons)

The MC modelling uncertainty is evaluated by performing the response measurements sepa-
rately for the SHERPA and PowHEG+PyTHIA samples. The double ratio is calculated for both
response measurements, and the difference between the nominal values defines the uncer-
tainty. Sherpa is chosen as the nominal MC generator because a significantly larger degree of
mismodelling is seen in the Powheg-Pythia samples as a function of jet pr as shown in Figure
4.6.

For uncertainties associate with JVT, the Medium working point is used. The default Tight

working point is defined by the threshold JVT' > 0.5, and the Medium working point is
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Figure 4.6. Data to MC distributions for the p% (a) and p%ef (b). The MC distributions are normalised to the
data distribution. It is clear that there is a large degree of mismodelling in the PowHeEG+PyTHIA MC sample
which cannot be explained by the lack of an insitu calibration, as this is of the order of a few %. For this
reason the POowHEG+PYTHIA sample is only used to quantify a systematic modelling uncertainty of ¢, and is
not used in the calculation of the nominal value.

JV'T > 0.2. The cut values refer to the output values of the JVT likelihood-based discrimi-

nant derived from simulated dijet events [140].

Systematic variations in the event selection criteria are carried out to test the assumption of
a2 — 2 topology. The A¢(J, Z) variations are defined by varying the default selection by
+0.1 radians. Table 4.3 gives the variations in the radiation veto. Event selection and JVT

systematic variations are performed simultaneously in data and MC.

Each source of uncertainty is considered as fully correlated across 1 and pr. Each uncertainty
is evaluated by propagating each source through the analysis chain and calculating its effect
on the double ratio, c. The final uncertainty is taken to be the quadrature sum of the individual

uncertainties.

To prevent large statistical fluctuations in the systematic uncertainties, a bootstrapping proce-
dure is used to determine a statistically significant re-binning for every source of uncertainty.
In this procedure, 100 bootstrap replicas are created, where each replica has a copy of the
nominal 2D distribution (Figure 4.2) and each systematically varied 2D distribution. For
each event in the dataset, 100 event weights are chosen by sampling a Poisson distribution
with mean of one. These represent a modified set of event weights, one for each bootstrap
replica. Each replica histogram is then filled with its corresponding set of event weights. The
sampling of the Poisson distribution depends on a random number uniquely determined from
the run and event number. In this way, nominal events, and events corresponding to system-
atic variations remain correlated for every replica. The nominal Rpp response values for one

of the p&¢! bins in data for 100 replicas is shown in Figure 4.7.

The re-binning procedure works by iterating over each p&f bin, and determining the double
ratio ¢ for each replica of the systematic variation (c;”*), and for each nominal replica (c}°™).

The value of the systematic uncertainty for a given replica, ¢, is then given by:

Sys
C‘)’ _ chom

Sagsi = c—m 4.7)
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Figure 4.7. The Rppg response derived from 100 nominal replica distributions in bin 8 of p¥ef in the electron

channel. Every entry in this histogram has a corresponding value for any given systematic uncertainty. By
calculating the spread in the differences between these correlated values, the statistical significance of the
systematic variation for a given bin can be ascertained. The x-axis shows pR°’ and the y-axis shows the

number of replica instances per bin.

Table 4.4. Sources of uncertainty on the double ratio in the Z+jets insitu correction.

Component Description

e E scale Uncertainty in the electron energy scale

e E resolution Uncertainty in the electron energy resolution

w pr resolution ID Uncertainty in muon pr resolution in the ID

1 pr resolution MS Uncertainty in muon pr resolution in the MS

1 pr scale res. & comb.  Muon pr scale uncertainties from (residual and combined) charge-dependent corrections
 pr scale Uncertainty in the muon pr scale from charge-independent corrections
MC modelling Difference between MC event generators

Pile-up (JVT) Jet vertex tagger uncertainty

A¢ Variation of A¢ between the jet and Z boson

Small-R jet veto Radiation suppression through second-jet veto

Statistical Total MC and data Statistical uncertainty

The statistical significance of the systematic variation is given by the ratio of the systematic
uncertainty calculated from the un-fluctuated dataset, dy, and the standard deviation of the
replica systematic uncertainties. The systematic uncertainty is deemed to be statistically sig-
nificant if this ratio is larger than 2. If this criteria is met, the bin is kept as it was. Otherwise,
the pR' bin is combined with the next bin, and the nominal and systematic responses are re-fit
with the combined bins. If the significance threshold is still not reached, the next p$ef bin is
added, and the responses are subsequently re-fit. To prevent over-binning, only a maximum
of 5 bins are allowed to be combined. An example of a systematic uncertainty which is re-
binned (MC modelling) and one which is not rebinned (electron energy scale) is shown in

Figure 4.8.
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Figure 4.8. MC modelling uncertainty on Rpg prior to the mapping to p{ (a). Electron energy scale
uncertainties on Rpg prior to mapping to py. Statistical significance of the MC modelling uncertainty is
shown in (c), and the up variation of the electron energy scale in (d). In (a), the last two bins (bins 7 and 8)
were not statistically significant, but were made statistically significant with the addition of bin 6. In (b), all
uncombined bins are statistically significant, and no rebinning has taken place.

4.9 Results

The responses Rpg for the electron and muon channels after the p&' to p{ mapping are shown
in Figure 4.9. The systematic uncertainties on the double ratio with p&¢! prior to symmetrising
are shown in Figure 4.10. The final systematic uncertainties on p7. are shown in Figure 4.11.
From the response distribution it is evident that the jets require a quasi-flat 2% correction in
both electron and muon channels. The size of this correction is very similar to the one derived
for large-R LCTopo jets [10]. However, the shape of the Rpg distribution is very different in
that there is a clear up-turn at low py, this was not seen for large-R LCTopo jets. This upturn
was seen in all the insitu calibrations (y+jets, Z+jets, and MJB) for the UFO large-R insitu

JES measurements [147].

4.10 Insitu combination

The results in Figures 4.11 and 4.9 were used in the insitu combination [147] to derive the
precision recommendations for Athena Release-21 large-R UFO jets. In the combination, the
n-intercalibration [149], v+jets [150], Z+jets [151], and MJB results [152] are combined to

form the final insitu correction factor (c) to the JES. The combination of all the ¢ factors and
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uncertainties is shown in Figure 4.12.

4.11 Small-R Insitu Calibration Cross-check

As an additional cross-check for the small-R EMPflow Z+jets insitu calibration, the Insi-
tuBalance software framework was used to derive the nominal insitu calibration. This was
compared with the nominal insitu calibration derived using the software framework which is
usually used for the small-R calibration in ATLAS (the MPF framework).

4.11.1 Samples, object definitions, and event selection

The comparison was done using 2018 data in the electron channel. Small-R EMPFlow jets are
used in the calibration. The 2018 dielectron trigger described in Table 4.1 is used. Electrons
are required to satisfy “Loose” ID and “Loose” isolation criteria. Jets are selected in the cen-
tral |n| < 0.8 region. Jets are calibrated up to the MC JES + GSC (Global Sequential Calibra-
tion) level using the 2019 consolidated recommendations. Electrons are calibrated used the
same prescription as in Section 4.5. Jets are required to satisfy pJT' > 10GeV, and events are
selected such that A¢(j, Z) > 2.8. In order to reduce contamination from events with large
hadronic recoil, a sub-leading jet veto is applied such that p$°" < max (20 GeV, 0.1 x p&ef),
where p5e°" is the pr of the sub-leading jet. The Tight JVT working point is used for jets
with pr < 60 GeV and 7 < 2.4. The only overlap removal requirement is that jets are required

to satisty AR(j, Z) > 0.2.

4.11.2 Results

The responses agree very well between the two frameworks, as shown in Figure 4.13. This
serves as a cross-check for the small-R jet calibration, but indeed also gives confidence in the

large-R calibration in that the software machinery is behaving as expected.

The slight differences between the response in Figures 4.13a and 4.13b can be attributed to
differences in the fit range, fitting function, and binning of p2%. The InsituBalance framework
uses a Gaussian fit over the fit range given by 1/8 times the maximum bin, and the MPF
framework uses a modified Poisson distribution (a continuous generalisation of the Poisson

distribution defined using the gamma function) with a dynamic, asymmetric p2% range. The

was confirmed by explicitly checking the calibrated p& and pB values for individual events
in the 2018 data sample in the two software frameworks, and equivalent values were obtained.
The p2 fits in p&<f bins for the InsituBalance framework and MPF framework are shown in

Figures 4.14 and 4.15, respectively.
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Figure 4.9. Direct balance response, Rpg, and the double ratio “MC/Data” (1/c), with leading large-R jet pt
p{ . The error bars only show statistical uncertainties. (a) shows the response for the electron channel, and (b)
shows the muon channel. In the final calibration, the final bin in the muon channel is omitted due to large
statistical uncertainty on the response. This comes about because fewer events are selected in the muon
channel (also seen in MPF results [148]).
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Figure 4.10. Uncertainties on the double ratio in the electron (a) and muon (b) channels with p?ef before the
mapping to p{, and before symmetrising of the uncertainties. For uncertainties which do not have a down
variation (for example statistical, MC modelling), a down variation is plotted by simply inverting the sign, this
is done only for aesthetic reasons.
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Figure 4.11. The final uncertainties on the insitu JES correction with p{ and symmetrised uncertainties in the
electron (a) and muon (b) channels. Uncertainties are symmetrised by subtracting the down variations from
the up variations and dividing by two.
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Figure 4.12. The combination of all the insitu measurements and the final insitu correction factor to the JES,
with corresponding statistical and systematic uncertainties. The Z+jets and y-+jets results are in very good
agreement. These results are derived completely independently using different software packages. The last

data point from the Z(— pu)+jets calibration is omitted due to poor statistical precision in this bin. The

Z+jets and y+jets calibrations cover the 150-900 GeV range, and these calibrations typically have < 1% total

uncertainty. From around 150-200 GeV the insitu correction is covered solely by Z+jets and ~y+jets
measurements, and superior precision is seen in the y+jets channel. The 150-750 GeV range is covered by all
insitu measurements. From around 200-500 GeV, the Z+jets channels have the superior precision, and from

500-900 GeV the vy+jets channel provides the superior measurement. Above 900 GeV, the calibration is solely
covered by the MJB measurement. The final uncertainties on the combined calibration are typically below

0.5%. Figure taken from [147].
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Figure 4.13. Comparison of the Rpg response between the InsituBalance software framework (a), and the
MPF software framework (b) for 2018 data in the electron channel. The slight differences seen when
comparing the first low pr bins can be attributed to slightly different fit functions and fit range in the fits to
determine the average response. The MPF framework response plot (b) was produced by Sahil Singh [153].
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Figure 4.15. pBd distributions in small-R Z(— eTe™)+jets in the MPF software framework. A modified

Poisson distribution with a dynamic asymmetric fit range is used here.

88



Chapter 5

Differential Cross-section Measurement

of W~jj EW Production at \/s = 13TeV

This chapter describes the first differential cross-section measurement at ATLAS of the elec-
troweak production of a W boson and a photon in association with two jets. The research
detailed in this chapter is included in a paper submitted to journal and publicly available
at [53], where the differential cross-section measurements are used to derive constraints on
dimension-8 operators in the context of an effective field theory (EFT). The paper also de-
scribes the observation and fiducial cross-section measurements of this process. The CMS
collaboration has previously reported the observation [48] and differential cross-section mea-
surements of this process [154]. The ATLAS paper is the first to publish constraints on the
frs and fr, operators' and also gives differential cross-section measurements of observables
sensitive to CP-violating (CPV) Higgs and weak boson interactions. The work shown in this

chapter is the authors own except when explicitly stated otherwise.

Unfolded differential cross-sections for EW-1~jj production are measured for 6 different
observables. These are the dijet invariant mass mj;, dijet transverse momentum Pl signed
.. . . signed
dijet azimuthal angle separation A¢;;
angle separation of the lepton and the photon A¢

, lepton transverse momentum pf}, signed azimuthal
signed
by

photon system m,,. The signed nature of the angular observables refers to the fact that the

, and the invariant mass of the lepton-

objects are rapidity ordered before subtracting the azimuthal angles. i.e.
Adij = ¢ — &), where y} > y7. (5.1

The dijet invariant mass is one of the most important observables used to discriminate the
strong production mode from the EW mode in VBS/VBF processes, in this way m;; charac-
terises the VBS measurement. The dijet transverse momentum probes the kinematics of the
forward jet system. Preliminary EFT studies showed that pr ;; is expected to be more sensitive
to dim-8 EFT contributions than mj;. The p% and m,., observables probe the kinematics of the
central diboson system. Finally, the angular observables A jsjig“ed and Aqﬁziff“ed are expected to
be sensitive to CPV gauge couplings contributing to the W W~ and WW ~yZ vertices. The

EW-W+~jj differential cross-section paper [53] does not publish limits on these couplings as

I'The dimension-8 T operators are given by the different ways of contracting the SU(2) and U(1) field strength tensors, and represent
anomalous quartic gauge interactions involving a v and a W, without trilinear interactions. The T3 and T4 operators were only added to
dimension-8 EFT models in March 2021, and have therefore remained unconstrained by measurements prior to this analysis [155].
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they still need to be included in EFT models in MC event generators, but the published results
may help future analyses looking to derive these limits.

5.1 Signal and Background Processes

5.1.1 Signal

The nominal sample for the EW production mode of [v7jj (referred to as EW-1+jj in this
chapter) is generated using SHERPA 2.2.12 [37, 38], with LO matrix element accuracy, where
the NNPDF3.0nnLo PDF set [131] is used, and the tuned parameter set used in the parton
shower (PS), underlying event (UE), and hadronisation is the default one developed by the
SHerpa authors. The ME calculation is performed for up to three partons in the finals state us-
ing the internal ME generator Comix [30], and the ME is merged with the PS for events using
the MEPS @LO prescription [130]. All partons are treated as massless in the ME calculation,
and massive in the PS, and diagrams involving initial state b-quarks are explicitly excluded in
the ME calculation, as these diagrams are covered by separate single-top MC samples”. The
PS is conducted by CSSHoWER [127], which is based on Catani-Seymour dipole factorisation
[128].

An additional EW-1/~jj sample is generated using MADGRrRAPHS_AMC@NLO (v.2.6.5) [39],
with LO matrix-element (ME) accuracy in perturbative QCD, where the NNPDF2.3L0 [131]
PDF set is used in the calculation of the ME. The ME calculation is performed for two par-
tons in the final state. The ME-level final state is interfaced with PyTHiA8 (v8.240) [36] with
dipole recoil turned on for generating the PS and UE, using the A14 [156] tuned parame-
ter set for the modelling of non-perturbative effects. EvrGen (v1.6.0) [126] is used for the
properties of b- and c-hadron decays. The SHERPA sample has 4783000 total events, whereas
the MADGRrRAPHS_AMC@NLO sample has 5013000 total events. The SHERPA sample is used
as the nominal MC sample since the ME calculation is performed for up to three partons,

compared to 2 partons (i.e. no extra emissions) in the MADGrRAPHS_AMC@NLO sample.

It is worth commenting on the fact that LO samples are used for the simulations of the signal
process. The current state-of-the-art for the MCnet MC generators are LO-merged samples,
such as the SHERPA EW-117vjj sample used in this analysis. The NLO calculation for V~jj
processes is extremely challenging because of the interference with the strong V57 process
and the presence of infrared singularities from NLO correction to both the electroweak and
strong diagrams [157, 158].

2With this setup, diagrams involving the t-channel exchange of a Z-boson via a b-quark are excluded from the analysis. Separate
studies have shown that this has a negligible impact.
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5.1.2 Backgrounds

Strong W~jj

The nominal irreducible background sample for the strong production mode of [vjj (referred
to as strong-W~jj in this chapter) is generated using SHErRPA 2.2.11 [37, 38]. The sample
is produced with NLO accurate MEs for up to one parton in the final state, LO accuracy
ME:s for up to 3 partons in the finals state are calculated with Amecic [29] and Comix [30].
Partons are treated as massless in the ME calculation, and massive in the PS. The PS is
conducted with CSSuoweR [127]. The matrix elements are matched to the PS, and different
jet multiplicities are merged using the CKKW matching procedure [40, 41], which is extended
to NLO accuracy using the MEPS@NLO [130] prescription. The NNPDF3.0nnLo [131]
PDF set is used and the dedicated set of tuned parameters for the PS is developed by the

SHERPA authors.

An alternate strong-W jj background sample is generated using MADGrAPHS_aAMC@NLO
(v2.8.1) [39] with NLO ME accuracy up to one parton in the final state. The NNPDF3.0nnNLO
PDF set is used in the calculation. The partonic final state is interfaced with PyTH1A8 (v8.244)
[36], and the A14 [156] set of tuned parameters is used for PS, hadronisation and UE activity.
EvtGen (v1.7.0) [126] is used for the properties of b- and c-hadron decays.

118997000 events were generated for the MADGrAaPHS_AMC @NLO sample, and 116239203
for the SHERPA sample. The SHERPA sample is chosen as the nominal MC sample. This choice
is made because of the superior statistical precision of the expected number of events after the
event selection described in Section 5.3.3. By comparing the statistical uncertainties on the
total expected yields calculated using \/m , where w; are the MC event weights, the statis-
tical precision of the SHERPA sample was found to be 2.3 times better. The improved statistical

precision arises due to a larger number of negative weights in MADGraPHS_AMC@NLO.

Interference Between Strong and EW W ~jj

In the calculation of the inclusive cross-section of W+jj production, the electroweak and
the strong scattering amplitudes can interfere. This interference is quantified in the matrix-

element squared at LO as
IMP? = [Mew + Maeol® = [Mew[* + [Maep|* + 2Re(MgwMaen),  (5.2)

where Mgw and Mqcp represent the matrix elements for EW-W+jj and strong-1+jj pro-
duction, and the last term corresponds to the interference contribution. The interference must
be modelled to understand its impact relative to the EW-W~jj differential cross-section as a

function of the measurement observables.

The interference sample was modelled at LO ME accuracy using MADGRAPH 5, which was
interfaced with Pyta1a8 (v8.244) for PS, hadronisation, and UE activity. EvrGen (v1.7.0)
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was used for the properties of b- and c-hadron decays. This sample was generated by the
author. More details about the generation of the sample and truth-level validations studies

are shown in Section 5.2.

Prompt Backgrounds

Backgrounds where the final state comprises at least two jets, a prompt lepton, and a prompt
photon are referred to as prompt backgrounds. These include the production of top quarks in

association with a prompt photon, as well as Z+jj production.

The simulations of top backgrounds consist of:

e tty production. This sample is produced at LO ME accuracy. The all-hadronic ¢¢ decays

are not included in this sample.

* tq7y, which is the t-channel production of a single top quark in association with a prompt
photon, a b—jet, and one additional jet. This sample is produced at NLO accuracy. The
s-channel diagrams have a negligible contribution since they produce two b-jets in the

final state, and a b-jet veto is applied in the analysis.

* tWW+ production, where the 11 decays either hadronically or leptonically, and the photon
comes from radiation off a ¢, W or from their decay products. The sample is produced
at LO accuracy. Diagrams where the photon is radiated from the initial state are highly

suppressed as these involve additional heavy fermion internal lines.

All of the top background samples are simulated with the same event generation, showering,
and hadronisation setup. They are generated with MADGRrAPHS_AMC@NLO for the ME cal-
culation, where the NNPDF2.3L0 PDF set is used. The ME-level final state is interfaced with
PyTH1A8 for hadronisation, showering and UE activity, and the A14 set of tuned parameters

is used. EvTGen is used for the properties of b- and c-hadron decays.
The Z~ backgrounds consist of:
* Strong-Z~jj production, which include separate samples for e, y, 7, v channels. MEs are

calculated with SHERPA 2.2.11 at NLO QCD accuracy for up to one additional parton,

and LO accuracy for up to three additional partons.

* EW-Z~jj production with a t-channel requirement to suppress triboson final states. The
ME is calculated with SHErPA 2.2.12 at LO accuracy for up to one additional parton.

Diagrams with initial state b-quarks are explicitly excluded.

The treatment of parton shower, hadronisation and underlying event is the same as the W ~jj
samples. The NNPDF3.0nnLo PDF sets are used.
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Non-prompt backgrounds

Background events can arise from non-prompt leptons or photons in association with jets. Ad-
ditionally, electrons can be mis-reconstructed as photons (referred to as e — v backgrounds),
and jets can be mis-reconstructed as photons (; — <) or leptons (; — ¢, 7 — ). The con-
tributions from these backgrounds are estimated using data-driven methods as described in
Section 5.4.

The GeanT4 toolkit [89] is used for detailed modelling of the ATLAS detector response.
These simulations are compared to a dataset of pp collisions during the 2015-2018 data-

taking period.

5.2 Interference Sample Generation and Validation Studies

The goal of studying the interference contribution was to derive an initial truth-level estimate
of the ratio of the number of interference events to signal events. In addition a detector-level
MC sample was produced based on this study and used in assigning a systematic uncertainty
due to the interference contribution. Understanding the expected interference contribution
is an important task, since performing the measurement in a phase space with a large inter-
ference fraction (Z 20 — 30%) would result in a systematic uncertainty that would surpass
the dominant uncertainty, potentially rendering the signal process as unmeasurable. A truth-
level interference sample comprising of 400,000 events was generated using MADGRAPH to

perform these studies.

At the stage of the analysis where these studies were performed, the final selection criteria had
not yet been finalised. As a first pass for a VBS-enriched kinematic region, the analysis cuts
from the CMS 8 TeV EW-W ~jj paper [48] were used to study the expected interference con-
tribution. These selection criteria are outlined in Table 5.1. These selection criteria are quite
loose, with relatively soft m;; and pr ; cuts, and no Ay(7, j) cut. This allows the interference

contribution to be studied as a function of mj; and Ay(7, j) spectra.

To investigate the impact of individual cuts on the signal-to-interference fraction (EW/int),
the cuts in the bottom row of Table 5.1 were applied sequentially, and the EW/int ratio was

plotted for each combination of cuts. This is shown in Figure 5.1 for my; and Ay(j, 7).

From Figure 5.1 it can be seen that the interference fraction is very dependent on my; and
Ay(j, 7). Furthermore, it is evident that applying the cuts in Table 5.1 increases the interfer-
ence fraction significantly below Ay(j, j) = 2 and my; = 1TeV. Above Ay(j,j) = 2, the
interference fraction is about 10% at low Ay(7, j) and drops down to 0% at high Ay(j, 7).
Without any Ay(7, j) cuts, the interference fraction at m;; = 1TeV is about 10%, and this
decreases at higher m;; values. From these results it is clear that a Ay(j, j) cut is necessary
purely from in context of removing interference events. An my; cut of 500 — 1000 GeV would
also improve the interference fraction. With these cuts, the interference fraction at truth-level

is of the order of 5% or less. This was deemed to be an acceptable interference contribution.
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Table 5.1. Selection criteria used to analyse the interference/EW ratio. The top part of the table forms the
base selection criteria. The bottom half contains the event selection criteria which are sequentially applied in
Figure 5.1. These are applied on top of the base selection criteria. The selection criteria are taken from [48],
with the AR cuts changed to match the ATLAS small-R jet definition.

Weight * xs / sum-of-weights

ratio int/ewk

Variable Selection
P2 e > 30(25) GeV, < 2.4(2.1)
5
oL | >22 GeV, < 1.44
Number of electrons/muons; jets; photons =1,>2,>1
Emiss > 35 GeV
— [ romiss miss
My = V2pEES[1 — cos(Ap(1, piiss))] > 30 GeV
J1 (]2
pr (1) > 40(30) GeV
mjj >200 GeV
|Me,y — mz| <10 GeVv
s miss
Ag(j, PT™) >0.4
Overlap Removal (OR) (object/against) ile, v1j, vle(w)
J1, 2 bjet veto
AR(jo, j1), AR(j,7), AR(j, e(n)), AR(e(w),7) >0.4
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Figure 5.1. Truth level event yields (without a luminosity factor) generated using MADGRrAPH 5 for the
EW-W+jj signal, and the interference for mj; in (a), and Ay(j, 7) in (b). The solid markers represent the
EW-WW~jj signal, and the hollow points represent the interference. The points labelled “_nom;jj200” have all

the cuts applied above the two horizontal lines in Table 5.1, and subsequent markers listed in the top panel
legend have the additional cuts applied in Table 5.1. In the ratio panel, the “mjj200” points have the baseline
selections and the my; > 200 GeV cut applied, and the “all CMS cuts” points have all the baseline and
additional cuts applied. There is a clear phase space dependence on the interference fraction most notably
with mj; and Ay(j, j) selection requirements.

The generation of a detector-level interference sample has to be requested centrally, and sig-

nificant computational resources are required to produce such a sample. Therefore, it is im-

portant that an appropriate number of simulated events are requested such as not to unneces-

sarily waste computational resources.

To calculate the number of simulated events required to reach a similar statistical precision

as the nominal EW-W+jj signal sample, the number of negative weights has to be taken into

account. Since the signal sample MEs are calculated at LO, the event weights are all positive

and there is no penalty to the effective statistical precision due to the presence of negative

weights cancelling positive weights. For the interference sample, however, there will be a
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significant contribution from negative event weights.

To calculate the statistical penalty due to negative event weights, we use the fact that the LO
event weights are given by =+c, i.e. event weights only differ by a change in sign, therefore

the event weight just factorises out when calculating the statistical uncertainty:

= [ Lo =i
N4 n—
P V. o S S

(ny—n_)e  ny—n_  /Negl—2f"

(5.3)

where n, and n_ are the number of positive and negative weights, respectively; Ngen =
ny + n_ is the total number of generated events; ¢ and &' are the absolute and relative
MC statistical uncertainties; and f_ = n_ /N, is the fraction of negative weights. If f_ = 0,
the statistical precision is given by 1/ \/@ . Therefore the effective number of events with

a non-zero fraction of negative weights is given by:
Neg = (1 — 2f-)*Ngen, (5.4)

i.e. the penalty to the statistical precision due to negative weights is given by (1 — 2f_)2.

In Figure 5.2, the fraction of negative weights is plotted with m;; and Ay(j, j) with cuts at
my > 200GeV; my > 200GeV, Ay(7,j) > 1; and my > 500 GeV, Ay(j,j) > 2 in order
to investigate the required number of events in different regions of phase space. The frac-
tion of negative weights is relatively flat with m; and Ay(j, j) in the three different regions.
Therefore the integrated fraction of negative weights is used as the metric to determine the re-
quired statistical precision of the sample. The average integrated fraction of negative weights
is f_ = 0.37, which gives a statistical penalty of about 12, which means that the interference
sample would need about 12 times the number of events to equal the statistical precision of
the MADGrAaPH EW-W~jj signal sample. However, since the interference fraction is likely

to be < 5%, the decision was made to request 5x the number of events.

5.3 Object and Event Selections

5.3.1 Derivations and Triggers

The analysis uses derivations which are skimmed using the preselections of passing a single-
lepton trigger, and the presence of at least one lepton with pr > 20 GeV within the |n| <
2.6 acceptance. The data are required to pass un-prescaled single lepton triggers. These
triggers are listed in Table 5.2. The data are required to pass data-quality criteria to ensure
the data were taken during periods where the detector subsystems were fully functioning. This
is achieved via “GoodRunsLists (GRLs)”, which are provided by the ATLAS Data Quality

group.
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Figure 5.2. MC weights in bins of mj; (a), and Ay(j, j) (b) with the my; > 500 GeV, Ay(j,j) > 2 cuts
applied. The integrated fraction of negative weights is shown in the subfigure captions. The sign of the
negative weights is not shown. The ratio panel shows the fraction of negative weights for a given mj; or

Ay(j,j) bin.
5.3.2 Object Selections

Photons

Photons are reconstructed from calorimeter deposits in the second layer of the EM calorimeter
as described in Section 3.2.6. Photons are calibrated using the “EgammaCalibrationAndSmear-
ingTool” with the ESModel “es2018_R21_v0” configuration using the decorrelation model
setting “1NP_v1”, corresponding to only one scale and resolution systematic variation. The
“ElectronPhotonShowerShapeFudgeTool” is used to correct for imperfectly modelled shower
shape variables. After calibration, photons are required to pass object quality, cleaning, dis-
ambiguation, and high-voltage cell removal using the corresponding tools in the ATLAS
software framework. The kinematic requirement for photons is pr > 22GeV. Photons
are required to pass Tight ID and FixedCutTightCaloOnly isolation defined as E$e0 <
0.22pr + 2.45GeV. Scale factors are applied to simulation to correct for the disagreement
in the photon selection efficiencies between data and simulation (refer to Section 3.2.6 for a

description of scale factors).

Electrons

Electrons are reconstructed from ID tracks and calorimeter information as described in Sec-
tion 3.2.6. Electrons are calibrated using the “EgammaCalibrationAndSmearingTool” with
the ESModel “es2018_R21_v0” configuration and using the decorrelation model setting “1NP_v1”,
such that there is only one non-zero scale and resolution systematic variation. Electrons
are required to satisfy a kinematic requirement of pr > 30GeV, and are constrained to

originate from the primary hard-scatter vertex through the impact parameter requirements
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I Year Levell \ HLT

Er > 22GeV(x); Er > 26 GeV;
2016/2017/2018 | Hadronic activity veto; tight ID, d0 unused;
Isolated loose isolation
Er > 24 GeV(x); ]
2016/2017/2018 | Hadronic activity veto; .ET > 60 GeV;
medium ID, d0 unused
Isolated
Er > 24 GeV(x); ]
2016/2017/2018 | Hadronic activity veto; Br > 140 GeV;
. . loose ID, d0 unused
Single electron trigger Isolated
2015 Er > 20GeV(x); Et > 24 GeV,;
Hadronic activity veto medium ID
Er > 22 GeV(); Er > 60 GeV;
2015 Hadronic activity veto; .
medium ID
Isolated
Er > 22 GeV(x); Er > 120 GeV;
2015 Hadronic activity veto;
loose ID
Isolated
2016/2017/2018 Er > 20 GeV Er > 26 GeVs
medium isolation
Single muon trigger 2016/2017/2018 E1 > 20GeV E1 > 50GeV
2015 Er > 15GeV Er > 20 GeV:
loose isolation

Table 5.2. Triggers used in the differential cross-section measurement. Multiple triggers for the same running
period are combined such that an event is accepted when it passes any one of the individual triggers. An
n-dependence of the L1 trigger threshold is denoted by (*).

|do|/|oa,] < 5 and |zpsinf| < 0.5mm. The geometrical acceptance requirements are that
electrons satisfy || < 2.47, but excluding the gap region between the barrel and endcap EM
calorimeters at 1.36 < |n| < 1.52. Electrons satisfy Tight isolation, and Tight ID require-
ments. Scale factors are applied to simulation to correct for the disagreement in the electron

selection efficiencies between data and simulation.

Muons

Muons are reconstructed from MS tracks matched to ID tracks as described in Section 3.2.6.
Scale factors are applied to simulation to correct for disagreement in the muon selection
efficiencies between data and simulation. Muons are calibrated using the “MuonCalibratio-
nAndSmearingTool” with the “correctData_IDMS” scheme which gives muon track resolu-
tion and momentum scale systematic variations on the separate ID and MS components of the
combined muon. Muons are required to satisfy Tight 1D and PflowTight_VarRad isolation
requirements, where the “VarRad” suffix refers to a shrinking isolation cone radius as high
pr. Reconstructed muons have a kinematic requirement of pr > 30 GeV, and are constrained
to originate from the primary hard-scatter vertex through the impact parameter requirements
|do|/|oa,| < 3 and |zosinf| < 0.5mm. The geometrical acceptance requirements are that
muons satisfy || < 2.5. To get the muon reconstruction and selection, isolation, and track-
to-vertex association efficiency scale factors, the “MuonEfficiencyScaleFactors” tool with the
“210222_Precision_r21” calibration release is used. This tool is also used to get the individ-

ual scale factor systematic variations.
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Jets

Jets are reconstructed from EMPFlow input objects using the anti-k; algorithm with radius
parameter R = (0.4. Jets are calibrated using the “JetCalibrator” tool in Athena using the
“JES_MC16Recommendation_Consolidated_PFlow_Apr2019_Rel21.config” config file. Jets
have a kinematic requirement of pr > 25 GeV, and are required to satisfy |n| < 4.5. Jets with
pr > 60GeV and |n| < 2.4 are required to pass the Tight Jet Vertex Tagger [140] working
point. Scale factors are applied to simulation to correct for the disagreement in JVT efficiency
between simulation and data. For b-jet tagging, the 85% efficiency working point is used in
the “BTaggingSelectionTool” which uses the DL1r [114] algorithm. The 85% working point
was found to optimise background rejection from single-top backgrounds. Disagreements
in b-tagging efficiencies between data and simulation are corrected for with b-tagging scale
factors. Jet Energy Scale (JES) and Jet Energy Resolution (JER) systematic uncertainties are
evaluated using the “rel21/Summer2022/R4_CategoryReduction_FullJER.config” configu-
ration of the JetCalibrator tool. This configuration is designed for analyses which have large
JES and JER uncertainties and contains roughly 30 JES uncertainty components, and 13 JER

uncertainty components.

Overlap Removal

To prevent detector signals from one object being used in the reconstruction of a different
object, an object overlap removal procedure is applied according to the ATLAS standard
overlap removal tool [141] in the following order:

* If two electrons share the same track in the ID, the electron with the lowest pr is rejected.

 Calorimeter muons are rejected against electrons if they share the same track in the ID.

* Electrons are rejected against muons if they share the same track in the ID.

* Photons are rejected against electrons if AR < 0.4.

* Photons are rejected against muons if AR < 0.4.

* Jets are rejected against electrons if AR < 0.2.

* Electrons are rejected against jets if AR < 0.4.

» Jets are rejected against electrons if AR < 0.2.

* Jets are rejected against muons if there are < 3 tracks and either the jet and the muon

are ghost-associated® or AR < 0.2.
* Muons are rejected against jets if AR < 0.4.

* Photons are rejected against jets if AR < 0.4.

3With “ghost-association” particles can be associated to jets by treated them as particles with negligible pr and clustering them
within the jet [142].
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Variable Selection Description

Npy >1 At least one primary vertex

Ny, Nj; N, >1,>2,>1 | Atleast one lepton, 2 jets, and one photon
Second lepton veto Loose 1D Veto events with loose second lepton
Emiss > 30 GeV Missing transverse energy

Ag(j, priss) > 0.4 Azimuthal separation

MY = \/2pL EDS[1 — cos(Ap(L, pi))] >30GeV | Reconstructed transverse W mass

| My — My,| > 10 GeV Z-veto in 10 GeV window around Z mass
p{} > 50 GeV Hard leading jet

Py > 50 GeV Hard subleading jet

b-jet veto 85% WP Veto events with b-jets

mjj > 1TeV Dijet mass

Ay(4,7) > 2 Dijet rapidity separation

Table 5.3. Selection criteria defining the analysis phase space for the differential cross-section measurement.

Missing Tranverse Energy

The EM is rebuilt per event using the “METMaker” tool, using the Track-based Soft Term
which is built up of tracks that are matched the primary hard scatter vertex but not matched to
physics objects in the hard-terms. EMPFlow jets with R = 0.4 are used for the jet hard term.

The preselection criteria on the calibrated physics objects defining the E** hard terms are:

e p > 12GeV,
e pS > 7Gev,

« P> 25GeV.

The Tight jet selection working point is used which requires that forward jets satisfy pr >
30 GeV.

In event topologies with zero true EM, the TST would be perfectly balanced against the
hard terms. Detector resolution effects alter this py balance. These resolution effects are
quantified as the RMS of parallel and perpendicular projections of the TST against the hard
terms, resulting in parallel and perpendicular resolution systematic variations. There are also
two EMss gcale variations, where the parallel projection of the TST is smeared by a Gaussian
of width equal to the hard term value [159].

5.3.3 Event Selections

The event selections for the differential cross-section measurement are given in Table 5.3.

In order to select for events rich in the EW-1/~jj signal, one lepton, one photon, and two
jets. Additionally, minimum requirements on the EI™ and transverse 1/ mass are applied to
reject 5 — e and j — p background. To minimise contamination from leptonic Z decays,
events with a second lepton which satisfies the Loose ID requirement are vetoed. To reject
events where mismeasurements of jet energies generate large F™*, a minimum azimuthal

separation between the tag jets (the hardest two jets) and the p™ is required. To reduce
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Variable 7 — p Selection j — e Selection

triggers single-p triggers  single-e triggers
Nesy =1 =1

P > 20 GeV > 20 GeV
Njet > 1 > 1

oy > 30 GeV > 30 GeV
— b—jet veto b—jet veto
Emiss < 20 GeV < 20 GeV
my < 20 GeV < 20 GeV
AR, jo)| > 2.8 > 3.8
[A¢(u, 5o) > 2.8 > 2.5

Table 5.4. Selection criteria for the j — p and j — e dijet control region.

contamination from leptons faking photons (¢ — 7), events are vetoed if the invariant mass
of the lepton-photon system is within 10 GeV of the Z mass. A b-jet veto is implemented to
reduce contamination from single-top production events. The pr of the tag jets are required
to be at least 50 GeV to improve the purity of the signal, and to remove background events
with soft jets. Finally, m; and Ay(j, j) cuts select for events with a VBS topology. These
cuts greatly improve the EW-W/+jj signal purity overall, and remove large contributions from

interference events, particularly at low Ay(7, 7).

5.4 Data-driven Background Estimates

The data-driven background estimates described here are not derived by the author. They are
discussed as they have a direct impact on the signal extraction method used by the author in
Section 5.6.

5.4.1 Jets Faking Leptons

Estimates for ; — e and 7 — u backgrounds are derived independently using a data-driven
method called the “fake factor” method [160]. Data driven methods are used for the non-
prompt background estimates since contributions from mis-reconstructed objects are typi-

cally not well modelled in simulation.

In the fake factor method, a control region is defined which is enriched with dijet events. In
this control region, leptons are partitioned into tight and anti-tight subsets, where the tight
leptons pass tight isolation and ID. Anti-tight muons have the isolation, and dj, significance
cuts inverted, whereas anti-tight electrons have the isolation and ID requirements inverted.

The dijet enriched control region is defined by the selection criteria in Table 5.4.

The fake factor is derived in the dijet control region using

tight
_ e/u

where N:/git is the number of events with one tight lepton, and N;?E'ﬁght is the number of
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events with one anti-tight lepton. This factor is used to calculate the j — ¢ background in

the analysis region by

Nnon—prompt, tighte/p — L'e/p X Nnon—prompt, anti-tight e/ (5 6)

L 4
where 1V, non-prompt, anti-tight e/, 18 Z1VEN by

_ Data MC
Nnon-prompt, anti-tighte/p = N, anti-tighte/p — N, prompt, anti-tight e/ (5 )
Data : . . .. MC
Here, N, % ohte/p 1S the number of events in data with one anti-tight lepton, and V. prompt, anti-tight e/

is the number of events in simulation with one prompt, anti-tight lepton. The assumption in
the method is that the fake factor calculated in the dijet control region is the same as that in

the analysis region. The fake factor is derived as a function of lepton pr and 7.

The 7 — e and j — p estimates are validated by comparisons with data in a region close
to the analysis phase space such as not to compare with unblinded data. These regions are

defined by inverting the m} and E™ cuts.

Systematic uncertainties are defined for the j — ¢ estimates and correspond to the choice of
using a dijet sample (rather than y+jets, WW+jets, or Z+jets), generator choice of for prompt
MC estimates, variations in selection criteria in defining the dijet control region, and the
choice of pr and 7 binning. Nominal and systematic yields for the j — e and 7 — u back-

grounds as a function of mj; are shown in Figure 5.3.

5.4.2 Jets Faking Photons

The largest background from mis-reconstructed objects comes from jets which are misiden-
tified as photons. This background is estimated using a template fit method, and validated
independently using the ABCD method [161]. In the template fit method, the fact that the
photon isolation energy distribution is different between prompt and non-prompt photons is
exploited. First, the photon isolation energy distribution of tight and truth-matched photons
in W~jj MC samples is used to extract the shape for prompt photons. Next, in a control region
populated with mis-reconstructed jets, events in data are used to extract a non-prompt photon
isolation energy shape. The control region is defined by one of the non-tight LoosePrime

photon ID working points described in Section 3.2.6.

For the prompt photon shape, a double-sided crystal ball function® was found to best de-
scribe the photon isolation energy distribution. The fit is performed through maximising
the un-binned likelihood over the parameter space given by the free parameters of the func-

tion. Similarly, the non-prompt shape is derived through maximising an unbinned likelihood,

Data _ NMC
tighte/p prompt, tight e / p1*
However, this would not be correct since the prompt lepton region contains non-negligible contributions from EW-W~jj , strong-W+~jj ,

and other non-prompt backgrounds. Therefore the (incorrect) assumption here would be that the signal and background normalisations
are correct in MC, and that there were no other non-prompt backgrounds. Reversing the tight lepton selection criteria removes most of
these other backgrounds.

S A crystal ball function [162, 163] is a Gaussian convoluted with a power-law tail. A double-sided crystal ball is the sum of two
crystal ball functions sharing the same mean and width.

4Naively, it would be tempting to calculate the number of fake leptons as Nhon-prompt, tight e /p =

101



(%] LN UL LS UL IS UL UL UL (%] R BN BLALLEL B B BLALLEL B I I
S 25—|ATLAS Work in progress :Sg%igtﬂ - S 9F-|ATLAS Work in progress —heminal 5
o F |Vs=13TeV, 140 fb™ gamjetdown o 85 Vs =13 TeV, 140 fb™ E'L?BSW" 3
o —varup ] E “cutbown 3
20 “E B freroee 3
C gggle ] E——{ %}Si—ﬁgwn E
C ] 6 N —
15 - = E
- ] 55 3
cl . 45 ' 3
10 e -] E . z
o ] 3 - E
C | ] E = E
5 - - e = E
C ] 1= 3
G_ 1 1 1 1 1 1 1 1l C: 1 1 1 1 1 1 1 1T
2.5F 5 "
2 3 Lot :
2 E 3 o e |
5 LoE 3 g £ - 3
1== 3 Er
05 ' ) ) ) ) ) ) 3 05k . ) ) ) R ) =
1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
m; [GeV] m; [GeV]
(a) (b)

Figure 5.3. Estimates for fake estimate yields with myj; for j — ¢ (a) and 7 — p (b) in the analysis phase space
(no control region cuts). The ratio panel shows the ratio of the systematic variations to the nominal yield. The
largest uncertainty comes from variations in the strong-W+jj generator choice for j — e, and the choice of the
dijet sample for j — u. These are shown as “qcd” and “wzjet” in the legend, respectively. The error bars
correspond to statistical uncertainty. Plots made by author from fakes estimates provided by another member
of the analysis team.

which is defined by Novosibirsk functions.

To derive the 7 — -y estimate, events in data containing a reconstructed tight ID photon
are partitioned into bins of the observable for which the estimate is to be derived. For each
bin, the prompt and non-prompt functions are combined, and the normalisations of the two
functions are derived through maximising a likelihood defined by the products of Novosibirsk
and double-sided crystal ball functions. Gaussian constraints defined through the mean and
width of the tight and non-tight fits are included in the likelihood to ensure the normalisations
do not have unreasonably large deviations from the previously derived values. By integrating
the post-fit non-prompt photon isolation energy distribution, the expected number of fake

photons is derived.

Systematic uncertainties in the j — v estimate arise from statistical uncertainties on the
j — ry yield; from real photon leakage into the LoosePrime control region; from the exact
LoosePrime working point; and from MC modelling uncertainties. The nominal and systemic

J — 7 yields are shown for mj; and p* in Figure 5.4.

5.4.3 Electrons Faking Photons

Prompt electrons and photons leave very similar deposits in the EM calorimeter, i.e. narrow
EM showers almost entirely contained in the EM calorimeter. Electrons are distinguished
from photons through the presence of a track matched to the primary hard-scatter vertex and
the calorimeter deposit. Photons which are converted in the ID can also have an associated
track. Electrons can be misidentified as photons primarily due to tracking inefficiencies and

bad track-cluster matching.
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Figure 5.4. Estimates for j — « yields with mj; (a) and p% (b) in the analysis phase space (no control region
cuts). The ratio panel shows the ratio of the systematic variations to the nominal yield. The largest uncertainty
comes from variations in the LoosePrime definition. These are shown as “id_up” and “id_down” in the
legend. The error bars correspond to statistical uncertainty. Plots made by author from fakes estimates
provided by another member of the analysis team.

The e — ~ fake rate is measured using the “tag and probe” method [164]. The electron-
to-photon fake rate is determined in a control region enriched with Z — ee events. A well
identified electron is defined as the tag object, and a probe candidate is either a second electron
or a photon, where the invariant mass of the tag-probe system corresponds to the Z-boson
invariant mass. The fake rate is then determined in a similar way to the fake factor method
in this Z — ee control region. The fake rate is applied in a similar way to equation 5.6 to
obtain the final ¢ — ~ yield. The e — ~ yield for mj;; and p% in the analysis phase space is
shown in Figure 5.5. The e — v background is validated in the analysis phase space inside

of the Z-veto region.

5.5 Expected Yields and Events in Data

After applying the selection cuts discussed in Section 5.3.3, the expected event yields from
simulation compared with observed numbers of events in data are shown in Figure 5.6. Non-

prompt backgrounds are estimated using the methods discussed in the previous section. The

signed

agreement between data and prediction is reasonable as a function of m;; and A¢;". How-

ever, the data overshoots the prediction at high m,., and low pr ;.

5.6 Signal Extraction Methodology

This section describes the extraction of the EW-11/~jj differential event yields. The differen-

tial cross-section of a given observable = for EW-1/~jj production is defined in a given bin ¢
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Figure 5.5. Estimates for e — «y yields with mj; (a) and p% (b) in the analysis phase space (no control region
cuts). The ratio panel shows the ratio of the systematic variations to the nominal yield. The largest
uncertainties come from variations in the function for fitting the signal and background, and the Z-mass
window range. These are shown as the “fitFunction” and “windowRange” systematics in the legend. The error
bars correspond to statistical uncertainty. Plots made by author from fakes estimates provided by another
member of the analysis team.

of a signal region (SR) (defined in Table 5.5) by

doBY  UNEY.
G TSR (5.8)
dx Az, L

where L is the integrated luminosity of the dataset, I/ represents the detector unfolding correc-

EW

tions described in Section 5.16, and N sr; is the estimated number of EW-W+jj events con-

tributing to the observed data. This value is estimated using a binned log-likelihood fit which
is performed simultaneously in a EW-11/~jj enriched signal region and three EW-W ~jj de-
ficient control regions. These regions are defined through imposing criteria on the lepton-
photon system centrality, {;,, and the number of jets in the rapidity interval of the two tag

jets, N2 The centrality is defined as

jets *

_ |y — (g1 +y52)/2)| 5.9
S = (Y1 — yjo)| ’ 62

where y,, is the rapidity of the lepton-photon system, y;; is the rapidity of the leading jet,
and y; is the rapidity of the sub-leading jet. The ]\Gge?f and &, variables are uncorrelated for

the strong-W+jj and EW-WW~jj processes, as can be seen in Figure 5.7, making this a good
choice for an ABCD-like method. The definitions of the four regions are shown in Table 5.5.

This fit is used to constrain the shape and normalization of the strong-11+jj background in
addition to constraining the shape and normalisation of the EW-WW~jj event yield. The fit is
performed in the combined electron and muon channels, since it was not possible to derive
separate lepton channel distributions due to statistical limitations. The signal region was

blinded during the stage where analysis decisions and optimisations were being made.
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Figure 5.6. Event yields in the analysis phase space without any control region cuts. The angular observable
distributions have been symmetrised. For details on the symmetrisation procedure see Section 5.10.
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Figure 5.7. 2D Histograms and correlation coeflicients for EW-W+jj (a) and strong-W+jj (b) of &, centrality

against Nj‘i?f . Note the scales are different for the two plots. Also note that the bins are not normalised.

Because the cross-sections are larger at lower centrality and Njiif values, these bins have a higher occupancy.
This does not imply a correlation between the two observables. The correlation coefficients are shown in the

top right of the plots.
Region Selection Abbreviation
Signal Region J\/'Jgeff =0, <0.35 SR
Control Region A | N =0,0.35 <&, < 1 CRa
Control Region B | N >1,0.35 < &, < 1 CRb
Control Region C NEP >1,8, <035 CRc

Table 5.5. The definitions of the signal and control regions used in the extraction of the EW-Wjj signal.
The Signal Region has the requirements that there must be little hadronic activity in the rapidity interval
between the tagging jets and that the reconstructed ¢ system is produced centrally relative to the tagging jets.
The control regions are defined through inverting one or both of these cuts.

The likelihood function is defined as (with indices 7, ¢ running over regions and bins respec-

tively)

2
Yo (—V”(l)> , (5.10)

T 1 ’
I — HPOiS(N;i?ta|,ym,ym.(a))POiS <V5< )) 5

where v,; is the total MC estimate given by

Vpi = Ui VEZW,MC + V:;rong + V;)lgher, (51 1)
and the VZW’MC is the MC prediction for the EW-IW+jj event yield. 9" is the prediction for

the non-strong-Wjj background processes (Z+jj, top, and non-prompt). j; is a free param-

eter in the fit, and represents the EW signal strength. The term /"

i

is the prediction for the

strong-W~jj event yield, and is defined by

strong strong, MC strong strong, MC
Verai = bL,iVCRa,i » Verbi = bH,iVCRb,i ; (5.12)
strong strong, MC strong strong, MC
VsRy — bL,iCVSR,i » VeRei = bH,iCVCRc,i ; (5.13)
where uf,iW’MC are the MC predictions for the strong-I~jj backgrounds. The parameters

106



bri, b ; are responsible for constraining the strong-1Wjj background in regions of low and
high centrality, respectively. The c parameter is a constant and acts as a residual correction

which accounts for non-closure when transferring the b factors to the signal region.

The term Pois(/N|\) in Equation 5.10 is the Poisson probability mass function for N events

given the parameter \. The vector o contains all free parameters except ,;, i.e.

o = (,ulv s aunva,la s 7bL,n;bH,17 s 7bH,nvc)' (514)

The number of bins is given by n, and ~,; is a nuisance parameter which accounts for the
finite MC statistical precision. The inclusion of the Poisson constraint parameters -,; gives
the MC templates additional freedom to float within their statistical uncertainties. The ~,; are

themselves constrained by the terms Pois((4)?]~,;(%=)?), where the d,; denote the statistical

Ori Ori
uncertainty on the MC estimate. These constraint terms come about by treating the MC
estimate as an auxiliary measurement with the relative stat uncertainty given by ”TT(I) [165].
The “Beeston-Barlow” [166] treatment to MC stat uncertainties is used where the Poisson
constraint parameter -,; is shared between the MC samples that enter the likelihood. This
has the implication that v,.;(1) is implicitly a sum over all MC samples and the MC error 0,;

is the quadrature sum of all the MC statistical errors of all the samples.

Note that there is no Gaussian constraint term for systematic uncertainty nuisance parameters
in the likelihood. This is because each systematic variation of MC simulations is fit separately
and the difference in event yield between the nominal and systematic variation post-fit is taken
to be the systematic uncertainty (before smoothing) in the extracted yield. This is covered in
more detail in section 5.13 and is equivalent to the approach where all systematic uncertain-
ties are simultaneously constrained through the inclusion of Gaussian constrained nuisance
parameters in the likelihood. The reason for using the former approach is because makes it

simpler to propagate each systematic variation through the unfolding procedure.

5.6.1 Choice of Model Parameters

The choice for the set of floating parameters in the likelihood as described in eqs. (5.11)
to (5.13) is motivated as follows. The simplest possible configuration would be to constrain
the background using one control region where either the N

problem with inverting the centrality cut is that there are very few events in CRc, at high

or {cut is inverted. The

centrality. This could be overcome by lowering the centrality threshold, but then the purity of
the EW-117jj signal becomes significantly worse, resulting in larger modelling uncertainties.
Inverting the N&¢ cut gives a control region with a greater event yield, however, this results
in a large non-closure as the jet multiplicity distribution is not well modelled. In this one
control region configuration, there are as many floating parameters as there are degrees of
freedom, hence it is not possible to introduce another floating parameter to account for the

modelling differences across the N boundary.

In the nominal three control region method described by Equations (5.10) to (5.12), two
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signal-like regions are defined, namely SR and CRc, alongside their corresponding control re-
gions CRa, and CRb. The two constraint factors by ; and by ; are applied to the strong-1W~jj back-
ground in SR and CRc respectively, where L and H denote “Low” and “High” centrality.
These factors are primarily constrained in CRa and CRb, respectively. This is because CRa
and CRb have high event yields and higher background purity. Hence, changes to the signal
strength will have little to no effect on the post-fit event yields, and conversely, changes to the

b; factors will have a large effect.

With fewer free parameters than the available DoF, one has the freedom to define an addi-
tional floating parameter ¢, which is shared between the signal-like regions SR and CRc. This
parameter acts to correct any non-closure in applying deriving by ; and by ; at large ]\fjge?f and
then applying them at low N7, The number of parameters in the fit is given by 3 Nyins + 1.
The residual correction c is chosen to be a constant rather than a polynomial. This choice is
discussed in further detail in Section 5.12.2. This method to constrain the dominant back-

ground was first developed for the ATLAS EW Zjj measurement [167].

The default method is to use CRa to derive the of bin-dependent factors b; with the signal
region (this is called the CRa method). This is not the only reasonable choice. CRc could be
chosen to derive the b; parameters (the CRc method). These two configurations are equivalent,
ignoring statistical effects [167]. Ultimately, the CRa method is chosen as the nominal method
because CRa has larger event yields compared to CRc. The effects of smaller statistics in CRc

will be discussed in Section 5.15. The CRc method serves as a cross-check.

5.7 Shape Dependence of N> and &,

jets

A large shape difference between the observed data and the MC predictions of the & and N
distributions would not be desirable, as this would imply that the strong constraint derived in
a control region would not do well to constrain the same background in the SR. Figure 5.8
shows the normalised number of events as a function of N and &, for data with all pre-
dictions subtracted except for the strong-1~vjj MC prediction. These are shown separately
at high N’ (CRa + CRb) and at high &,(CRb + CRc). The reason for not showing the
N shape at low &;,and the &, shape at low N is that this would correspond to unblinding
the data. Figures 5.8a and 5.8c show that the shape of the N distribution in data agrees
with the prediction from simulation within strong-11+jj generator choice uncertainties. Fig-
ures 5.8b and 5.8d show that the shape of the &, distribution is consistent with simulation,
after accounting for strong-11~jj and EW-W+jj generator choice uncertainties and statistical

uncertainties in the data and simulation.

5.8 Construction of the Asimov Dataset

To prevent any unintended bias, e.g. tuning of parameters so that the data match the simu-

lation, the data were blinded in the signal region until the analysis was formally approved.
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Figure 5.8. The Ng? distribution is shown in (a,c), and the &,in (b,d). The top two plots (a,b) show the

results where the SHERPA-2.2.11 EW-W~jj MC sample is used, and the bottom two plots (c,d) show the
results where the MADGrAPH 5 EW-W~jj MC sample is used. The shape differences between data - [fixed
background + signal] (black line) and the strong-W jj MC predictions (red and blue lines) are shown in the
top canvas. The bottom canvas shows the ratio between the purely MC and data-MC predictions. The error
bars on the black lines in the ratio plot are the data statistical uncertainty combined with the MC statistical
uncertainty in the ratio. The error bars on the red and blue lines correspond to the MC statistical uncertainty.

The analysis was optimised using a dataset which acts as a proxy for real data, called an Asi-
mov dataset. The number of events in the Asimov sample is given by NA¥™Y = 3~ ysMC
where the index s runs over the EW-I+jj , strong-W~jj , non-prompt, top, and Z~jj sam-
ples. The indices r and ¢ run over the regions, and the observable bins, respectively. The
strong-W~jj background used in the Asimov is the nominal SHErRPA 2.2.11 sample. How-
ever, for certain tests an alternative Asimov dataset is constructed using the MADGRAPH
strong-Wjj sample. It is explicitly stated whenever this alternative Asimov dataset is used.

The Asimov statistical uncertainties are given by 1/ NASmoY,
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5.9 Binning Determination

The binning is determined for each observable using the following criteria:

* The relative statistical precision of the extracted EW-W+jj yield must be similar across
the bins.

* The bin width must be at least as large as twice the detector resolution in that bin.

For the angular observables, Agzﬁjijgned and Agzﬁzif“ed, the range is designed by geometry to be
[—, 7]. For the kinematic observables, the upper bound £ is chosen to be at a value in which

there is at most one expected event in the interval [k, oo].

Since the analysis optimisations were performed blinded, the binning was determined using
the Asimov dataset. The binning was initially optimised to target statistical uncertainty in each

bin of about 30-35%, they were then adjusted to account ensure adequate detector resolution.

5.9.1 Detector Resolution with Bin Width

If the detector resolution is large relative to the bin width, the unfolding will have to correct for
a larger amount of bin migrations. This step relies on the MC simulation of the signal. There-
fore, by requiring the resolution to be small relative to the bin width, the model dependence

of the measurement in reduced.

The EW-W ~jj predictions in the signal region are used to estimate the measurement variable
resolution in each bin. The set of events which pass the reco-level selections in Table 5.3 are
stored in a 2-dimensional histogram of truth-variable vs reco-variable. Within each reco bin,
a fine truth bin splitting is chosen such that a Gaussian can be fit over the truth predictions.
The width of this Gaussian is taken to be the resolution. Comparisons of these resolution
values to the width of the bins are shown in Figure 5.9. A bin is sufficiently wide if the bin

width is at least twice the averaged resolution.

The fits which lead to the resolution values shown in this plot can be seen in Figure 5.10 for
my;. For very large ranges such as the last bin of m;, p%, and my., the truth distribution is
not well described by a Gaussian. This is simply an artifact of the bin range, and these bins

therefore implicitly pass the 20 requirement.

5.10 Symmetrising of the Agb%gned and Agbj}gned Templates

Under the assumption of the standard model, the azimuthal separation of two objects is inde-
pendent of the rapidity ordering, and any asymmetry would be an indication of CP violation.
Furthermore, the ATLAS detector is symmetric in ¢, and therefore there is no a-priori reason
for the fit templates to be asymmetric. In light of this, the possibility of symmetrising the fit

templates of the angular observables around A¢ = 0 is explored.
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Figure 5.9. Reco bin width / resolution for each measured observable in the signal region for the
EW-W+~jj prediction. For all observables, the bin widths are consistent with passing the 2o threshold after
ignoring the last bins of the kinematic observables.

To test whether it is valid to symmetrise the Agb;if"ed and Aqﬁfjigned templates, the data are

plotted for these observables in the control regions, this is shown in Figure 5.11. From this
figure it is evident that the data are consistent with a symmetric distribution within statistical

uncertainties. Therefore the Asimov dataset, data-driven fakes estimates and MC templates

signed signed

are all symmetrised for Ag,~" and Ag;

served data are left un-symmetrised. The benefits of this prescription are that the statistical

prior to performing the likelihood fit. The ob-

precision each bin is then improved by a factor of v/2 and that simulated events with large

event weights are less likely to skew the likelihood fit results.

The symmetrisation is performed by taking the weighted arithmetic mean of paired bins given
by
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Figure 5.10. Resolution fits for mj;. The first three bins are well described by a Gaussian distribution as the
truth distribution is relatively uniform in these bins. The non-Gaussian shape in the last bin is an artifact of
the large reco-variable range, therefore the last bin implicitly passes the 20 requirement. The error on the fit
parameters are defined as the change in the parameter value required to change the chi-squared value by 1
[168].

W;T; + W;T;
Tij = ——————
w; + wj

; (5.15)

where z;; is the averaged value of the observable x in paired bins 7 and 7, and the weights w;

are given by w; = 6%, where ¢; is the error in bin 7.
T

5.11 Testing of the Binned Likelihood Fit

A number of tests of the likelihood fit were performed using the Asimov dataset to ensure
that it performed as expected. The most basic test is that perfect closure is achieved when
fitting the nominal Asimov dataset constructed using the SHERPA strong-11vjj sample against
the nominal MC templates, which are also defined using the SHERPA strong-W jj sample.

Perfect closure is observed for all observables.

As another test of the fit, the QCD template was halved in the low Ng{ regions to test that
the residual correction, ¢, would yield exactly ¢ = 2. The QCD template was also halved
simultaneously in the SR and CRa to test that b ; would yield a value of 2, and in CRb and
CRc to test that by; would yield a value of 2. In this test, the fit parameters were seen to

correspond exactly to the expected values.
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Figure 5.11. The observed numbers of events for A(bj-ijgned and A(bzifned in the CRs. These distributions are

consistent with being symmetric.

As a third test of the signal extraction, an Asimov dataset is constructed using the alternate
MAaDGRrAPH strong-W~jj MC sample (rather than the nominal SHERPA sample). Figure 5.12
shows the my; prefit yields for this configuration. From this it is clear that the MADGRrRAPH
strong-W ~jj prediction is higher than the SHERPA prediction in the SR for all bins. In CRa,
the agreement is relatively good in all bins. The MADGRAPH prediction undershoot in bins
2 and 4 in CRb, and overshoots in all but the last bin in CRc. The modelling of the domi-
nant background is therefore very dependent on the kinematic region, which highlights the

importance of deriving bin depending corrections in addition to a residual correction factor.

The likelihood fit is then performed with this configuration, and the postfit results of the
fit parameters pgw 4, b, b, and ¢, are compared with expectations derived from logical
arguments. This test is performed for all observables, however, only m;; is shown here for
brevity. Figure 5.13 shows the postfit yields, and Figure 5.14 shows the constrained values
of the parameters after the fit. The postfit agreement is good in the SR and CRa, where the
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Figure 5.12. Prefit differential event yields with the Asimov dataset constructed using the MADGRAPH
strong-W~jj sample.

statistical precision of the data and fit templates is superior, and conversely, the agreement is
slightly worse in CRb and CRc.

Since by ; is applied in CRa, this parameter is primarily constrained in CRa. Therefore, the
expectation from Figure 5.12 is that by ; takes values (<1,>1,>1,<1). Similarly, by ; is applied
in CRb and CRc, but the strong-1+jj background in CRc is constrained by an additional
parameter, c. Therefore, by ; is primarily constrained in CRb. From Figure 5.12, by ; should
take the values (<1,<1,>1,<1). Finally, since c is applied in CRc, c is constrained primarily by
CRc. Furthermore, by ; should have an average correction of about 0.85 (taking the average
of the Asimov/MC values in CRb), which after applying to CRc results in an Asimov/MC
disagreement in CRc of about 1.5 on average. Therefore c is expected to be about 1.5. pgw;
is then determined in the SR after applying b; ; and c to the strong-WW~jj background. The
postfit fit parameters shown in Figure 5.14 broadly confirm the expectation of this simple

consideration.

The values of the constrained fit parameters align well with the expectations described above.
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Figure 5.13. Postfit event yields for the fit with the Asimov dataset constructed from the MADGRAPH
strong-W~jj sample.

The only deviation from the expectation is in the second bin for the by ; parameter, where the
value is just below 1, whereas the expectation was that this would be greater than 1. This is
explained by the fact that there is some signal leakage into the control regions, and background

leakage into the signal region. Therefore the assumptions made above do not hold perfectly.

5.12 Choice of Function for the Residual Correction

In equation 5.13 the choice is made for the residual correction to take the form of a con-
stant factor c. However, without this factor, there are Ny, degrees of freedom remaining.
Therefore, this residual correction factor can in principle take the form of a polynomial, or
any other function with up to Ny, free parameters. For the discussion in this chapter, the
residual correction function is denoted by f(z;), where i runs over the number of bins of the

observable x. The following choices of function are investigated:

s flz) =1,
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Figure 5.14. The constrained fit parameters for the fit with the Asimov dataset constructed from the
MADGRraPH strong-W+jj sample. (a) corresponds to the parameter by ;, (b) to by 4, () to ¢, and (d) to Lgw ;.
These are seen to be consistent with expectations from logical arguments. The fact that pigw ; does not equal 1
is a reflection of the uncertainty on the extracted EW-1W+jj yield due to the choice of MC generator in the
strong-W~jj sample.

* flw) =c

o f(z;) = ma; + c.

5.12.1 f(z;) =1

With f(z;) =1, the signal extraction method is equivalent to a fit with one control region, i.e.
there is no residual correction applied. It can seen from Figure 5.12 that this would not ade-
quately constrain the dominant background. With this configuration the only strong-W¥ jj con-
straint is derived in CRa, and the difference between the strong-1¥ vjj SHERPA and MADGRAPH
predictions in this region are only of the order of 5 — 10%. Therefore the data-to-MC dis-
agreement in the SR is resolved primarily through shifts in jigw ;. Itis clear that there are large
modelling differences between the low and high centrality regions which are not captured by
a single constraint to the strong-WW ~jj background. A residual correction factor is therefore
absolutely necessary to prevent the measurement from being limited by background mod-
elling uncertainties. This configuration also results in larger systematic uncertainties, which

can can be seen in Section 5.13.
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5.12.2 f(z;) = mz; +cor f(z;) =c

It is possible that the data-to-MC non-closure is not uniform after applying the b, ; constraint
in the SR. In fact, this was seen in [167]. Allowing f(z;) to depend on an extra parameter,
means the signal extraction is sensitive to this non-uniformity. However, the addition of an
extra parameter results in the procedure being less robust to statistical fluctuations. This is
true particularly of my;, where all but the first bin in CRc have fewer than 30 expected events.
This puts into question whether probing the shape of the non-closure is valid, and if it will
lead to robust results. To test this, the signal is extracted for 1000 pseudo-experiments, where
for each pseudo-experiment the strong-W~jj fit template in a given region is fluctuated in
accordance with the statistical uncertainties®. For each fluctuation, the extracted signal is
recorded, and the result is plotted on a 2D histogram of strong-1¥~jj template fluctuation vs
post-fit EW-W~jj yield. This is repeated for each region, separately. The goal of this test is to
understand how a given statistical fluctuation is able to affect the extracted EW-W~jj yield.
If the likelihood fit is robust, then small statistical fluctuations in the templates should lead
to small changes in the extracted EW-WW+jj yield. The results of this test are shown in Figure
5.15 for the fourth bin of m;;, where the MADGRAPH strong-117vjj template is used, and the

MAaDGRAPH strong-1¥vjj sample is used in the construction of the Asimov dataset’.

The CRc subfigure in Figure 5.15 shows that the likelihood fit is not robust when f(z;) =
max; + c is used. Shifts of < 20% in the strong-1¥~jj template result in 50 — 100% shifts
in the extracted EW-W~jj yield. Moreover, there are only around 5 MC events in this bin in
CRc which lead to the 50 — 100% shifts in the extracted yield. Therefore, because f(z;) is
allowed too much freedom to float, the statistical precision of pgw ; is compromised by a small
prediction for the background. If the likelihood fit is robust, a small background prediction

should lead to a more precise prediction on fgw ;, and not the other way round.

Figure 5.16 shows the same thing as Figure 5.15, except now f(z;) is defined to be a constant
factor, i.e. f(z;) = c. With this configuration, a 20% shift in the strong-1¥vjj template in CRc
leads to a shift in pgw ; of about 10 — 20%. Removing a degree of freedom in the definition
of f(x;) has resolved the problems seen in Figure 5.15. With f(z;) = ¢, the high-occupancy
first bin of m;; now primarily constrains this factor, and the final result is much more robust to
statistical fluctuations. To summarise, restricting the residual correction to a constant factor

leads to significantly more robust predictions of jigw ;.

The 2D plots shown above were constructed for all possible configurations, and for all bins
of all observables to check the robustness of the likelihood fit. The different configura-
tions explore the effects of fluctuating the Asimov dataset, rather than the strong-1¥~jj tem-
plate; and using the SHERPA sample or the MADGRrRAPH sample in either constructing the
strong-W~jj template or the Asimov dataset. With f(x;) = maz; + ¢, many similar plots

to Figure 5.15 with unstable behaviour are observed. In contrast, all of the 2D plots for the

6This is done by multiplying each event weight by a list of 1000 random numbers sampled from a Poisson distribution of unit mean.

7For this test, the Asimov dataset is constructed using the MADGRrAPH strong-WW~jj template because this particular configuration
does a good job at highlighting the unstable behaviour of the fit. The fit ought to be stable regardless of how the Asimov dataset is de-
fined, hence any undesirable behaviour observed for this configuration should be treated with equal importance as the nominal configura-
tion (where the Sherpa-2.2.11 strong-W~jj template is used to construct the Asimov dataset).
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Figure 5.15. The relative shift in the extracted electroweak yield in bin-4 of m;; for the linear f(x) definition
when fitting using the MADGRAPH strong-W vjj template, and MADGRAPH strong-W jj Asimov definition.
The z-axis is the shift in the strong-W vjj template from the nominal, and the y-axis is the shift in the
extracted EW yield. Particularly in CRc, small fluctuations in the QCD template result in very large
fluctuations in the extracted EW yield result.

f(z;) = c definition are consistent with robust fit behaviour. These plots are shown in Ap-

pendix B.1 for other bins of my; (the other observables are omitted for brevity).

Itis also worth commenting on the shapes of the 2D distributions in Figures 5.15 and 5.16. For
f(z;) = ¢, The shapes are roughly ellipsoidal in nature, suggesting that gy is roughly Gaus-
sian distributed. This is not the case for the f(z;) = ma;+c definition. The Gaussian shape is
potentially more desirable as a more symmetrical distribution of pseudo-experiments corre-
sponds to a smaller statistical bias, which makes the results easier to interpret. The results are
not completely free of bias, and this is clear in the upward turning shape in CRa. This happens
because there is an inherent asymmetry associated with fluctuating the strong-1¥~jj template
statistics, in that the purity of the signal increases with shifts to lower values, and decreases
with shifts to higher values of the strong-W~jj yield.

The choice of f(x;) = c is made for this analysis since it resolves the robustness issues
mentioned for f(z;) = mx; + c. Appendix B.1.1 shows the f(z;) = c stability plots for
my;. All results shown outside of this Section and Appendix B.1.2 are for the f(z;) = ¢
definition. It is worth noting that with this definition, there will be a relatively large range of
integrated yields between observables. This is because it is likely that f(z;) does in fact have a
non-uniform shape, which results in the overall normalisation of the strong-11/+jj background
being constrained to variable values depending on the observable. To resolve this issue, the
option of adding an additional Gaussian constraint to the likelihood was explored. This term

would then act to constrain the overall normalisation of the strong-Wjj background such
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Figure 5.16. Relative yield results in the fourth bin of my; for the f(xz;) = c fit. From the CRc plot it can be
seen that the poor QCD statistics here no longer have an impact on the stability of the fit. Additionally, the
statistical precision on the extracted yield due to fluctuations in CRc has improved by a factor of 4 by
switching to f(x;) = ¢ from f(x;) = max; + c.

that there are only very small fluctuations between observables. In adding this term, the final
systematic uncertainties were seen to be biased significantly. Therefore, no such constraint
is added in the final signal extraction method. Moreover, the integrated yields are seen to
be statistically consistent between observables, therefore there are no actual inconsistencies

between the results of different observables.
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5.13 Uncertainties

The uncertainties on the extracted EW-W+jj yield are split into systematic and statistical
uncertainties. The systematic uncertainties are divided into theoretical uncertainties, which
affect the shape and normalisation of the MC samples, and experimental uncertainties, which
affect the event reconstruction. The systematic uncertainties are broken down into compo-
nents that are fully correlated between bins and regions. This means that, for every systematic
variation, the templates are varied simultaneously in the signal and control regions before

constructing the likelihood.

A complete list of experimental uncertainties is given in Section 5.13.4, the dominant exper-
imental uncertainties are Jet Energy Scale (JES) and Jet Energy Resolution (JER) uncertain-
ties. The theoretical uncertainties on the measurement are described in Section 5.13.6. The

dominant theoretical uncertainty is from strong-1¥vjj generator choice.

5.13.1 Data Statistical Uncertainties

To determine the statistical uncertainty on the extracted EW-WW~jj yield due to the statistical
precision of the data (referred to as data stat uncertainty), 10,000 pseudo-experiments are
created from the data sample, where for each pseudo-experiment, the bin contents are sam-
pled from a Poisson distribution of mean equal to the original bin yields. In generating the
pseudo-experiments, each region and bin is sampled independently using different a differ-
ent random number seed. The extracted EW-1W~jj yield is recorded for each of the 10,000
pseudo-experiments. The RMS of the extracted EW-W+jj yields of the pseudo-experiments
is taken as the data statistical uncertainty. Figures 5.17 and 5.18 show the pseudo-experiments
for each of the observables for two example bins in m;; and pk, respectively. In each case they
are consistent with a Gaussian distribution. For the first bin on my;, there is small spike at
zero caused by the large width of the Gaussian in this bin. The width is large in the first bin
because there is a large background contamination at low mj; which results in larger uncer-
tainties in the extracted EW-W+jj yield. In the case of p%, the background contamination is
not so large in the first bin which results in a more narrow Gaussian, and therefore there is no

spike around 0.

5.13.2 MC Statistical Uncertainties

The statistical uncertainty on the extracted EW-1/~jj yield due to the combined statistical
precision of the MC samples (referred to as MC stat uncertainty) is evaluated similarly to the
data stat uncertainty, by creating 10,000 pseudo-templates in the signal region and the control
regions, and propagating each combination of pseudo-experiments through the likelihood
fit. The only difference with the MC stat uncertainty calculation is in the preparation of the
pseudo-experiments. Instead of sampling from a Poisson distribution of mean equal to the bin

content, each MC weight is multiplied by an integer sampled from a unit Poisson distribution.
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Figure 5.18. The extracted yields of the pseudo-experiments for p for the first and fourth bins. Each
pseudo-experiment represents represents a statistical fluctuation in the data.

The reason for the difference in the pseudo-experiment preparation methods is that when it
comes to keeping track of correlations between nominal and systematic MC templates, the

latter approach must be used. This is explained in more detail in Section 5.13.4.

The relative data and MC stat uncertainties are shown in Figure 5.19 for the signal extrac-
tion in data. The relative statistical uncertainties are calculated with respect to the nominal
extracted yield given by

Now™ = (New i), (5.16)

where Ny ; is the postfit EW-11+jj yield in the signal region, and the index ¢ runs over 10,000
pseudo-experiment, where for each pseudo-experiment, the data and all MC templates are
fluctuated in all CRs and the SR before performing the signal extraction. The angled brackets
denote taking the mean value. The reason for taking the mean of the pseudo-experiments is

because there is a slight bias in the toy distributions which results in the mean lying away
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where data is used.

from the nominal value. Not doing this would result in asymmetric uncertainties.

5.13.3 Treatment of Systematic Uncertainties

Before going on to describe the different sources of systematic uncertainties, it is useful to

outline the processing of the systematic uncertainties.

Bootstrapping and statistical significance

In order to understand how systematic uncertainties are treated in this analysis, it is necessary
to introduce the bootstrapping procedure. This procedure allows for the statistical uncertainty
on each systematic uncertainty to be determined. Consider one set of MC events where, for

example, the Jet Energy Scale (JES) is fixed at its nominal value and the same set of events
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where the JES is fixed at a slightly different value. The events remain entirely correlated,
one just has a different scaling for the jet energies and pr. One of the implications of this
correlation is that in order to determine the statistical uncertainty on the JES (from taking the
difference in extracted yields derived the using nominal and varied templates), the standard
error propagation formalism cannot be used, since this assumes uncorrelated uncertainties.
One way to approach this problem is through the bootstrapping procedure, where Nygorsiraps
pseudo-experiments are constructed for the nominal case and for each systematic variation.
These bootstraps are created by multiplying each MC event weight by a random number sam-
pled from a unit (discrete) Poisson distribution. The bootstraps are created in such a way as
to preserve the correlations between the nominal pseudo-experiment numbered ¢, and sys-
tematic one corresponding to the same number. The correlations are preserved by choosing
the random number for a given event when creating the nominal and systematic MC tem-
plates. 1000 pseudo-experiments is determined to be sufficient for calculating the statistical

uncertainty in the systematic uncertainties.

Note that the random number seeds for the bootstrapping procedure are chosen according to
the run number and event number. The statistical uncertainties are calculated by constructing

each pseudo-experiment and constructing a new likelihood.

The statistical uncertainty of each systematic is important because this provides informa-
tion about the statistical significance of the systematic uncertainty, i.e. how likely it is that
the difference between the nominal and systematic extracted yields is not due to statistical
fluctuations. To decide whether an uncertainty is statistically insignificant, the significance
threshold, ogesh, is defined, where if the systematic uncertainty is greater than oeq, times its
statistical uncertainty, it is deemed to be statistically significant. In this analysis, a systematic
uncertainty is deemed to be statistically significant if the significance in at least one of the ob-
servable bins is greater than oy,e. If the systematic uncertainty is statistically insignificant,
it is set to zero in all bins. Three values of oy.sn and their corresponding impact to the sys-
tematic uncertainties were investigated. These are oyesh = 1.6, Othresn = 1.0, and opesn = 0.
In the end, it was decided to quote the systematic uncertainties at the level of oyesn = 0,
i.e. to keep all systematic uncertainties since the difference in overall systematic uncertainty
on the extracted yield is very small between the choices by virtue of the fact that the most
statistically insignificant systematic uncertainties are also those which have the smallest im-
pact. See Appendix B.2 for the final uncertainties on the extracted yield with each choice of

significance threshold.

Smoothing procedure

All systematic uncertainties except for the uncertainties from the non-prompt background
estimates are smoothed. Those which have their statistical significance evaluated using boot-
strapping are smoothed through a Linear Gaussian Kernel smoothing algorithm [169], which
uses the statistical errors on the systematic uncertainties as inputs to the smoothing algorithm.

Using Gaussian Kernel smoothing reduces the likelihood of over-smoothing, i.e. where the

123



smoothed value is far away from what would expected from statistical fluctuations.

The theory uncertainties on the Z~ and top backgrounds do not have their statistical signifi-
cance evaluated using bootstrapping. This is because these uncertainties are very small, and
deriving the bootstrapping is computationally expensive. These uncertainties are smoothed
using the Root TH1::Smooth(3) function. This completes three iterations of the “353QH,
twice” algorithm outlined in the 1974 Cern School of Computing proceedings [170]. This
is a running median smoothing algorithm that uses a combination of operations given by its
name, where the integers refer to the window size, “Q” refers to quadratic interpolation, “H”

refers to the use the Hann function, and “twice” refers to doubling the sequence.

The smoothing is always performed on the relative uncertainties. The smoothed relative un-

certainties are applied to NYg™ to get the final absolute uncertainties.

Symmetrising

All experimental uncertainties, and some data-driven background uncertainties have “up” and
“down” variations, where for example the JES is increased (up) and decreased (down) with
respect to the nominal JES. These variations are propagated separately through the likelihood
before symmetrising, and the sign of the shift is kept during the symmetrisation. The sym-
metrised uncertainties are unfolded using the response matrices corresponding to the “up”

variation.

5.13.4 Experimental Systematic Uncertainties

The following experimental uncertainties are included:

e Jet uncertainties [121]:

— The EffectiveNP JES nuisance parameters which capture the uncertainties from

the in-situ calibrations (v/Z+jet and multi-jet balance).

— Other JES uncertainties coming from the eta-intercalibration, pileup, flavour-related,

and punch-through uncertainty sources.

— The EffectiveNP JER nuisance parameters which capture uncertainties from the

noise term and di-jet in-situ sources.
— Differences between the MC and data in the JER.
— Flavour tagging uncertainties
— Precision flavour uncertainties
— Vertex tagging

— b—tagging uncertainties
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* Electron and muon uncertainties including uncertainties [93, 99, 106]:

— Identification efficiency scale factors
— Isolation efficiency scale factors

— Reconstruction efficiency scale factors
— Trigger efficiency scale factors

— Energy scale and resolution

— Track-to-vertex-association (TTVA) — muons only
* Photon uncertainties including uncertainties from [93, 99]:

— Photon energy resolution

— Photon energy scale
¢ EMSS uncertainties including uncertainties [115]:

— Soft track resolution

— Soft track scale

e Pileup reweighting (PRW) uncertainties®

* Uncertainty in the integrated luminosity (+0.83%) [70]

The dominant sources of experimental uncertainties come from JER and JES sources. This is
because VBS events are primarily characterised by kinematic parameters relating to jets (see
the VBS cuts in table 5.3). Therefore scale and resolution effects relating to jets can have a

large impact on the number of selected events in the analysis phasespace.

The signal is extracted using the nominal templates for 1000 bootstraps, and separately using
the templates corresponding to the experimental systematic nuisance parameters. For any
given nuisance parameter (e.g. “JER_EffectiveNP__1up”), the strong-W+jj , EW-W~jj and
prompt background yields are all varied simultaneously according to this nuisance parameter
—1i.e. the experimental uncertainties are treated as correlated between samples. The nominal
systematic uncertainty for a given systematic variation is calculated by determining the aver-
age deviation from the nominal for each bootstrap, divided by the average of all the nominal
bootstraps. The relative experimental uncertainty on the central value for the extracted EW

yield is denoted as Rexp

RY — EW,i EWi/ A psys — RMS(NIIE\I\?JI,T% - Néﬁ,z’)
o (News) 0 (NED) ’

< Nom €Xp >

(5.17)

8PRW refers to the correction of the pileup profile in simulation to that of data using a set of weights.
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Figure 5.20. Examples of smoothed experimental systematic uncertainties in A(b;i]g“ed and mj;. Error bars on

the relative systematic uncertainties are statistical uncertainties derived using bootstrapping. The statistical
uncertainties are used in the smoothing algorithms, the results of which are shown by the blue and red lines.
The red line is used as the final systematic uncertainty for all bootstrapped systematic uncertainties.

where the extracted EW yield in the SR, for bootstrap 7, corresponding to a systematic vari-
exp

ation is denoted Mgy ;. And the extracted EW yield for bootstrap ¢, corresponding to the

nominal is denoted as NYo™.

The statistical uncertainties on Rexp, denoted here as A Rex, are evaluated by subtracting each

systematic bootstrap from the nominal bootstrap, and taking the RMS of the resulting distribu-
tions.” Figure 5.20 shows an example selection of individual systematic uncertainties (before
symmetrising up and down variations) and the smoothing of these uncertainties using their
statistical errors. The results of smoothing and symmetrising the up and down variations for
a selection of jet uncertainty sources and a selection of other experimental sources are shown
for my; in Figures 5.21 and 5.22, respectively. These show the individual variations in the cen-
tral value due to experimental uncertainty sources for the extracted EW yield and the relative

uncertainties.

5.13.5 Non-prompt Background Uncertainties

The uncertainties on the non-prompt background estimates as described in Section 5.4 are
propagated to the extracted EW yield by simply shifting the data-driven background template
in the fit corresponding to the uncertainty, where this is correlated between regions. Statisti-
cal uncertainties on the templates are treated in the same was as MC stat uncertainties in the
likelihood —i.e. they are included in the construction of the Poisson constraints. Additionally,
statistical uncertainties are explicitly included as up and down variations when shifting the
templates. There is no bootstrapping performed for uncertainties on the data-driven back-
grounds, and there is also no smoothing performed on the final uncertainties on the extracted
EW yield. The reason for not smoothing is because, without bootstrapping to determine their

statistical significance, these uncertainties could easily be oversmoothed.

9There is small technicality in the calculation of the relative uncertainties prior to smoothing, in that the pseudo-experiments in
the denominator are always the same pseudo-experiments as those in the numerator. Therefore <N1]5\I\?/m1> is not exactly the same as the
nominal yield Ng\‘,’\,m in equation 5.16, since this is calculated from MC+data stat pseudo-experiments. It’s also worth pointing out that
when there is no bootstrapping performed, the value in the denominator for the relative uncertainty calculation is always the nominal
yield without any average over pseudo-experiments.
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Figure 5.21. Example of relative uncertainties due to the different JES and JER variations propagated to the
final extracted EW yield with ;.

The uncertainties on the extracted EW-1+jj yield from the non-prompt backgrounds are

shown for the mj; distribution in Figure 5.24. The other observables are omitted for brevity.

5.13.6 Theoretical Uncertainties

Theoretical uncertainties affect the shape and normalisation of the individual MC backgrounds.
These effects are not correlated between the backgrounds, therefore theoretical uncertainties
are calculated for each background separately and are all added in quadrature in the calcula-

tion of the total theoretical uncertainty on the extracted EW-1+jj yield.

The theoretical uncertainties considered are (i) scale uncertainties, which characterise miss-
ing high order corrections in perturbative QCD calculations; (ii) uncertainties in the strong
coupling constant ag; (iii) PDF uncertainties; (iv) generator choice uncertainties; and (v) the

effect of the interference between the strong-W~jj and EW-WW~jj processes.
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Figure 5.22. Relative uncertainties due to EM (a) and PRW (b) systematic variations variations propagated
to the final extracted EW yield with m;;.

Strong-Wvjj Generator Choice

There is a significant difference in the modelling of the strong-11+;jj background between the
Suerpa and MaDGrAPH MC generators. In order probe the degree to which the measurement

depends on the of background model, it an uncertainty is assigned to this choice.

The strong-W~jj generator choice uncertainty before smoothing, Reen, is calculated by ex-
tracting an EW yield in the SR for both strong-WW jj templates for 10,000 bootstraps over
the strong-1~jj templates. The difference in extracted yield is computed for every pair of
bootstraps, and the mean over all bootstraps is taken. This is turned into a relative uncertainty

by dividing by the central value; i.e.

Nom, Sherpa Nom, MG5 Nom, Sherpa Nom, MG5
R ( EW,i — IVEw,; ) ARYS — MS(NEW7’£ — VEw,; ) (5.18)
gen NNom, Sherpa ’ gen NNom, Sherpa ’ :
{ EW,i ) ( EW,i )

where the index ¢ runs over bootstraps (note that even though the index 7 is the same for
SHERPA and MADGRAPH, these bootstraps are uncorrelated). The statistical uncertainty on
Rgn is denoted by A Rgy, and is evaluated by taking the standard deviation (denoted RMS)
for each pair of bootstraps. The strong-11/~jj generator choice uncertainties are shown in
Figure 5.25.

The statistical uncertainty of the generator choice uncertainties is relatively high, this is ev-
ident in the around 20-30% statistical uncertainties on the R;ﬁi values. The reason for this
is that, since the SHERPA and MADGRAPH predictions are statistically independent, the statis-
tical uncertainties on the generator choice is the quadrature sum of the individual statistical
uncertainties. Furthermore, the statistical precision of the MADGRAPH sample is around 2.3

times worse than the SHERPA sample, hence the statistical resolution of the combined uncer-
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Figure 5.24. Relative uncertainties on the extracted EW-W+~jj yield from the non-prompt background
estimates with m;;.

tainty is limited by the precision of the MADGrAPH sample.!” The fact that it is difficult to
statistically resolve these uncertainties is one of the main motivating factors behind choosing
the Gaussian kernel smoothing algorithm over the root TH1 smoothing. It is evident from the
last bin of the p% plot in Figure 5.25, that choosing the TH1 smoothing would have resulted
in an over-smoothed uncertainty — i.e. the smoothed value is > 2¢ above the nominal value
in the last bin. It is important to note that this choice — as with any analysis optimisation

decision — was made based on blinded Asimov results.

The generator choice uncertainties are consistent with zero. This is somewhat expected as
the three control region fit is designed to be robust against modelling uncertainties due to
the additional residual correction, f(z;) = c¢. Without this residual correction, the generator
choice uncertainties are significantly larger, as shown in Figure 5.26 where f(z;) = 1. Even

though Rg, is consistent with zero, the conservative approach is taken to still include these

101deally, a new MapGrapH sample would have been generated with a similar statistical precision to the nominal SHERPA sample.
However, this was not done because of time limitations, and because these samples already contain over 100 million events each.
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Figure 5.25. Data QCD generator choice uncertainties with my, pr ;. Aq&;i]gned, My, P, and A(b}ifned before

and after smoothing. Note that because f(x;) = ¢ introduces correlations between the bins, the statistical
error bars are correlated between bins.

uncertainties after smoothing.

EW-W~jj Generator Choice

The uncertainty due to the choice of MC generator in the EW-1+jj sample is evaluated
in almost the same way as the strong-1/~jj generator choice, where now the MADGRAPH
EW-W~ijj sample is used as the alternate sample. The only difference is that the EW-IW~jj gen-
erator choice uncertainties are not smoothed. The reason for not smoothing these uncertain-
ties is that in order to evaluate the final uncertainty after unfolding, the extracted yield using
MabpGrarH has be to unfolded using the response matrix from the same sample. This is
called the “hidden variables test”, and aims to probe the effect of MC shape differences in

the unfolding procedure which are not covered by detector simulation uncertainties. There-
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Figure 5.26. Data QCD generator choice uncertainties for the f(x;) = 1 (equivalently one control region)

configuration with mjj, pr.j;, Agf);ijgned, M-, P, and Agbzi,fned before and after smoothing. It is clear that the

generator choice uncertainty on the measurement is no longer consistent with zero, but fluctuates around
30-40% instead.

fore, the smoothing is not implemented in order to prevent smoothing over valid effects from
hidden variables. The data EW-117vjj generator choice uncertainty results is shown for m;; in
Figure 5.27, where the other observables are omitted for brevity. The uncertainty is below 5%
in all bins of m;;, and therefore represents a relatively unimportant contribution. The differ-
ences between the SHERPA and MADGRrAPH EW-Wjj simulations are primarily in the overall
normalisation, therefore the choice of generator in the simulation of the signal corresponds

to only a small uncertainty on the extracted EW-1+jj yield.

Scale Uncertainties

The theoretical calculation of the pp collision cross-section for a particular process depends

on /g, i, and «,. These symbols denote the factorisation scale, renormalisation scale,
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Figure 5.27. Data EW generator choice uncertainties with m;; before and after smoothing. The smoothing has
a small effect on the final uncertainty.

and the strong coupling constant. The factorisation scale represents the momentum scale
at which particles couple to each other. The renormalisation scale describes the running of
the strong coupling constant, . The factorisation and renormalisation scale are associated
with collinear and ultraviolet divergences in higher-order contributions to the hard scatter,
respectively, and can be chosen independently in the perturbative calculation of the collision
cross-section. Since the hard scatter depends on ur and ug, varying these scales is a way of

estimating contributions from missing higher orders [171].

For each sample, the (up,1tr) combination is altered by multiplicative factors of (1.0, 1.0),
(1.5, 1.0), (1.0, 1.5), (0.5, 1.0), (1.0, 1.5), (2.0, 1.0), and (1.0, 2.0) to evaluate these uncer-
tainties. For every (ug,ug) combination the EW-11~ijj yield is extracted, and the systematic

uncertainty is calculated from:

‘ NNom o N(HF_:HR)
R?‘};F o) _ < EW,i NOH]::W,z > , (519)
’ <NEW,z’>

Sys
where
R(MF JMR)

sponding extracted EW-W~jj yield, and ¢ represents the bootstrap pseudo-experiments. No

is the uncertainty from a given (g, ptr) combination, NE(“WF s #) is the corre-

average over bootstraps is taken for the Z~jj and top scale uncertainties as no bootstrapping
is performed for these samples. The final uncertainty due to scale variations is given by the

envelope of all the REfF ) Values, where the envelope is defined by:

R = Max (i) (R ), (5.20)

scale (LF,R)

where the maximum is taken over the different (ug,itr) values. For the calculation of the

unfolded uncertainties, the individual variations corresponding to RE}YEF g Ar€ unfolded prior
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to taking the envelope.

The scale uncertainties for data are shown for the my; distribution in 5.28, where the other
observables are omitted for brevity. Changes in the renormalisation and factorisation scale
primarily result is shifts in the normalisation, where these can be as high as 45% in the SHERPA
strong-W~jj sample. However, because the likelihood fit is robust to changes in normalisa-
tion, these get constrained in the fit and only result in a small systematic effect on the extracted
EW-W~jij yield. The largest uncertainty comes from scale variations the Z+jj sample. This
is because the normalisation of this template is not constrained in the fit. However, these

uncertainties are below 4%, and so are still considered small.

« uncertainties

The theoretical MC precictions depend on Standard Model parameters such as the strong
coupling constant «. This parameter is determined from experimental measurements, and
therefore comes with statistical and systematic uncertainties. At LO «; only effects the par-
ton shower calculation, therefore only the SHERPA strong-11+jj and Zryjj samples come with
«s uncertainties, since the other MC generators are interfaced with PyTHiA8 for the parton
shower calculation. Up and down variations in the value of oy are propagated to the extracted
EW-W~jij yield. The uncertainty from an « variation is calculated in the same way as Equa-
tion 5.20. The symmetrised uncertainty is shown in Figure 5.29 for the m;; distribution, where

the other observables are omitted for brevity.

PDF Uncertainties

Uncertainties in the underlying PDF in the MC simulations are another source of theoretical
uncertainties. These uncertainties stem from experimental uncertainties in the PDF fits nand
the functional form used in the fits. The uncertainties on the measurements from these effects
are estimated by performing the signal extraction with 100 different PDFs for each MC sam-
ple, where the NNPDF30 [131] PDF set is used. The uncertainty from a single PDF variation
is calculated in the same way as equation 5.20. After calculating the uncertainties from the
individual variations, the standard deviation of the 100 different individual PDF uncertainties
is taken as the final uncertainty on the extracted EW-W+jj yield due to PDF variations. As
an example, the 100 PDF variations are shown for the strong-1¥~jj sample in m;; in Figure

5.30. The other observables are omitted for brevity.

Uncertainty Due to EW-1W~jj and strong-1V ~jj Interference

To evaluate the uncertainty from the interference between the EW-1~jj and strong-Wjj pro-
cesses, the signal is extracted with the nominal SHERPA signal sample, and with the sum of
the SHERPA and the interference sample (from Section 5.2). The difference between the two

extracted yields gives the uncertainty prior to smoothing. Since the interference uncertainty
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is of the order of 0-3%, these uncertainties are not bootstrapped, and the TH1 smoothing
proceedure is used to get the final smoothed uncertainties. These are shown for the my; dis-

tribution in Figure 5.31, where the other observables are omitted for brevity.

5.13.7 Summary of the Systematic Uncertainties

Figures 5.32 show the relative systematic uncertainties on NS™ for all distributions, in differ-
ent categories of experimental and theoretical sources. For all observables, the MC statistical
uncertainty and the strong-Wjj generator choice uncertainties dominate, where these are
around 10-15% for most bins. Subsequently, the JES and JER uncertainties contribute at
around the 5-10% level. For some the pr ;; and Agzﬁ?fned observables there is a contribution
from the EW-W~jj generator choice uncertainty at the level of 10%. This is because there for
certain observables there are some non-negligible shape differences between the MADGRAPH
and SHErPA EW-W~jj simulations, particularly in extreme regions of phase-space, such as
high pr ;; and low Agzﬁ;ifned. Comparing the systematic uncertainties to the data statistical
uncertainties in Figure 5.19, it is clear that the differential cross-section measurement will be

dominated by the statistical precision of the data.
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Figure 5.28. Scale uncertainties on the strong-W~jj background (a), EW-W+jj signal (b), strong Z~jj
background (c), EW strong Z+jj background (d), non-negligible top backgrounds (e,f) propagated to the
extracted EW-W~jj yield with my;.
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Figure 5.32. Relative systematic uncertainties on NJo™ for the data results.
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5.14 Prefit and Postfit Distributions

The fit templates before and after the likelihood fit with unblinded data are shown in figs. 5.33
to 5.38. The SHERPA EW-W/~jj sample and the SHERPA strong-1/ vjj sample are used in these
plots. The uncertainty bands (see Section 5.13.7 for a summary of the systematic uncertain-
ties) shown in these plots are calculated from combined statistical and systematic uncertain-
ties and show the uncertainty on the entire stack before and after the fit. Before the fit, the
uncertainty is dominated by the QCD scale uncertainties. After the fit, the normalisation of
the scale uncertainties gets constrained, and the uncertainty is dominated by the statistical
precision of the data. The precise treatment of the statistical and systematic uncertainties is

outlined in Section 5.13.

The post-fit data-to-prediction agreement is very good in CRa for all observables. This is
because the purity of the background is very high in this region, so the by ; factors are able to
effectively constrain the background to agree with the data. The post-fit agreement in the SR
is also very good for all observables, which shows that strong-11+jj constraints derived in the
control regions are effective in constraining this background in the SR, and that any signal
leakage into the control regions does not have a large impact on the signal strength pgw ;. The
statistical precision of the data and predictions in CRb and CRc is worse than in CRa and the
SR, which results in generally worse agreement between data and predictions after the fit in

these regions.

For the angular observables, the choice is made to symmetrise the MC templates. The reason-
ing behind and validity of this choice is explained in Section 5.10. Additionally, the assump-
tion is made that the strong-1V~jj yields are symmetric in ¢, hence the by ; and b ; parameters
are shared between symmetric bins. The pgw,; parameter is not treated as symmetric since
the goal of measuring the angular observables is to probe the CP structure of the signal, which
would be highlighted by any significant asymmetries in the extracted EW-11/+jj yields. The
increase in the statistical precision of the MC predictions obtained from symmetrising the
angular observable templates allows for a finer binning than the kinematic observables. The

optimisation of the binning of the observables is outlined in Section 5.9.
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Figure 5.36. Prefit and postfit MC templates and unblinded data in the SR and three CRs for p¥.
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Figure 5.37. Prefit and postfit MC templates and unblinded data in the SR and three CRs for Aqﬁ%ned.
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Figure 5.38. Prefit and postfit MC templates and unblinded data in the SR and three CRs for m,.,.
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5.15 Cross-checks

5.15.1 Changes to the Likelihood Fit

The systematic uncertainties for the f(z;) = 1 (i.e. One CR) fit, and for the fit where the
CRc method is used as described in Section 5.6.1. Similar yields and similar systematic
uncertainties should be derived using the two alternative methods. The expectation from
using f(z;) = 1 in the fit is that the experimental uncertainties should be similar, but that
the modelling uncertainties are significantly larger. The CRc method results are expected
to have similar systematic uncertainties, and the values of NJg™ should be consistent within
uncertainties. The extracted yields with systematic uncertainties are shown in Figure 5.39 for
the nominal cra method for all observables. The corresponding plots for the f(x;) = ¢, and
the CRc method are shown in Figures 5.40 and 5.41, respectively, where only m;; and pj% are

shown for brevity.

The comparisons of the extracted yields in Figures 5.39 and 5.4 1 show that the total systematic
uncertainties are similar between the nominal CRa method and the CRc method. Comparison
of Figures 5.39 and 5.40 show that the systematic uncertainties derived used the f(z;) = 1 fit
are signficantly larger. When comparing the yields, the f(x;) = 1 results agree with the CRa
method results within 10%, and the CRa method results agree with the CRc method results

within uncertainties.

The relative systematic uncertainty breakdown of the f(z;) = 1 fit and the CRc method are

shown in Figures 5.42 and 5.43. Only m;; and p’% are shown for brevity.

The comparison of the uncertainties in Figures 5.42 and 5.43 and Figure 5.32 shows that
the f(x;) = 1 results have similar systematic uncertainties apart from the inflated genera-
tor choice uncertainty. The systematic uncertainties derived using the CRc method are not
as well resolved statistically as the CRa method, the result of this can be seen the jumps in
primarily the generator choice and MC stat uncertainties. This happens because CRc is now
being used to derive the main constraint on the QCD background by ; (b ; is solely respon-
sible for the shape corrections to strong-1/+jj in the SR), and CRc has a small amount of
strong-WW ~jj events, resulting in large fluctuations in by ;. In the case where CRc is mainly
used to derive f(z;) (i.e. the nominal case), the fact that f(x;) is defined to be a constant
means that a control region which has a large number of events is not required to derive the

residual correction since a shape is not being extracted.

The crosschecks of the nominal (CRa) method with the f(z;) = 1 and CRc methods show
that the results of the nominal yields and uncertainties agree with expectations, and that the
CRa method is the most optimal as it leads to the smallest uncertainties, whilst these still

being well resolved statistically.
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Figure 5.39. The NY™ results with systematic uncertainties for the data using the nominal CRa method.

5.15.2 Signal Injection Test

The unfolded differential cross-section measurements are used to set limits on aQGCs using
an EFT parametrisation (this is not described in this thesis as it is not the work of the author).
The limit setting includes a test where an Asimov dataset is constructed using the nominal
MC templates in addition to an injected detector-level EFT contribution. The signal extraction
and the detector unfolding (Section 5.16) should recover the truth-level prediction of the EFT
contribution. It is expected that the two results should not close completely as there will
be a small amount of leakage of the EFT contribution into the control regions resulting in
strong-Wvjj constraints which deviate from unity. However, in setting the EFT limits, the
assumption is made that there is little contribution in the control regions, therefore the non-
closure should be small. The result of this test is shown for the most sensitive observable,

%, in Figure 5.44. It is clear that the closure is excellent, therefore giving confidence in the

efficacy of the signal extraction procedure.
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Figure 5.40. The NYo™ results with systematic uncertainties for the data derived using the f(x;) =1 (i.e. One

CR) fit.
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Figure 5.41. The N)™ results with systematic uncertainties for the data derived using the CRc method,
where the bp ; parameters are assigned to CRc instead of CRa.

5.16 Correction for Detector Effects

The correction for detector effects (i.e. unfolding) of the extracted EW-W+jj yields and un-
certainties was not performed by the author. However, all plots shown in this section were
derived by the author, and the derivation of the RMS of the PDF uncertainties and the en-
velopes of the scale uncertainties were performed by the author. Additionally, the truth-level

yields and theoretical uncertainties in Figure 5.45 were derived by the author.

The goal of the analysis is to derive differential cross-section results which are not detector-
specific. The process of “unfolding” is to correct for the detector effects of inefficiency and
resolution by deriving a mapping from the detector specific differential results to a set of
detector-independent, particle-level, results. Particle level is defined by stable particles with
mean lifetime c7 > 10mm. To avoid large extrapolations across phase-space, a particle-level

fiducial volume is designed to mimic the detector-level selection criteria in 5.3.3.

The map from the detector-level data space to the particle-level data space is described through
the response matrix R;;:

ri=> Rijt;, (5.21)
J

where r; and ¢; are detector-level and particle-level observable bin values. The response
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Figure 5.42. Relative systematic uncertainties for data derived using the f(x;) = 1 method.
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Figure 5.43. Relative systematic uncertainties for data derived using the CRc method.

matrix encodes the bin migrations between detector and particle-level observables. To unfold
r; is to attempt an inversion of R;;. Numerically inverting R;; is numerically fragile, and
multiple unfolding strategies exist to deal with this. In this analysis the Iterative Bayesian
Unfolding (IBU) approach with two iterations is used [172]. Corrections are derived using the
MC simulations for events passing the detector-level simulation, without passing the particle-
level simulation. Subsequently, bin-migrations in the differential differential distributions are
corrected for, and finally, a correction is derived to account for events passing the particle-

level simulation without passing the detector-level simulation.

Increasing the number of iterations of IBU increases the bias from the prior probability distri-
bution, whilest increasing the statistical uncertainty on the measurement. The number of iter-
ations is therefore determined through the optimisation of this tradeoff. The bias is estimated
through comparisons of the unfolded differential distributions and the truth EW-W~jj differ-
ential distributions. The statistical uncertainty after unfolding is derived by unfolding each

of the 10,000 pseudo-experiments mentioned in section 5.13.2, and taking the standard de-
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viation of the unfolded yields. The systematic uncertainties after unfolding are determined
through propagating the extracted EW-11/jj yields of each systematic variation through the
unfolding. For the evaluation of the EW-W~jj generator choice uncertainty, the same MAD-

GraprH EW-W~jj sample is used for both the signal extraction and the unfolding.

5.16.1 Unfolded Differential Cross-section Results

The final unfolded differential cross-section measurements are shown in Figure 5.45. This
Figure also shows the truth-level SHERPA and MADGrAPH EW-W 7jj predictions. The truth-
level uncertainties include the MC statistical uncertainties, PDF uncertainties, and scale scale
uncertainties. The breakdown of the systematic uncertainties on the differential cross-section

measurements are shown in Figure 5.46.

The final results show that for mj;; and pr j;, the MADGRAPH prediction is more consistent
with the data at low values, and the SHErRPA prediction is more consistent at larger values.
Some disagreements between the predicted MADGRAPH results and the data can be seen in
the angular distributions in some bins. In the leptonic observables, the SHERPA predictions
are generally more consistent with the data. Note that the predictions display large differences
in total cross-section, however this can be attributed to the SHERPA 2.2.12 prediction having

the third parton included in the matrix element calculation [173].
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Figure 5.45. The black circles show the unfolded differential cross-section results obtained by extracting the
EW-W+~jj yield in data and unfolding the result. The black error bars are the statistical uncertainty on the data
propagated to the unfolded result. The grey boxes show the combined systematic uncertainty on the data. The

blue and red points represent the theoretical EW-W ~jj predictions obtained using SHERPA and MADGRAPH,

respectively, where the uncertainties on these predictions are shown as the coloured transparent boxes. The
x-axis displacement of the theoretical results relative to the observed is only present for ease of comparison.

5.16.2 Validation of the Unfolding Procedure

The relative systematic uncertainties before and after the unfolding were compared to check
that there were no unreasonably large changes. These comparisons are shown in Figures 5.47

and 5.48. Some changes in the uncertainties are expected because of bin migrations. Addi-

tionally, the EW-1~jj generator choice uncertainty after unfolding includes the difference in

using the SHERPA and MaDGRrAPH MC samples for the determination of the response matri-

ces. Therefore, this uncertainty is expected to change substantially.
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Figure 5.46. Breakdown of the relative systematic uncertainties on the unfolded differential cross-sections.

The comparisons show that in most cases the uncertainties only change by a few percent after
unfolding, save the EW-1/~jj generator choice. The unfolding procedure itself was validated

(this was not performed by the author) using using a set of closure tests.
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Chapter 6

Conclusions

The first differential cross-section measurements of the electroweak production of W (— (v)y
in association with two jets at ATLAS are derived in a VBS enriched phase-space as a function

of six different observables sensitive to quartic electroweak gauge couplings.

The differential cross-section measurements are performed by extracting the EW-W+jj sig-
nal and constraining the dominant strong-1~jj background simultaneously in a binned log-
likelihood fit. Constraints to the background are determined using three signal deficient con-
trol regions defined by inverting the &;,and ]\fj‘ﬁf cuts defining the signal region. The main
background constraint is primarily derived in the high ]\Ggeff control region, and a residual cor-
rection is derived primarily in the high &, control region. The optimum shape of the residual
correction factor is determined to be a constant based on arguments related to the stability
of the likelihood fit. The final constraint to the strong-1¥vjj background in the signal region
(c-br,;) ranges from 1.07 to 1.39, and the value of ¢ ranges from 1.06 to 1.22, where these val-
ues differ depending on the bin and observable. After extracting the signal, detector unfolding

corrections are applied to derive the final differential cross-section measurements.

A cross-check of the nominal signal extraction method is performed by repeating the signal
extraction for a different configuration of the parameters in the likelihood. In this alternative
configuration, the primary constraint to the strong background is derived in the high §;,region,
and the residual correction factor is derived in the high Nﬁf region. The results from this
cross-check agree with the expectations that the nominal extracted yields should be similar.
In the end, this configuration is not used to derive the final results because the lower yields
in the high & region results in worse statistical resolution of the systematic uncertainties.
An additional cross-check of only using one control region to derive the backgrounds con-
straints confirms that the addition of the residual constraint drastically reduces the modelling

uncertainties on the measurement.

Because of the small fiducial cross-section of the signal process, the measurement uncer-
tainties are dominated by the statistical precision of the data. The total data statistical un-
certainty on the differential cross-section ranges from 16-50% depending on the bin of the
observable. The systematic uncertainties are dominated by the modelling uncertainties on
the strong-1/~jj background and the statistical precision of the MC simulations, where these

range from 15-33% depending of the bin of the observable.
The differential cross-section measurements are compared to predictions from simulations
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of EW-W+jj production using the SHERPA 2.2.12 and MADGRAPH 5 event generators at LO
accuracy. The results show better agreement with MADGRrAPH 5 at low mj; and pr ;;, but
better agreement with SHErPA 2.2.12 at high my; and pr j;. For the angular observables, the
results are seen to agree better with the SHERPA 2.2.12 predictions. The measured m,, and

p* differential cross-sections display better agreement with the SHERPA 2.2.12 predictions.

The differential cross-sections shown in this thesis are included in the publication [53], and
contribute to the derivation of constraints on aQGCs derived through an EFT parametrisation.
These results include the first LHC constraints of the fr3 and fr4 operator couplings, and the
measurements of the angular observables Agzﬁj-if“ed and Agbzifned may help future EFT efforts
in deriving constraints to CP violating gauge couplings.

In addition to the differential cross-section measurements, the Z+jets insitu calibration is
performed for large-R UFO jets. This calibration is derived as part of a series of calibrations,
which differ in the reference system used to balance the transverse momentum of the probe
jet. The Z+jets calibration has the superior precision over the other insitu calibrations in
kinematic range of around 200 GeV < ﬁTet < 500 GeV. The total uncertainty on the insitu
calibration factor is around 0.5 — 1.5% depending on the Z decay channel and the transverse

momentum of the large-R jet.

The calibrations derived in this thesis are of direct importance to any future ATLAS physics
analysis working on large-radius jets using Run-2 or Run-3 data, and the differential cross-
section measurements are likely to be used in future global EFT fit efforts to constrain our
knowledge of anomalous quadratic gauge interactions. Furthermore, measurements sensitive
to vector boson scattering are of growing importance as future experiments begin to probe
larger centre-of-mass energies. The state-of-the-art measurements documented in this thesis
therefore form part of an increasingly important body of research surrounding some of the

rarest and kinematically extreme electroweak processes in the standard model.
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Appendix A

Large-R Z+jets Insitu Calibration

A.1 Z+jets response fits
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Figure A.5. Pythia MC Z(— ppu)+jets response distributions
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Appendix B
Differential Cross-section Measurement
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QCD template fluctuations, Sherpa-2.2.11 QCD in Asimov, Sherpa-2.2.11 QCD template
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B.2 Different Significance Thresholds
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Relative Shift prefit

This appendix shows the final systematic uncertainties on NNo™ with significance thresholds

set at ogresn = 1.0 and oypresn = 1.6.
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Figure B.1. Systematic uncertainties with significance threshold of oesn = 1.0.
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Figure B.2. Systematic uncertainties with significance threshold of oesn = 1.0.
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