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Abstract

This thesis presents the observation of photon-induced W¥W ™ production using
proton-proton collision data at a centre-of-mass energy of 13TeV and with an
integrated luminosity of 139fb ', recorded by the ATLAS detector. Particular
emphasis is given on data-driven corrections to pileup distributions in simulation
and calculation of the signal efficiency to pass the exclusivity selection, which re-
quires that no tracks be reconstructed within a 41 mm region of the signal vertex.
Studies into track multiplicity distributions due to multi-parton interactions are
also presented, detailing corrections to leading-track transverse momentum. The

fiducial vy — WW cross-section is measured to be

Omens. = 3135031 (stat.) (50 (syst.) fb.

when considering the eiye/ﬁyu decay channel and the background hypothesis is
rejected with a significance of 8.4 standard deviations. The vy — WW process is
then measured differentially in various kinematic distributions and an unfolding

procedure is presented to remove detector effects from the data.

Finally, prospects for future vy — W W analyses at the High-Luminosity LHC are
presented. The analyses are split into different categories, depending on whether
selections are made on forward protons measured with the ATLAS Forward Pro-
ton detector. It is concluded that reconstructing tracks below nominal kinematic
thresholds is an important area of research and development for such analyses to
be fruitful in the future of LHC data-taking. A novel analysis method of match-
ing reconstructed forward protons to vertex timing information is presented and
shown to possibly improve signal to background ratios relative to an analysis in
which no requirement on forward proton tags is made. Detector performance work
on the inter-plane alignment of the ATLAS Forward Proton detector and forward

proton reconstruction is also presented.

11



Declaration

No portion of the work referred to in this thesis has been submitted in support of
an application for another degree or qualification of this or any other university

or other institute of learning.

Savannah E. Clawson

12



Copyright

i

ii

il

v

The author of this thesis (including any appendices and/or schedules to
this thesis) owns certain copyright or related rights in it (the “Copyright”)
and they have given the University of Manchester certain rights to use such

Copyright, including for administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or
electronic copy, may be made only in accordance with the Copyright, Designs
and Patents Act 1988 (as amended) and regulations issued under it or, where
appropriate, in accordance with licensing agreements which the University

has from time to time. This page must form part of any such copies made.

The ownership of certain Copyright, patents, designs, trademarks and other
intellectual property (the “Intellectual Property”) and any reproductions of
copyright works in the thesis, for example graphs and tables (“Reproduc-
tions”), which may be described in this thesis, may not be owned by the
author and may be owned by third parties. Such Intellectual Property and
Reproductions cannot and must not be made available for use without the
prior written permission of the owner(s) of the relevant Intellectual Property

and /or Reproductions.

Further information on the conditions under which disclosure, publication
and commercialisation of this thesis, the Copyright and any Intellectual
Property and/or Reproductions described in it may take place is available
in the University IP Policy (see http://documents.manchester.ac.uk/
Doculnfo.aspx?DocID=24420), in any relevant Thesis restriction declara-
tions deposited in the University Library, the University Library’s regula-
tions (see http://www.library.manchester.ac.uk/about/regulations/)

and in the University’s policy on Presentation of Theses.

13


http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420
http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420
http://www.library.manchester.ac.uk/about/regulations/

Acknowledgments

They say it takes a village to raise a child and it has certainly taken an interna-
tional collaboration and more to finish this PhD. There are so many people that I
would like to thank for seeing me through to this point and I apologise to anyone

that I have not mentioned by name.

First of all, to my family. My mum for being my biggest cheerleader in all I
do, despite not understanding any of it. My dad for first getting me into science
as a kid by sitting me down to watch documentaries with him in the evenings —
I know that you will still tell me you know more about particle physics than I do,
even when I have a PhD on the subject. My brother whose birthday shall now
forever be the day that I passed my viva — I like to think that I inspired you to
follow at least partway in my footsteps. To Adam senior (a.k.a. Boxy), thanks for
always treating me like one of your own. To my two dogs, Mylo and Hazel, who
both sadly passed away whilst I was writing this thesis. You provided me with
over a decade of endless entertainment and comfort and it brings me some peace

that the concept of particle physics was never within your grasp.

To my original Manchester gang. Alice and George for all the fun times and
all of the support during the not-so-fun times. Chris for all of the bouldering
trips. Annie for always being available at the end of the phone when I was having

a work- or life-induced crisis. To you, I owe most of my degree and PhD.

To the friends that I have made here in the Manchester HEP group, too many
to name, without you I truly don’t think I would have made it this far. From a
different themed drinking occasion every night during my first year, Niels Bohr
karaoke, lunchtime and coffee break chats. I struggle to see how I will ever find
another department where I feel so much at home. A special shout-out goes to
Patrick who didn’t particularly help in the writing of this thesis but provided

many much-needed distractions from it.

14



List of Tables 15

To the friends made at CERN, again too many to name, thanks for all the cycling,
skiing, climbing, hiking and lake-swimming trips. I will never forget my time spent
in Geneva. Particular thanks go to Mat, Aaron and Melissa, who welcomed me

so graciously into their LTA lives and continue to provide me with infinite wisdom.

To the colleagues within ATLAS and beyond. The members of the vy — WW
team, past and present, who have been with me since the start of my PhD. The
members of the forward physics community, particularly Rafat Staszewski for be-
ing the most patient and technical supervisor, as well as Lydia Beresford and Jesse
Liu for trusting me with part of their analysis. I'm further grateful to Lydia for
trusting me enough to offer me a job and Jesse for always telling me my plots
were beautiful, even when they definitely weren’t. A huge thank you to Ste who
has provided me with my own personal statistics lessons throughout my PhD and
dealt with many of my breakdowns during the final few weeks of writing this the-

sis. I hope to one day be an honourable guest on #StatsWithSte.

To my supervisors. Brian for originally making me realise physics was cool back
when I was a teenager — I never imagined that I would be working with you one
day. Andy for providing me with endless support and encouragement (and many
beers) over the last four years. Any success that I have had in my PhD, I owe to

Andy. For this and so much more, I will be forever grateful.
To Adam junior for supporting me through so much of my PhD, after we ac-
cidentally moved in together during the pandemic. You have always been there

for me, even when I did not deserve it.

Finally to myself, for finishing this thing.



Chapter 1
Introduction

The earliest documented studies on the nature of light can be attributed to the
Greek and Hellenistic traditions, due to a desire to understand vision. These ini-
tial theories were somewhat distant from the modern field of optics, with Plato
advocating that light consisted of rays emitted by the eyes, believing that vision
was initiated by the eyes reaching out to “feel” objects at a distance. It wasn’t
for over a millennium that thought turned more to light as an independent entity,
where arguments on its nature usually fell into two categories: those that consid-

ered light to be a wave, and those that considered it to be a particle.

In the mid 1800s, building on the work of Faraday and Ampére, James Clerk
Maxwell demonstrated the unification of electricity and magnetism into one fun-
damental force, electromagnetism. Importantly, Maxwell showed that the laws of
electromagnetism obey wave equations, thus firmly engraving the wave picture of
light. However, in 1900, Max Planck introduced the idea of quantised energy in
attempts to solve the ultraviolet catastrophe. Planck’s self-described “act of des-
peration” was a huge deviation from the previous classical descriptions of energy.
In his 1905 paper on the photoelectric effect [1], Albert Einstein concluded that
light must come in discrete bundles, or quanta, giving new meaning to Planck’s

hypothesis and leading to the modern concept of the photon.

The true nature of light remained a contentious issue at the beginning of the
20th century. On one hand were the interference and diffraction experiments that
required a wave nature of light for their explanation and, on the other, was the
photoelectric effect that could only be understood by invoking a particle-like pic-
ture. A formal theory that would simultaneously explain these phenomena would
have to wait almost a quarter of a century, until the birth of quantum mechanics

in the summer of 1925.
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This was a revolutionary period in the history of science and had dramatic impli-
cations for the understanding of light and of nature as a whole. In a seminal paper
published in 1927 [2|, Dirac synthesised the wave and particle natures of light in
a single theory and lay the groundwork for the theory of quantum electrodynam-
ics, which was independently developed in the 1940s by Richard Feynman, Julian
Schwinger and Tomonaga Shin’ichiro. Forbidden in classical electromagnetism,
an early prediction of QED was that two photons should be able to indirectly
scatter from each other by exchanging heavy particles inside a virtual loop. The
first direct observation of light-by-light scattering was announced by the ATLAS
experiment in 2019 [3].

We have come a long way from the earliest studies on the nature of light, from
attempts to understand vision, to the description of light as a particle, then as a
wave, and finally as a wave-particle duality. A year before his death, Einstein said
“All the fifty years of conscious brooding have brought me no closer to the answer
to the question: What are light quanta? Of course today every rascal thinks he
knows the answer, but he is deluding himself.”. This thesis, however deluded, aims
to add a small drop to the pool of knowledge of photon interactions, using the
Large Hadron Collider (LHC) as a TeV-scale photon-photon collider.

The main work in this thesis documents the observation and measurement of
photon-induced W*W ™ production with the ATLAS experiment at the LHC.
Photon collisions occur in peripheral proton-proton (pp) collisions at the LHC,
where the highly boosted electromagnetic fields of each proton can be treated as
a source of coherent, quasi-real photons. Using the LHC as a photon-photon col-
lider in pp runs provides a unique laboratory probe of quantum electrodynamics
and electroweak theory, complementing lower-energy probes in heavy-ion runs and
high-intensity laser beam experiments. Despite their small cross-sections, photon-
fusion processes are typically very experimentally clean, allowing us to perform
high precision measurements and searches for new physics. A hallmark predic-
tion of photon-induced processes is intact protons scattered at small angles, which
can be detected by dedicated spectrometers such as the ATLAS Forward Proton
(AFP) detector.
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Chapter 2 briefly summarises the theoretical grounding needed to understand the
work presented in this thesis, with a review of the Standard Model, the Equiv-
alent Photon Approximation, and physics at hadron colliders. An overview of
state-of-the-art Monte Carlo event generators is given, with additional informa-

tion on generators specific to photon-fusion processes.

Chapter 3 contains a description of the LHC accelerator complex before describ-
ing the ATLAS detector and its subdetector systems. Then the process of object
reconstruction within ATLAS is discussed, focusing on the objects relevant to this

thesis, namely tracks and leptons.

The ATLAS Forward Proton detector is introduced in Chapter 4. The author
has been heavily involved with detector performance work within the AFP group,
developing the inter-plane alignment algorithm of the silicon tracking system and
calculating the alignment across Run 2 data. The author also developed the work-
ing points of proton reconstruction quality in AFP and calculated the efficiencies

of proton reconstruction using a per-plane tag-and-probe method.

Chapter 5 details the first observation of the vy — WW process [4], performed in
the fully-leptonic decay channel. Observing this flagship process is important as it
only occurs via triple and quartic gauge-boson couplings at leading order, making
it an ideal probe for anomalous couplings. This is a rare process with a huge
background from quark-antiquark annihilation. The background cross-section is
several orders of magnitude larger than the signal and would be impossible to
distinguish if it were not for the presence of additional charged particles originat-
ing from multi-parton interactions. The author developed a data-driven method
to calculate the efficiency of the signal and backgrounds to pass the most im-
portant analysis requirement, which aims to remove backgrounds with additional
reconstructed tracks, other than those from the W-boson decays. The employed
approach is very sensitive to the presence of nearby interactions in the same or
neighbouring bunch crossings, referred to as pileup. The author developed many
other data-driven corrections to improve pileup and charged-particle multiplicity
modelling, including reshaping the beamspot in MC to better match data and
studies of charged particle kinematic spectra. The author also calculated the ac-
ceptance and correction factors necessary for the cross-section measurement. The
author’s work was vital in reducing the leading systematic uncertainties in this

analysis, enabling the observation of this process.
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A differential measurement of the vy — WW process is being carried out by
the author within ATLAS and is the subject of Chapter 6. Fiducial differential
cross-sections are unfolded to remove detector effects, with the ultimate aim of
using these unfolded cross-sections to constrain new physics in an effective field
theory framework. Preliminary studies are presented and the unfolding method is

optimised for several kinematic observables.

Chapter 7 details studies into prospects of future vy — WW measurements at the
High-Luminosity LHC (HL-LHC) [5], which the author initiated and led. Rare
photon-fusion processes could benefit substantially from the increased dataset size
at the HL-LHC. However, the number of interactions per bunch crossing is ex-
pected to increase by a factor of 5-6 compared to Run 2, threatening the expected
gain in statistical precision due to increased luminosity. Performing these mea-
surements in dense pileup environments like the HL-LHC brings many challenges
in background modelling, requiring the development of novel analysis methods.
These challenges will only become more relevant in the future as we aim to per-
form precision measurements and searches for new physics with ever increasing

interactions per bunch crossing.

In addition to the work presented in this thesis, the author applied data-driven
corrections to pileup in the first cross-section measurement of photon-induced
dilepton pairs with an intact proton measured by the AFP detector [6], ultimately
reducing the dominant central detector systematic uncertainty by 50 %. This was
the first physics result to utilise the AFP detector in high-luminosity runs at the
LHC.



Chapter 2
Theory

“You dig deeper and it gets more and more complicated, and you get confused,

and it’s tricky and it’s hard, but... it is beautiful.”

— Brian Cox

20
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2.1 The Standard Model

The formalism of this section follows that of Refs. [7-11]. The Standard Model
(SM) is formulated as a quantum field theory (QFT) which describes the inter-
actions of 12 fermion, 12 antifermion and 5 boson fields. Quanta of these fields
are observed as elementary particles. Fermions have spin-1/2 and are further
subdivided into quarks and leptons, where quarks carry colour charges, C', but
leptons do not. Both quarks and leptons carry weak isospin charge, I3 and elec-
tric charge, ). Together these give the hypercharge Y = 2(Q — I5). The list of
known fermions is given in Table 2.1, documenting their electric charge, (), and
mass, m. The properties of the anti-fermions can be derived from the same table
since anti-particles have the same mass as their particle counterparts but opposite
charges. For example, the anti-electron (the positron) has the same properties as

the electron apart from it has an electric charge of +¢ instead of the electron’s —e’.

Generation
I II I1I
© Q=2/3 Q=2/3 Q=2/3
IS
=
z u c t
w | =
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<
= X
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g d § b
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down my = 47753 MeV | strange m, = 9573 MeV | bottom my = 418753 GeV
= Q=-1 Q=-1 Q=-1
o]
e0 — — —
= e 1% T
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5 electron m, = 0.510999 MeV | muon m,, = 106.658 MeV | tau m, = 1777.86 + 0.12 MeV
2.
<5}
| — Q=0 Q=0 Q=0
<
£ 1% 1% 1%
2 e 7] T
~
electron neutrino m,,_ < 1.1eV | muon neutrino my, < 0.19 MeV | tau neutrino m,, < 18.2MeV

Table 2.1: The classification, symbol, name, electric charge, mass and quantum
numbers of all known spin-1/2 fermions, with the exception of anti-fermions. All
matter is made out of the lightest fermions: protons and neutrons consist, to
first order, of up and down quarks. Atoms are made from protons, neutrons and
electrons. The masses are free parameters in the Standard Model and are obtained
by experiment. Their values are taken from Ref. [12], with the 95 % confidence
interval given as the bound on the neutrino mass.

e represents an electron Volt (eV), equivalent to the amount of energy that an electron gains
when accelerated in a vacuum by an electric field with a potential difference of 1 V. The charge
of all fundamental particles, @), are given as a number of electron volts.
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The interactions of the SM are the result of gauge symmetries described by the
SUB)e @ SU(2), @ U(1)y

gauge group, with SU(3). corresponding to the strong force mediated by the mass-
less, spin-1 boson called the gluon® and SU(2); ® U(1)y corresponds to the elec-
troweak interaction. The SU(2); ® U(1)y symmetry is spontaneously broken to
give the weak and electromagnetic interactions, mediated by three massive bosons,
W=, Z and the massless photon 7, respectively. An additional complex doublet
field is added to induce spontaneous symmetry breaking of the SU(2); @ U(1)y
symmetry. This field is known as the Brout-Englert-Higgs field, or simply Higgs
field, and has a non-zero vacuum expectation value (VEV), resulting in mass
terms for the W=, Z and charged fermions. The excitation of the Higgs field
is the Higgs boson, which has been experimentally measured to have a mass of
my = 125.25 £ 0.17 GeV, spin-0 and no electric charge [12]. As alluded to by the
subscripts of each gauge group, each symmetry of the SM results in a conserved
quantum number according to Noether’s theorem [13]|. For the U(1), symmetry,
this is the electric charge, ). For the SU(2); symmetry, this is the weak isospin,
I5, and for the SU(3), symmetry, this is colour, C. The information above is

summarised in Table 2.2.

The formulation of the SM builds on developments in classical field dynamics,

Symmetry Interaction Mediator Mediator Mass  Quantum Number
U(1)g Electromagnetic  Photon () 0
Z boson  91.1876(21) GeV
W bosons  80.377(12) GeV
SU@3)e Strong Gluon (g) 0 Colour, C

Electric charge, Q

SU(2)p, Weak Weak Isospin, I3

Table 2.2: The gauge symmetries of the Standard Model and their corresponding
mediators (in the mass basis) and conserved quantum numbers. In the gauge
basis, the fields of SU(2), are W,** and the field of U(1)y is B,. There are eight
gluonic fields, G}fS which carry different colour charges. As we cannot measure
colour experimentally, we generally refer to excitations of all of the gluonic fields
as the gluon. In the mass basis after spontaneous symmetry breaking described in
Section 2.1.4, the photon is a linear combination of the B,, and Wf:’ fields and the
Z is the orthogonal combination, resulting in the Z boson also conserving electric
charge (). Masses are taken from Ref. [12].

*The strong force is actually mediated by eight gluonic fields with different colour charge
but, as we cannot measure colour and distinguish these fields, it is common to describe them as
resulting in a single mediator.
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quantum mechanics, and special relativity. It is constructed to respect Lorentz in-
variance as well as the various gauge symmetries. The dynamics of the SM can be
determined through the principle of least action, analogous to classical mechanics.

The action is defined as the integral of the Lagrangian, L, over time

S = /Ldt — /£(¢, 0,0)d'z, (2.1)

where we have defined the Lagrangian density, £, which is more natural to use
when discussing a quantum field, ¢. The benefit of the Lagrangian formalism is
that it can be easily generalised to any number of dimensions or any number of
degrees of freedom. By enforcing the principle of least action, 05 = 0, we arrive

at the Fuler-Lagrange equation of motion for a field,

%~ (50.9) =" -

Just as we use the Lagrangian density instead of the Lagrangian, we too wish
to use the Hamiltonian density, H = 7¢ — £, where m = ac/a(/s is the conju-

gate momentum density. The Hamiltonian can be split as H = H, + H;, where

‘H, describes the free fields and H; their interactions. Provided interactions are

sufficiently weak and short lived, they can be approximated as perturbations be-

tween the free initial, |i;t, = —o00), and final, |f;¢ = +00), states. The transition
amplitude from ¢, = —oo to t = +o0 is given by
Sgi = (fit = 00| U(t, o) listg = —00) , (2.3)

where U (t,ty) is the time-evolution operator. The probability of transitioning
from initial state |7) to final state | f) is then proportional to |S fz-|2. The operation
of U (t,ty) on the initial state can be represented by an infinite series with increas-
ing powers of a dimensionless coupling constant, «, mapping all possible routes
between |i) and |f). If @ < 1, each successive order of the series expansion has a
smaller impact than the preceding one. Therefore, the scattering amplitude can

be approximated by truncating the series expansion at a finite order.

Each term in the expansion of Sy; can be represented pictorially by Feynman
diagrams governed mathematically by Feynman rules, examples of which can be
found in Ref. [14]. The matrix element of a scattering process at a fixed order in
perturbation theory can then be obtained by summing over all possible Feynman

diagrams. However, problems arise when unconstrained momenta appear in loops,
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leading to divergences in the limit of infinite momenta or infinitesimal distance.
These divergences are called ultraviolet (UV) divergences and are removed by the
processes of regularisation and renormalisation. Regularisation imposes a cut-off
scale to prevent integration up to infinite momenta and renormalisation acknowl-
edges that quantities appearing in the Lagrangian do not correspond to physical
observables and we can therefore scale these terms and introduce counter terms
which cancel out these divergences when computing physical quantities. There is
another set of divergences that correspond to the momenta of additional emissions
and within loops approaching zero. This set of divergences are called infrared (IR)
divergences and cancel between the full set of Feynman diagrams. We will come
back to IR divergences when discussing simulating physics at hadron colliders in
Section 2.5.

Now that we have the relevant tools to determine equations of motion and scat-
tering amplitudes we can discuss the development of the SM, beginning with its

precursor quantum electrodynamics.

2.1.1 Quantum Electrodynamics

Quantum electrodynamics (QED) is the extension of classical electromagnetism to
a QFT and is the precursor to the fully fledged SM as it is today. QED describes
the interactions between charged spin-1/2 fermions, mediated by the massless spin-
1 photon, ~, and is represented by the Abelian U(1) gauge group. The Lagrangian

of the free fermionic fields is the Dirac Lagrangian,
‘CDirac = ’”E’Y“auw - m%/% (24)

where " are the Dirac matrices and the field 1) represents the bispinor field of
the fermion-antifermion pair with mass m. The conjugate of the fermion field is
given by . The U(1) gauge transformation is a local rotation of the field, 1 (z) —
exp(ia(x))y (), and results in an additional term appearing in the Lagrangian in
Equation (2.4), spoiling the gauge invariance. In order to restore gauge invariance
to the Lagrangian, an additional term is required to be added. This is done by

introducing a new bosonic spin-1 field, A,(z), that transforms as

A(z) = Ay () + éaﬂa(x) (2.5)
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and replacing the partial derivative 0, with the covariant derivative

D, =0, —ieA,(x), (2.6)

I

where the additional term represents an interaction between the fermionic field
and this new vector® field with a coupling strength equal to the electric charge,
e. An additional kinetic term for this new field must also be added to our initial
Dirac Lagrangian and must also satisfy gauge invariance. This terms equates to
—L1p F" where

4+ p

F

p =

D,.D,] = 0,4, — 0,4, (2.7)

Q| =

is the electromagnetic field tensor. Note that at no point does a mass term for this
new field enter the Lagrangian — doing so would spoil the gauge invariance. It
follows that an excitation of this new A, field must be massless and this is observed

to be the case with the photon. We can now write our full QED Lagrangian as

Lqrp = —iFWFW + il;”)/MDui/} — map. (2.8)
As a result of renormalisation in QED, the coupling of the electromagnetic field
and the electron charge itself are not actually constant and depend on energy
scale. This can be understood physically as charge screening caused by the spon-
taneous production and annihilation of fermion-antifermion pairs. This so-called
fine structure becomes more apparent at higher energy scales and the coupling

must be scaled to account for this. The QED coupling can be written as

GZ(QQ) OCQED(MQR)

2qen(Q7) = T 1- [ovqup (1) /37] In (Q* /1)

(2.9)

where p% is introduced as a renormalisation scale [15], to prevent divergence at
large values of @Q%. In the case of Q* — 0, we obtain aQED(QQ) ~ 1/137.

2.1.2 Quantum Chromodynamics

The strong interaction is described by the theory of quantum chromodynamics
(QCD) which is built as a gauge QFT with SU(3) gauge group which conserves
colour charge. We arrive at the QCD Lagrangian through a similar procedure
as with QED above, albeit now complicated by the non-Abelian gauge group.
A generalised SU(N) group has N* — 1 degrees of freedom after imposing the

$Vector field, in this context, means that the field has spin-1 and transforms as a vector
under the Lorentz group.
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conditions of unitarity and tracelessness. Therefore, an arbitrary SU(N) transfor-
mation can be parametrised by a combination of N? — 1 orthogonal matrices. The
SU(3) group is generated by eight 3 x 3 Gell-Mann matrices, A, with generators
t* = 21" (a = 1-8). The requirement of gauge invariance leads to the addition of

one bosonic spin-1 gauge field per generator, G, with covariant derivative

D, =0, —igsGt", (2.10)
where gg is the coupling of the strong interaction. The gluonic field strength tensor
is given by

G%, =—[D,,D,) = 9,G% — 9,G% + g5 f"" GG, (2.11)

1
9s
where

are so-called structure constants given by [t*, "] = if**“t°. The non-
commutation of the SU(3) group generators means that QCD is a non-Abelian
theory which practically means that gluon self-interactions are possible. Such
a term was not present in QED as the U(1) generators commute and therefore

photon self-couplings are not possible. The QCD Lagrangian is given by

1 a a,uv g _
EQCD = —ZGWJG & + ZZQf’YuD,qu — ququ’ (212)
f

where q¢ and ¢; are the individual quark and anti-quark fields and the summation
is performed over all quark flavours, f. Note that Equation (2.12) is the pure
QCD Lagrangian which only includes the strong interaction of the quarks and
gluons. The weak and the electromagnetic interactions of the quarks must be
added separately which we will attempt in Section 2.1.3. Similarly to QED, virtual
corrections result in a running coupling constant that varies with scale. However,
it takes on a different form from the QED coupling® due to the presence of gluon
self-interactions, which are absent for the photon. These self interactions lead to a
running coupling that becomes stronger at larger distance scales (or equivalently,

lower energies). The form of the QCD coupling constant is, at leading order,

127

ag(Q7) = (33 — 2n,) In (Q*/Adcp)’

(2.13)

“In fact, it is possible that the QED and QCD couplings could merge at very high momentum
transfers, far beyond our current reach. This would represent the unification of all fundamental
forces in the Standard Model [16].
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where ny is the number of quark flavours® and Aqep is the scale below which ag
becomes too large for perturbative calculations to be appropriate in QCD. Below
this scale, quarks are bound by the strong force in colour-neutral states. This is
the principle of colour confinement. As ag becomes smaller with increasing Q*, we
can treat colour charges as free at high energy scales (large momentum transfer).
This is the principle of asymptotic freedom. In practice, Aqcp ~ 1GeV. An
extensive review of the theoretical and empirical knowledge of the QCD running

coupling can be found in Ref. [17].

2.1.3 The weak interaction and the electroweak sector

The weak interaction is modelled by an SU(2) gauge symmetry, whose transfor-

mations are generated by N? — 1 = 3 matrices, t' (i = 1-3), related to the Pauli

matrices by t' = %ai and which obey the commutation relation [t',#] = ic

where €% is the rank-3 Levi-Civita antisymmetric tensor. The conserved charge

igh k.
of the weak interaction is the weak isospin, I3. As we are now accustomed to,
we must introduce three new gauge fields, W/i, to preserve gauge invariance. The
weak interaction theory is non-Abelian like QCD and therefore the field strength
tensor is '
é[Dw D,| = 8,W; — ,W} + ge ™" Wiw}, (2.14)
where ¢ is a coupling constant. The weak interaction is known experimentally
to violate parity invariance [18], namely symmetry under inversion of all vectors
v — —v. Therefore it must interact differently with states of different chirality. We
now rewrite our fermion spinors as states of definite chirality with left- and right-
handed components, ¢ = ¢, + ¢y and ¥y, g = Jf’mw, where we have introduced
the projection operators

1¥F~ ,
5 2 s =y, (2.15)

PLr =

2.3 )
= are the usual Dirac

for states of left- and right-chirality respectively and ™"
matrices. Applying a parity transformation transforms left-chiral states into right-

chiral ones and vice versa.

In the case of the weak interaction, the left-chiral fermion fields form weak isospin
doublets, corresponding to flavours of fermions in the same generation that differ

by one unit of electric charge. This results in doublets of left-chiral charged lep-

°It should also be noted that if there were enough flavours (n; > 17), the QCD coupling
would behave like the QED coupling and grow with the energy.
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tons and their corresponding neutrinos, as well as doublets of left-chiral up-type

and down-type quarks from the same generation, written as

lepton Ve, L V,u,L VrL . quark ur, 9 tL
L - 9 ) i L - ) I .
er K, L dp, SL br

The non-interacting right-chiral fermion fields are represented by singlets. These
fields are then

lepton . quark d ¢ b
R — Ye,R» Vu,R? V’T,R? €Rr, MR, TR; R = UR, @R, Cr, SR, 'R, OR-

Right-handed neutrinos do not interact with the SM as they do not carry
any conserved charge. The third component of the weak isospin is equal to
I;=+1/2, —1/2, 0 for up-type 1, down-type 1 and g respectively. To
apply this paragraph to anti-fermions, simply switch left- and right-handed. For
example, the weak interaction couples to right-handed anti-fermion doublets but
not to left-handed anti-fermion singlets. Since the weak interaction couples only

to left-handed fermions, we refer to it as a maximally chiral theory.

Ultimately, we would like to have a unified theory of all fundamental forces
just as electricity and magnetism were unified by Maxwell to form the theory
of electromagnetism. In the 1960s, Glashow, Salam and Weinberg developed
a unified theory of QED and the weak interaction. The unified electroweak
interaction is represented by the SU(2);,® U(1)y gauge group and is associated
to conservation of weak isospin, I3 and hypercharge, Y. In order to maintain
gauge invariance when considering the new unified electroweak gauge group, the
covariant derivative must now be defined as

;

D, =0, —igo,W; — 5

i JYB,, (2.16)

where W with a = 1-3 are three gauge fields associated with the weak SU(2),
symmetry and B, is a single field associated with the U(1),, symmetry. g and q
are dimensionless coupling constants. This turns out to describe the interactions
observed in nature. As is standard, we add kinetic terms to our Lagrangian for
these gauge fields

1

B, B". (2.17)

1 % 1, UV
‘CGauge = _ZW;WW M — Z uv

where W}, has the form of Equation (2.14) and B,,,, the form of Equation (2.7). As
we found with both QED and QCD, introducing mass terms for these new gauge
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fields would spoil gauge invariance so for now we leave them as massless. Addition-
ally, if we rewrite the Dirac Lagrangian for the fermionic fields (Equation (2.4))

in terms of the left- and right-handed components,

Lpirac = iiﬁL’Y”QﬂﬂL + Z'YJR’Y”aMDR — m(Yr¥r + YLUR), (2.18)

we see that the term associated with the mass, m, mixes the two components.
This means that the Lagrangian is not gauge invariant if the left- and right-handed
components transform differently which we have already decided must be the case
for the SU(2); group. Therefore, we have discovered that non-zero fermion mass
breaks the gauge symmetry of our chiral theory but we also need our theory to be
chiral to reproduce the effects that we observe in nature. Additionally, we know
from experiment that the bosons of the weak interaction are also massive, causing
the short-range nature of the weak force, which also breaks the gauge symmetry.
Therefore, we must find a way to break the symmetry of the Standard Model in
order to agree with what we see from experiment. The mechanism through which
the symmetry is broken, and hence the charged fermions and weak bosons acquire

mass, shall be described in the next section.

2.1.4 Spontaneous symmetry breaking

The unfortunate consequence of our formalism so far is that there is no mechanism
through which the gauge bosons or fermions can acquire mass without explicitly
breaking the gauge symmetries upon which our theory was built. A solution
to this problem is to spontaneously break the symmetry instead. Spontaneous
symmetry breaking (SSB) within a QFT refers to the phenomenon by which the
Lagrangian is invariant under the symmetry, but the vacuum of the theory, i.e.
the state that minimises the Hamiltonian, is not. As we will show in the next
paragraphs, this allows for non-vanishing masses of gauge bosons and fermions in

a chiral theory.

SSB is achieved in the SM by introducing a complex scalar field, the Higgs
field, in the form of an SU(2) doublet, ¢. Introducing the Higgs field breaks
the gauge symmetry of the SM down to SU(3)® U(1). An additional term is

introduced to the Lagrangian,

Litiges = (D, )1 (D"¢) — V(9), (2.19)



30 Chapter 2. Theory

with the potential \
V(e) = —’¢'o+ 3 (6'0)’, (2:20)

where ,u2 and \ are positive coefficients, ,u2 > 0 and A > 0. This potential has
an unstable maximum at V(¢) = 0 and a stable but degenerate set of non-zero
minima. By defining v = 2u/ VA, we can then define the vacuum expectation
value (VEV) of the field in such a way that the W= and Z bosons acquire mass
whereas the photon remains massless, as required. The conventional form of the
VEV, as suggested by Weinberg [19], is

(0] 6]0) = % (O) , (2.21)

where v is a free parameter in the SM, determined experimentally to be ~
246 GeV [12]. We can then express our field as an expansion about the VEV

as
G+
¢= (\/Li(v+h+G0)>’ (2.22)

where G and G are massless Goldstone bosons associated with the broken sym-
metry [20]. By using the unitary gauge, we can remove these Goldstone modes

and write Equation (2.22) as

1 0
b= 7 (U N h) , (2.23)

where the remaining scalar field, h, is the real physical Higgs field whose
excitation is the Higgs boson, and the Goldstone bosons have been absorbed
into the longitudinally-polarised degrees of freedom of the massive weak bosons.
The discovery of the Higgs boson by ATLAS and CMS in 2012 [21, 22| was the
final missing piece of the Standard Model. However there are many reasons to

believe that it is an incomplete theory, some of which are presented in Section 2.1.6.

It should be noted that the W; and B, fields presented in Section 2.1.3 do
not correspond to the observed mass eigenstates of the electroweak bosons which
were presented in Table 2.2. Instead, these are obtained as

1

W, = 7 (W, FiW;2) (2.24)
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A, _ CO.SQW sin Oy B,g | (2.25)
Z, —sinfy,  cos Oy, W,

where A, and Z, are the fields of the physical photon and Z boson, re-
spectively.  The Weinberg angle is 6y, with cosfy = g/ \/Zg2 + ¢”) and
sinfy =g’/ \/ng + g’z). The SM then predicts that the masses of the W= and Z

bosons are, at tree level,

1 1
wE = 59 and my = 51}\/92 + g2 (2.26)

The relationship between the neutral Z-boson and charged WW-boson mass is, to

m

first order,
miy

(2.27)

my = .
cos Oy

2.1.5 Putting it all together: The Standard Model La-

grangian

The full SM Lagrangian can be divided into distinct sectors,

ESM - EGauge + [’Fermion + ‘CHiggs + ‘CYukawav (228)

where each term is documented explicitly with consistent sign convention in

Ref. [14]. A pedagogical overview of each term is given here:

e The Lg,ue term describes all gauge bosons via their field strength tensors
which includes the kinetic terms and the interactions between them. Im-
portantly for this thesis, it contains triple and quartic couplings between

photons and W-bosons.

e The Lpgmion term describes the interactions between the gauge bosons (the
force carriers) and fermions (the matter particles), and the fermion kinetic
terms. This term describes the electroweak and strong force together as all
basic interaction vertices share many similarities due to the construction of

electroweak theory and QCD as gauge QFTs.

o The Ly, terms describes the interaction between the Higgs field and the
gauge bosons, and the Higgs kinetic term. Gluons and photons do not couple
to the Higgs field and are therefore massless whereas the massive W= and

Z bosons do.
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e The Ly awa term describes how fermions couple to the Higgs field and there-
fore obtain mass. The mass of each fermion is proportional to its coupling
with the Higgs field and the VEV: m = yv/y/2, where y is the Yukawa
coupling with the Higgs doublet of the corresponding fermion. The Yukawa
couplings are free parameters in the SM that must be obtained experimen-

tally.
It should be stated that the SM is a hugely successful theory that has been rigor-

ously tested and found to have extremely high predictive power. This is demon-
strated in Figure 2.1, which shows cross-section measurements made by the AT-
LAS Collaboration of many physics processes predicted by the SM at different
energy scales. On the whole, theory and experiment agree well. Nevertheless,
there are some phenomena which cannot be explained within the SM framework
and the general consensus is that the SM is a low energy approximation to some

higher scale “true” physics model.
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Figure 2.1: Summary of several Standard Model total and fiducial production
cross-section measurements made by the ATLAS experiment at centre-of-mass
energies, /s, of 5, 7, 8 and 13TeV [23]. The measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations.
In some cases, the fiducial selection is different between measurements in the same
final state for different centre-of-mass energies /s, resulting in lower cross-section
values at higher /s.
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2.1.6 Where the Standard Model falls short

The main takeaway of this chapter so far is that the SM is the current best
description of all of the fundamental particles in the Universe (that we know of)
and the interactions between them. However, we already know that it is far from
complete. For one, it makes no attempt to describe one of the four fundamental
forces: gravity. Practically this does not deduct from the predictive power of the
SM as gravity is very weak relative to the three other forces in the energy ranges
that we have explored so far. However, it is ultimately desirable to have a Grand
Unified Theory which unifies all four fundamental forces. The best description
of gravity to date is Einstein’s theory of General Relativity which is considered
incompatible with the Standard Model. Furthermore, cosmological observations
such as galactic rotation curves and measurements of the cosmic microwave
background (CMB) [24] also imply that the SM only accounts for ~ 5% of our
observable Universe, with the remainder made up of dark matter (~ 27 %) and
dark energy (~ 68 %). It is thought that dark matter could be described by a new
fundamental particle which interacts via gravity and could possibly very weakly
interact with the SM, although not with photons otherwise it would not be dark!
However, there is no candidate particle for dark matter in the SM description
other than neutrinos which are not abundant enough to explain the cosmological
observations. Additionally, attempts to explain dark energy with the vacuum
energy of the SM lead to discrepancies with cosmological measurements of
around 120 orders of magnitude. This is referred to as the cosmological constant
problem |25]. Perhaps the most direct evidence of all that the SM is incomplete is
the observation of neutrino oscillation |26, 27| necessitating that neutrinos have
mass, albeit this is constrained by measurement to be very small. Neutrinos are

strictly massless in the SM description.

There are other experimental inconsistencies with the SM. For example, it
is predicted that the Big Bang should have produced an equal amount of matter
and antimatter which would have annihilated to leave a Universe full of pure
energy. However, we live in a Universe comprised of matter which needs three
conditions to explain: baryon number violation, C and CP-symmetry violation,
and interactions out of equilibrium, collectively referred to as the Sakharov
conditions [28]. The SM includes a single source of CP violation in the form of
a complex phase appearing in the coupling between quarks and W bosons and
has been experimentally verified both indirectly in mixing [29] and directly in

decay [30, 31]. However, current measurements suggest that it is insufficient to
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account for the observed baryon asymmetry of the Universe.

There is another set of arguments as to why the SM is an incomplete the-
ory that fall under the term of naturalness. These are not so much based in
experimental contradictions to theoretical predictions but rather the feeling
that certain details of the SM require or invite a deeper and more satisfactory
explanation. This usually materialises in parameters that have been measured
to have theoretically unexpected values, which are then said to be fine-tuned.
An example of fine-tuning in the SM is the electroweak hierarchy problem which
refers to the experimentally measured value of the Higgs mass and is particularly
relevant to the search for new physics at LHC energy scales. If my is governed
by some new physics at high energies we would expect the Higgs mass to depend
on the energy scale of new physics, A, according to m7 ~ A®. A is at most
the Planck mass (~ 10" GeV) as this is where gravitational effects must be
taken into account and the SM needs to be replaced with a description that
includes quantum gravity. If new physics only emerges at these scales, then the
Higgs mass must be suppressed by a very small number which is argued to be
unnatural. It can loosely be argued that the fact that we have not observed any
Beyond the Standard Model (BSM) physics at our current reach, O(10° GeV),
already implies a level of fine-tuning for the Higgs mass. It should be noted
that arguments surrounding fine-tuning are often highly subjective and often

rely on previous experiences of observations resulting from underlying symmetries.

There are several proposed extensions to the SM that seek to solve some
of these outstanding issues. This thesis shall not explore any particular BSM
theory but shall briefly introduce the idea of parametrising the effects of BSM
physics through effective field theories in Section 2.1.7. The main aim of this
thesis is to perform precision tests of rare SM processes, where any observed
deviation in measured fiducial and differential cross-sections could indicate BSM

physics.

2.1.7 A brief introduction to Effective Field Theories

Chapters 6 and 7 discuss current and future differential vy — WW measurements
in the context of differentially measuring tails of distributions for input into
Effective Field Theory (EFT) fits. Therefore, a brief introduction to EFTs is

given here to provide context for these discussions.
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Historically, hints of new physics are sometimes seen indirectly before a di-
rect discovery is possible. In order to indirectly search for new physics in mostly
model-independent ways Effective Field Theory frameworks are used. EFTs are
applicable in any theory with large scale separation which allows an interaction
mediated by a heavy particle to be described as a point-like interaction at low
energies. When we operate at energies well below the mediator mass, M, we are
blind to physics at distance scales L < M ~'. Therefore, we may observe exchange
of a new heavy particle instead as a very small modification to couplings of
already known SM vertices. An example of an EFT in this context is Fermi’s four-
fermion interaction which was postulated to describe S-decay and later superseded

by the theory of weak interactions involving the exchange of the massive W -boson.

The main premise of an extension to the SM via EFT is the assumption
that any new physics is at some energy scale much higher than currently
accessible and higher than the EW scale which is the highest scale in the SM
formalism. The SM is then assumed to be a low energy approximation to the

true physics. The effective Lagrangian can then be written as

CZ(G) 61(7) 07(;8)

)
Lopr = Loy + Y 2017+ 3 O YOI Y 0
z l Z 1 (2.29)

where O; represent higher dimension operators with associated dimensionless

coupling coefficients ¢;. If the operators of Equation (2.29) are built using
only SM fields and SSB occurs as in the SM, then the EFT is referred to as
SMEFT. The scale of new physics is given by A and each higher order term is
suppressed by a factor of 1/ A%, The dominant deviations from the SM will
therefore be described by the lowest-dimension operators, when ¢; /Ad_4 < 1.
Odd-dimension terms are generally not considered in the SMEFT as they have
been shown to violate lepton (L) and/or baryon (B) number [32-34]. From
experimental constraints on neutrino mass, the scale of this new physics can be
assumed to be at least A ~ 10" GeV. It is usually assumed in SMEFT that, in
addition to the sector generating the neutrino masses, there exists a new physics
sector conserving B — L with a much lower mass scale. In this case, certain
dimension-6 operators will have a much larger impact on weak scale observables
than dimension-5 ones, and may potentially be observable in current or future
experiments. For this reason, many current SMEFT efforts at colliders focus
on constraining the coupling coefficients of dimension-6 and (to a lesser extent)

dimension-8 operators. There are eight dimension-6 operators in the Warsaw
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Figure 2.2: A diagram showing possible measurable effects in the tails of current
energy reaches, due to new physics present beyond current accessible scales. Dif-
ferences in measured cross-sections can be explored differentially and parametrised
in EFT frameworks.

basis [35] and thirteen dimension-8 operators described by the Eboli model [36]
that involve YW W and yyWW couplings.

EFTs are an expression of the bottom-up approach to describe physics as
the coupling constants are free parameters that must be constrained by ex-
perimental data. The effects of an EFT can be seen as changes in measured
cross-sections due to contributions from the pure EFT or due to interference
between the EFT and the SM. Both the EFT and the true UV model can deviate
from the SM prediction at energies well below the mass of the heavy new particle,
M. The EFT describes the effect of this new particle well, up to energies near
Myv. Only at energies near the new particle production threshold does the EFT
deviate from the true UV model. This is shown pictorially in Figure 2.2. By
performing high-precision measurements of the tails of distributions predicted to
be impacted by EFT operators, EFT effects can be constrained and limits placed

on coupling coefficients.

2.2 Particle physics at hadron colliders

The Standard Model can be tested experimentally in high energy particle
collisions. This thesis focuses on TeV-scale photon collisions that occur in 13 TeV
proton-proton (pp) runs at the Large Hadron Collider (LHC). Therefore, we must

also discuss the physics of proton collisions.
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Protons are bound states of three walence quarks, uud. The quarks remain
bound via the strong interaction, mediated by the exchange of gluons. It is pos-
sible for these gluons to produce quark-antiquark pairs (¢g) on short timescales,
called sea quarks. During a proton-proton collision at LHC energies, the proton
is considered resolved and it can be any of the valence quarks, sea quarks, or
gluons that are involved in the hard-scatter (HS) process. We collectively refer
to the particles within the proton as partons. The probability of resolving a
particular parton within the proton to have a momentum fraction z of the total

proton momentum, at a given energy scale, is quantified by a parton distribution

function (PDF).

The probability of any given process occurring in a collision is quantified
by a cross-section. The cross-section of a process occurring in a pp collision,
pp — X, is dominated by 2 — N parton scattering processes and can be
calculated perturbatively by summing over all incoming partons and integrating
over allowed momenta, making use of the factorisation theorem [37|. The total

cross-section can be written as

Opp—sX = /dwid$jZfi(xiaM%)fj<xj7M%’>0—ij%Xa (2-30)

.3

where the f(x, ,uQF) are the relevant PDFs for the initial partons ¢ and j with
factorisation scale, 1. The PDFs are not physical by themselves and it is only the

total hadronic cross-section, o,, .y that is directly measurable. This allows us to

pp—
move infrared singularities from the partonic cross-section, o;;_, x, caused by soft
and collinear emissions, into the PDFs if we so wish, allowing exact calculation of
the partonic cross-section as a scattering amplitude. The partonic cross-section is
calculated from the scattering matrix element (ME) amplitude by summing over
all allowed Feynman diagrams for the process. This calculation can now be done
perturbatively and can be performed to a varying degree of accuracy, or order,
in the relevant coupling constant «. The calculation with the lowest possible
order of « allowed by the Feynman rules is referred to as leading order (LO), the
next is next-to-leading order (NLO), and the n'" order is N"LO. The order of a
process is increased by adding additional vertices in the form of initial /final state
radiation (legs) and virtual corrections (loops). Renormalisation schemes are
applied to remove UV divergences, which is essentially saying that we make no
assumption that our theories hold up to infinite energy (which we have already
decided is the case for the SM). It should be noted that partonic cross-sections by
themselves are unphysical in QCD; they must be paired with PDFs in order to
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predict physical observables like hadronic cross-sections. We can then think of up
as the scale separating perturbative from non-perturbative physics i.e. emissions
with momentum below pp should then be absorbed into the PDF rather than
form part of the partonic cross-section. The choice of up is in principle arbitrary
but it is typically taken to be pup ~ @, where ) is the momentum transfer of
the hard-scatter. As PDFs include non-perturbative physics, they cannot be
calculated from first principles but their evolution with Q? is calculable. PDFs
are constrained from global fits to data at different energy scales. The main PDF
sets considered in this thesis are provided by the CTEQ [38] and NNPDF [39-41]
collaborations, accessed through the LHAPDF library [42].

To summarise, in order to calculate the hadronic cross-section to any fixed

order in perturbation theory, there are several steps:

1. Calculate the relevant Feynman diagrams for the process of interest up to the
desired order to obtain the partonic cross-section. Remove UV divergences

via renormalisation by fixing a renormalisation scale.

2. Absorb any soft emissions below a factorisation scale, pp, into the PDFs.

3. Integrate the partonic cross-section and PDFs over all possible momentum

fractions and sum over all initial partons to obtain the hadronic cross-section.

The hadronic cross-section in Equation (2.30) tells us the overall probability of
measuring the process pp — X but does not tell us anything about the kinematics
of X. Therefore, we often wish to measure differential cross-sections, do/dx

where the process is measured as a function of some distribution, z.

Unfortunately, the total picture of pp collisions is further complicated by
the interactions of the spectator partons that did not participate in the hard-
scatter process, producing additional activity called the underlying event. We
have also ignored the fact that at the LHC we collide bunches of protons,
which means that we must also account for multiple interactions per bunch
crossing, called pileup. Both of these effects typically involve interactions with
low momentum-transfer and therefore fall under the category of soft-QQCD which
cannot be modelled perturbatively due to large ag. The underlying event and

pileup are discussed in Section 2.5.2.
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2.3 The physics of photon fusion

At current experimental precision, QED corrections become important and we
must adapt our PDFs to also include photons. In this case, photons can be con-
sidered partons inside the proton just like quarks and gluons. In the case of a
photon being emitted from a quark line in the proton, we simply adapt the cross-
section calculation in Equation (2.30) to use the photon PDF. Such PDFs are
provided by several collaborations. Both the NNPDF and CTEQ collaborations
parametrise the input photon PDFs and determine parameters along with quark
and gluon PDFs from global data. NNPDF start with unbiased starting distribu-
tions and constrain the photon PDFs mainly from Drell-Yan LHC data. CTEQ
apply a normalisation parameter py(y) which is expressed as the momentum frac-
tion of the proton carried by the input photon and constrain the PDF from fits to
ep — ey X data. The CT14qed [43] PDF set is shown in Figure 2.3 for two differ-
ent factorisation scales. It can be seen that the valence quarks dominate the PDFs
at high values of momentum fraction x whereas gluons dominate at lower z. The
photon PDFs are much smaller than those of the quarks and gluons, with the ex-

ception of being comparable to the sea quark PDFs at high z. Constraining PDFs

aF(x gy )
F(x gy

10 1072 107! T
(a) pp = 3.2GeV (b) pp = 85GeV

Figure 2.3: The photon PDF of the proton compared to other partons for (a)
pup = 3.2GeV and (b) pp = 85GeV [43|. Three representative photon PDFs are
plotted: the “Current Mass” photon PDF (ycy) and the PDFs for photons with
inelastic momenta fractions of 0% (vy) and 14 % (79.14), which is an arbitrary
normalisation parameter. The effects of the different initial photon PDFs on the
quark and gluon PDFs are imperceptible in these plots. The inelastic photon PDF
is constrained by deep inelastic scattering data from the ZEUS collaboration.
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in this way assumes incoherent emission of the photon from individual quark lines
within the proton. However, there is another contribution to the photon-induced
cross-section, especially at low values of x. This is coherent photon emission,
where the photon can be treated as emitted from the elastic proton as a whole.
This contribution can be treated as an additional PDF, as attempted in Ref. [44].
However, this elastic contribution is usually treated separately, as described in
Section 2.3.1.

2.3.1 Equivalent Photon Approximation

In the case of coherent photon emission at Q* ~~ 0, we can treat the photon as
being radiated from a point-like proton and the use of photon PDFs are no longer
necessary for cross-section calculations. Instead, we can calculate elastic photon-
induced cross-sections from a convolution of equivalent photon fluxes due to the
proton’s electromagnetic field. Treating the electromagnetic field of a moving
charged particle as a composition of photons was first proposed by Fermi [45] and
extended to the relativistic case by Weizsicker and Williams [46, 47]. A proton
at rest has a symmetric radial electric field which can be treated as a complicated
superposition of low-energy photons. If the proton is undergoing ultra-relativistic
motion, things simplify and we can treat the electric field as a source of coherent
high-energy photons, travelling in the same direction as the proton. This is due to
the form of the electromagnetic field strength tensor after undergoing a Lorentz
boost. If this boost is in the z direction (along the beam axis), then the transverse
field (in the z—y plane) is scaled by a factor of v where v = (1 — v*) /% ~ 7460
at the LHC. The field in the direction of motion, £,, is unaffected by the Lorentz
transformation and can therefore be neglected. Ref. [48] shows that this approxi-

mation is well justified. This effect is demonstrated pictorially in Figure 2.4.
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Figure 2.4: The difference in electromagnetic field lines of a charged particle at rest
and when travelling at ultra-relativistic speeds. In the case of an ultra-relativistic
charge, the electric field can be treated as a source of coherent photons with energy
dependent on impact parameter.
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The cross-section of an elastic two-photon process in pp collisions can be quanti-
fied in the Equivalent Photon Approximation (EPA), where the cross-section of
the vy — X process, 0.,,_, x, is convoluted with the equivalent photon fluxes. The

cross-section for a two-photon process [49] can be written as

o n (wy) nws)

— Sppx = [ dwpdwy———=
pp—pp(7Y)—PP / w, W

O-WVHX(wlva): (231)

where n(w) is the number of equivalent photons of energy w, given by

n(w) = %ZQOJEM In (%) (2.32)

in natural units for a relativistic process, where Z is the atomic number of the
nucleus (equal to 1 for a proton), agpy = 1/137, R is the charge radius and
the photon energies are w; and w,. The total cross-section of X is obtained by
integrating over all possible photon energies and accounting for the photon flux
given in Equation (2.32). It is assumed that the photons have low-virtuality,
ie. @ ~ 0 and therefore Equation (2.31) is not applicable for processes in
which multiple virtual photons are exchanged. A very thorough discussion of the
two-photon production mechanism and EPA can be found in Ref. [50]. Higher
momentum-transfer photon emission is considered to be from within a parton
inside the proton, causing the proton to break apart after the emission. This
is referred to as dissociative production and is modelled using photon PDFs, as
discussed at the beginning of Section 2.3. Even in elastic scattering, the protons
do not always remain intact due to non-zero probability of rescattering after the
photon emission. The probability of the proton surviving the interaction without

rescattering is discussed in Section 2.3.2.

This approach can be extended to collisions of other charged particles.
The factor of Z? in Equation (2.32) results in a cross-section enhancement of
~ 5 x 107 in lead-lead (PbPb) collisions relative to pp collisions. However, the
maximum photon energy is given by wy., ~ % and therefore higher photon
energies can be reached in pp collisions due to higher v and smaller R. In order
to produce two on-shell W-bosons, it is necessary to perform a vy — WW
analysis in pp collisions at the LHC. Lower mass photon-induced analyses can
be performed in ultraperipheral heavy ion collisions (UPC), benefiting from the
higher photon flux. For example, the observation of light-by-light scattering [3]

and measurements of vy — ¢¢ in PbPb UPC [51-53].
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2.3.2 Final states with intact protons

It is possible for protons in LHC collisions to remain intact after an interaction,
as long as the exchange does not change any quantum numbers of the proton(s).
This is possible in QCD via the emission of a so-called pomeron, which can
be thought of as a collection of soft gluons forming a colour-singlet in the
non-perturbative regime. At higher scales, the pomeron structure becomes
measurable and plays an important role in our understanding of QCD and total
cross-sections. Processes involving the exchange of a pomeron are referred to as a
diffractive processes, which make up a large yet theoretically poorly understood
part of the total pp cross-section at the LHC. Diffractive processes can be
further subdivided into elastic, single-diffractive and double-diffractive where
both protons remain intact or one or both protons break apart, respectively. It
is also possible for a double pomeron exchange (DPE) to produce a central state
which is disconnected in colour from the initial protons. If all of the pomerons’
mass goes into the production of the central state, referred to as central exclusive
production (CEP), the mass of the central products is directly correlated to the

energy loss of the initial protons.

The QED equivalent of CEP is a double photon emission, in which it is
also possible to have direct and resolved interactions, leading to both elastic
and dissociative photon emission, where the proton remains intact or breaks
apart. As the photon is fundamental, photon-photon fusion via this mode always
produces a central state that is fully kinematically correlated to the initial
protons. This allows constraint on any missing mass in the central detector in
the case of elastic production with two intact protons in the final state, which
could be hugely advantageous for e.g. dark matter searches [54]. Photon-induced
processes are not diffractive by definition although they can share many similar
characteristics to pomeron-induced processes. One classic hallmark of a CEP or
photon-induced process is a region of the detector void of any activity, quantified
by a so-called rapidity gap. Rapidity gaps occur because any hadronic activity
associated to these processes through proton dissociation is expected to be
produced in the forward direction. However, in practice rapidity gaps can be
obscured by the presence of additional soft interactions between protons in the
same or neighbouring bunch crossings, called pileup, that are not associated to
the interaction vertex of interest but do produce additional particles. The final
state particles that define the rapidity gap may also fall outside of the detector

acceptance, rendering rapidity gap magnitudes immeasurable. One way to recover
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inefficiencies from these means is to reconstruct any intact protons in the final
state that originate from exclusive processes, which are typically scattered at very
small angles (~few prad) relative to the beamline. The proton fractional energy
loss, &, is given by

€ =1 = Eproron/ Evcam: (2.33)

where F,ton is the energy of the scattered proton and Ej,,, is the nominal beam
energy. In the case of a fully reconstructed central system, the proton energy loss

can be related to the mass m and rapidity y of the central system by

& = (m//s) e, (2.34)

where 4/s is the centre-of-mass (CoM) energy and the =+ refers to the proton with

positive or negative rapidity.

In elastic photon-induced processes, the photons are typically emitted with
very low Q? and therefore there is little transverse momentum transfer and the
protons are scattered with very small py ~ 0. Dissociative processes sourcing a
higher-virtuality photon and diffractive pomeron-induced processes typically have
higher momentum transfers and the protons will be scattered at slightly larger

angles.

Proton soft survival

Even in the case of elastic photon-emission, there is also the possibility that the
protons will rescatter and produce secondary particles, the probability of which is
quantified by proton soft survival factors. The term survival historically refers to
the survival of the rapidity gap associated with the exchange of a colour-neutral
object which any hadronic activity from the proton rescatterings would spoil. A
rapidity gap is an angular region of phase-space void of hadronic activity and is
a hallmark of diffractive processes [55|. The effect of proton rescattering is to
lower the observed elastic cross-section when relying on definitions of exclusiv-
ity surrounding lack of additional hadronic activity. The simplest way to model
proton soft survival is simply to modify the predicted cross-section from EPA
(Section 2.3.1) by a multiplicative factor, S < 1. In fact, the majority of Monte
Carlo generators do not model soft survival at all and this factor has to be inferred
from experiment and applied to predicted EPA cross-sections. This is the method
applied in the yy — WW observation (Chapter 5) to compare the measured cross-

sections to theory. Strictly speaking the value of the factor depends on the partic-
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ular process and the cuts imposed in the experiment. It has been demonstrated
that proton soft survival depends on proton pr and therefore impact parameter,
i.e. how close the photons are when the photon exchange occurs [56]. As photons
in the EPA are emitted with virtuality close to zero and therefore small py, the
impact parameter between the protons is expected to be larger than in a diffrac-
tive central exclusive process which have low survival factors [56] and the survival
factor in photon-induced processes is expected to be between 80-100 %. However,
as the rescatterings are non-perturbative they cannot be calculated analytically

and instead phenomenological “eikonal” screening models are used [57, 58|.

2.4 ~v — WW production mechanisms

This thesis aims to observe and measure the process vy — WW at the LHC. The
production of two W-bosons through photon-photon fusion offers a unique oppor-
tunity to precisely probe the EW sector as the process can only occur via vertices
with EW gauge boson couplings at leading order. The vy — WW interaction
can involve triple gauge couplings (TGCs) through a ¢- or u-channel exchange of
a virtual W-boson between the two photons or a quartic gauge coupling (QGC).
Independently, each contribution to the cross-section diverges at high energies but
the QGC vertex amplitude cancels both the leading quadratic and sub-leading
linear divergences of the TGC amplitudes. Hence measuring the vy — WW pro-
cess directly tests the non-abelian SU(2)®U(1) gauge structure of the Standard
Model [59]. Additionally, a (differential) cross-section measurement can set limits
on anomalous couplings, parametrised in effective field theories (EFTs) with addi-
tional dimension-6 and dimension-8 operators [35, 59, 60]. A brief introduction to
EFTs was presented in Section 2.1.7. The t-channel exchange and quartic coupling
interaction are shown in Figure 2.5. Not shown in Figure 2.5 are the protons, from
which the photons are emitted. When including the initial protons as part of the

process of interest, there are two types of production mode we can consider:

FElastic production: At low virtualities (Q2 ~ 0), the photon can be treated as
being radiated coherently from the proton as a whole and the proton remains
intact after the emission approximately 80% of the time. As the photon
is typically emitted with very small transverse-momentum, pr, the intact
protons travel approximately parallel to the beam axis. In these events,
there is no additional activity accompanying the hard-scatter, other than
the products of the W-boson decays. The remaining 20 % of elastic events

undergo additional soft-QCD interactions due to proton rescattering, addi-
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Figure 2.5: Feynman diagrams of photon-induced WW production, vy — WW.
The figure on the left shows the ¢-channel interaction with two triple yWW cou-
plings and the figure on the right shows the quartic yyWW coupling. The two
W-bosons must have opposite sign to adhere to the law of charge conservation.
The u-channel diagram is not shown here but also contributes to the leading order
process.

tional hadronic activity accompanying the hard-scatter. The probability of
the proton remaining intact is quantified by soft-survival factors, as discussed
in Section 2.3.2.

Inelastic production: At higher virtualities, we can consider the photon as hav-
ing been radiated from a parton within the proton. In this case, it is the
parton that undergoes the hard-scattering, causing the proton itself to break
apart, or dissociate. This type of inelastic production can be divided into
two production modes: single-dissociative (SD) and double-dissociative (DD)
production, where one or both protons break apart, respectively. Inelastic
production can also occur at low virtualities if the photon is produced in the

decay of the proton from an excited state.

The elastic and dissociative modes are demonstrated in Figure 2.6. The character-
istic feature of photon-induced processes is that they are typically produced with-
out any additional hadronic activity. Therefore, so-called exclusive vy — WW
production can be selected experimentally by requiring no activity in the vicinity
of the signal vertex, other than from the W-decays. This selection is referred to as
the exclusivity requirement and suppresses inclusive backgrounds which mimic the
signal, the largest being qq/qg/99 — WW production which has a cross-section of
the order 10° times that of the vy — WW process. Quark and gluon induced pro-
cesses are usually accompanied by an underlying event and therefore are expected

to have additional activity surrounding the production vertex.
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Figure 2.6: Feynman diagrams for the (a) elastic, (b) single- and (c) double-
dissociative contributions to the signal. The hatched circle represents all leading-
order contributions to the signal production. The W-decays are not shown.

2.5 Simulating physics at hadron colliders

Particle collisions and their measurements are inherently stochastic processes and
must be quantified using probabilistic methods. On top of this, a high dimension-
ality phase-space must be integrated over, necessitating the need for numerical
methods. Monte Carlo (MC) generators [61] employ Monte Carlo techniques to
simulate collisions at particle detectors. MC generators rely on factorisation which
is the ability to separate parts of the generation into different stages according to
some characteristic energy scale. Starting from the highest scales, i.e. the shortest
distances, sub-processes are added which will populate different phases of particle
emission and creation at lower scales or larger distances. There are several stages

of MC production:

1. Matrix element generation: The matrix element of the hard-scatter, con-
sidering the production of heavy and/or highly energetic particles, is gener-
ated at the desired accuracy (LO, NLO, etc) and from this the hard-scatter
cross-section is computed, 0;;_, x in Equation (5.15). The complexity of this
stage scales hugely with the generation order. The ME is then calculated
by summing all possible Feynman diagrams contributing to the hard-scatter
process at the desired order. The hard-scatter cross-section is proportional
to the square of the ME, o oc |3, M7|, averaging over all possible spin

states of the initial particles.

2. Parton shower and hadronisation: Many radiative corrections can be
applied after the matrix element generation in the form of a parton shower
(PS). The parton shower models additional radiation down to a certain cut-
off scale. Once this scale is reached, hadronisation algorithms group the

remaining quarks and gluons to form hadrons (colour-neutral particles).
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3. Decay of unstable hadrons: The final step of the event generation is per-
forming the decay of any unstable hadrons (and tau leptons). The definition
of unstable is somewhat arbitrary and usually analysis-specific but can be
considered as particles that decay before reaching the innermost layers of
the detector.

4. Overlaying the effect of multi-parton interactions (MPI): Hadron
colliders are messy environments where not only do we need to worry about
the hard-scatter and associated ISR and FSR, but also the impact of addi-
tional interactions that originate both from spectator partons in the hard-
scatter pp interaction and from other pp interactions in the same or neigh-

bouring bunch crossings.

5. Detector response: The interactions of collision decay products with the
detector are also simulated using MC methods. The ATLAS detector is
simulated [62] using GEANT4 [63]. The ATLAS detector and object recon-
struction shall be discussed in Chapter 3. This stage is not necessary for

parton or particle-level calculations.

2.5.1 Parton shower, hadronisation and decay

Showering and hadronisation are non-perturbative processes which must rely on
phenomenological models tuned to experimental observations in data. Parton
shower MC methods are applied after the ME generation and simulate the effects
of both initial and final state radiation. In QED, this represents the emission
of photons from the charged quark lines. In QCD, this represents a splitting
of quarks and gluons as ¢ — ¢gg and g — gg, respectively. Parton shower
algorithms perform the splitting as a cascade until a cut-off scale is reached.
Applying a cut-off scale prevents divergences which are not infrared and collinear
safe. Physically, this can be understood as being unable to resolve very soft
(low energy) emissions and emissions at very small angles. Once this cut-off
scale is reached, colour confinement becomes important and non-perturbative
hadronisation takes over. The effects of the parton shower are absorbed into the
hard-scatter cross-section and therefore an upper-scale on the parton shower is
also set to avoid double counting of emissions already calculated in the matrix
element. The emissions can be ordered in transverse momentum or by angle
of emission. The factorisation and renormalisation scales are to some degree
arbitrary and can be varied to define systematic uncertainties on theoretical

predictions from MC.
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Hadronisation is usually modelled by the Lund string [64]| or cluster model [65—
67] and describes the transition from parton-level to particle-level, where the
individual partons come together to form colour-singlet hadronic bound states.
Hadronisation will produce several unstable hadrons which must be subsequently
decayed into lighter particles that are stable on time-scales to be measured by
the detector. It is these decay products that are ultimately measured in data and
thus hadronic decays is an important part of modelling necessary for comparing

phenomenological models to data for tuning purposes.

2.5.2 Multi-parton interactions and pileup

The vast majority of collisions at the LHC are soft, leading to diffractive
scattering or multi-particle production with low transverse momenta. Soft-
processes can be subdivided into elastic, single-diffractive, double diffractive, and
non-diffractive and are all needed to offer an inclusive description of the total
pp cross-section at the LHC. These soft processes also need to be simulated but
their non-perturbative nature means that we have to resort to phenomenological
models with tunable parameters to describe the data. On top of soft-QCD
effects already discussed, there are additional effects that are especially relevant
in this thesis, namely the underlying event (UE) and the effect of multiple
interactions per bunch crossing in the ATLAS detector, pileup (PU). It should
be noted that it is possible to have hard MPI and hard diffraction so both
effects are not fully encompassed by the term soft-QCD although as the majority
of these events are soft they shall be classed as such here. The probability of

more than one hard-scatter occurring in an LHC bunch crossing is extremely small.

The calculation of the hadronic cross-section does not account for the fact
that there are other spectator partons within the proton that, although they may
not directly contribute to the hard-scatter, are likely to impact the final state
that we observe in our detector. At small impact parameters, which are typically
necessary for hard processes, there are usually multiple parton interactions (MPI)
due to these spectator partons in the proton. Including the effects of MPI is
necessary to match distributions observed in data as MPI increases the charged
particle multiplicity due to showering and hadronisation from these additional
interactions. Modelling the underlying event is not as simple as overlaying
minimum bias data (minimum-bias refers to the most inclusive sample of events

that can be measured) with the hard-scatter process as a hard-scatter process is
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more likely to have large MPI activity, resulting in the so-called pedestal effect
observed in data. In order for an MPI model to accurately describe the shape
of the pedestal (e.g. to describe both minimum bias data and underlying event
distributions simultaneously) it must include impact parameter dependence.
Various MPI models have been developed, each of which needs to specify how
often MPIs occur as a function of the relative pp of the protons, which is
inversely related to the impact parameter. Colour connections between the
MPI and the hard-scatter should also be taken into account, as well as possible
colour reconnection due to interactions between MPI and partons produced in
the hard-scatter itself. The presence of MPI activity can affect hard-scatter
object reconstruction and therefore the UE should be simulated on a per-event
basis. Mismodelling of charged particle multiplicity in the UE is a known and
well-documented problem [68-70].

An important point to make here is that there will not always be an un-
derlying event accompanying the hard-scatter process. Photon-induced processes
do not involve colour exchange and also tend to occur at larger impact parameters
than QCD hard-scatter processes and therefore it is possible to have an event
void of any MPI. The presence (or lack) of MPI from the underlying event
can be used to separate photon-induced processes from QCD backgrounds, in
which the hard-scatter process itself may be indistinguishable. In practice, this
is complicated by other effects such as proton dissociation, proton rescattering
(soft survival) and additional activity from nearby pileup interactions. Pileup
interactions refer to proton interactions in the same or neighbouring bunch
crossing of the hard-scatter process of interest. Pileup interactions are modelled
by a combination of diffractive and MPI models. The diffractive contributions
are described using Regge trajectories [71-73] whereas MPI models are used for

the non-diffractive components.

2.5.3 State-of-the-art MC event generators

There are many different MC generators available, with some performing the ME
generation, some the parton showering and hadronisation, and some capable of
performing both. Different generators may employ different phenomenological
models and it is desirable to test multiple generators for important physics pro-
cesses within an analysis. Matching/merging the order to which the ME is gener-
ated to the order used for the parton shower is also incredibly important to avoid

double counting emissions and ensure the full phase-space is covered. Matching
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refers to approaches in which high-order corrections to an inclusive process are
integrated with the parton shower. Merging involves introducing a scale where
any parton produced above that scale is generated with a corresponding higher-
order matrix element and, conversely, any parton produced below is generated by
the shower. A multi-purpose generator is one that can perform MC generation
for a large range of SM (and possibly BSM) processes. Some of the important
multi-purpose generators used in this thesis are discussed in this section, with a

focus on generators specific to photon fusion processes discussed in Section 2.5.4.

HERWIG

HERWIG |74, 75| is a multi-purpose event generator, capable of generating matrix
elements, MPI and performing the combination of the ME and PS. It can also be
interfaced with other generators. HERWIG is capable of generating MEs at NLO
accuracy in the QCD coupling and LO in the QED coupling. Angular ordered par-
ton showering is used as default but the Catani-Seymour dipole factorisation [76]
can be used as an alternative, where partons are bound into colour connected
dipoles which undergo sequential splitting ordered in pr. Matching and merging
between the matrix element and parton shower are performed using the MATCH-
Box framework [77|. Simulation of MPI in the underlying event is based on an
eikonal model and hadronisation is performed using the cluster model. In this the-
sis, the elastic component of the vy — WW and vy — [l processes are modelled at
LO accuracy using HERWIGT (v.7.1.5p3) interfaced with the BudnevQED photon
flux [78] through ThePEG software [79]. The photon flux is differential in both
z and Q*. HERWIG is also used for parton showering in alternative background

samples.

SHERPA

SHERPA [80] is multi-purpose event generator similar to HERWIG in that it is ca-
pable of performing ME generation as well as showering and hadronisation. The
default matrix element generator is AMEGIC++ [81] with Comix [82] preferred
for high-multiplicity SM process generation. The matrix elements are generated
at NLO accuracy in QCD for up to one additional parton and LO for up to
three additional partons. In contrast to HERWIG, the default parton showering
scheme in SHERPA is the Catani-Seymour dipole scheme. Matching is based on
the MC@NLO [83] method which calculates the approximate parton shower con-
tribution that is matched to the ME generation and subtracts this from the exact
NLO calculation. Merging is performed with the MEPS@QNLO [84] prescription.
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Also in contrast to HERWIG, SHERPA uses the Lund string model for hadronisa-
tion. Virtual corrections to NLO predictions are provided by external libraries
like OPENLOOPS [85]. In this thesis, background diboson processes are simulated
using the SHERPA 2.2.2 generator with the NNPDF3.0 NNLO PDF set along with
the dedicated set of tuned parton-shower parameters developed by the SHERPA

authors.

POwWHEG-BO0OX

The MCQNLO matching process used in SHERPA can lead to large negative event
weights which could in principle lead to unphysical negative cross-section predic-
tions, prompting the development of the POWHEG method [86, 87|. POWHEG-
Box [88] is a general framework for implementing processes at NLO using the
POWHEG method. The matrix element generated in POWHEG-BOX can then be
interfaced to other generators for showering, production of soft interactions and
hadronisation. In this thesis, the inclusive ¢q¢ — WW, WZ and Z(— ee/puu/17)
background processes are modelled at NLO accuracy using the POWHEG-BOX v2
event generator [89, 90| using the CT10 PDF set [91] and interfaced with PYTHIA.
For the generation of ¢t and Wt processes, the POWHEG-BOX v2 generator at NLO
is used with the NNPDF3.0 NLO PDF set. In alternative background samples,
POWHEG-BOX is interfaced to HERWIGT (v.7.1.6), using the H7TUE set of tuned
parameters and the MMHT2014LO PDF set [92]. Gluon-induced Higgs produc-
tion with a subsequent decay into W-bosons is modelled at NNLO accuracy in
QCD using the POWHEG NNLOPS program [93, 94| with the NNPDF3.0 NNLO
PDF set.

PyTHIA

PYTHIA is a multi-purpose MC event generator [95, 96| providing hard and
soft components to the collisions of hadrons and leptons. It is used in this
thesis as a parton shower MC interfaced to other matrix element generators,
with the exception of simulating double-dissociative vy — [l events. PYTHIA is
capable of generating both elastic and inelastic interactions. Parton showering
in PyTHIA is based on the dipole evolution ordered in decreasing transverse
momentum [97]. Several options for matching and merging of the parton shower
with the matrix element calculation are available in PYTHIA including the
aforementioned MCQNLO and POWHEG methods but also CKKW-L [98, 99|.
MPI in the underlying event is described by the Sjostrand-Zijl model [100] and

the Lund string model is used for showering and hadronisation.
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PYTHIA is also used to simulate pileup interactions as inelastic (diffractive
and non-diffractive) proton-proton collisions using the A3 tune [101], which was
developed to reproduce ATLAS minimum bias data at 0.9, 7 and 13TeV. The
pileup simulation is combined with hard-scatter simulation using an overlay
method [102].

MADGRAPH

MADGRAPH (MG5_aMC@NLO) [103, 104] is a matrix element generator that
generates processes at either LO or NLO accuracy with high flexibility in matching
and merging possibilities. Matching and merging is performed with the MCQNLO
and FxFx [105] methods. MADGRAPH is one of the few generators capable of sim-
ulating elastic, single- and double-dissociative vy — WW and vy — [l events. It
is then interfaced with PYTHIA for parton showering and hadronisation using the
CT14qged PDF. EPA methods are used in elastic event generation. The in-built
photon flux used in MADGRAPH is integrated over the virtuality Q* which re-
sults in the initial state photons being generated with zero transverse momentum.
This is somewhat mitigated by giving events additional intrinsic pt during the
hadronisation step which has been tuned to reproduce the elastic sample from
HERWIG, which treats the flux deferentially in @*. Particle multiplicity distribu-
tions predicted by MADGRAPH are reweighted to match those predicted by the
photon-fusion generator LPAIR.

2.5.4 Photon fusion generators

Traditionally, theoretical predictions for elastic photon-induced production are
calculated using the equivalent photon approximation (EPA) described in Sec-
tion 2.3.1 whereas predictions for dissociative production are obtained using pho-
ton PDFs determined in global parton analysis in which the photon is treated as
an additional point-like parton [43, 106, 107]. Many of the general-purpose MC
generators listed above are capable of modelling elastic photon-fusion processes
at the LHC and some can also model dissociative processes, for example MAD-
GRAPH. However, some specialised MC event generators also exist and are briefly

discussed in this section if relevant to this thesis.

LPAIR

LPAIR [108, 109] is a matrix element generator devoted to photon-induced pro-

duction of lepton pairs in lepton-lepton, lepton-hadron and hadron-hadron inter-
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actions. It is capable of generating both elastic and dissociative events. The
single-dissociative vy — [l process is modelled in this thesis using LPAIR inter-
faced with PYTHIA using the NNPDF3.1 NLO QED PDF set [110].

SUPERCHIC

SUPERCHIC [56, 111, 112] is an event generator for exclusive and photon-initiated
production in pp and heavy ion collisions. A range of SM final states are im-
plemented with spin correlations where relevant. The program is interfaced to
PyTHIA for showering and hadronisation. An important and unique feature of
SUPERCHIC is that it includes a fully differential treatment of the soft survival
factor, discussed in Section 2.3.2, for both elastic and dissociative processes. The
vy — WW process was not fully implemented and validated at the time of the
analysis so SUPERCHIC samples are not used in this thesis but are being validated

for the differential measurement discussed in Chapter 6.



Chapter 3

The Large Hadron Collider and the
ATLAS detector

“Anyone who thinks the Large Hadron Collider will destroy the world is a twat.”

— Brian Cox

o4
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3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [113] is a (roughly) circular hadron accelerator
situated 100 m underground across the border of France and Switzerland at
CERN®. It is located in the tunnel of its predecessor, the Large Electron-Positron
collider (LEP) [114], which collided electron-positron beams up to an energy of
209 GeV before its decommission at the start of the millennium to make way
for the LHC. The LHC is fed by a series of accelerators, shown in Figure 3.1,
accelerating protons (and heavy ions) to higher and higher energies before being
injected into the LHC ring.
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Figure 3.1: The CERN accelerator complex and experiments in Run 2 [115]. The
LHC is the largest accelerator ring with a circumference of 27km, shown here
in navy blue. In Run 3, Linac2 has been replaced by Linac4 which accelerates
hydrogen anions (H™).

SCERN stands for Conseil Européen pour la Recherche Nucléaire and was founded as a
European hub for science in 1954.
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Each proton begins its journey inside a small bottle of hydrogen. From this bottle,
hydrogen atoms are stripped of their electrons, leaving protons which are then
inserted into Linear accelerator 2 (Linac2). Linac2 was the starting point for the
protons used in experiments at CERN for 40 years until it was switched off for the
last time at the end of 2018. Linear accelerators use radiofrequency (RF) cavities
with oscillating fields to accelerate charged particles. For Linac2, this was up to
a proton energy of 50 MeV before injection into the Proton Synchrotron Booster
(PSB), Proton Synchrotron (PS) and Super Proton Synchrotron (SPS). The SPS
became CERN'’s flagship particle physics programme when it switched on in
1976 and was the discovery place of the W and Z bosons in proton-antiproton
collisions. It can accelerate protons up to energies of 450 GeV for insertion into
the LHC ring. As of 2020, Linac4 became the source of proton beams for the
CERN accelerator complex and is able to accelerate protons up to 160 MeV. The
remaining linear accelerator in Figure 3.1 is Linac3 which accelerates heavy ions
for injection into the Low Energy Ion Ring (LEIR) and PS before being sent to

experiment areas and the other accelerators.

The final stage of acceleration is the LHC. The design centre-of-mass (CoM),
Vs, energy of the LHC (= 2x the beam energy) for pp collisions is 14 TeV and
the LHC has been gradually ramping up in energy over the distinct periods
in its lifetime: 2011-2012 marked Run 1 with /s = 7-8 TeV and 2015-2018
marked Run 2 with /s = 13TeV. Like the other accelerating rings, the LHC
uses RF cavities to accelerate the proton beams. FEach cavity operates at
400 MHz, providing an electric field of 5MVm ' that flips polarity with the
RF frequency. This alternating field leads to different proton accelerations. A
synchronous proton has revolution frequency that matches the radiofrequency
of the RF cavity and is not accelerated. Protons arriving slightly out of phase
with this synchronous frequency will either be accelerated or decelerated toward
the synchronous protons, creating segmented bunches of protons in the ring.
In a maximum LHC fill, there are 2556 bunches of protons in the ring with a
temporal separation of 25ns. The spatial dimensions of the bunches depends
on the location in the LHC ring and are determined by the magnetic focusing
optics. The proton beams are steered around the LHC ring by a collection of
copper-clad niobium-titanium dipole magnets which ramp up in current as the
beams accelerate to provide a field of roughly 8 T at nominal beam energy. There
are 1232 main dipoles, and each one is 15m long. The beams are focused in the
transverse plane with quadrupole magnets and erroneous trajectories and beam

halos are scraped with collimators. Due to the high currents required to produce
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such high magnetic fields, the magnets must be operated in a superconducting
state with negligible resistivity to prevent extreme heating. This is achieved
by placing the machine components in a cryostat system containing superfluid

helium at a temperature of 1.9 K.

After the acceleration stage, the LHC circulates bunches containing ~ 10"
protons up to beam energies of 6.5 TeV’ before bringing them to collide at four
interaction points around the 27 km accelerator ring. Surrounding these interac-
tion points are the four main experiments of the LHC: ATLAS, CMS, LHCb and
ALICE. ATLAS [116, 117] and CMS [118] are general purpose detectors, built
to have high angular acceptance and be sensitive to as many physics processes
as possible. LHCb [119] is dedicated to studying heavy flavour states, such as
B-mesons and charm hadrons, and searching for charge-parity (CP) violation.
ALICE [120] is dedicated to studying heavy ion collisions during special heavy
ion runs of the LHC in order to study the conditions of the early universe. These
runs primarily collide lead-lead (Pb-Pb) and proton-lead (p-Pb) beams but xenon

pilot runs have also been tested [121].

A key concept at a collider is that of luminosity. The rate of collisions,

dN/dt, is given by
dN

dt

where ... is the total cross-section and L is the instantaneous luminosity which

= Utot.‘ca (31)

measures the number of particles per unit area per unit time [122]. Assuming
Gaussian bunches with identical parameters, the instantaneous luminosity is given

by
o NbN]?frevF

dro,0,

s (3.2)

where N, is the number of proton bunches, N, is the number of protons within
each bunch, f,., is the revolution frequency of the beams, F'is a geometrical factor
related to the angle of beam crossing (F' < 1, with F' = 1 for head-on collisions)

and o,,, are the transverse sizes of the beam at the collision point [123]. The

z/y
design value of the instantaneous luminosity at the LHC is £ ~ 10** cm %s ! for
pp collisions. The total integrated luminosity is the integral of the instantaneous
luminosity over some period of time, 7', and is used as a measure of the total data

collected,

Ling. = /T L(t)dt. (3.3)

"First collisions at a record beam energy of 6.7 TeV have recently been achieved in July 2022.
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The higher the integrated luminosity over any given time period, the higher the
number of events for any given physics process of interest. This means that pro-
cesses with small cross-sections necessitate high-luminosity running in order to
have sufficient statistical precision to perform hypothesis testing in the presence
of backgrounds. The drawback of high-luminosity running is that the probability
of multiple proton interactions increases. In Run 2 standard running conditions,

the average number of interactions per bunch crossing,

o Eginel

(1) = W’

(3.4)

was roughly 35 and peaked at around 70. The symbols in Equation (3.4) have
the same meaning as in Equation (3.2) and oy, is the inelastic cross-section in
pp collisions, taken to be 80mb at /s = 13TeV. The majority of these pileup
collisions are soft and produce additional hadronic activity that populates the
detector environment, negatively impacting detector performance and object
reconstruction. For this reason, the LHC also has dedicated low-luminosity runs
for processes with relatively high cross-sections that ordinarily would suffer highly

from pileup contamination. These “low-x” runs typically have (u) < 1.

The physics programme of the LHC spans multiple decades, demonstrated
in Figure 3.2. This thesis is focused on pp collision data collected with the
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Figure 3.2: The schedule of the LHC and future high-luminosity upgrade of the
LHC (HL-LHC), accurate as of January 2022 [124].
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ATLAS detector during LHC Run 2 between 2015-2018. During this run, the
LHC delivered 156 fb ' of integrated luminosity, with ATLAS recording 147 fb*
and 139fb ' being labelled good for physics analysis based on the detector
status. In addition, future prospects of measurements at the High-Luminosity
LHC (HL-LHC) will be discussed in Chapter 7. The HL-LHC is a major upgrade
planned for the LHC over the second half of this decade in order to increase its
instantaneous luminosity by a factor of five and the integrated luminosity by a
factor of ten beyond the original LHC design values [125]|. Data taking is currently
scheduled to commence in 2029 for 12 years. The HL-LHC will be a high-precision
machine, allowing studies of electroweak symmetry breaking mechanisms through
measurements of the properties of the Higgs boson and searches for new physics
through the study of rare SM processes. The ATLAS detector will go through
major upgrades during Long Shutdown 3 (L.S3) in preparation for this phase of
data-taking.

3.2 The ATLAS detector

A general purpose detector at the LHC requires:

e Fast, radiation-hard electronics and sensor elements;

High granularity;

e Large acceptance in pseudorapidity with almost full azimuthal angle cover-

age;
e Good charged-particle momentum resolution and reconstruction efficiency;
e Vertex detectors close to the interaction point to observe secondary vertices;

e Very good electromagnetic calorimetry for electron and photon identification
and measurements, complemented by full-coverage hadronic calorimetry for

accurate jet and missing transverse energy measurements;

e Good muon identification and momentum resolution over a wide range of
momenta and the ability to determine unambiguously the charge of high-py

muons;

e Highly efficient triggering on low transverse-momentum objects with suffi-

cient background rejection to achieve an acceptable trigger rate.
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A Large Toroidal LHC Apparatus (ATLAS) is a general purpose detector designed
to meet the above requirements and be sensitive to as many physics processes as
possible over the lifetime of the LHC. It is designed to have an almost 47 solid
angle acceptance and is comprised of several sub-detector systems, each with a
different purpose. Charged particles are brought to collide at the interaction point
(IP, specifically IP1 for ATLAS) in the centre of the detector volume. The inner-
most detector subsystem is the inner detector (ID) which aims to reconstruct
the tracks of charged particles and consists of the pixel detector, semiconductor
tracker (SCT) and transition radiation tracker (TRT). The ID is surrounded by a
solenoid magnet with central 2T magnetic field, designed to bend the trajectory
of charged particles in the inner detector for the purpose of measuring both their
charge and momentum. The next layer is formed of the calorimeter, designed
to measure particle position and energy for all incident photons, electrons and
hadrons. The calorimeter is divided into an electromagnetic (ECal) and hadronic
(HCal) calorimeter to aid particle identification. The outer layer of ATLAS is the
muon spectrometer (MS), designed to measure the trajectories of muons which
pass through the detector material without being stopped. The MS is immersed
in an up to 47T field from a superconducting toroid magnet, again designed to
bend the trajectories of the muons so that both their charge and momentum can
be measured. A diagram of the ATLAS detector is shown in Figure 3.3, with
the sub-components labelled. ATLAS uses a cylindrical coordinate system, with
the origin at IP1 and the z-axis along the beamline. The z-axis points inwards,
towards the centre of the LHC ring, and the y-axis points upwards to the ground’s
surface. A diagram of the ATLAS coordinate system with respect to the LHC
ring is shown in Figure 3.4. The two opposite ends of the detector are labelled
A-side and C-side. With z = 0 at IP1 at the centre of the detector, A-side is
in the +z direction and C-side —z®. As the colliding partons can have different
momenta in a hadron collider, it is not possible to know the boost of the initial
colliding system and it is conventional to instead use the transverse momentum of
the collision, pp = /p> + pz, which must be conserved to be zero. As the boost
is unknown, it is also desirable to define quantities that are invariant to boosts
along the beam axis (in z). One such example of a Lorentz invariant quantity is

differences in rapidity, Ay, where rapidity is defined by

y:lm(E+“>, (3.5)

For those familiar with the layout of Geneva and CERN, A-side points in the direction of
the airport and C-side points towards Saint-Genis-Pouilly.
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where p, is the momentum measured along the beam axis. At high-energy particle
colliders such as the LHC, where the colliding particles are ultra-relativistic, it is

commonplace to instead use pseudorapidity,

n:—mcwg> (3.6)

where 6 is the angle with respect to the beamline measured in the z —y plane. Due
to the presence of the beampipe, it is not possible to measure particles as 6 — 0
or § — . In the ATLAS detector, this corresponds to a maximum pseudorapidity
acceptance of around |n| = 5 but the ability to reconstruct particular physics
objects is highly dependent on the acceptance of each sub-detector, discussed in
more detail in the following subsections. The angular separation between two

objects measured in the detector is given by
AR = \/ An* + A¢>. (3.7)

3.2.1 Inner Detector

The inner detector (ID) [128, 129] is the closest sub-detector to the interaction

point. It is 7m long and has an outer radius of 115cm (limited by the cryostat

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.3: A computer generated image of the whole ATLAS detector, with sub-
components labelled [126]. A slice is removed to show each detector component,
including the interaction point in the centre of the image. The detector is cylin-
drically symmetric and is 44 m long with 25m diameter. Four people are shown
for scale.
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. CMS

Figure 3.4: The ATLAS coordinate system with respect to the LHC ring [127]. +=x
points towards the centre of the LHC ring, +y points towards the ground surface.
The z-direction is the beam axis at the interaction point. The rotation in the z —y
plane is given by ¢ and the rotation in the z — y plane is given by 6.

containing the EM calorimeter), with an inner radius of approximately 33 mm. As
the ID is very close to the interaction point, it must be extremely radiation hard
and have high granularity to perform precision track and vertex reconstruction
in the dense LHC interaction environment. The ID is further subdivided into
three components. The pixel detector forms the innermost layer, followed by the
semiconductor tracker (SCT). The outer layer is the transition radiation tracker
(TRT). Each component has a cylindrical barrel region arranged in concentric
cylinders around the beam axis and two disk end-caps perpendicular to the beam
axis, covering a total pseudorapidity range of |n| < 2.5. All ID subsystems are

shown in Figure 3.5.

The pixel detector [131] consists of three barrel layers and two end-caps with a
total of 1,744 silicon sensors. Each sensor consists of roughly 46,000 pixels with
an area of 50 x (400-600) pm®, where the longer pixels cover the gaps between
adjacent readout electronics. Silicon is a semiconductor which has a depleted
region when a potential difference is supplied. A passing ionising particle creates
electron-hole pairs which drift to the electrodes to produce an electrical signal.
Silicon is used in many tracking applications due to its fast response time and
high radiation hardness. The Insertable B-layer (IBL) [132] is an additional
inner layer that was added to the pixel detector during Long Shutdown 1 (LS1),
improving vertex reconstruction, especially for B-hadron decays. It consists of a
combination of planar [133] and 3D silicon pixels [134]. Planar pixels have each
electrode implanted on the surface of the active material, whereas 3D silicon
pixels have both electrodes created inside the detector bulk. The maximum

charge drift and depletion distance is then set by electrode spacing which results
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Figure 3.5: A 3D visualisation of the structure of the barrel of the ID. The beam
pipe, the IBL, the Pixel layers, the four cylindrical layers of the SCT and the three
layers of TRT barrel modules consisting of 72 straw layers are shown [130].

in reduced collection time and required depletion voltage compared to planar
pixels. In total, one IBL and three pixel hits are expected from each charged

particle passing through the ID.

The pixel detector is followed by the SCT [135] which is a silicon strip
tracker. The strip sensors have a larger area of 126 mm x 80 pm which means
that they are not as good as pixels at solving hit ambiguities in dense tracking
environments and have position resolution along the beam axis roughly ten times
worse than the pixels. However, pixels cannot be used for the entire ID due
to high material budget and high cost. This lower strip resolution is partly
mitigated by having two pairs of single-sided strip sensors glued back-to-back
in each module with a 40 mrad angle between them in order to provide a 2D
measurement. The SCT consists of 4088 modules in four barrels and two end-caps
of nine disks each. Both the pixel and SCT must be cooled to around —10°C to

reduce noise caused by thermal excitations.

The TRT [136-138| consists of gas-filled drift tubes, called straws. Each
straw has a diameter of 4mm and has a 30 pm thick gold-plated tungsten wire
anode at the centre. In a similar principle to the silicon trackers, when an ionising
particle passes through the gas-filled straws, the gas becomes ionised and the
charges are collected by the anode wire at the centre, providing an electrical

signal. In the barrel region of |n| < 1, there are roughly 50,000 straws parallel to
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the beam which have a maximum length of 150 cm. In the two end-cap regions
combined, 1 < |n| < 2, there are roughly 320,000 straws in the radial direction.
Each channel provides a drift-time measurement, giving a spatial resolution of
170 pm per straw. The high hit multiplicity per ionising particle (around 36 hits
per track) of the TRT improves the spatial resolution of the ID as a whole and
the radial extent improves momentum resolution. In addition, the TRT has the
ability to aid in particle identification. When charged particles pass through a
medium that has two different dielectric constants, transition radiation can be
produced. Polypropylene-polyethylene foils are placed between each straw to
induce this radiation, the intensity of which is proportional to the Lorentz ~
factor of the transitioning particle [139], particularly improving the ability to
distinguish between electrons and light charged-hadrons like pions. A downside of
the TRT compared to the silicon tracking is the slow drift time of charge carriers,

meaning the TRT is not well equipped to deal with high particle multiplicity.

3.2.2 Calorimeters

The calorimetry system [140] is designed to measure particle energies and position
and is split into two subsystems: those using liquid argon (LAr) technology [141]
and those using tile scintillator technology [142|. Liquid argon is a common choice
of active material due to its fast and uniform response and radiation hardness.
It is also common to hear the calorimetry system discussed separately as the
Electromagnetic Calorimeter (ECal) and the Hadronic Calorimeter (HCal). The
ECal uses solely LAr technology whereas the HCal uses a combination of LAr and
tile scintillators in different n-regions. Additionally, there is a forward calorimeter
(FCal) which also uses LAr technology in the forward region (3.1 < |n| < 4.9).
Together, the calorimeters are designed to make accurate measurements of the
energy and position of electrons and photons, energy and direction of jets, particle
identification, and reconstruction of missing transverse energy, E4™, in an event
over the maximum possible acceptance in 1. They also have trigger capabilities
and form part of the Level-1 trigger system described in Section 3.2.5. A detailed
view of the calorimetry system is shown in Figure 3.6. The ECal (green) covers
the region |n| < 3.2, the HCal barrel (light blue) covers |n| < 1.7 and the end-caps
(orange) cover 1.5 < |n| < 3.2. All calorimeters are sampling calorimeters which
have active and passive layers interleaved. The passive layers are designed to
induce either electromagnetic or hadronic showers such that the propagating
particle is eventually stopped within the calorimeter volume. As the passive

layers absorb some of these shower particles, the active layers only sample some of
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Figure 3.6: Layout of the ATLAS calorimeters with pseudorapidity (7) values
marked for reference. The electromagnetic (EM) barrel has a seam in the con-
struction at 7 = 0 which can impact jet energy resolution. The transition between
the EM end-cap and extended region around n ~ 2.5 involves a dramatic change
in the material layers due to the absence of ID layers above |n| = 2.5. The regions
corresponding to the transition from barrel to end-cap (n ~ 1.4) and from end-cap
to forward calorimeter (1 ~ 3.1) are also given for reference [143].

the total shower energy. There are gap-regions (crack-regions) in the calorimetry

system to provide passage for electronics and service pipes.

The ECal is a lead-liquid-argon detector with zig-zag “accordion” geometry,
designed to trigger on and provide precision measurements of electrons and
photons. The ECal itself cannot distinguish electrons from photons, this is only
possible when paired with tracking information from the ID. An accordion geome-
try is used to maintain high acceptance whilst limiting dead space and shortening
electronic cables for fast readout. Electrons with energies above ~ 1 GeV interact
electromagnetically with the passive lead layers and are decelerated, leading to
bremsstrahlung emission. High energy photons passing through the material
create electron-positron pairs which produce further photons via bremsstrahlung.
This results in a cascade of emission, referred to as an electromagnetic shower.
The shower continues until photon energies fall below 2m, and pair produc-
tion is no longer possible. Once charged particles lose most of their energy via
bremsstrahlung, they ionise the active material and created pairs drift towards the

electrodes. The amount of collected signal is then calibrated to the particle energy.

In the central region of |n| < 1.8, The ECal is preceded by a presampler
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detector which is used to correct for the energy lost in the material before the
calorimeters. The total thickness of the ECal is between 24-26 radiation lengths,
where the radiation length, X, is the average distance that an electron travels
through a material before its energy is reduced by a factor of 1/e or equivalently,
7/9th of the distance a photon travels through a material before its intensity
is reduced by the same factor”. The radiation length is a material property,
depending on the atomic number, Z, and atomic mass, A of the material. The
barrel of the ECal is contained within the cryostat which surrounds the inner
detector and solenoid magnet. Two end-cap cryostats house the end-caps of the
ECal, HCal and forward calorimeters which are kept at a temperature of —184°C

to keep the argon in its liquid form.

Not all particles are stopped in the ECal. Hadrons tend to penetrate fur-
ther than electrons and photons through the detector. Hadrons can interact
both electromagnetically and hadronically with the calorimeter material, leading
to both electromagnetic and hadronic showers. The requirements for hadronic
calorimetry are mainly related to jet reconstruction and E¥™. The characteristic
distance in the HCal is the interaction length or mean free path, X\, which is
proportional to AY3. The hadronic calorimeter thickness is approximately 11 in-
teraction lengths (including support structures) at n = 0 for shower containment,
both for energy resolution reasons and to reduce the background in the muon
spectrometer, referred to as punch-through. At low luminosity, electronic noise
in the calorimeter must be minimised and at high luminosity, fast response is

necessary to reduce the impact of pileup.

The HCal barrel is a cylindrical detector divided into three layers. It con-
sists of 3mm thick plastic scintillator plates called tiles, interleaved with 14 mm
thick iron absorber plates to induce showers. The tiles are perpendicular to
the beam axis and staggered in depth. The signal from the active scintillator
material is read out by wavelength shifting fibres into photomultipliers. The
HCal barrel also acts as the main flux return for the solenoid magnet. Due to the
high multiplicity of jets in the forward region, the HCal end-caps must have high
radiation hardness and a copper-LAr detector with parallel plate technology is
used. Each HCal end-cap consists of two wheels of equal diameter but different
thickness. The innermost wheels have a thickness of 25 mm whereas the outer

wheels have a thickness of 50 mm.

where e is Euler’s number (= 2.71828...), not the electric charge.
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(a) ECal barrel module (b) HCal tile module

Figure 3.7: (a) An accordion LAr module that forms part of the ECal barrel
region [141]. The higher granularity layer is the closest to to the beam axis. (b)
A module of the HCal tile calorimeter [142].

The forward calorimeter inner face is roughly 4.7m from the interaction point.
Space is limited in the FCal region and therefore it is a high density LAr detector,
formed of three layers. Each layer consists of a metal matrix with regularly
spaced longitudinal channels filled with concentric rods and tubes. Each FCal
end-cap consists of three modules. The first module is designed to measure elec-
tromagnetic showers and uses copper as the passive layer. The other two modules

use tungsten for the passive layer and measure the energy of hadronic interactions.

The combination of the ECal, HCal end-caps, and forward calorimeter are
collectively referred to as the LAr calorimeter, and the HCal barrel is the tile
calorimeter. The LAr calorimetry system has a radius of 2.25m and a total length
of 13.3m. The Tile calorimeter has an outer radius of 4.23m and is slightly
shorter in length than the LAr calorimeter with a total length of 12.2m. The
combined weight of all calorimeters is around 4000 tonnes. Diagrams of a LAr
module in the ECal barrel and a tile module of the HCal barrel are shown in

Figure 3.7a and Figure 3.7b, respectively.

3.2.3 Muon Spectrometer

As muons are roughly 200 times heavier than electrons, they are less subject
to bremsstrahlung radiation and high energy muons penetrate through the

calorimetry systems. The Muon Spectrometer (MS) [144] is the outermost layer
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of the ATLAS detector designed to measure these highly penetrating muons. It
has stand-alone triggering and momentum measurement capabilities over a wide

range of transverse momentum, pseudorapidity, and azimuthal angle.

The MS layout is based on the magnetic deflection of muons by the toroid
magnet. In the barrel region, muon tracks are measured by three layers of
chambers arranged in a cylindrical pattern around the beam axis and chambers
are installed perpendicular to the beam axis in the end-cap regions. Monitored
drift tubes (MDTs) provide precision measurements of track coordinates in the
principle bending direction of the toroid field over most of the pseudorapidity
coverage. In the forward regions close to the beampipe, Cathode Strip Chambers
(CSCs) with high granularity are used. The MS forms part of the level-1 trigger
system, covering the |n| < 2.4 region and implemented by resistive plate chambers
(RPCs) in the barrel and thin gap chambers (TGCs) in the end-caps. The RPCs
and TGCs are designed to provide fast-response measurements of muon position
and momentum and complement the better resolution but slower response
measurements of the MDTs and CSCs in the offline reconstruction. All of the

components of the MS are shown in Figure 3.8.

The precision MDTs are filled with a mix of argon and carbon dioxide and operate
on a similar principle as the TRT straws with a wire anode at the centre. A single

MDT is 30 mm in diameter with a 50 pm diameter gold-plated tungsten-rhenium

Cathode Strip
Chambers
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Monitored Drift Tube
Thin Gap Chambers
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Figure 3.8: A schematic of the Muon Spectrometer components [145].



3.2. The ATLAS detector 69

wire and has a spatial resolution of around 80 pm when operated at a gas pressure
of 3bar. The MDT lengths vary from 70-630cm depending on their position
in the detector. To improve the overall precision muon tracking beyond 80 pm
resolution, multiple layers of MDTs are used to achieve a spatial resolution of
roughly 30 pum. In total, there are around 1,200 MDT chambers with roughly
355,000 individual MDTs. The CSCs have a similar spatial resolution to the
MDTs but better performance at the higher rates expected in the forward regions.
They cover the region of 2.0 < |n| < 2.7. The chambers are filled with gas and
have wire anodes like the MDTs, also containing an argon and carbon dioxide
gaseous mix. However, the read-out is performed by cathode strips orthogonal
to the anode wires that are located at the edge of the chamber. Important
characteristics of the CSCs are small charge drift times < 30ns (i.e. fast response
time), good time resolution of ~ 7ns, good multi-track resolution, and low
neutron sensitivity (i.e. radiation hard). The CSCs provide measurements in
n and ¢. Diagrams of an MDT chamber and CSC are shown in Figures 3.9a
and 3.9b, respectively.

The LHC bunch-crossing period of 25 ns is much shorter than the maximum drift
time of the MDTs. Therefore the RPCs and TGCs form the fast muon triggering
system. The RPC is a gaseous (mostly tetrafluorethane) detector with poor
spatial resolution but excellent timing resolution of ~ 1ns. A trigger chamber
is made from two rectangular detector layers, each one read out by two series
of pick-up strips arranged orthogonally, providing two coordinate measurements
which are required for the offline pattern recognition. The TGCs have a similar
design to the CSCs, with an electric field configuration and the small wire

distance providing short drift time and therefore good timing resolution.
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Figure 3.9: The precision detectors of the MS: (a) Monitored Drift Tube (MDT)
chamber and (b) Cathode Strip Chamber (CSC) in the Muon Spectrometer [144].
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The muon spectrometer has a momentum resolution of typically 2-3 % across
most of the kinematic range. This increases to around 10 % for muons with very
high momenta of pr = 1TeV, limited by detector resolution. The resolution
at lower momenta is limited by energy loss fluctuations in the calorimeters and

multiple scattering effects.

3.2.4 Magnet System

The ATLAS detector has two separate magnet systems that aim to bend the
trajectories of charged particles such that their momentum can be measured to
high precision and the sign of their charge determined. The innermost magnet is
a superconducting solenoid [146], providing an axial field of 2T central strength
for the inner detector. The iron yoke for magnetic flux return (the tile calorimeter
elements) is separate from the coil end, resulting in a non-uniform magnetic field
along the beam axis. For this reason, the alignment of the magnet structure
must be known to within +1cm along the beam axis. The solenoid is located in
the space between the inner detector vacuum vessel and inner cold vessel of the
barrel LAr cryostat. Due to its location, the solenoid material budget must be
low to avoid affecting calorimeter performance. The technology chosen uses an
indirectly-cooled aluminium-stabilised superconductor and a vacuum vessel wall
is shared with the LAr calorimeter to reduce material. Also due to its location
within the detector, the solenoid must be robust, radiation hard, and quench safe

to prevent unnecessary interventions.

The second magnet system in ATLAS is the air-core superconducting toroid
magnet, located outside of the calorimeter systems and amongst the muon
spectrometer components. It is designed to produce a large-volume magnetic
field covering the rapidity range 0 < || < 2.7, with an open structure to
minimise multiple scatterings. The toroid consists of the barrel toroid [147] and
end-caps [148]. The barrel toroid consists of eight flat coils assembled radially
and symmetrically around the beam axis. It extends over a length of 25 m with
an inner bore of 9.4m and an outer diameter of 20.1 m. Each coil is contained
within its own cryostat. The assembly of the toroid requires a very strong and
rigid mechanical support due to both the weight of the magnet and the magnetic
forces exerted during operation, with each barrel coil subject to a radial force of
1,100 tonnes. During normal operation, the end-caps experience an axial force of
320 tonnes toward the centre of the detector. The end-caps are constrained by the

geometry of the full detector and occupy the axial space between 7.63-12.63 m,
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Figure 3.10: The (a) ATLAS magnet system with central solenoid and barrel
plus end-cap toroid coils, and (b) one quadrant of the magnetic field in the plane
perpendicular to the beam axis and at the transition region between the barrel
and end-cap toroid [149].

with a radial span from 1.2-5.0m. The operating temperature of the toroid is
4.5K.

The aim of the toroid system is to bend muon tracks for precision mea-
surements in the MS. For muons with |n| < 1.0, magnetic bending is provided by
the barrel toroid. For 1.4 < |n| < 2.7, the bending is provided by the end-caps.
For the intermediate 1.0 < || < 1.4 transition region, it is a combination of
the barrel and end-cap fields. This magnet configuration provides a field that is
mostly orthogonal to the muon trajectories, while minimising the degradation of
resolution due to multiple scattering. The combination of all magnet systems is
shown in Figure 3.10a and the resulting field pattern is shown in Figure 3.10b.
This field leads to helical trajectories of particles within the detector and any
changes in the field must be understood to accurately reconstruct particle

momenta.

3.2.5 Trigger and Data Acquisition

It is neither possible nor desirable to process and store all of the information from
collisions within the ATLAS detector. Proton bunches collide in the LHC at a
rate of 40 MHz with an average number of interactions per bunch crossing around
(u) = 35 at IP1 in Run 2. The majority of these collisions are soft processes

not usually considered interesting for physics analyses which tend to search for
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a hard-scatter or high-mass interaction. ATLAS employs a two-level trigger and
data acquisition (TDAQ) system to quickly decide which events to process and
store for further analysis. Triggers allow fast event rejection based on combined
information from individual subsystems. Such decisions are made based on the
characteristics of the event such as if energy or momentum of an object is below
some pre-defined threshold. Each subsequent selection increases in granularity at

the cost of processing time.

The first level, Level-1 (L1) [150], is a hardware-based trigger which re-
duces the data-rate from 40 MHz to 100 kHz. The L1 trigger works on a subset of
information from the calorimeters (L1Calo) and the MS (L1Muon) and operates
within a latency of 2.5ps. It delivers geometric information on where signals
were detected, called a region of interest (Rol), as well as the candidate object
type and the energy thresholds passed. Additional information is provided
by a Minimum Bias Trigger Scintillator (MBTS) and Beam-Pickup Monitors
(BPMs) for triggering on filled and unpaired bunches. If an event passes an
L1 trigger selection, it is passed to the central trigger processor (CTP) which
applies any pre-scaling before passing the selected event onto the next stage of
processing. Pre-scales reduce the trigger rates of common signatures, such as

low-pr jets, by only processing a fraction of that signature and discarding the rest.

The second level is the software-based High-Level Trigger (HLT) [151] which
further reduces the rate from 100 kHz down to 1kHz. The HLT uses fast versions
of object reconstruction algorithms, referred to as online reconstruction as it is
done in real-time as new data is processed by the detector. However, the latency
is much higher than the L1 trigger at around 500ms. The full offline object
reconstruction takes even longer and is described in Section 3.3. To meet the
HLT requirements, reconstruction algorithms are staged in several steps to form
trigger chains. Groups of chains are collected into groups with related signatures,

called trigger menus.

ATLAS aims to use inclusive triggers as much as possible in its physics se-
lection strategy in order to maximise physics coverage and to be as open as
possible to new and possibly unforeseen signatures. The configuration of the
entire trigger system is designed to be flexible so that algorithms, their thresholds,

and pre-scales can be easily changed between data-taking runs.
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3.3 ATLAS object reconstruction

The ATLAS detector does not directly register particles but rather electrical sig-
nals from different subdetector systems which have to be combined to create
physics objects. Various reconstruction techniques are used, depending on the
object signature. The standard reconstructed objects in ATLAS are tracks, pho-
tons, electrons, muons, taus, jets and missing transverse energy, Ei". which is
related to particles which do not interact with the detector such as neutrinos or
possible BSM signatures. The offline reconstruction of these objects is described
in this section, where offline means that the reconstruction can be performed at
any time and does not form part of the triggering procedure. When reconstruct-
ing objects, it is common to assign categories or working points (WPs). Three
standard selection WPs are designed to cover the needs of the majority of physics
analyses. In order of increasing purity and decreasing reconstruction efficiency,
generic working points are the loose, medium, and tight WPs, where the objects
passing the medium WP requirements constitute a subset of those passing loose
WPs, and tight are a subset of those passing medium. Additional WPs might
be developed for specific analysis requirements. The selection criteria of the WPs
used in this thesis are documented in the relevant subsections. This thesis is only

concerned with the reconstruction of tracks, electrons and muons.

3.3.1 Track reconstruction

In a high-pileup event, there can be of the order of 1000 charged particles
passing through the ATLAS detector. The information from the Inner Detector
(Section 3.2.1) is used to reconstruct the trajectories of charged particles, called
tracks. A large part of this thesis revolves around measuring charged particle
multiplicity within a region in z and therefore the number of tracks reconstructed
in an event and their reconstructed position with respect to the beam axis are

very important quantities.

Charged particles traversing a homogeneous magnetic field have helical tra-
jectories which can be described by a reference point plus five parameters, shown
in Figure 3.11. ATLAS uses a perigee representation where track properties
are measured at the point of closest approach to the beam line. The reference
point chosen is the average position of the interactions in the bunch crossing
which is an event-dependent quantity. In principle, this reference point can be
shifted to any position along the beam axis and, in this thesis, it is often taken

to be the reconstructed vertex z,-position for a given track of interest. The
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track

Figure 3.11: Track parameters in the perigee representation: dy, z,, ¢, 6, and
q/p [152]. The e, axis is the beam axis and the point of reference is the centre of
the interaction region of the bunch crossing.

first two parameters are the transverse and longitudinal impact parameters, d,,
and z,, defined as the transverse and longitudinal distances of the single point
of closest approach to the reference point. The other three parameters are
the azimuthal angle, ¢, and the polar angle, 8, of the track momentum at the
reference point, and the ratio ¢/p of the charge of the reconstructed track divided

by the magnitude of its momentum.

There are two types of tracking algorithms, referred to as inside-out and

outside-in:

e Inside-out: Asthe name suggests, the inside-out algorithm starts by finding
track candidates in the innermost layers of the ID and then extends tracks
out into the TRT if consistent TRT hits are found. This is the default track
reconstruction for high-quality tracks originating from primary interactions

in pp collisions. It is described in detail below.

e Outside-in: To increase acceptance to particles produced at a greater dis-
tance from the beamline, such as electrons originating from photon conver-
sions in the detector material, a secondary back-tracking pass is performed
using the detector hits not already assigned to tracks from the primary pass.
Outside-in track reconstruction is only attempted in Rol already determined
by the ECal. The outside-in reconstruction begins with hits in the TRT and
works backwards to match them to pixel+SCT hits that have not already

been used in the inside-out track reconstruction.
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There is an additional track-category called TRT-standalone which forms tracks
from TRT segments not used in the default methods above. These are typically
low quality tracks with high fake rates as they are very short tracks that only
rely on 1D measurements. TRT-standalone tracks are not used at any point in
this thesis and shall not be discussed further. Other special tracking algorithms
exist, e.g. large-radius tracking for long-lived particle searches, but are also not

relevant to this thesis and shall not be discussed.

The inside-out process begins by clustering pixel and SCT hits which are
interpreted as deposits left by individual traversing charged particles. Pairs
of one-dimensional clusters on either side of a SCT sensor module or single
pixel clusters are then converted into 3D space-points within the inner detector
geometry, with position uncertainties determined by the detector resolution and

alignment uncertainties. The track seeding and finding then proceeds as follows:

(a) Track seeds are formed of triplets of space-points in either of the pixel or SCT
detector within some loose selection criteria, e.g. a maximum AR between

space-points to create track seeds consistent with a smooth trajectory.

(b) Confirmation space-points are added to the track seeds where possible. A
confirmation space-point is a fourth space-point from an adjacent radial layer
which results in a new seed that has compatible curvature to the original
when replacing the outermost space-point from the original seed. This indi-

cates that the confirmation space-point is likely from the same trajectory.

(¢) Then search roads are built through the remaining detector based on the es-
timated seed trajectory. Search roads are formed of sets of detector modules
that can be expected to contain clusters compatible with the seed. The use

of search roads reduces computational time by reducing combinatorics.

These steps are demonstrated in Figure 3.12. The seeds are extended along the
search roads using a combinatorial Kalman filter [153|, which searches for adjacent
clusters both outwards and inwards radially while attempting to smooth the
trajectory. If a seed candidate fails the track finding, it is checked for calorimeter
compatibility. If the seed is within a calorimeter Rol, the track-finding procedure
is redone, allowing a loosening of some of the quality requirements. This allows
recovery of efficiency for electron reconstruction, in which electron trajectories
are bent by bremsstrahlung emission. The end result of this track finding/pattern
recognition process is a set of track candidates that then undergoes further

refinement.
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Figure 3.12: A pictorial representation of the track finding process [152|. The red
layers represent the pixel detector and the blue layers represent the SCT. The red
circles are reconstructed cluster hits in the silicon modules.

The Kalman filter approach is computationally fast but relatively imprecise
and does not solve track ambiguities, where several track fits could be consistent
with a set of seeds and some space-points might contribute to multiple tracks.
Ambiguities in tracking are common in dense interaction environments like the
LHC. Therefore, track candidates produced by the Kalman filter are passed
through an ambiguity solver which scores track candidates based on a range of
quality criteria and rejects lower-quality candidates sharing a large number of
associated hits with higher-quality tracks. In certain topologies such as high
multiplicity jets where the separation of charged particles is expected to be less
than detector resolution, a limited number of shared hits is permitted to maintain
high performance. After the ambiguity solver, the refined and purified track
candidates are then re-fit using a global x* method [154] to obtain the final,

high-precision track parameter estimate.

Finally, an extension into the TRT subdetector is attempted with a proce-
dure similar to detailed above. This is done in order to profit from additional
measurements on the track, in particular for momentum resolution and particle
identification as described in Section 3.2.1. A road search is performed into
the TRT volume starting from the position estimation of the pixel+SCT track
candidate and a Kalman filter is used again for the track finding. Then the TRT
hits are added to the tracks and the whole tracks are refit with the global y*
fitter if the extension is successful. Silicon-only tracks are kept if the fit worsens
with the addition of the TRT hits.
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Outside-in tracking is performed after the inside-out pass, using detector hits
not already assigned to tracks. Outside-in track reconstruction is only attempted
in Rol determined by deposits in the electromagnetic calorimeter and begins
by finding segments of hits in the TRT compatible with the Rol. If compatible
TRT segments are found, short silicon track seeds are constructed in the SCT,
only including hits near to the TRT. These seeds are then extended into track
candidates using the same procedure as for the inside-out pass. Resulting track
candidates are then again extended (back) into the TRT using the collected hit

segments.

In MC, we have access to both the reconstructed tracks and the charged
particles in the generator record and we can assign so-called truth-match proba-
bilities to the reconstructed tracks which are measures of ID components input
to the track fit that also had energy deposited by the particle in simulation [155].
The probability that a reconstructed track is directly matched to a given charged

particle trajectory, P, .ich, is defined as

pix strip
2N, common + N, common

2Npix + Nstrip

track track

, (3.8)

P match —

where Nfégﬁt&p is the number of pixel/strip detector clusters associated to the
track and the particle being matched, and N&Z(C/ksmp is the number of pixel/strip
detector hits assigned to the track. If a track has a truth-match probability
greater than 0.5, we call this a true track and vice versa is considered a fake track.
The performance of the track reconstruction algorithms can then be gauged from
MC, primarily using two performance criteria; track efficiency and fake rate.
The latter is the rate at which fakes are generated. Fakes occur either by false
associations of hit to tracks or from fake noise hits. Tracking efficiency is defined
as the number of selected reconstructed tracks matched to a truth particle with
P_.icn > 0.5 divided by the number of selected truth particles. True tracks in MC
can be separated into track categories depending on whether they originate from
pileup or a hard-scatter process, based on the information of the corresponding

charged particle.

At each step of the reconstruction chain, track parameter cuts are defined
and configured for the tracking algorithms. At the seeding stage, cuts are applied
to estimates of track impact parameters and pr, rejecting seeds failing to meet

the cuts. Further tracking cuts are also applied during candidate finding and
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ambiguity resolution, rejecting any tracks failing to meet thresholds on impact
parameters, pp and the number of holes and hits per track. Due to the presence
of the solenoid field, the bending of tracks in the ID can be used for charge
identification and to calculate the track-pp. The lower the track-py, the more
it will bend in the magnetic field and generally there will be more tracking
ambiguities which makes track fitting more difficult, especially in high pileup
environments. Very low-pp tracks will not reach all layers of the tracker and
be impacted more by rescattering. For this reason, the spatial and momentum
resolution of low-py tracks is worse than for high-pr tracks. Resolution also
worsens with increasing |n| due to a longer extrapolation distance and shorter

transverse distance from the beam axis.

Tracking recommendations and quality cuts are determined by the tracking
combined performance group. The tracks used in this thesis pass the 2018 tight

primary quality selections unless specified otherwise. These are:

pr > 500 MeV, |n| < 2.5;

Number of pixel4+SCT hits > 9 for |n| < 1.65 and > 11 for |n| > 1.65;

1 or fewer hits shared with another track;

Number of track holes, i.e. missing track hits in an active sensor where hits

are expected, in the pixel detector (including IBL) = 0;
e Number of holes in the SCT < 2.

These selections result in a reconstruction efficiency of 84 % for central tracks
(In] < 0.1) and 62 % for 2.3 < |n| < 2.5. The rate of fake tracks with P, < 0.5
is dependent on p and the kinematic phase-space but is typically below 10 % for
tracks with pp > 500 MeV and below 5% for tracks with pp > 1 GeV.

Vertex and beamspot reconstruction

Reconstructed tracks are then used to reconstruct primary and secondary
interaction vertices, where a primary vertex (PV) is defined as the point in
space where an interaction of the beam occurred. A secondary vertex is the
point in space where an unstable particle produced in a beam collision decays
and is usually selected as having larger d, parameter, i.e. its location is further
away from the beam axis than PVs. Standard ATLAS vertex reconstruction in

Runs 1 and 2 uses an iterative procedure to fit track positions [156]. In each
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iteration, less compatible tracks are downweighted and the vertex position is
recomputed. All vertices with at least two associated tracks are retained as PV
candidates. In Run 3, the iterative vertex finding method will be replaced with an
adaptive multi-vertex fitter [157] in response to the increase in expected number

of interactions per bunch crossing.

The luminous region of interactions at the IP is called the beamspot and is
assumed to follow a 3D Gaussian distribution with longitudinal length of
approximately 40 mm along the beam axis and width of around 8pm in the
transverse plane. Its parameters are reconstructed based on an unbinned
maximum likelihood fit to the distribution of PVs sampled over many events.
The beamspot fit uses one PV per event, chosen as the PV with the highest sum
of square transverse momentum associated to it, ZpZT, and with at least five
associated tracks. The beamspot is reconstructed from about 10 minute periods

of data-taking and several thousand vertices are typically used in the fit.

3.3.2 Electron reconstruction

As briefly mentioned in Section 3.2.2, the ECal cannot distinguish between
electromagnetic showers originating from an electron or a photon and information
must be combined with tracking information from the ID to make this distinction.
As photons have no electric charge, they do not leave a track in the ID unless
they covert to an electron-positron pair. This thesis is primarily concerned with
electron reconstruction and does not include final states with photons, other than

for some minor background processes.

At the start of Run 2, ATLAS used a fixed cluster size, sliding-window re-
construction method for electrons and photons [158] which was later superseded
by a dynamic cluster size (supercluster) reconstruction to recover energy loss
from EM showering, described in this subsection. An electron is defined as an
object consisting of a supercluster and matched track(s) from the ID. A converted
photon (a photon which has produced an electron-positron pair) is a cluster
matched to a conversion vertex (or vertices), and an unconverted photon is a
supercluster that is not matched to any ID tracks. About 20% of photons at low
n convert in the ID, and up to about 65 % convert at |n| ~ 2.3 due to increased
material budget in the forward direction making EM showers more probable [159].
The reconstruction procedure of electrons and photons within || < 2.5 is as

follows:
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1. Clusters of energy deposits measured in topologically connected ECal cells

are reconstructed, called topo-clusters;

2. The topo-clusters are matched to ID tracks which are refitted to account for

bremsstrahlung;
3. Conversion vertices are built and matched to selected topo-clusters;

4. Topo-clusters are merged to form superclusters. The merging is performed
differently for electrons and photons and depends on whether matched tracks

or conversion vertices are present;
5. The objects are built and their energies are calibrated.

The topo-cluster algorithm [160-162] forms clusters in the ECal only, using
thresholds of energy to noise ratios in calorimeter cells. Topo-cluster seeds are
formed if the cell energy to noise ratio is above four. The clustering algorithm
then iteratively adds neighbouring cells around the seed with successively smaller
energy to noise ratios, and the new additions become seeds for the next iteration.
The final topo-clusters are required to have total energy greater than 400 MeV to
reduce selection of spurious clusters which come from pile-up interactions, as well
as my — vy decays. Electron track-matching is then performed by creating Rols
in the calorimeter from topo-clusters. As mentioned in Section 3.3.1, if a track
seed in the ID fails the tracking reconstruction criteria but is within the Rol of an
ECal topo-cluster, an adapted tracking algorithm is run, allowing for up to 30 %
energy loss at each material intersection. The loosely-matched, refitted tracks are
then matched to topo-clusters with tighter requirements in 1 and ¢. If multiple
tracks are matched, tracks with precision hits in the pixel detector and tracks

with the smallest AR difference are preferred.

Satellite clusters are then added to recover inefficiencies from bremsstrahlung.
This is the process of forming superclusters. Topo-clusters with energies above
1 GeV and that are matched to a track with at least four silicon hits are selected
as supercluster seeds and then all remaining unused clusters are examined for
association to the seed cluster. These satellite clusters must have lower pp
than the seed cluster and be within a window of An x A¢ = 0.075 x 0.125
of the seed cluster barycentre. For electrons, this window is then extended to
An x A¢ = 0.125 x 0.3 to search for additional satellite clusters that share
matched silicon tracks with the seed cluster and can be attributed to distant

bremsstrahlung emission. The direction of the solenoid magnetic field results in
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Figure 3.13: Diagram of the superclustering algorithm for electrons and photons.
Seed clusters are shown in red, satellite clusters in blue [159].

the separation of the electron and bremsstrahlung photons occurring mainly in
the ¢ direction.

The clustering procedure for electrons and photons is shown in Figure 3.13. If a
particular object can be easily identified as a photon (a cluster with no good track
attached) or as an electron (a cluster with a good track attached and no good
photon conversion vertex), then only a photon or an electron object is created
for analysis. Otherwise, both an electron and a photon object are created and
explicitly marked as ambiguous. A multivariate approach is used to calibrate the
reconstructed energy [163], where regression boosted decision trees (BDT) are

trained to correct the uncalibrated energies of electron and photon candidates.

Electron identification and isolation criteria

Leptons originating from prompt decays of SM bosons can be discriminated from
leptons originating from hadronic decays by measuring the amount of hadronic
activity in their vicinity, referred to as isolation and defined by the transverse
energy measured in a AR cone around the lepton, divided by the lepton-py. This
thesis uses electrons which pass medium identification and loose isolation criteria.
The electron identification quantities are chosen according to their ability to dis-
criminate prompt isolated electrons from hadronic jets, from converted photons

and from non-prompt electrons produced in the decays of heavy-flavour hadrons.
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The electron identification is determined from variables describing the EM shower
shape, track selections and track matching to superclusters in the ECal and the
medium selection has an efficiency of roughly 88 %. The electron isolation is de-
termined from a combination of the tracks of nearby charged particles in the ID
and from energy deposits in the calorimeters. The loose criterion requires that
the ratio of the energy in the calorimeter and track pt in the ID within a cone
of AR < 0.2 to the pp of the reconstructed electron must be smaller than 0.20
and 0.15, respectively. The reconstructed electron energy and p are subtracted
from the cone before performing the calculation. The loose isolation requirement
has an efficiency of roughly 95 % for electron E; = 20 GeV but this quickly rises
to around 99 % for Epr > 30 GeV. The reconstruction of the electric charge of an
electron relies solely on the measurement of the curvature of its associated track
in the ID. Bremsstrahlung emission can lead to distortions in the primary electron
track and sometimes hits from shower particles being included in the fit of the
primary track, possibly resulting in the charge of the electron being misidentified.
A BDT is used to suppress electron charge misidentification based on properties

of the track and calorimeter information.

3.3.3 Muon reconstruction

Full muon reconstruction and identification relies on information from the ID, MS
and calorimeters. Several types of muon object can be reconstructed depending

on the subdetector information used in the reconstruction:

e Combined (CB): Tracking is performed individually in the ID and MS and
then matching is performed between the two. Matched tracks are then refit
using inside-out or outside-in fitting. Outside-in reconstruction extrapolates
MS tracks to the ID and performs a combined fit on both tracks. The
q/p resolution of muon tracks in the MS is higher than that in the ID due
to the larger radial extent. CB muons have the highest purity across the
largest acceptance range of all muon types. For |n| > 2.5, MS tracks may
be combined with short track segments reconstructed from hits in the pixel
and SCT detectors, leading to a subset of CB muons referred to as silicon-
associated forward (SiF) muons which allows better use of the ID near the

boundaries of its acceptance.

e Muon Spectrometer extrapolated (ME) / Standalone (SA): This
category is used when no matching ID track can be found for a corresponding
track in the MS. In this case, the MS track is loosely extrapolated to the
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beamline. ME muons are most common in the region of 2.5 < || < 2.7
where the MS has acceptance but the ID does not.

e Segment-tagged (ST): This reconstruction aims to recover efficiency losses
for low-pp muons which might not reach all layers of the MS or muons which
are not fully within the MS acceptance. An ID track with at least one
associated segment hit in the MS is used but only ID information is used for

the determination of the track parameters.

e Calo-tagged (CT): Similar to ST muons but the ID track is matched to
calorimeter deposits consistent with an isolated minimally ionising particle.
Only ID information is used for the determination of the track parameters.
This category is used in the MS gap region of |n| < 0.1 and the lack of MS

hits results in this being the lowest purity category.

A summary of the different muon categories is shown in Figure 3.14. Overlaps
between different muon types are resolved before producing the collection of
muons used in physics analyses. When two muon types share the same ID track,
preference is given to CB muons, then to ST, and finally to CT muons. The
overlap with ME muons in the muon system is resolved by analysing the track
hit content and selecting the track with better fit quality and larger number
of hits [165]. The muon energy loss whilst traversing the calorimeters must be
quantified for accurate measurement in the MS. An analytic parametrisation of
the average energy loss is derived from a detailed description of the detector

geometry and combined with the measured energy deposited in the calorimeter

Combined Muon

Muon Spectrometer

Standalone Muon
N ]

(Calo-Tagged Muon]

Figure 3.14: The different categories of reconstructed muons in the ATLAS detec-
tor [164], with the absence of silicon-associated forward muons. This thesis only
uses Combined and Standalone Muons.
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to provide the final estimate.

MS tracks use the same perigee representation as in Section 3.3.1 and their

reconstruction is performed as follows:

1. Identify short straight-line local track segments reconstructed from hits in
an individual MS station. Segments are identified in the individual stations
by means of a Hough transform which is a method for performing shape or

motion analysis in environments containing noise and missing data [166];

2. Segments in the different stations are combined into preliminary track can-
didates using a loose pointing constraint to the IP and a first-order approx-

imation to the parabolic trajectory of the muon through the magnetic field;

3. Information from precision measurements in the bending plane is combined
with measurements of the second coordinate from the fast-response trigger

detectors to create three-dimensional track candidates;

4. A global x? fit of the muon trajectory through the MS is performed, taking
into account the effects of possible interactions in the detector material and

any misalignment of the MS detector chambers;

5. Hits that are outliers with respect to the fitted track are removed and newly

consistent hits are added into the track candidate and the fit is repeated;

6. Ambiguities are resolved by removing lower-quality tracks that share a large

fraction of hits with higher-quality tracks;

7. The final set of tracks is then re-fitted with a loose IP constraint and taking
into account the energy loss in the calorimeters. The trajectory is then back-
extrapolated to the beam line and the py of the track is expressed at the

point of closest approach to the beam axis.

Muon identification and isolation criteria

This thesis uses the medium identification WP for muons, which accepts only CB
muons (inside-out and outside-in) for |n| < 2.5. The CB muons must have at least
two precision station measurements, i.e. in the MDTs or CSCs described in Sec-
tion 3.2.3, with the exception of || < 0.1 where one precision station measurement

is allowed. The ¢/p compatibility is defined as

[(¢/P)ip — (¢/P)ws] ,
Vo (@/phm + 0% (a/p)uss

q/p compatibility = (3.9)
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where (q/p)ip/ms are the ratios of the muon charge to momentum for the ID and
MS tracks, expressed at the IP, and o are the corresponding uncertainties. The
q/p compatibility is required to be less than seven to ensure a loose agreement be-
tween the ID and MS measurements. Among prompt muons passing the Medium
WP in tf events, more than 98% are outside-in CB muons. Muon isolation can be
measured using ID tracks, calorimeter topological cell clusters, or a combination
of the two called particle flow [167]. This thesis uses a loose WP for muon iso-
lation with AR = 0.2 and selects muons with pp > 20 GeV, where overall muon

reconstruction efficiencies are higher than 90 % [168|.

3.3.4 Other reconstructed objects within ATLAS

In addition to the objects listed above, ATLAS also reconstructs tau leptons, jets

and B,

Tau leptons differ from electrons and muons in that they decay before reaching
the detector due to their larger mass. Therefore, taus must be reconstructed
via their decay products rather than directly. These decays can either be
leptonically to electrons/muons and corresponding neutrinos (~ 35% of the
time) or hadronically into charged and neutral hadrons and neutrinos (~ 65 % of
the time). Leptonic tau decays are indistinguishable from prompt electrons and
muons and it is only hadronic taus that have dedicated reconstruction. The only
tau decays relevant to this thesis are leptonic and therefore tau reconstruction
shall not be discussed further.

Hadronic jets are formed by QCD showers and are reconstructed from combined
ID and calorimeter information. EF™ is calculated from all other reconstructed
objects by balancing the transverse momentum in the detector which must be

conserved to be zero:

p%iss _ Z p% . Z p’% . Z p% Z p% . Z pjTet . Z ptTrack7 (3]_0)

sel. e sel. v sel. p sel. T sel. jet un. track

where “un. track” stands for “unused tracks”, i.e. track objects that have not been
used in any other object reconstruction. Neither jets nor missing transverse energy

are considered in this thesis and shall not be discussed further.
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The ATLAS Forward Proton

Detector

“The way to a deeper understanding is to move forward with small steps.”

— Brian Cox

36
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4.1 Introduction

The ATLAS Forward Proton (AFP) detector [169] is an extension of the ATLAS
detector in the very forward region (|n| ~ 10), with the aim of measuring the
momentum and scattering angle of protons originating from diffractive and
photon-induced processes at IP1. Reconstructing forward protons in AFP is
referred to as forward proton tagging. This thesis is concerned primarily with
measuring forward protons associated to photon-induced processes and therefore

diffractive physics shall not be discussed further. A summary of diffractive
physics at the LHC can be found in Ref. [55].

The CMS and TOTEM collaborations have an analogous Precision Proton
Spectrometer (PPS) [170] with an extremely similar physics programme to
AFP and the results from the two experiments can be compared. One of the
flagship analyses planned for both AFP and PPS in high-luminosity running is
measuring exclusive vy — WW production in association with forward protons.
The first observation of the vy — WW process without forward proton tagging
is presented in Chapter 5. The additional information from forward protons
can help to further suppress backgrounds whilst probing the high mass tails of
distributions that are expected to be sensitive to any new physics introduced by
anomalous gauge couplings. PPS recently set limits on non-linear dimension-6
and linear dimension-8 anomalous quartic couplings for diboson masses above
1 TeV using 100 b * of 13 TeV data, for hadronic final states [171]. The possibility
of performing a fully-leptonic vy — WW measurement at the High-Luminosity
LHC with the addition of AFP forward proton tags will be evaluated in Section 7.6.

The author developed the inter-plane alignment algorithm documented in
Section 4.5 and the proton reconstruction working points discussed in Section 4.3.
The author also calculated the per-plane cluster reconstruction efficiencies
detailed in Section 4.6.

4.2 Detector location and components

At roughly 200m along the beamline from the ATLAS IP, protons that have
undergone scattering but remain intact, such that £, o, < Epeam, are sufficiently
separated from the nominal beam orbit, due to the magnetic optics, that they
can be intercepted by so-called Roman Pot (RP) systems that are inserted into

the beam pipe aperture. The general locations of the AFP stations are chosen for
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their acceptance in proton energy loss but the precise locations are determined by
constraints on free space along the beamline, away from essential beam elements
and instrumentation. The AFP detector consists of four separate RP stations,
with two “NEAR” stations located at z = £205m and two “FAR” stations located
at z = +217m from ATLAS IP1. Two stations per side separated by a distance
in 2z allows not only the fractional energy loss, &, of the proton to be measured
with respect to beam but also allows measurement of the proton p or the four-
momentum transfer squared, ¢, which is related to scattering angle. A schematic
of the AFP stations, their location and the ATLAS coordinate system is shown
in Figure 4.1. Each of the four stations house four silicon tracking planes, which
an aim to reconstruct proton track positions in x relative to the beam axis to an
accuracy of less than 20 pm. This aim was far surpassed in practice. Details of the
RP system and detector acceptance are given in Section 4.2.1. The SiT modules
are described in Section 4.2.2. The two FAR stations also house Cherenkov timing
detectors, described in Section 4.2.3, with the aim of measuring the forward proton

time-of-flight (ToF) and reconstructing the proton interaction vertex in z.

A-side ATLAS C-side
sector 8-1 Interaction Point 1 sector 1-2
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCL4 Q4 Q5 AFP Q6
(e ) | 1 CLIE
L L L |
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Figure 4.1: A schematic of the ATLAS Forward Proton (AFP) detector stations
and their location relative to the ATLAS interaction point (IP1). The NEAR
stations are located at roughly z = £205m from IP1 and the FAR stations are
roughly z = +217m from IP1. All four stations have 4 planes of 3D silicon pixel
trackers (SiT) whilst the outer stations also have additional Cherenkov radiation
time-of-flight (ToF) detectors. The aim of all stations is to measure intact pro-
tons that have scattered at small angles with respect to the beam and accurately
reconstruct their four-vectors [172].
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4.2.1 AFP-beam interface and detector acceptance

The AFP stations contain the RP and the mechanics allowing it to enter the beam
pipe aperture. The pots are connected to the vacuum chamber of the collider
by bellows, which are compressed as the pots are pushed towards the circulating
beam. The cylindrical pot’s orientation and motion are horizontal, transverse to
the beam direction. The PPS stainless steel cylindrical pot design [173|, with
small modifications, was adopted for the AFP RP design. Due to the thin RP
bottom window, the protection of the ultra-high LHC vacuum (10~ '°-10~"" mbar)
is a major safety aspect. For this purpose and to minimise the deformation

induced on the RP window, the interior of the RP is kept in a secondary vacuum.

The acceptance of each AFP station is highly dependent on beam parame-
ters, the AFP station locations along the beamline and the machine components
located between these locations and P1. The size of the beam envelope at the
AFP station locations depends on the crossing angle, 6., and the 3* parameter,
which represents the distance over which the transverse width of the beam halves,
as measured at IP1. In standard runs at nominal luminosity in 2017, it was set
to 8 = 0.3m [174]. The crossing angle in 2017 was 6, = —150 prad [175]. The
size of the beam at AFP is also determined by collimators which scrape the beam
to remove beam halo and prevent magnet quenches. There are three collimators
on each side between ATLAS P1 and the AFP stations: TCL4, 5 and 6, shown in
Figure 4.1. To keep reasonable AFP acceptance, the collimator aperture is set to
+300, +500, and +400 for TCL4, 5, and 6 respectively, where o is the standard
deviation of the transverse beam width at each position. The dependence of AFP

acceptance on beam optics is discussed in detail in Ref. [176].

A summary of the acceptance in £ for all AFP stations in given in Table 4.1. The

Station no. Station name Sector Position z [m| ¢ acceptance

0 A-FAR 81  +217.9 [0.018, 0.12]
1 A-NEAR 81  +205.8 0.028, 0.115]
2 C-NEAR 1-2  -205.2 [0.026, 0.115]
3 C-FAR 1-2  -217.3 [0.019, 0.12]

Table 4.1: Location and £ acceptance of each AFP station, in 2017 data-taking
in standard runs. The position in z is measured from IP1 in central ATLAS. The
acceptance range is where the proton reconstruction efficiency is above roughly

80 %.
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total acceptance of all AFP stations in 2017 is quoted as 0.02 < £ < 0.12. This is
reduced to 0.035 < £ < 0.08 when requiring double station proton reconstruction,
in the region where station efficiencies are well understood. The AFP acceptance
also depends on the global alignment of each RP with respect to the beam,

discussed in more detail in Section 4.4.

4.2.2 Silicon tracking

The requirements for the SiT planes include high and non-uniform radiation
resistance as the detector is regularly placed within a few millimetres of the
beam, subject to an maximum expected 1 MeV equivalent neutron fluence per
cm® of 3 x 10" ngy/em® at full luminosity [169]. They must also have spatial
resolution capable of determining the forward proton position accurately. 3D
silicon pixel tracking technology used for the ATLAS IBL tracker [134] was
chosen to be suitable, with the additional requirement that any dead edge of
the SiT planes was kept to a minimum on the beam side to maximise detector
acceptance, as cross-sections for physics processes of interest decrease rapidly
with increasing forward proton distance from the beam. The dead edge on
the beam side is around 100 pm. FEach plane consists of 336 x 80 pixels with
an individual pixel area of 50 x 250 pm?, resulting in a total active area of
20 x 16.8mm?®.  The planes have a depth of 230um in the beam direction
and are separated by a distance of Az = 9mm. The reduced charge drift
distance for 3D sensors compared to planar silicon sensors reduces the chances of
charge trapping due to radiation damage. Beam tests have shown that the 3D
sensors accommodate uneven irradiation without degradation [177|, which is im-

portant in AFP due to the large flux gradient when in close proximity to the beam.

The short-pixel direction is set so that it is the axis along which the dipole
magnets steer the protons and is hence the predominant axis along which the
protons that have undergone energy loss are deflected. Any divergence of protons
along the long-pixel direction arises primarily from non-zero crossing angle at IP1.
The resolution in each direction is determined by the pixel size/ V12, resulting
in a per-plane resolution of 14 pm in the short-pixel (x-) direction and 72 pm in
the long-pixel (y-) direction. The resolution on the proton position with respect
to the beam is further improved by using multiple planes in the reconstruction
and by tilting the planes at a 14° angle about the y-axis so as to maximise charge
sharing between pixels. This allows interpolation between two neighbouring

pixels, improving the resolution in the short-pixel direction to roughly 6 pm. The
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Figure 4.2: On the left is a photograph of the AFP SiT and ToF detectors in
the C-FAR station. On the right is a diagram of an AFP-FAR station, showing

both detector modules with respect to the forward proton direction and the RP
flange [172].

same is not possible in the long-pixel direction, leading to discretised hit locations
and a lower resolution of roughly 30 pm. Figure 4.2 shows a photograph (left) and
sketch (right) of one AFP-FAR station, with both the SiT and ToF detectors.

4.2.3 Time of flight

The high-resolution Time-of-Flight (ToF) detector is important in high-luminosity
data-taking, providing additional rejection against “pileup” protons that orig-
inate from single-diffractive processes. Such protons result in combinatorial
backgrounds in analyses that require a proton tag in both AFP arms. These
backgrounds can be suppressed by measuring the difference in the two protons’
time-of-flight to AFP, which allows an interaction vertex to be reconstructed
in z under the assumption that both protons originate from the same vertex,

and comparing this to the hard-scatter vertex reconstructed in the central detector.

The requirements for the AFP-ToF detector are:
e Timing resolution of O(10ps),

e Acceptance that fully covers the acceptance of the SiT detectors with seg-

mentation for multi-proton timing,

e High efficiency nearing 100% and high rate capability of
O(10 MHz/segment),

e L1 trigger capability within ATLAS latency,
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e Radiation hard.

The adopted solution to meet these requirements is a Cherenkov-based detector
consisting of L-shaped light-guiding quartz bars (LQ-bars) [178], photo-sensitive
devices, electronic readout and a reference timing system to allow correlation
between the detector stations. The ToF detectors are housed in the AFP-FAR
stations, located at z = £217m, and are located just behind the SiT planes on
the outer side of the station. The L-shape was designed to optimise collection of
light whilst adhering to space constraints set by the RP size. Each LQ-bar, shown
in Figure 4.3, has two arms glued together at a 90° angle with mirror tape at the
bend to direct photons along the light-guide arm. Four such LQ-bars are placed
one after the other to form a “train” parallel to the forward proton trajectory
and each AFP-ToF detector has four trains, equaling sixteen bars in total. The
end of each light-guide arm is attached to a micro-channel plate multi-anode
photo-multiplier (MC-PMT) with 16 channels which converts the light signal into
an electric pulse for readout. The geometry of the bars is designed so that the
optical path in all bars at any given position in the train is equalised and the size
of each bar at subsequent train positions decreases with increasing distance from
IP1, so as to ensure synchronous arrival of the signal to the MC-PMT for any one

proton.

The ToF detector efficiencies in 2017 data-taking were measured in an AFP

calibration run with g ~ 1. The train efficiency was 6-9 % in the A-FAR station

proton
mirror & o7
taper radiator ~ /
V
‘jataper D
lightguide
N

Figure 4.3: Design of the AFP-ToF quartz-Cherenkov LQ-bar. The L-shape with
mirror tape was designed to optimise light collection whilst adhering to space
constraints of the Roman Pot stations. Each arm of the bar is glued together
using UV transparent glue and the end bar is attached to a micro-channel plate
multi-anode photo-multiplier [172].
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and 3-5% in the C-FAR station [179], far below the required efficiency. The train
efficiencies were found to show a time dependence due to ageing effects while
the dependence on pileup was negligible. The low and continuously decreasing
efficiencies measured in the single channels, and therefore the trains, were due
to low signal amplitudes at the output caused by insufficient high-voltage and
exceeded lifetimes of the PMTs (only expected to be 2-4 months based on
operating conditions). However, the timing resolution was measured to be
excellent at
OAEAR = 20.2 £ 4.0ps, o&EAR = 25.7 £ 4.7 ps,

corresponding to an expected forward proton vertex resolution in z of

Oeected (A2) = 5.5 £ 2.7 mm,

when also accounting for smearing due to the unknown y-coordinate of the proton
track. The very low efficiencies of the AFP-ToF detectors in 2017 rendered them
ineffectual in high-p analyses. A new design [180] has been developed for LHC
Run 3 to improve PMT lifetime and prevent electrical failures. The excellent
timing resolution means that the AFP-ToF detectors have promising potential for
use in Run 3 physics analyses. They shall not be discussed further until considering

future vy — WW measurements with AFP in Section 7.6.

4.2.4 Triggering

Many physics processes with well-defined signatures in the central detector can
rely on the standard ATLAS menu for triggering. However, AFP L1 triggers
are needed for processes that produce forward protons when there is either no
well defined central signature, central detector backgrounds are large, or where
triggers would be heavily prescaled in other menus. The AFP L1 trigger must be
very fast due to the signal propagation delay between the AFP station locations
and ATLAS P1 and accounting for the fact that the ATLAS L1 trigger latency
is around 2.15pus. The AFP trigger signal is formed by both far SiT and ToF
detectors and the decision on which one to use is made by a radio frequency
switch before the signal is sent to the ATLAS Central Trigger Processor (CTP).
In special low-p runs, there is a collection of trigger chains based on AFP as part
of the minimum bias menu. AFP HLT triggers focus on signatures which would

otherwise be heavily prescaled, e.g. for exclusive dijet production [181].
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4.3 Forward proton reconstruction

The reconstruction flow in the AFP-SiT detectors progresses from silicon hits
to clusters to station tracks to proton objects. Firstly, SiT pixel hits within
each plane are clustered using neighbouring functions. Pixel hits are classed as
neighbours if they are in the same silicon plane and in adjacent pixel columns
in z and within the same pixel row in y, using the coordinates as shown in
Figure 4.1. The dimensions of the SiT pixels mean that it is likely for a track to
pass through two adjacent pixels in the same column in z (short-pixel direction),
but not within two adjacent pixels in the same row in y (long-pixel direction).
The local SiT cluster positions are corrected for inter-plane misalignment before
performing the track reconstruction, discussed further in Section 4.5. Figure 4.4
shows a comparison of Si'T hits to reconstructed clusters in the first plane of the

A-FAR station in one run in 2017, corresponding to a few hours of data-taking.

Tracks are reconstructed by finding clusters that are within a user-defined maxi-
mum separation in the z-y plane. The default value of this maximum separation

is \/(Aa:)2 + (Ay)® < 0.5mm. This distance can be set separately for clusters

within the same plane and/or for clusters in different planes. A track candidate
is created from all clusters that fall within this allowed distance. If there is one

cluster in the track, the track (x,y) position is set to the (x,y) position of the
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Figure 4.4: A comparison of (a) pixel hits to (b) reconstructed clusters in plane-0
of the AFP-FAR station in run 336506. (a) is binned according to pixel number
within the plane whereas (b) is binned in distance from the SiT plane corner. The
nature of the clustering algorithm removes many hits that are due to showering
or noise. Coordinates here are ATLAS coordinates, with the possible exception of
sign differences. The x = 0mm (ordinate) boundary in (b) represents the active
edge of the SiT plane closest to the beam.
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cluster (not possible in default reconstruction as clusters are required in at least
two planes). For more than one cluster in the track candidate, linear regression is
performed to fit the best track to match this set of clusters. The y* test statistic
of the track is used as a measure of the goodness of fit and is calculated using
the local cluster uncertainties set by the pixel resolution. Any known global

misalignment of the AFP station is applied to the calculated track coordinates.

Forward protons within AFP acceptance are reconstructed from SiT tracks
that pass certain quality requirements. The quality of the proton objects can be

decided by the user from a list of loose, medium (default), and tight:
Loose: Minimum number of clusters in track = 2,

Medium: Loose + Minimum number of planes = 2,

Tight: Medium + No more than one cluster hit per plane.

On each side of AFP, protons can be reconstructed using either tracks in a single
station or tracks in both stations. If double-station reconstruction is used, a
maximum distance in the transverse plane, r,,, = 2mm, between the two track

candidates is imposed as

r= \/(xFAR — axpar)” + (Yrar — UnEAR)” < Tmax-

If single station reconstruction is allowed and there are reconstructed tracks in
both stations but they fail the r,, selection, the track in the FAR station is used

as the proton candidate.

The goal of the forward proton reconstruction is to convert sets of spa-
cial coordinate measurements (x,y,z) pp to outgoing proton four-vectors
(E, Py Pys Pz)proton- 1t is assumed that the protons remain ultra-relativistic with
E/m >> 1 and are scattered at small angles with py/p, << 1. In this case,
E ~ p,. The proton £ is calculated from a parametrised transport function
relating the measured position in AFP to the expected ¢ value due to the
magnetic optics, z = T'(§) [169, 182, 183|. For example, the transport function
used in Ref. [6] is z(&) = —119¢ — 164¢%, determined from a fit to = versus ¢ in

simulation.

The main sources of systematic uncertainty on ¢ reconstruction are the

global alignment at low £ values, discussed in the next section, and uncertainties
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related to beam optics at higher ¢ values. The most important beam optics
consideration is the dynamical variation of the crossing angle, which is at the
level of 50 prad over the course of an LHC run. The total systematic uncertainty
on ¢ is roughly 16 % at the lower edge of the acceptance and 10 % at higher ¢

values.

4.4 Global alignment

The accuracy of the reconstructed proton kinematics depends largely on the
global alignment of the AFP stations, which must be monitored over time due
to the movement of the AFP RPs and the varying beam dynamics. The RPs
are restricted in how close they can approach the beam, in order to protect the
machine and to not degrade beam quality for the other experiments. The distance
of the SiT edge to the beam centre is set to around 12-150 of the beam transverse
width when in the nominal data-taking position, equivalent to around 2mm.
Before stable beams are reached at the start of an LHC fill, AFP is positioned
further out of the beam into the “parked” position at roughly 40 mm.

The position of a forward proton track in AFP, xz(s,t), depends on AFP

station, s, and time, ¢, and can be broken down into several components:

IL’(S, t) = wpre-align + Ltracker — xbeam(s) + xRP(Sa t) + 5xcorr(8)7 (41)

where x is the measured track position before corrections. The additional

pre-align

parameters are

e Tracker position, Ty ,qe: An estimate of the distance between the edge of
the active region of the SiT planes and the outer side of the Roman Pot. It

is taken as —0.5 mm, independent of station.

e Beam position, xy..m($): The offset of the beam centre relative to the beam
axis is measured using beam-based alignment (BBA) procedures [184] and
cross-checked on a run-by-run basis using beam position monitor (BPM)
measurements [185]. In 2017, the central beam position was typically within
1 mm of the beam axis. The beam position throughout the year was found

to be stable to better than 100 pm so time-dependence is not considered.

e Roman Pot position, xyp(s,t): This parameter corresponds to the distance
between the beam axis and the edge of the AFP pots when in the data-

taking position. Changes in xgp took place at two distinct points during
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2017 data taking, corresponding to three insertion settings of 120 + 0.8 mm,
120 + 0.3 mm, 11.50 + 0.3 mm. This equates to distances of 2-3 mm for the
FAR stations and 3-4 mm for the NEAR stations. Investigations of xgp with

increased time granularity are ongoing.

e In situ corrections, 0z, (s): This is a global correction that accounts for
any remaining misalignment seen once all other corrections are applied. The
correction is obtained using exclusive dimuon events by comparing the kine-
matics of the central dimuon system to the kinematics of forward protons
measured in AFP. Very tight quality cuts are applied to ensure high corre-
lation between the dimuons measured in ATLAS and the protons measured
in AFP. The corrections obtained are roughly —0.2 < 0z, (s) < —0.4mm
for all stations. A conservative uncertainty on the global alignment from
these corrections is estimated to be 300 pm which partly covers neglected

time dependence [6].

4.5 Inter-plane alignment

A smaller effect on reconstructed proton kinematics is the relative alignment
of each silicon plane within each AFP station. Each plane is expected to have
small offsets and rotations relative to each other of the order of 10-100 pm and
a few mrad, respectively. An iterative algorithm was developed by the author
to determine the relative alignment of SiT planes within each AFP station and
correct for any offsets and rotations, as well as checking the stability of the
alignment parameters over time in Run 2 data. The algorithm uses data from
standard runs across 2017 with a dedicated AFP “Good Runs List” (GRL) applied
to measure residual differences between the pixel cluster and reconstructed track
positions. The AFP-GRL ensures the detector was functioning sufficiently to

perform proton reconstruction for physics analyses.

The SiT modules use a local coordinate system that differs to the one
used by the central ATLAS detector discussed in Section 3.2. The interplane
alignment algorithm uses the local SiT coordinate system, where z refers to
the long-pixel direction (equivalent to +y in central ATLAS coordinates), y
refers to the short-pixel direction (equivalent to £z in ATLAS coordinates),
and £z remains along the beam axis. The sign depends on whether the track
is reconstructed on the A- or C-side of AFP. A diagram of the SiT planes

with local coordinates is shown in Figure 4.5. The three Tait-Bryan angles, «,
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Forward proton direction

Figure 4.5: A diagram showing the local coordinate system of one AFP-SiT de-
tector. Although not shown here, the origin is typically measured from the corner
of the first SiT plane per station. Absolute positions are not important for the
inter-plane alignment procedure as it is the difference between measured cluster
and reconstructed track positions that is used as input. The local SiT coordinates
can be converted to ATLAS coordinates by switching  and y, with sign differ-
ences depending on whether the station is on A-side or C-side.

B, and ~, refer to rotations of a given plane about the z-, y-, and z-axis respectively.

The measured position vector, r,,, of a reconstructed cluster within a SiT
plane can be expressed as a rotation of the forward proton position vector relative
to a perfectly aligned detector, r, plus linear offsets, ér. The rotation about all

axes is given by

cosa —sina 0 cosf 0 sinf 1 0 0
R=R,R,/R,=| sinaa cosa 0 0 1 0 0 cosy —sinvy
0 0 1 —sinf 0 cosf 0 siny cosvy
(4.2)

We can simplify this by assuming very small rotations «, 3, v < 1 and then the

measured position of a cluster hit in a SiT plane can be written as

1 —a p x ox
rn,=R-r+dr= a 1 —v y |+ dy |- (4.3)
-6 v 1 z 0z

The assumption of small rotations is further validated by applying an iterative
procedure to estimate the rotations and offsets, resulting in each successive

correction being smaller than the last until a stable solution is found.
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As we do not know the true position of the forward proton trajectory, we
begin by taking this as the reconstructed track coordinates. The differences
between the measured cluster positions and the reconstructed track position in x

and y for a given plane are then

e
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|

T =—ay+ Bz + oz,
y+h (4.4)
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Yy =axr — vz + 0y,

where r,[0] is the x component and r,[1] is the y component of the measured
cluster position, respectively. Differentiating these expressions with respect to the
coordinate directions gives

0Azx 0Azx 0Ay 0Ay

oy - e P T

5, — etc. (4.5)
Measurements of cluster-track residuals are calculated for many events over one
run of data-taking so that the spread of residuals can be plotted. By plotting
the residuals measured in the same plane against the coordinate directions, the
rotation of the planes can be found from the gradient of a linear fit to the residuals
versus each coordinate direction. There are two possibilities for calculating a.
The measurement of Ay versus x is chosen due to the better resolution in the
(local) y-direction. The linear offsets are calculated by plotting the residuals
against their respective coordinate axis and taking the standard deviation as the
offset. For a perfectly aligned detector, this should result in a sharply peaked
distribution centred on zero, for the short-pixel direction. Any deviation from

zero is taken to be the offset and is corrected.

In reality, one cannot know the true position of the forward proton trajec-
tory: track reconstruction is smeared by the SiT resolution and can be biased by
noisy pixels and showering particles. Furthermore, track reconstruction depends
on the alignment and hence the reconstructed track position changes as the
alignment changes. For this reason, the alignment algorithm is iterative and
the process is repeated until the final alignment parameter values are no longer

changing across iterations. Detailed steps of the algorithm are given below.

The inter-plane alignment algorithm:

1. Begin by assuming perfect alignment: «, 3, v, dx, dy, 6z = 0.

2. Reconstruct tracks from SiT hits. The maximum allowed distance between

clusters in a track is set to the default 0.5 mm, equal to twice the long-pixel
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length, and the tracks are forced to have zero slope in z, i.e. removing the
linear regression and instead taking the average position of the clusters in x

and y as the position of the track.

3. Require that there is only one track per station per event and that this
track has no more than one cluster per SiT plane, with a minimum of three

clusters per station.

4. Calculate the difference between the measured cluster hit position and the

reconstructed track position in x and y, Az and Ay, for each SiT plane.

5. For linear offsets in = and y, plot a histogram of the residuals and use the

mean value as the offset in the respective direction.

6. For rotations about the coordinate axes, fit a linear function to a profile plot
of the residuals versus the respective coordinate axis. The gradient of the

fit is the correction to the rotation, as shown in Equation (4.5).
7. Update the alignment setting with the new parameters.

8. Iterate the process from (2) until the parameter calculations converge to a
steady value, i.e. all corrections are zero. From testing, this was chosen to

be 10 iterations.

9. Apply a reduced-x?, x%, selection to reject all tracks with % > 2 and repeat
step 8.

10. Use the ATLAS Standard Model bootstrap generator [186] to calculate sta-
tistical uncertainties on the final parameter values, using 100 replica his-
tograms. In each replica, events are weighted with random numbers gener-

ated from a Poisson distribution with mean equal to one.

A simplified view of the alignment procedure in one-dimension is shown in
Figure 4.6. In reality, one must correct for three rotations and three offsets per
plane. One degree of freedom is removed by assuming that the z-position is
known exactly which is appropriate as small offsets in z will not impact track
reconstruction. The problem is also simplified by only considering rotations
about the z-axis («), fixing f = v = 0 and leaving three free parameters per
plane. Rotations about the z-axis are the most likely to result in hits being
registered in an adjacent pixel and therefore have the largest impact on track
reconstruction. All alignment values are calculated relative to the first plane in

each station to have a fixed point of reference. As the algorithm is considering
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reality before track alignment after
alignment reco. correction alignment

Figure 4.6: A simplified example of the SiT alignment correction in one-dimension.
Before alignment, the planes will have an offset (and rotation) that are unknown.
By assuming perfect alignment, clusters in the SiT planes result in reconstructed
tracks that are not parallel to the beam. Tracks are reconstructed to always be
parallel to the beam and are placed at the average position between cluster hits in
the -y plane. The alignment is corrected using the residuals between the cluster
positions and reconstructed track position. The track reconstruction changes with
the updated alignment and so the process is iterated until the alignment parame-
ters converge to a steady value.

misalignment between SiT planes only, the correction is calculated for each

station independently of all other stations.

As described in step (2) of the algorithm, the allowed distance between
clusters used in track reconstruction is set to 0.5mm. This removes tracks at
large angles, which are likely to be due to proton showering rather than intact
forward protons. Proton showers are also suppressed by requiring exactly one
track per station per event and by forcing the reconstructed track to be parallel
to the z-axis. This assumption is appropriate as forward proton trajectories will
have a very small angle to the beam, as the differential cross-section decreases
exponentially with increasing momentum transfer squared. These approximations
are put in place to remove the effect of weak modes in the analysis. Weak
modes are alignments of the SiT planes which also produce “good” tracks during
reconstruction that pass track quality requirements. In these cases, one cannot
distinguish which possible set of tracks is the true set, leading to problems with

convergence of the algorithm. Examples of weak modes can be seen in Figure 4.7.

The decision to apply a y* selection as a measure of goodness of fit to tracks after
ten iterations resulted from consistency tests of the alignment procedure, using
orthogonal data subsets created by rejecting either even or odd numbered events
within one run and comparing the results. It was found that there were differences

in the measured alignment parameters depending on which set of tracks were
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used. This was due to a few tracks with very large x? values even after several
iterations of the algorithm, demonstrated in Figure 4.8. The presence of high-y?
tracks possibly indicates that the forward proton trajectory is at a larger angle
than the reconstructed track, which is forced to have zero angle with respect to
the beam. Such tracks are likely to be due to showers rather than forward protons
and can largely bias the alignment results. Another cause of tracks with large y°
values will be noisy pixels biasing cluster reconstruction. A reduced x* selection,
e =X /NDF where NDF is the number of degrees of freedom per track, was
applied to tracks after the tenth iteration and then the alignment procedure
was repeated. Applying this selection removed ~ 0.1% of tracks but resulted
in all profile gradients being consistent with zero after a further ten iterations
of testing. The initial ten iterations allows an alignment estimate to be found
before applying the y% selection, otherwise only a few tracks pass the selection
in the first iteration. This is because perfect alignment is assumed, resulting in
only “bad” tracks that match this (generally) incorrect alignment being used in

the alignment analysis.

4.5.1 Parameter corrections

Figure 4.9 shows an example of the results obtained in the alignment proce-
dure, before (blue) and after (red) the alignment algorithm has been run for
plane-0 of the A-NEAR station in one run of data-taking. Corrections for
all other planes are calculated relative to the alignment of plane-0 in each
station. Note that the plotting coordinates have been converted to the central
ATLAS coordinate system so now x represents the short pixel direction and
y the long pixel direction. Figure 4.9a shows the distribution of residuals in
x, Figure 4.9a in y, and Figure 4.9c shows the residuals in z plotted against

y, from which the correction to the rotation angle « is calculated from the gradient.

The mean and standard deviation presented in the legend of Figure 4.9a
are returned from a Gaussian fit to both histograms. The values before alignment
corrections show that there is an average difference between the measured cluster
hit position and the reconstructed track position of (15.21 £ 0.04) pm, indicating
an offset of the plane in the z-direction. After correcting the alignment over
20 iterations, it can be seen that the average residual between the cluster and
reconstructed position is (—0.03 £ 0.04) pm, which is consistent with zero. In
comparison to Figure 4.9a, the distributions in the y-direction form a series

of sharp peaks due to the discrete nature of hits in the long-pixel direction,
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Figure 4.7: Two examples of weak alignment modes that can lead to problems with
parameter convergence. It is impossible for the alignment algorithm to decide
which is the best estimate of the alignment out of the examples shown in this
diagram as they all lead to tracks which would be considered “good". The example
shown in (a) can be eliminated by fixing the position of one plane. The example
shown in (b) can be eliminated by requiring the all tracks are reconstructed parallel
to the beam.
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Figure 4.8: The reduced-x* value of track fits in the A-FAR station after 10
iterations of the alignment algorithm, where x? is a test statistic used as a measure
of goodness of fit. It was chosen to apply a Y& < 2 selection, log,g Y& < 0.3, to the
tracks to remove the tail of the distribution thought to be causing inconsistencies
in the alignment results.
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Figure 4.9: Corrections to alignment parameters calculated from data for (a) the
offset in z, (b), the offset in y, and (c) the rotation about z. The coordinate
system used is the ATLAS coordinate system. Results are shown for the first
plane (plane-0) of the A-NEAR station, before (blue) and after (red) the alignment
algorithm has been applied. Uncertainties given are statistical only.
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demonstrated in Figure 4.9b. This is not seen in the x-distribution due to
both the shorter pixel length in that direction and the 14° tilt about the y-axis,
which is designed to maximise charge sharing in x, allowing interpolation of
the exact hit location. Despite the discrete peaks in y, the requirement of the
algorithm remains that the mean value of the distribution should be zero. Before
the alignment, the mean difference in measured cluster hit to reconstructed
track position in y is (—6.62 £ 0.53) pm and after the alignment correction it is
(0.00 £ 0.53) pm.

The mean residual Ax varies with y before the rotation of the plane is
corrected, shown in Figure 4.9c, representing an increasing divergence of the
measured hit position and reconstructed track position as the y-position in-
creases. This suggests that the plane is rotated about the z-axis, by an angle of
(0.89£0.05) mrad. After the alignment has been corrected, the gradient of the fit
has been reduced to (—0.0040.03) mrad, consistent with zero. Uncertainties here
are statistical only. There seems to be a slight oscillatory pattern in Figure 4.9c
which is potentially due to rotations about x and y not being considered and is
a source of systematic uncertainty. However, the uncertainties on the interplane
alignment are assumed to be negligible compared to the uncertainty on the global

alignment (300 pm).

Similar calculations are carried out for all four planes of all four stations.
Fit ranges are adjusted to ranges determined by the position of forward proton
hits. For example, the forward proton hits in the C-side stations have a typical

y-range between 0—10 mm, whereas this is roughly between 10-20 mm on A-side.

4.5.2 Alignment parameter evolution across iterations

By calculating the correction to alignment parameters at each iteration, the
evolution of each offset and rotation can be monitored to check for convergence.
This is shown in Figure 4.10 for a, Az and Ay in one run of data-taking for
the A-NEAR station (again converted to central ATLAS coordinates). The
parameters begin at zero for all planes as the algorithm begins by assuming
perfect alignment. These values quickly change as the iterations increase but
converge quickly to steady values. A small change is seen around iteration 11
as this is when the y% selection is applied, removing anomalous tracks from the
analysis that were biasing results. Occasionally, parameter oscillation around

a steady value was observed in the convergence plots and therefore a damping
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Figure 4.10: The evolution of the (top) «, (middle) Az and (bottom) Ay alignment
parameters for the A-NEAR station in run 337052.
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parameter of 0.7 x correction is applied at each iteration in an attempt to force
convergence. The uncertainty on the final value is calculated from a bootstrap

analysis in the final iteration.

Parameter convergence plots for all stations using this run can be found in
Appendix A. It should be noted that the alignment algorithm had to be adapted
for the A-FAR station due to only two working planes in this station for the
majority of 2017. It can be seen that the 10+10 iteration method is unnecessary
for most parameters and the alignment algorithm could be improved in the future
by automating the application of the x*-selection when the change in parameter
value between iterations is smaller than a chosen value to save on computational

time.

4.5.3 Stability of alignment over time

Almost all standard runs in which AFP was used in nominal data-taking were used
to evaluate the stability of the alignment over time. There was no intervention to
the SiT detectors between the full AFP installation at the start of 2017 and the
year-end technical stop (YETS) so it was predicted that the alignment should
remain fairly stable across these runs, with possible exceptions due to detector

heating and other mechanical stresses.

Figure 4.11 shows how the Az parameter changed over this period for the
A-NEAR station, again in ATLAS coordinates. FEach marker represents the
final parameter values after 20 iterations of the algorithm for each run with
associated statistical uncertainties calculated in a bootstrap analysis. The final
values shown on the right-hand side of the plot are the weighted average of
the runs, with the uncertainty given by the weighted standard deviation. Simi-

lar plots for all alignment parameters and all stations can be found in Appendix A.

Figure 4.11 is an example of reliable alignment, where the parameter re-
mains fairly steady within the SiT resolutions across all of 2017. If parameter
stability is not observed, this generally highlights an issue with a particular
plane, especially if instability is seen for all parameters of the plane in ques-
tion. Therefore, the alignment analysis can be used to cross-check the proper
functioning of SiT modules across data-taking periods. Although the AFP GRL
rejects lumiblocks with station or global issues, it can be worthwhile to also note

individual problematic SiT planes so that these planes can be avoided in proton
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Figure 4.11: The stability of the Az alignment parameter over standard runs with
AFP inserted in 2017, with the AFP GRL applied. Values and uncertainties in
the central plot are the final Ax value and bootstrap uncertainty calculated after
20 iterations of the algorithm, and the results on the right-hand plot show the
weighted average across these runs, with the uncertainty given by the weighted
standard deviation. Uncertainties are statistical only.

reconstruction. The alignment analysis highlighted that plane-1 of the C-FAR
station was not behaving as expected in 2017 and it was discovered that this
plane had no high-voltage across the runs investigated and it was subsequently
removed from the alignment analysis. It is advised not to use this plane for

proton reconstruction in 2017 data.

The weighted average alignment values for all parameters are input to a
general AFP reconstruction toolbox and automatically applied in any analysis
using AFP data from 2017. The alignment parameters for the first plane of each
station are set to zero, as well as for the § and 7 rotations. Any planes that are
highlighted to be problematic also have their alignment parameters set to zero

and are advised to not be used in proton reconstruction.
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4.6 Proton reconstruction efficiencies

In order to perform a cross-section measurement with AFP, proton reconstruction
efficiencies must be fully understood and quantified. In this context, a station
efficiency refers to the probability that a proton object is reconstructed in AFP
when a true proton is within the AFP acceptance. The nominal way to calculate
the station efficiencies is to “tag-and-probe” the proton tracks within each station.
The near-station efficiency is estimated by first selecting events with exactly one
track in the far (tag) station in the acceptance common to both stations. The
efficiency is the fraction of these events that also have one or more tracks in the
near (probe) station satisfying r < r.,, = 2mm. The tag and probe stations are

inverted to measure the far-station efficiency.

The author performed a cross-check of the nominal station tag-and-probe
calculation by calculating the efficiency of each SiT plane per station to recon-
struct a cluster hit if a proton was reconstructed in the station. In order to
calculate the station efficiencies independently in this method, the default proton
reconstruction was altered slightly to allow reconstruction in a single station
only. Only tracks associated to reconstructed proton objects in data were used,
as these already have various data quality requirements applied. The efficiency
of each SiT plane is denoted by ¢;, with ¢ = {0, 1,2, 3}, and was calculated using
a tag-and-probe method where three planes are used as the tag and then the
fourth plane is probed to calculate its efficiency. For example, if we want to
calculate the efficiency of plane-2 within a station, 5, and we know that the
probability of seeing hits in all four planes is simply the product of all plane
efficiencies, €ye,65¢3, and that the probability of seeing hits in all other planes
with no requirement on plane-2 is ye,¢3, then we can calculate ¢, by taking the
ratio of the number of tracks with hits in all planes to the number of tracks which

have hits in plane-0, 1, and 3:

Niaac(hits in planes 0, 1, 2, 3)
Niaac(hits in planes 0, 1, 3)

52 - (46)
Inherently, this method only selects protons with hits in a minimum of three
planes within a given station. Although this differs from the nominal proton re-
construction, it does not have any impact on the calculation of the reconstruction
efficiency of each plane. This tag-and-probe method results in efficiencies which

are independent of the performance of other planes.
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Figure 4.12 shows the calculated plane efficiencies for all stations calcu-
lated over several runs across 2017, with the exception of A-FAR which only had
two working planes and therefore the per-plane tag-and-probe method could not
be used as any protons reconstructed in this station will have hits in both planes,
by design. A general degradation of efficiency over time can be seen for all planes,
which was expected due to the large radiation doses that the AFP detectors
receive during data-taking. Some of this loss can be recovered by applying a
SiT tuning to the planes which involves masking noisy pixels as well as changing
amplification thresholds to account for detector degradation. Some tuning values
are set globally for the whole sensor but some for each individual pixel channel.
A tuning was employed before run number 336505 (represented by the dashed
line in Figure 4.12) and a resulting gain in all plane efficiencies can be seen. The
tuning is applied within the hardware and not in any post-processing so it is

difficult to conclude whether the jump in efficiencies seen is due to the tuning alone.

The efficiencies on C-side are generally lower than those on A-side and
typically fall faster with time. This was also seen in the station tag-and-probe
proton reconstruction efficiencies. More background has been observed in AFP
C-side during special low-p running with the same beam parameters but we would
not expect this to translate to any observable difference in standard high-u runs.
More pixels were masked on C-side, suggesting more radiation damage to the SiT
planes on this side. This can be explained by the fact that the C-side stations
were installed in 2016, one year before A-side, and the same SiT modules were
reused. Another observation is that the efficiencies of plane-0 and plane-3 are
generally lower than plane-1 and plane-2, for all stations. This can be explained
for plane-0, which is the plane closest to IP1 for each station, due to tracks
with small angles that are right at the lower edge of the station acceptance in &,
resulting in missing hits in the first plane. The lower efficiencies in the outermost
plane, plane-3, could be due to the increased probability of proton showers as
the proton traverses more planes, causing higher occupancy of hits and reducing
reconstruction efficiencies. However, this is unlikely to cause a large difference in

plane efficiency relative to plane-2.

The proton reconstruction efficiency within a station can then be calcu-
lated as a sum of all possible ways in which a proton could be reconstructed in

the default reconstruction, i.e. if there are hits in all four planes, three out of four
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Figure 4.12: The cluster reconstruction efficiencies of each SiT plane in the
(top) A-NEAR, (middle) C-NEAR, (bottom) C-FAR station across 2017. A gen-
eral downward trend can be seen for all planes but some loss in efficiency is recov-
ered by a SiT tuning change before run 336506, represented by the dashed line.
The efficiency of plane-1 in C-FAR is much lower at around 30 % due to a lack of
high-voltage in this plane.
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planes, or two planes. The station efficiency, g, can be written as

£g = £9€162€3 (4 planes)
+ 505152(1 — 53) + 5051(1 — 52)83 + ... (3 planes) (47)
+eger(1 —e9)(1 —&3) +e9(1 — 1)ea(l —e3) + ... (2planes).

With each ¢; generally above 90 %, the resulting station efficiencies are very high.

Calculating the station efficiencies from Equation (4.7) results in NEAR
station efficiencies of over 99.9 % which is higher than calculated from the direct
station tag-and-probe NEAR efficiencies but these are also very high at around
99 %. A larger difference is seen between the two methods for the C-FAR station,
which was 99.7% from Equation (4.7) but roughly 96 % from the direct station
tag-and-probe. This difference can be explained by proton showering between
the NEAR and FAR stations. If a proton showers between the NEAR and FAR
station, this will be measured as an inefficiency in the direct station tag-and-probe
whereas the station efficiencies calculated from the combination of SiT plane
efficiencies is not affected by proton showering between stations. Although proton
showers can still cause tracks to be reconstructed in the FAR stations, proton
quality requirements (mainly the requirements on minimum cluster distance in
the x-y plane) are designed to remove these tracks. The only published analysis
to date to utilise AFP in standard runs is the observation and measurement
of forward proton scattering in association with lepton pairs produced via the
photon fusion mechanism at ATLAS [6]. This analysis used the default proton
reconstruction where a proton track must be reconstructed in both the NEAR and
FAR station on any one side of AFP when calculating cross-sections and therefore
it makes sense to use the direct tag-and-probe station efficiencies that also
account for proton showering between the stations. Single station reconstruction
was allowed for the observation only. Combining the NEAR and FAR station
efficiencies gave an overall proton reconstruction efficiency of 0.92 4+ 0.02 for this
analysis. Most of the uncertainty on the method is due the dependence of the
reconstruction efficiency on £. Although there were differences between A- and
C-side found in the plane efficiency method, this is counteracted by the lower
A-FAR efficiency due to only two working planes in this station. Another benefit
of the direct station tag-and-probe is that it can measure the A-FAR efficiency

which the plane efficiency method cannot.
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“No experimental scientist really wants observation to agree with theory after all

)

— Brian Cox
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5.1 Introduction and motivation

This chapter details the first observation of the electroweak process vy — WW
in the fully-leptonic decay mode [4]. Evidence of this process had previously
been seen in the analysis of Run 1 data by ATLAS [187| at centre-of-mass (CoM)
energy of /s = 8TeV and by CMS [188, 189] in a combined 7TeV and 8 TeV
dataset. The Run 2 dataset is the largest integrated luminosity recorded to
date at the LHC, allowing several previously unobserved processes to be probed
with increased statistical precision. The higher CoM energy of /s = 13TeV
in Run 2 also has the advantage of increasing the cross-sections of processes
of interest compared to previous data-taking. As the photon PDF is generally
much smaller than quark and gluon PDFs and vy — WW is a photon-initiated
process with lowest order OzQQED, it has a very small cross-section relative to many
quark-induced processes at the LHC and benefits hugely from this increased
dataset. The dominant background to the vy — WW process is quark-induced
WW production, gq¢g — WW, which is indistinguishable from the signal other

than for the presence of an underlying event.

Within this analysis, the author developed many data-driven pileup correc-
tions in simulation, discussed in Section 5.4, performed studies into discrepancies
between different generators in simulating the underlying event (Section 5.5.2),
and calculated the acceptances and correction factors required for the cross-
section measurement (Section 5.8.4). The author also applied the data-driven
exclusive efficiency calculation that she developed, described in Section 5.4.1, to
an exclusive dilepton analysis in association with forward protons reconstructed
in the AFP detector [6].

5.2 Data and Simulated Event Samples

The analysis uses proton-proton collision data recorded with the ATLAS detector
during the Run 2 data taking period (2015-2018) at /s = 13TeV. The data
correspond to an integrated luminosity of £ = 139fb ' with an uncertainty of
+1.7%. The data have been cleaned from events with non-functional detector
components [190]. The number of interactions per bunch crossing, u, also
referred to as pileup, varied roughly between 10 < u < 60 with an average value of

(u)y = 33.7 [174]. The average longitudinal width of the beamspot, opg, was 35 mm.

Signal and background processes were modelled using MC event generators
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Process Matrix element PDF set UEPS UE tune Prediction order
(alternative) (alternative model) (alternative model) for total cross-section
vy — WW (EE) BudnevQED n/a HERWIGT n/a LO
(MG5_aMC@NLO) (PYTHIAR) n/a
vy — WW (SD) MG5 aMC@NLO CT1l4qed PYTHIA8 n/a
vy — WW (DD) MG5 aMC@QNLO CT14qed PYTHIA8 n/a
vy — Ul (EE) BudnevQED n/a HERWIGT n/a LO
(MG5_aMC@NLO) (PYTHIAS) n/a
vy — Ul (SD) LPAIR n/a LPAIR n/a LO
(MG5_aMC@NLO) (CT14qed) (PYTHIAS) n/a
vy — 1l (DD) PYTHIA8 NNPDF23QED (PYTHIAR) n/a LO
(MG5_aMC@NLO) (CT14qed) (PYTHIAR) n/a
qq,q9 = WW PowHEG-BoX v2 NNPDF3.0 NLO (PYTHIAS) AZNLO NNLO QCD
(SHERPA v2.2.2) (NNPDF3.0 NNLO)  (SHERPA v2.2.2) (SHERPA v2.2.2)
99 = WW SHERPA v2.1.1 CT10 SHERPA v2.1.1 SHERPA v2.1.1 NLO
99— H PowHEG-Box v2 NNPDF3.0 NLO PyYTHIA8 AZNLO NNLOPS
WW VBS SHERPA v2.2.2 NNPDF3.0 NNLO SHERPA v2.2.2 SHERPA v2.2.2 LO
WZ|/W~*|ZZ)Z~v* SHERPA v2.2.2 NNPDF3.0 NNLO SHERPA v2.2.2 SHERPA v2.2.2 NLO
Wn/Zy SHERPA v2.2.2 NNPDF3.0 NNLO SHERPA v2.2.2 SHERPA v2.2.2 NLO
tt PowHEG-Box v2 NNPDF3.0 NLO PYTHIA8 Al14 tune NNLO+NNLL
wt POWHEG-BOX v2 NNPDF3.0 NLO PyTHIA8 Al4 tune NLO
w SHERPA v2.2.1 NNPDF3.0 NNLO SHERPA v2.2.1 SHERPA v2.2.1 NNLO
Z/v PowHEG-Box vl NNPDF3.0 NLO PyTHIA8 AZNLO NNLO
(SHERPA v2.2.1) SHERPA v2.2.1

Table 5.1: Overview of the simulation tools used to generate signal and background
processes, and to model the underlying event and parton shower (UEPS). EE, SD,
and DD refer to elastic, single-dissociative and double-dissociative contributions
to the process, respectively. VBS stands for Vector Boson Scattering. Where a
PDF set is listed as “n/a”, this indicates that a photon flux or similar was used
in place of a PDF set. Alternative event generators and configurations used to
estimate systematic uncertainties are shown in parentheses.

to study kinematic distributions, evaluate background contamination in the signal
region and to interpret the results. Inside ATLAS, separate MC samples are
generated for the different data-taking years to match the different data-taking
conditions, referred to as MC campaigns. A list of the MC generators used in
this thesis were detailed in Sections 2.5.3 and 2.5.4. Table 5.1 summarises the
samples used in the vy — WW observation. All standard ATLAS corrections
are applied to improve the general data/MC agreement. These scale factors and
reweightings are derived by dedicated combined performance groups to correct
for known inefficiencies in the detector and differences in data-taking conditions
that were unknown before MC production. The corrections applied are the
trigger, reconstruction, identification and isolation scale factors for the leptons
and a pileup reweighting (PRW), which is required as the beamspot profile varies
with time over data-taking and cannot be known a priori. The standard ATLAS
PRW does not provide sufficient data/MC agreement for the required precision,
resulting in many additional pileup corrections being derived within this analysis.
It will be seen in the proceeding sections that any distribution of charged particles

arising from non-perturbative, or soft, interactions is very difficult to model
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accurately and a large part of the analysis procedure is attempting to mitigate
these shortcomings, in both pileup interactions and the underlying event for

quark-induced backgrounds.

5.3 Event Selection

The vy — WW production modes were discussed in Section 2.4. This chapter
considers the leptonic decays of the W-bosons into an opposite-sign, different-
flavour final state as signal, with the exception of W — 7v decays'. The W — ev
and W — pv branching fractions are both roughly 11% [12]. An isolated e T
final state can occur experimentally for processes with two W-bosons, two
tau-leptons, or for other final states in which there are either missed leptons,
leptons reconstructed with the wrong flavour/sign, or other physics objects
wrongly reconstructed as leptons. For example a jet could be wrongly recon-
structed as an electron shower in the ECal. The latter two mis-reconstructions
are generally referred to as fakes. The opposite-sign vy — WW selection is a
physical requirement as the initial diphoton system has zero charge, which must
be conserved. The opposite-flavour final state is an experimental choice to reduce
backgrounds that produce a same-flavour final state like neutral current Drell-Yan
(DY) production, qg — Z/+* — ¢7¢~, and photon-induced dilepton production,
vy — €70~ Pomeron-induced backgrounds are heavily suppressed due to much

smaller proton survival factors in these processes.

The two neutrinos in the final state are not reconstructed by the ATLAS
detector but do carry away momentum, resulting in the two leptons not being
produced exactly back-to-back in the detector. This allows selections on dilepton
pr, P, to separate the signal from dilepton final states without neutrinos, e.g. DY

and vy — Il.

The vy — WW process can be split into three distinct contributions: elastic
(EE) events in which both protons remain intact, single-dissociative (SD) events
in which one proton dissociates, and double-dissociative (DD) events in which
both protons dissociate. Considering these production modes, the full process

can be written as

pp(yy) — W p®p™ s eFy Ty, ptpt),

'9When the tau decays leptonically, it is indistinguishable from a W — uv or W — ev decay.
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where p* represents a proton that has dissociated. For brevity, it shall mostly be
referred to as vy — WW. Although the dissociative contributions are produced
with additional hadronic activity from the proton remnant hadronisation, the
decay products are typically outside of the ATLAS inner detector acceptance
and outside of the fiducial region of the analysis. For this reason, it is difficult
to distinguish the elastic from dissociative production modes experimentally and

therefore all three are considered as signal.

One of the most important event selections, the exclusivity requirement,
shall be discussed in detail in Section 5.4.1. The only sizeable background
that cannot be suppressed by the exclusivity requirement is exclusive dilepton
production which occurs via the same production mechanisms as vy — WW
production but with a larger cross-section due to the mass differences between
the dilepton and diboson systems. The vy — e'e” /u* ™ processes are hugely
suppressed by the different-flavour signal selection. The vy — 777~ process
forms a background when the two tau-leptons decay into an eiVeVT,qul/ul/T final
state. However, as the 7 is much lighter than the W, the leptons are expected to
be produced with large angular separation and this background can be suppressed

by requiring the pr of the dilepton system to be above a certain threshold.

5.3.1 Track selection

Tracks are selected according to the recommendations for tight primary tracks,
detailed in Section 3.3.1. Additionally, a |dy| < 1 mm selection is applied to reject
tracks from secondary interactions. The final event selection only considers tracks
reconstructed with |z(t)rk' — z€€X| < 1mm, where 2% _ is the dilepton vertex defined
in the next subsection. The tracks associated to the two highest-pr leptons must
pass the track selections but are not considered in track counting when defining
analysis regions based on track multiplicity. The definitions of dy and z, were

shown in Figure 3.11.

5.3.2 Lepton selection

Electrons are reconstructed as described in Section 3.3. They are required to
have pp > 20 GeV and |n| < 2.47, excluding the calorimeter crack region of
1.37 < |n| < 1.52. They must satisfy the medium quality and loose isolation
criteria, both of which are described in more detail in Section 3.3.2 and Ref. [191].
Overlap removal is applied to any electrons that share the same ID track, with only

the higher-pr electron being kept. The significance of the transverse impact pa-
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rameter calculated with respect to the beam line is required to be |dy|/o(dy) < 5.0.

Muon candidates are reconstructed as detailed in Section 3.3.3, using combined
muons which pass medium ID requirements and loose isolation criteria [165].
Signal muons are required to have pp > 20 GeV, |n| < 2.4 and |dy|/o(dy) < 3.0. If
any calo-muon' shares an ID track with an electron, the calo-muon is removed.
If any of the selected muons share an ID track with an electron, the electron is

removed.

Primary vertices are reconstructed as described in Section 3.3.1.  Within
an ATLAS analysis, the hard-scatter vertex is usually selected by choosing the
primary vertex with the highest sum-pr associated to it, > pr. This criterion
is based on the assumption that the charged particles produced in hard-scatter
interactions have, on average, a harder pp spectrum than those produced in
pileup collisions. However, this selection is not optimal for the fully-leptonic
vy — WW process as the signal vertex is only expected to have two associated
tracks from the two leptons. Applying the standard PV reconstruction biases the
position of the dilepton vertex as it is influenced by the presence of nearby pileup
tracks and sometimes will not be selected as the HS vertex at all. Instead, the
dilepton vertex, zfﬁx, is defined to be the weighted average of the two lepton track

zg positions, given by

0 .2 ly . 2

L _ %o sin Oy, + 2¢° sin” 0, (5.1)

vtx T . . ) :
sin® Oy, + sin’ Oy,

where 1/ sin” 6, is a proxy for the resolution of the track position based on its angle
to the beamline, 6. This gives higher weight to more central leptons (6 — 7/2)
which have better z, resolution. In addition to the track selections listed in Sec-
tion 5.3.1, the lepton tracks must satisfy ]zé sinf, — zﬁix| < 0.5 mm. No selection
is made on the lepton vertex position in the z-y plane, other than that already

imposed by the selection on individual lepton d,.

5.3.3 Data acquisition and quality requirements

Only data events in which the detector components were functioning as expected

were considered in the analysis. This selection was applied via the ATLAS “Good

" Calo-muons have the lowest purity of all the muon types and are therefore only used in the
overlap removal but not selected in the analysis. The different types of muons were described in
Section 3.3.3.
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Runs List” (GRL) which flags blocks of data as good or bad for analysis based on
a set of detector checks. The lowest granularity of data which can be flagged as
good or bad is one luminosity block (LB), corresponding to roughly one minute
of data taking [190]. This analysis used the “All Good” GRL selection, resulting

in a data set corresponding to an integrated luminosity of £ = 139 fb .

Candidate events were recorded with either single-electron or single-muon
triggers. The lepton that activated the trigger was required to have a transverse
momentum above a certain threshold, which varied across different data-taking
periods. The single-lepton trigger thresholds are chosen such that the trigger
efficiency has reached a plateau at and above the chosen threshold. The effi-
ciencies on the plateau are approximately 70 % for muons with |n| < 1.05, 90 %
for muons in the range 1.05 < |n| < 2.4, and > 90 % for electrons in the range
In| < 2.47. A trigger matching scheme was employed to ensure that at least one
of the fully reconstructed leptons in the event was the object that triggered the

event readout.

5.3.4 Event candidate preselection

In addition to the object selections listed above, a simple cut-based selection was
applied to select all v — WW event candidates for further processing. This

selection was as follows:

e Exactly two leptons passing the lepton selection criteria described in Sec-
tion 5.3.2. No requirement on lepton flavour is made at the preselection

stage.

e The leading lepton must have pp > 27 GeV and the subleading lepton must
have pp > 20 GeV. These selections are chosen to maximise trigger efficien-

cies and reduce fakes.

e The dilepton system must have invariant mass m, > 20 GeV. This is
to avoid the region of hadronic resonances below this threshold, which are

challenging to model accurately.

The lepton, vertex, track, and event preselection criteria are summarised in Ta-
ble 5.2. Additional requirements on the flavour of the leptons, their momentum
(p%) and the track multiplicity (n.,) are used to define separate analysis regions,
as further detailed in Section 5.3.5.
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Selection requirement

‘ Selection value

o > 27 GeV (leading),
> 20 GeV (subleading)
W INe| < 2.47 (excl. 1.37 < |n,| < 1.52),

N, <24

Lepton identification

Medium (Sections 3.3.2 and 3.3.3)

Lepton isolation

Loose (Sections 3.3.2 and 3.3.3)

Dilepton charge

Cp1 XCpg < 0

Number of leptons fulfilling lepton se-
lections

Exactly 2

Vertex selection

Inverse-variance weighted average lep-
ton vertex, z', Equation (5.1)

Lepton-vertex association

|z, — 2% | < 0.5mm

Track selection

Tight primary (Section 3.3.1),

k. e
20— Zytx| < 1mm

Dilepton mass

Mgy > 20 Gev

Table 5.2: Summary of lepton, track, vertex, and event preselection criteria for
vy — WW candidate events. In the table ¢ stands for e or u. The definitions of
lepton identification and isolation are given in Refs. [191] and [165].

5.3.5 Signal and control region definitions

Many event regions are defined in the vy — W W analysis, based on characteristics
of the dilepton candidate and the underlying event. Three control regions (CRs)
are defined to check the modelling of processes in a regions of phase-space in which
backgrounds are enhanced but which are expected to be kinematically similar to
the signal region (SR). A fourth CR is defined to extract a scale factor to account
for proton dissociation. All of the control regions satisfy the preselection criteria,
as described in Section 5.3.4. The differences in the definitions of the control
regions come with different requirements on the flavour of the selected leptons, the
multiplicity of tracks within +1 mm window around the dilepton vertex and the
pr of the dilepton system. The following outlines the details of these requirements

and the purpose of each CR, which are also summarised in Table 5.3:

e SR: The signal region is defined by requiring different flavour leptons,
eit + pe, in the final state in a region with no additional track within
+1mm of the lepton vertex and with a large dilepton transverse momentum
of png > 30GeV. The QUETz requirement suppresses contributions from exclu-

sive di-tau production (yy — 77), where each 7-lepton decays to a different
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flavour leptonic final state. This requirement also helps to further suppress
DY and other vy — [l backgrounds where the flavour of one lepton is wrongly
identified. The requirement of no tracks within +1 mm of szx is called the
exclusivity selection or track-veto selection, often referred to as the ng, =0
requirement. This is one of the most important selections within the anal-
ysis, as it is the primary way to separate the exclusive vy — WW signal
from the dominant gg — WW background.

CR1: This control region is designed to check the modelling of vy — 77 pro-
cess and has identical requirements to the signal region, with the exception

of the pF requirement. CR1 requires pf < 30 GeV.

CR2: The inclusive q¢ — WW production modelling is tested in a region
of low track multiplicity, 1 < nyy < 4 within 1 mm of the dilepton vertex.

All other requirements are identical to the signal region.

CR3: This region is designed to check modelling of DY (77) and inclusive
qq — WW production. It is very similar to CR2 (1 < nyy < 4) but with a

low-pf requirement of pf < 30 GeV.

CRA4: The exclusivity scale factor is measured in a region of high dilepton
mass, my, > 160GeV, and with no tracks within £1 mm of the dilepton
vertex, ny, = 0. No pffé cut is applied and only the same-flavour leptonic
final states ee + pp are considered to enhance contributions from photon-

induced dilepton production, vy — .

There is no selection applied to jets and no selection on missing transverse mo-

mentum /energy in this analysis.

Control

regions CR1 CR2 CR3 CR4 SR
Preselection pfro > 27 GeV, pfrl > 20 GeV, my > 20 GeV, |z — zfix\ < 1lmm
Lepton

flavour el + pe el + pe ey + pe ee + [ifh el + pe
Ntracks Ny =0 I <ng <4 Nk = 0
e <30GeV | >30GeV | <30GeV | - > 30 GeV
My - - - > 160 GeV | -

Table 5.3: A summary of the control regions used in the analysis along with the
respective definition criteria. The preselection is applied to all candidate events
and all other rows represent additional requirements on top of the preselection.
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5.4 Corrections to pileup mismodelling in

simulation

The exclusivity selection is extremely sensitive to the modelling of pileup. It was
found that the standard ATLAS PRW did not sufficiently improve the data/MC
agreement for track distributions and therefore, additional corrections were derived
within the analysis to ensure that the exclusivity requirement in simulation is not
biased. There are two main sources of mismodelling in the distribution of the
number of pileup tracks, niy: The mean position and width of the luminous
region of interactions in the bunch crossing, referred to as the beamspot, and
the modelling of pileup track number and density around an individual pileup
interaction vertex. Corrections for both effects are applied to MC and will be
described in the following sections. The so-called exclusive efficiency, described in
Section 5.4.1 is commonly used as a metric to gauge mismodelling of pileup and
is applied as a correction to the cross-section measurement. The studies detailed

in this section are all the author’s own work.

5.4.1 Data-driven method to establish exclusive efficiency

An important quantifier of the impact of pileup tracks is the exclusive efficiency.
The exclusivity selection in the SR requires that no tracks can be reconstructed
with |2y — szx\ < 1mm (the track-veto window), other than the tracks matched
to the signal leptons. This is referred to as the ny, = 0 requirement and the
efficiency to pass this selection is referred to as the exzclusive efficiency. Nearby
pileup vertices and pileup tracks can fall within the track-veto window and cause
the signal to fail the exclusivity requirement. This is demonstrated pictorially in
Figure 5.1. It is important to quantify the signal inefficiency due to this effect for
the cross-section measurement. The probability of an event to pass the n, = 0

selection is henceforth denoted as ¢, and it is defined as

Ngzigls(zo (thx)

_ 5.2
N, total(zvtx) ( )

€excl. (thx) =

where N;};ggzo(zvtx) is the number of events at a given z,-position that pass
the exclusivity selection and Ny (2ytx) is the total number of events with that
zutx Value. The exclusive efficiency depends on the track density, which itself is
dependent on the beamspot parameters and the number of interactions per bunch

crossing, fi.
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pileup vertex signal pileup vertex

+1 mm
window

+1 mm
window

(a) Event passes n., = 0 selection (b) Event fails n., = 0 selection

Figure 5.1: The n, = 0 selection requires that zero tracks are reconstructed with
|26k — z$€x| < 1 mm, other than the tracks associated to the two signal leptons. If
a pileup interaction occurs near to the signal hard-scatter, pileup tracks can cause
the signal to fail the exclusivity requirement, leading to signal inefficiencies. This
is demonstrated in (b).

A data-driven method was developed to measure the exclusive efficiency in
the presence of pileup and applied to data and simulation separately. The
candidate preselection was applied, as described in Section 5.3.4, to ensure a well-
defined signal vertex. No requirement on the dilepton flavour combination was
made to reduce statistical uncertainties. The exclusive efficiency was calculated
as a function of z,, by scanning across a z,-range of 150 mm =~ +5opg, where
ops is the beamspot longitudinal length, using bins of width 2mm that were
constructed so that no bin overlapped but all possible values were covered. Each
bin in the z,, distribution was filled on an event-by-event basis if no tracks were
found to fall within it, i.e. if n]tDrllf = 0, if the bin was farther than 10 mm from
the dilepton vertex. This was repeated for all selected events. Then a ratio was
taken to the total number of times each bin was sampled to give the exclusive
efficiency as a function of z. The average exclusive efficiency across the beamspot

was then calculated by convoluting the exclusive efficiency as a function of z with

the normalised lepton vertex distribution and integrating, given mathematically
by

Nbins N =0 Niins
Eoxcl, = Z < ]{;ass ) "D = Z Eexcl. * Dis (5.3)
Py total /. —
where £, is the exclusive efficiency of bin i (representing one +1 mm window in
z), calculated using Equation (5.2), and p; is the probability density of finding the
lepton vertex in bin ¢ within the beamspot. A diagram of the method is shown in

Figure 5.2.
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Figure 5.2: A diagram of the exclusive efficiency calculation in pileup. The +50pg
beamspot longitudinal width is scanned in z-windows of width +1 mm, avoiding
the region within +10 mm of the dilepton vertex, represented by the star, to avoid
bias from the signal. The hatched bins shows bins in which additional tracks have
been reconstructed and hence would fail the exclusivity requirement [4].

5.4.2 Exclusive efficiency results in data

The exclusive efficiency as a function of z is calculated as given by Equation (5.2)
in data, shown in Figure 5.3a. The efficiency is close to unity towards the edges
of the distribution as the track density is much lower towards the edges of the
beamspot and therefore it is unlikely to find any track with |z, — 21| < 1 mm.
The efficiency drops as the sampling window moves closer to the centre of the
lepton vertex distribution, which is shown in Figure 5.3b and normalised to unity.
The probability of finding the lepton vertex to be at a given position in z, p; in
Equation (5.3), is taken from Figure 5.3b.

The exclusive efficiency can be calculated as a function of any variable
that impacts pileup track density, such as the average interactions per bunch
crossing and the particular period of data-taking. Figure 5.4 shows the calculated
exclusive efficiency across all Run 2 data, as a function of both z-position in the
beamspot and number of interactions per bunch crossing. As in Figure 5.3a,
the efficiency is lowest around z = Omm as this is the densest interaction
region of the Gaussian beamspot. We now see that the efficiency decreases as
1 increases which is expected as a higher number of interactions per bunch
crossing increases the average track density within the beamspot. At low values
of p < 10, the exclusive efficiency is higher than 70% across all values of z.
For the highest values of u ~ 70, the exclusive efficiency drops below 20% in
the centre of the beamspot. The efficiency isn’t completely symmetric in z due

to the central position of the beamspot in data varying slightly across data-taking.
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Figure 5.3: (a) The exclusive efficiency calculated in Run 2 data, as a function of
position in z. (b) The lepton vertex distribution in z, normalised to unity. The
average exclusive efficiency across the beamspot is calculated by multiplying (a)
and (b) and summing all bins in z, given by Equation (5.3).

o o e B L B B A S
E - ATLAS Work In Progress g
5 C Vs=13TeV, 139 fb* 0.9 8
£ 100 5
[ (3]
= - 0.8 2
N C =)
B 3]
50— 0.7 5
B 0.6
0_
50—
-100—
_1 50 N I I N I N I I I
150 10 20 30 20 50 60

Figure 5.4: The exclusive efficiency in Run 2 data as function of z-position in the
beamspot and the number of interactions per bunch crossing, .
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Data-taking year Integrated luminosity [fb ']

2015+ 16 (3.2+33.0) £ 0.8
2017 443+ 1.0
2018 58.5+ 1.2

Combined 139.0 £2.4

Table 5.4: The integrated luminosity for each year of Run 2 data taking that passes
the “All Good” quality requirements. The values and uncertainties are taken from
Ref. [174], with uncertainties ranging from 2.0-2.4 % for the individual years and
a total uncertainty on the combined dataset of 1.7 %. 2015 and 2016 are combined
as 2015 makes up only 3% of the total dataset.

By convoluting the measured efficiency with the probability to be at a
given z position and integrating over the beamspot width, we can find the average
exclusive efficiency as a function of any variable. Figure 5.5a shows the average
exclusive efficiency as a function of run number, where the runs have been grouped
according to the year of data-taking. One run usually corresponds to a single
LHC fill which is ~hours of data taking and equal to ~ 1000 luminosity blocks.
The corresponding g distribution for each year is shown in Figure 5.5b. The
integrated luminosity for each data-taking year is shown in Table 5.4. Although
high values of exclusive efficiency are measured in the earlier data-taking years,

the larger integrated luminosity in the later years causes the average exclusive
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Figure 5.5: The average exclusive efficiency as a function of run number in Run 2
is shown in (a). The different coloured regions represent the different data-taking
years, i.e. red is 2015, blue is 2016, yellow is 2017, and green is 2018. Uncertainties
are statistical only. The corresponding luminosity-weighted p distribution for each
data-taking year is shown in (b), with the mean value for each year given in the
legend.
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efficiency across all of Run 2 to be pulled towards lower values. The exclusive
efficiency was lower in later years due to 2017 and 2018 typically having higher
instantaneous luminosity and therefore a higher average number of interactions
per bunch crossing. The average exclusive efficiency calculated across all Run 2
data is

£ = 0.52607 £ 0.00004,

where the uncertainty is statistical only and is very small due to each event being
sampled multiple times in the data-driven method. This result means that the
dilepton vertex position will have a pileup track within z‘%x + 1mm 47% of the

time on average.

The same method was applied in simulation, applying standard ATLAS
corrections including the PRW. Figure 5.6 compares the full dataset to the simu-
lation, as a function of pileup. The average pileup in data is (u) = 33.7, at which
point data/MC disagreement is around 10 % and rises with increasing p. In order
to probe the origins of this discrepancy, a closure test of the exclusive efficiency
method was performed in simulation, comparing the data-driven method to the

average efficiency extracted directly in the +1 mm window around the dilepton
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Figure 5.6: The exclusive efficiency calculated as a function of pileup, y, in both
data and simulation. The simulation has the ATLAS pileup reweighting applied
but no further corrections. The grey hatched bands on the data represent the un-
certainty on the measured and simulated p. The MC was simulated with beamspot
width of 42mm and the uncertainty on the MC is statistical only.
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Figure 5.7: Closure test of the data-driven method to calculate the exclusive effi-
ciency, performed in the HERWIGT signal MC. The data-driven method is applied
in the MC to calculate the exclusive efficiency (red) and agrees within statistical
uncertainties perfectly with the direct determination of the efficiency measured
around the dilepton vertex (blue). It is possible to measure the efficiency around
the dilepton vertex directly in exclusive MC as we know that there will be no
contamination from additional tracks originating from an underlying event. Un-
certainties are statistical only.

vertex, as a function of p. It is possible to directly measure the number of
pileup tracks around the dilepton vertex in simulation, using track truth-match
probabilities to assign track categories. Elastic signal MC was used so that no
tracks from any underlying event should be present, which could bias the results.
Therefore the data-driven method can be applied in MC and compared to the
calculation of the exclusive efficiency directly around the dilepton vertex. This
is shown in Figure 5.7. The method closes completely within uncertainties and
therefore the discrepancy that we see in Figure 5.6 must be due to mismodelling of
pileup in the simulation. As this analysis relies so heavily on accurate modelling
of track multiplicity and track density in the n.,; = 0 selection, it is imperative to
correct the simulation to look more like data. Two further data-driven corrections
to the pileup distribution in simulation were developed and are described in the

following subsections.

5.4.3 Beamspot rescaling in simulation

The luminous region of interactions, the beamspot, has a three-dimensional

Gaussian profile with dimensions determined by the operating parameters of
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the LHC. The longitudinal width in z, opg, of the beamspot is of interest in
the context of this analysis, since it ultimately determines the average density
of interactions per bunch crossing. Both opg and the central position of the
beamspot, (zpg), vary with time over Run 2, demonstrated in Figure 5.8 which
shows the (a) luminosity weighted beamspot longitudinal width and (b) average
position measured in data for each year of Run 2 data-taking. The average values
of ogg and (zpg) for each data-taking year are given in the legend. The average
across all of Run 2 is opg = 35mm and (zpg) = —3mm. The transverse width
of the beamspot is approximately 8 yum in both z and y and is not relevant in
this analysis as its size is much smaller than the selection on the track transverse

impact parameter of |dy| < 1 mm.

MC is generally produced before the end of data-taking, when typical val-
ues of beamspot parameters are unknown. Therefore, it is often the case that
MC beamspot parameters do not match those in data. The size of the luminous
region in Run 2 was expected to be around 38 mm and all MC samples, including
the pileup overlay, were produced with a beamspot longitudinal width of 42 mm
to account for possible shifts in the central position. The mean beamspot position
in MC was set to (zpg) = Omm with no variation. A data-driven beamspot
rescaling was developed to reshape the beamspot in simulation to look more like
data. The rescaling was performed by applying a transform to all primary vertex

and pileup track z, positions, as so

new
scaled _ OBS _unscaled
20 == old 20 s (54)
0Bs

assuming an initial Gaussian distribution of longitudinal width ofg which we

wish to rescale to have width opg'. When rescaling MC to data, the rescaling
was performed by randomly sampling the beamspot widths in data, with each
sampling point corresponding to 30 runs. The beamspot in MC was then rescaled
to data on per-event basis using pseudo-random run numbers to generate a opg
value corresponding to the correct data-taking period. In principle, the position
of the beamspot centre should also be rescaled but the absolute position of the
distribution does not matter, only the relative position of tracks and vertices

within the beamspot width, so this is left as (zpg) = 0 mm.

Care must be taken as the aim of the rescaling is to change the density of
pileup interactions, not the density of pileup tracks around any given interaction

vertex. As tracks generally have z, positions that do not match their associated
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Figure 5.8: The luminosity weighted distribution of the (a) longitudinal width,
ogs, and (b) mean position, (zpg), of the luminous region in ATLAS during
Vs = 13 TeV pp collisions in Run 2 of the LHC. The beamspot distribution
is determined from a maximum likelihood fit to the spatial distribution of pri-
mary vertices collected over a two minute period. The average values for each
year of data-taking are given in the legend.
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vertex z, position, the rescaling method in Equation (5.4) also changes the track
density around each vertex when applied to all track and vertex positions. Ideally,
Equation (5.4) would only be applied to the interaction vertices and then each
track would be shifted by the same amount as its respective vertex. However,
it is not generally possible to do this for pileup tracks as the pileup vertices are
sometimes incorrectly reconstructed, or not reconstructed at all, due to pileup
tracks typically having low pr and therefore larger z, resolution. It is also not
typical to store pileup track information in the generator record due to storage
limitations so lost/incorrect pileup vertices cannot be recovered. Therefore, all
pileup vertices and tracks are rescaled using Equation (5.4). Generator-level
information is available for the hard-scatter tracks and therefore only the
hard-scatter vertex is rescaled using Equation (5.4), whereas the hard-scatter
tracks are shifted by the same amount as the HS vertex. This preserves the track
density of any underlying event, which should be unaffected by differences in

beamspot size.

A closure test of the rescaling method was performed with Z — p"pu~ MC
samples, using the calculation of the exclusive efficiency as described in Sec-
tion 5.4.1. A MC sample produced with ogg = 35mm was compared to a
nominal sample with opg = 42 mm which was rescaled to have ogg = 35 mm using
Equation (5.4). The average exclusive efficiency was calculated as a function
of the number of interactions per bunch crossing, shown in Figure 5.9. All
preselection requirements are applied, as listed in Section 5.3.4, solely for the
purpose of having a well-defined dilepton vertex z,-position. There is some
remaining non-closure in Figure 5.9, rising from roughly 2% at low-u to 7% at
high-p. This non-closure is likely to arise from scaling both pileup vertices and
pileup tracks in the same way, as discussed above, impacting the track density
around each interaction vertex, rather than just the track density of the beamspot

as a whole.

Although the simulation produced with oy = 35mm should already be a
better match to the pileup track distributions in data, the rescaling method
was also applied to these samples to account for variations across data-taking.
The number of pileup tracks per +£1 mm window was plotted, nfr}j, in both the
rescaled opg = 42mm and rescaled opg = 35mm samples and compared to the
full Run 2 dataset, shown in Figure 5.10. Again, all preselection requirements
are applied with no selection on lepton flavour combination. Neither MC agrees

well with data after the rescaling, with data/MC discrepancies for the rescaled
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Figure 5.9: Closure test of the rescaling method showing the average exclu-
sive efficiency as a function of the number of interactions per bunch crossing,
u, calculated in pileup using the data-driven method. A Z — pu'p~ MC
sample with opg = 35mm (red) is compared to the same signal process with
ogg = 42mm (blue). The oy = 42mm sample was then rescaled to also have
ops = 3bmm (green). The lower plot shows the ratio of the nominal and rescaled
sample to the sample produced with ogg = 35mm. Only regions far from the
dilepton vertex are considered to probe pileup tracks only.

42 mm sample of over 10% at ny, = 1 and discrepancies of up to 5% for the
rescaled 35mm sample. As the non-closure of the beamspot rescaling method
was less than 5% at the average (u) = 33.7 and the discrepancy of the pileup
track multiplicity is larger than this at several values of ny,, it was concluded
that the mismodelling of pileup track multiplicity, and hence mismodelling of the

exclusive efficiency, was not due to mismodelling of the beamspot width alone.

To investigate discrepancies between data and MC further, the pp and 7
distributions of pileup tracks within each 1 mm window were plotted and are
shown in Figure 5.11. There is a clear mismodelling in the pp distribution of
pileup tracks, shown in Figure 5.11a. This mismodelling is around the level of
10 % at the reconstruction threshold of pr ~ 500 MeV and the level of discrepancy

is unaffected by the application of the beamspot rescaling. The mismodelling
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Figure 5.10: Test of the beamspot rescaling method showing the number of pileup
tracks reconstructed per £1 mm window in z, for windows more than 10 mm from
the dilepton vertex. Several simulations samples were used to increase statistics.
Simulation with ogg = 35 mm is shown in pink and simulation with ogg = 42 mm
is shown in blue with a dashed line. Both samples have been rescaled by generating
pseudo-random desired beamspot widths on a per-event basis. Both samples are
compared to data.
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Figure 5.11: Kinematic cross-checks of the beamspot rescaling method: (a) pr
distribution and (b) n distribution of pileup tracks within +1 mm of the dilepton
vertex, for scaled and unscaled elastic vy — WW MC. Both distributions are
compared to the corresponding distribution in Run 2 data. The beamspot rescaling
does not impact the pileup track kinematics, which is both expected and desired.
However, mismodelling of up to 10 % is seen in the py distribution.
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of pileup track pp at the reconstruction threshold propagates into mismodelling
of the pileup track multiplicity around a given interaction vertex. Hence an
additional pileup correction is warranted on top of the beamspot rescaling,

discussed in the next section.

5.4.4 Correction for pileup track multiplicity mismodelling

in simulation

The mismodelling of pileup track pr at the reconstruction threshold results
in a mismodelling in the number of reconstructed pileup tracks around each
interaction vertex. An additional data-driven correction was developed to correct

the niy distribution around the dilepton vertex.

The distribution of nﬁg was plotted for all =1mm windows in z that sat-
isfy | Zwindow — zfix\ > 10mm for both data and MC. The ratio of the data to
simulation of the number of pileup tracks vs z-position is shown in Figure 5.12,
There is asymmetry in the ratio of data to MC in Figure 5.12a due to the central
beamspot position varying in data whereas it is constant and set to zero in MC.
To correct for this effect, the sampled z-position in data was shifted by the
offset of the mean beamspot position and the ratio was recalculated, shown in

Figure 5.12b. This plot was then used to reweight the number of pileup tracks
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Figure 5.12: The ratio of the distribution of pileup tracks vs position in the
beamspot for data and MC. The ratio in (a) is asymmetric in z due to the beamspot
central position varying in data whereas it is always set to z = 0mm in MC. (b)
shows the same plot but zoomed in and with this shift corrected. The number
of pileup tracks around the hard-scatter vertex in MC is reweighted from (b) by
sampling the corresponding z-position of the hard-scatter vertex and the measured
number of pileup tracks within the +1 mm window around 2%

vtx:
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as a function of z, after beamspot rescaling corrections had been applied. The

results of the full pileup corrections are presented in Section 5.4.5.

Mismodelling of low-pr pileup tracks is an already known problem. In
Run 3, ATLAS will use a new simulation setup for pileup simulation at low-pr,
with the aim of improving modelling around tracking thresholds. In Run 2, pileup
interactions were generated and showered using PYTHIA8 with the A3 tune. In
Run 3, the majority of pileup interactions will be simulated with EPOS [192],
with rarer high-pr pileup events generated by PYTHIAS. The author performed
similar studies as presented in this section, comparing pileup track kinematic
distributions in EPOS and PYTHIAS, which can be found in Appendix B.

5.4.5 Comparison of data and simulation after full pileup

corrections

The average exclusive efficiency as a function of the number of interactions per
bunch crossing in simulation and in data is compared in Figure 5.13. The results
are shown for the simulation before any pileup corrections (other than ATLAS
PRW) and at each stage of pileup correction. The bottom ratio panel shows
the results in simulation for MC produced with an original beamspot size of
ops = 42mm and the bottom panel shows the same but for MC produced with
an original beamspot size of ogg = 35 mm. The solid orange curve in the bottom
ratio panel represents the original uncorrected simulation that was also shown
in Figure 5.6. As the average longitudinal width of the beamspot was between
34-38 mm for the bulk of the data, the difference between the uncorrected and
the corrected predictions for the opg = 35 mm MC samples is much smaller than

for the opg = 42 mm samples.

The simulation agrees best with data when all corrections are applied in
all scenarios, apart from at high-u for the opg = 35 mm sample where there is
non-closure of around 10 % but with large statistical uncertainty. Simulation and
data are consistent within uncertainties for both samples after full corrections

are applied, in the main p-range of interest around the average Run 2 value of

(n) = 33.7.

The average exclusive efficiencies for the different data-taking periods in
Run 2 are shown in Table 5.5 for data and simulation, where the data-driven

method is compared to directly measuring the efficiency around the dilepton



136 Chapter 5. vy — WW observation

a l L T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T ]
c Ci. —+— Data, randomz, ]
2 =1 MC, ¢®5=35 mm -
o 0.9r . ]
= O random z,,, (no corr.) ]
W o8k % e random z,,, (0 width corr.)
P ﬁ:‘- ——- 2! yy = IIWW (full corr.)
C MC, 085=42 mm ]
0.7 et random z, (no corr.) .
I Y T random z,,, (055 width corr.) ]
0.6 ] ——= Zp VY- IIWW (full corr)
0.5 | . =
0.4F =
- ATLAS ]
0.3 Vs=13TeV, 139 fb* =3
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
s B - - - - ==
ch T | L BB _|_l__
= i g = —zzped 1
O 1 b e
- MC/ Data, 085=35 mm /
09 — % Uncertainty on uim .......................................................................... %
¢ e
S 1.1 _+7 S e
D F=o=+=3 B B ' r =
- I 77 557 72 2y
S il i 7,
2 lTEee—s
- MC/ Data, 085=42 mm %
09 ... L < Uncertainty on PSPPSRSO ¢
0 10 20 30 40 50 60 70

Average number of interactions, o

Figure 5.13: The exclusive efficiency of selecting n.,, = 0 as a function of the
average number of interactions per bunch crossing, pu;,.. Results are shown for
simulation before pileup corrections are applied and at each correction step. The
top ratio panel compares simulation produced with 35 mm beamspot to data and
the bottom panel compared simulation produced with 42 mm beamspot to data.
The error bars show the statistical uncertainty only. The hatched bands show the
uncertainty on the average number of interactions. Plot produced by the author
for Ref. [4].
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vertex in simulation. The two methods in simulation agree within one standard
deviation. Residual differences between MC and data are due to a difference in
average p which can be corrected for by applying a scaling of (1.03 £ 0.04) X piyrc-
This scaling was applied to produce an accurate comparison of MC to data in
Figure 5.13 but is not applied in Table 5.5 as the differences are corrected for

automatically in the cross-section calculation described in Section 5.8.4.

Remaining non-closure of the data-driven correction for pileup track den-
sity and multiplicity was assigned as a systematic uncertainty, resulting in 1%
and 3% uncertainty in the efficiency of the my;, = 0 selection for signal and
background, respectively. The uncertainty of having a low number of pileup tracks

associated with the vertex (1 < nyy < 4) is 2% for photon-induced processes.

5.4.6 Optimising the exclusivity selection

A track-veto window size of £1 mm was originally chosen as it was the optimal
size found in previous ATLAS analyses of exclusive processes [187, 194]. Studies
were carried out to check whether the size of +1 mm was optimal for this analysis
and to see if additional cuts could improve the exclusivity selection and increase
the exclusive efficiency. In these studies, the ratio R = €g/y/p (With e and
ep being the efficiency of the signal and the dominant ¢q¢g — WW background

to pass the exclusivity selection in simulation, respectively) is used as a simple

Period (1) Data e, MC e (data-driven) MC ey (254

2015-16 13.4 (2015) 0.618 0.637 £ 0.007 0.635 £ 0.010
25.1 (2016)

2017 37.8 0.500 0.512 £ 0.005 0.503 + 0.008

2018 36.1 0.483 0.503 £ 0.004 0.495 £+ 0.007

Full Run 2 33.7 0.526 0.541 + 0.003 0.536 £+ 0.005

Table 5.5: The average exclusive efficiency, calculated in data across Run 2 and
compared to simulation. In MC, the efficiency can be calculated both via the data-
driven method and also directly measuring the efficiency of the exclusive signal
vertex. Uncertainties are statistical only and are not presented for data as they
are negligible compared to the uncertainties in MC, being < (9(10_4). All pileup
corrections have been applied to the simulation, except for a p-scaling factor of
1.03 + 0.04 which is used to correct the inelastic cross-section of 80 mb used in
MC compared to the results in Ref. [193]. This scale factor is accounted for in
the cross-section corrections in Section 5.8.4 by taking the ratio of the calculated
exclusive efficiencies in data and MC.
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Figure 5.14: Ratio R..q = €s//p as a function of the size of the exclusivity
window. Note that the window size here represents half of the total window width
in 2z as the size is measured symmetrically from the dilepton vertex. The errors
between bins are strongly correlated because all events without tracks in a given
window also have no tracks in any of the smaller windows.

method to gauge the relative improvement of different exclusivity selections.
Figure 5.14 shows R, versus the size of the exclusivity window. As in previous
analyses, a shallow maximum is found around a window size of 0.5-1 mm. One
possible improvement to the exclusivity selection would be to have a variable
window size depending on the number of interactions per bunch crossing. This
was tested by splitting the dataset into bins of pileup: 0 < p < 25, 25 < pu < 50,
and 50 < p < 75. The maximum R, values and corresponding window sizes
are given in Table 5.6, as well as the R, values for a window size of £1 mm.
Even though the optimal window size was smaller for higher pileup values, it was
decided to opt for the simplest approach of a constant window size as there was
very little difference between the optimal sizes and a window size of 1 mm due

to the shallow maximum. It should also be noted that this simple metric does

/4 range Window size at max. R. [mm| Maximum Re Req for 1 mm window
0< <25 1.02 £0.02 13.9+£0.3 13.9+£0.4
25 < < 50 0.62 £ 0.02 12.0£0.2 11.7+£0.3
50 < u<7h 0.66 £ 0.02 10.5+0.5 9.9+0.7

Table 5.6: Maximum R, and corresponding size of the exclusivity window for
different p ranges, compared to R, values when using a window size of 1 mm.
Here, window size refers to half of the total window width in z.



5.5. Corrections to underlying event mismodelling 139

not take into account any systematic uncertainties, which would alter the optimal

window size in a way such as to increase the rejection of backgrounds.

Several ideas were explored to try to improve the performance of a cut-based

exclusivity selection, including:

e Accepting events with a single track in the exclusivity window if that track

is closer to a track outside of the window than to the lepton vertex.

e Considering lower quality tracks than the default “tight" selection when

counting tracks in the exclusivity window.

None of these ideas resulted in a significant performance gain and therefore the
exclusivity selection remained no additional reconstructed tracks within 1 mm of
the dilepton vertex. Optimisation of the track-veto window size shall be discussed
in much greater detail in the context of future vy — WW measurements in
Chapter 7.

5.5 Corrections to underlying event mismodelling

In simulation

The corrections applied in Section 5.4 correct for mismodelling of pileup in-
teractions but this does not fully match the n,, distribution in MC to look
like data around the dilepton vertex due to the presence of tracks originating
from the underlying event in inclusive processes (qq/qg/gg — X). Charged
particle multiplicity, ng,, mismodelling in the underlying event is particularly
prevalent at low charged particle multiplicity [68-70], which is of particular
relevance for this analysis. It was imperative to derive a data-driven correction
for quark-induced processes, which is described in this section. The author was
responsible for performing cross-checks of the charged particle multiplicity, ng,,
correction, namely checking differences between the reweighted spectra in both
qq — WW and DY simulation, for both the SHERPA and POWHEG-+PYTHIAS
(PP8) samples. Discrepancies were seen between the different generators and
it was shown that the leading-track pr in the UE was not well modelled. The

author developed a lead-track pp reweighting to correct for this.

The majority of charged particles in the underlying event are created in
multi-parton interactions at relatively low energy scales [195]. In contrast, the

hard-scatter q¢ — WW process that leads to the dominant background occurs
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at a high energy scale, as the quarks involved in this interaction must have at
least enough energy to create two on-shell or nearly on-shell W-bosons. As the
qq — WW process results in a final state that does not carry colour charge (in the
case of leptonic W-decays), it is effectively decoupled from any MPI. However, as
momentum must be conserved in all collisions, the charged particle multiplicity
is correlated to the hard-scatter pp. Therefore, the underlying event kinematics
can be assumed to be the same for all such colour-neutral processes that have
similar momentum transfers [68]. For this reason, the ngy, correction is derived as

a function of the pr of the hard-scattering system.

It is not easy to create a pure q¢ — WW selection region and, due to the
neutrinos in the final state of the dominant q¢ — WW background, it is not
possible to reconstruct the total pp of the WW system from the two leptons.
Therefore, a selection in data designed to select the also colour-neutral DY
dilepton process on the Z-peak (70 GeV < my, < 105GeV) was chosen to derive
the correction. Preselections given in Section 5.3.4 were applied to the data and
tracks were counted within a +1mm window of the dilepton vertex, such that

|Ztrk - Z€€x| < lmm.

The purpose of the ng, reweighting is to correct the ng- spectrum in MC

to look like data, i.e. we want to weight the simulated events by something like

nay (data)

WP OC) (5.5)

event weight =

UE .
However, we don’t have access to ng, (data), instead we can only measure the

total number of reconstructed tracks,
nyk(data) = nfrg(data) + noy (data).

Therefore, we need to isolate niy (data) and remove detector effects to estimate
nG (data) at particle-level. Even in such a pure background-enriched region, sev-

eral data-grooming steps were required to perform this reweighting procedure:

1. Firstly, a data-driven correction was derived in bins of pf to correct for
mismodelling of the pr of the Z-boson, pr(Z), in MC.

2. Contamination from the vy — [l process had to be subtracted from the
data before weights could be derived. Other backgrounds had a smaller

than 1-per-mile contribution in this region and were considered negligible.
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3. Pileup tracks were subtracted from the reconstructed ny,(data) distribution

to leave only tracks from the underlying event, ngf(data).

4. Detector effects were then removed from the reconstructed nyy (data) dis-
tribution to obtain a resulting charged particle distribution, nglE(data), in
bins of p, which is directly correlated to pr(Z). The contribution of events
with large boson pr is small and the n, reweighting was considered in 5 GeV

steps in boson pr up to 30 GeV.

5. Weights were derived as in Equation (5.5) but using the ratio of the unfolded
track distribution in data, nglE(data), to the unfolded charged particle dis-
tribution in simulation. Although we could obtain nghE(MC) directly from
the generator record, it was preferred to use the unfolded ngy (MC) distri-
bution to at least partially cancel the non-closure of the pileup subtraction

in step 3. Any remaining non-closure was taken as a systematic uncertainty.

6. The derived n., weights were then applied to DY, q¢ — WW, q¢ — WZ
and qq¢ — ZZ MC samples on a per-event basis.

Figure 5.15a compares the underlying event charged particle multiplicity in DY
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Figure 5.15: (a) The normalised charged particle multiplicity distribution, for
charged particles satisfying |zq, — szx < 1mm. Simulation predictions for
SHERPA, POWHEG-+PYTHIAS and POWHEG+HERWIGT are compared with the
unfolded data. The effect on the number of reconstructed tracks with |z — 25| <
1 mm is illustrated in (b). SHERPA and POWHEG+PYTHIAS are shown before and
after the correction and compared with data. The total uncertainties for SHERPA

and POWHEG+PYTHIAS are very similar [4].
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simulation to data, for the different generators before any corrections are applied.
and Figure 5.15b shows the huge improvement in the DY reconstructed track
multiplicity distribution after the n., weights are applied, again comparing to
data.

5.5.1 Applying the n, weights to qqg — WW samples

The ng, weights were then applied to the gqg — WW samples depending on how
many charged particles originated from the underlying event on a per-event and
per-generator basis, in bins of pp(WW). The resulting ny, distributions were
then compared between DY and g7 — WW samples, as well as between different
generators. Differences of over 10 % were seen between DY and ¢7 — WW at low
ng, for the nominal PYTHIA8 samples, shown in Figure 5.16. This contradicts the
assumption that these distributions should be process independent, upon which
the correction was derived. Shape differences in the ng, spectra were also seen
between PP8 and SHERPA. As the analysis selects on low ng, and low n, and as
there is no physics case to choose one generator over the other, these differences
had to be investigated further. A transfer factor, T', between DY and qqg — WW

£
[}
2
K
£
o
£
" FI_':I"-" _-H-‘qﬁqq:ﬂ:‘:‘:
2
O 10° |
]
ATLAS Work In_Progress
nch_nchWeight_PTV5-10
Powheg+Pythia Z - pp
i Powheg+Pythia q@ - WW
107
& 14
S 12
= 131.1“"”-.- = ettt e s e =
0.8F
0.6F

0 5 10 15 20 25 30 35 40 45 50

ng, (particle-level)

Figure 5.16: The particle-level ngy, distributions in DY (black) and qqg — WW
(red), after the ny, weights have been applied. The distribution is shown for the
5 < pr(boson) < 10 GeV bin, which is where the pp(Z) distribution peaks. Large
differences are seen at low n, values, which is the important region within the
analysis and contradicts the assumption that the ng, spectrum should be the same
for the DY and ¢G — WW process.
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simulation was defined as

Aww . 1 dngp ek
T — th A = — Zleb/uk
Apy N dN

(5.6)

where A is the normalised n, or ny, distribution, depending on whether checks
were being carried out at particle- or reconstruction-level, and N is the number
of events in each bin. To cover all bases, the transfer factor was plotted for the
nq, and ng, distributions, both with and without the n., correction applied. The
transfer factor for PP8 and SHERPA were then compared per 5GeV range of
pr(boson). The 5 < pp(boson) < 10 GeV plots are shown in Figure 5.17 as this is
where the pp(Z) distribution peaks. The first check was at particle-level, where
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Figure 5.17: The transfer factor of DY/WW in the ny, and ny, distributions
for POWHEG+PYTHIA8 (blue) and SHERPA (red), with and without lead-track
pr reweighting applied. The double ratio of PP8/SHERPA in the ny, = 0 bin is
0.84 4+ 0.04 for the ngy, distribution both before (a) and after (b) the ny, weights
are applied. The PP8/SHERPA ratio in the ng, = 0 bin is 0.89 4+ 0.04 for the
Ny distribution with ng, weights applied (c). A second n, distribution is also
shown varying the size of the track-veto window from +1 mm to £0.5 mm (d). The
PP8/SHERPA ratio in the n; = 0 bin is also 0.89 +0.04. Only the 5 < p(boson)
< 10 GeV bin is shown here as that is where the p(Z) distribution peaks.
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it was seen that the application of the ng, weights had very little effect on the
transfer factor (Figures 5.17a and 5.17b). Then the particle-level transfer factor
across the ng, distribution was compared to the one across the reconstructed nq
distribution (Figure 5.17c). Again, not much difference was observed but both
PP8 and SHERPA were slightly more consistent with 7' = 1 at n,;, = 0, meaning
that the application of the n., weights was slightly improving the agreement
between the reconstructed track multiplicity distribution between the DY and
qq — WW processes for both generators. The effect of varying the window size
in which tracks were counted from +1mm to £0.5mm was also investigated

(Figure 5.17d), again with very little effect.

Many additional checks were performed to try to find the cause of the dif-
ferences between DY and WW simulation and between the different generators in
an attempt to reduce the associated systematic uncertainty on the n., correction,

including:

e Redefining the particle-level boson pt to better match the reconstructed pgré
distributions in data, essentially “dressing” the truth boson by defining its
pr using the sum of prompt leptons and prompt neutrinos not coming from

hadrons within 0 < |n| < 5.

e Improving the modelling precision of the pp(WW) distribution by
reweighting to higher order theoretical predictions. Both the nominal
(POWHEG+PYTHIAS) and alternative (SHERPA) q¢ — WW MC were pro-
duced to NLO precision but more recent NNLO QCD calculations had been
performed with MATRIX-+RADISH [196] in a phase-space very similar to
the one used in this analysis, with up to next-to-next-to-next-to-leading-
logarithm (N3LL) precision for the pp of the WW system. Weights were de-
rived at particle-level by comparing the POWHEG+PYTHIA8 and SHERPA
pr(WW) distributions to the one from MATRIX+RADISH and applying
these weights to qg — WW MC samples.

e Alternative generator tunes were tested to observe any differences. The
largest differences was observed when varying the multi-parton interaction
model used in the simulation but all differences were < 5% for DY and WIW

individually and did not bring the two generators into agreement.

e Checks on track kinematic distributions, namely the leading-track pr within

+1mm of the dilepton vertex (not including prompt leptons), were made
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to see if any significant differences could be found that may impact the n,

reweighting. These studies are presented in more detail in Section 5.5.2.

Only small improvements, not large enough to cover the differences observed,
were found from the majority of checks listed above. As no physics case could be
found to choose one generator over another, it was decided to take the average
of all distributions (including tune variations) as the nominal prediction of
the q¢ — WW yield, with the envelope of all variations giving the systematic
uncertainty on the theory prediction. The systematic uncertainty was previously

taken as the absolute difference between PP8 and Sherpa.

Large differences in the lead-track py distributions between the different
MC generators and data were seen, discussed in the following section. However,
as these checks were being performed alongside the publication and the expected
significance of the result (Section 5.8) was above the threshold for observation,

the studies were not finalised and are left open to future improvements.

5.5.2 Checks on the leading-track pr in the underlying

event

During investigations into the differences between generator predictions for the
N, sSpectrum, it was found that there were also differences in the py distribution
of the leading-track pr, i.e. the track with the highest p; that was not associated
to the prompt leptons. The ratio of the leading-track pp spectrum between
the DY and qg — WW process was taken in both generators. DY /qg — WW
(DY/WW) was flat in PP8 but a slope was seen in SHERPA. The difference in the

leading-track pt spectrum was unaffected by the application of the ng, reweighting.

Before the decision was made to redefine the q¢ — WW prediction as the
envelope of multiple theoretical predictions, it was decided to reweight the
SHERPA leading-track pr spectrum in ¢g — WW simulation to look like the PP8

spectrum, using the double ratio of

DY DY
SHERPA (W) + PP8 (W) (5.7)

Using the double ratio to reweight the Sherpa q¢ — WW simulation in this way
also accounts for any differences in DY simulation between the two generators.
The ratios of DY/WW in SHERPA and PPS8, as well as the double ratio of

Equation (5.7) are shown in Figure 5.18. Here, lead-py refers to the particle-level
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Figure 5.18: The double ratio (red) of SHERPA (DY/WW) (green) to
POWHEG+PYTHIA8 (DY /WW) (blue) in the leading-track p spectrum.

charged-particle pp. All preselection requirements plus a ng, < 5 selection are

applied.

After applying the weights derived from the double ratio on a per-event
basis, both the charged particle multiplicity and reconstructed track multiplicity
distributions, ng, and n,,, were investigated to see if there was any change. These
distributions are shown in Figure 5.19. The leading-track pr reweighting brought
the two generators into slightly better agreement but differences of up to 10%
are still seen in certain ng, /ngyy bins. The lead-pr reweighting should not impact
events with zero charged-particles/reconstructed-tracks as there is no leading
track to reweight in this case. The differences in weighted to unweighted SHERPA

distributions are consistent in the ng, /1y = 0 bin, within statistical uncertainties.

As it was decided in the analysis to move away from taking PP8 as the
nominal ¢qg — WW MC, a data-driven correction to the leading-track p in both
PP8 and SHERPA was derived. As it is difficult to select an enriched ¢qg — WW
region in data, event weights were derived using DY MC. A smoothing function
was used initially to avoid propagating any statistical fluctuations in data to
the reweighting but it was found that this shifted the position of the peak in
differences between the distributions. Several alternatives were tested before
settling on a combination of a 9th order polynomial (valid for track-pr < 2 GeV)
and linear fit (for 2GeV <track-pr < 5GeV) to the ratio of data/MC. Events
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Figure 5.19: The impact of the double ratio weights when applied to SHERPA
qq — WW MC at both particle-level (left) and reco-level (right).

with lead-pr > 5GeV were weighted with the weight at pp = 5GeV. A weight
of one was applied to any events with no additional charged particles with
pr > 500MeV. This function was then used to reweight the lead-track pr
distribution in MC and observe any differences in the n,, distribution that this
caused. The effect of applying this reweighting to the q¢ — WW samples is
shown in Figure 5.20. There is some change in each MC independently when
applying the lead-pr reweighting but the ratio between the two remains fairly

unchanged.

Ultimately, the reweighting studies documented in this section were not
used in the observation analysis. They may be revisited in an ongoing differential
measurement if similar discrepancies are observed between different processes,
generators and between data and simulation. In general, it is difficult to decon-
volute individual aspects of mismodelling in the leading-track pr, pp(boson), and
ng, distributions. This is enhanced by thresholds like the minimum-reconstructed
track-py of 500 MeV which make any shifts between data and MC difficult to
analyse for very soft tracks and also by the presence of pileup tracks when trying

to develop data-driven corrections.
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Figure 5.20: The effect of reweighting leading-track pr in the underlying event to
data on the ny, distribution in ¢g — WW simulation. Event weights are derived
for POWHEG +PYTHIA8 and SHERPA individually. All preselection cuts are ap-
plied as well as requiring pgpé > 30 GeV. No selection on ny,, is made.

5.6 Signal modelling corrections

At the time of the analysis, the available dissociative vy — WW simulation was
generated by MADGRAPH and showered by PYTHIAS (MG5+Py8). However, in
the case of single-dissociative simulation, it was only possible to have ISR and
FSR for both protons or for neither which is not physical in the case where one
proton scatters elastically and one breaks apart, leading to mismodelling of the ng,
and ny, distributions for the single-dissociative signal. This issue is not present
in the more physically motivated LPAIR but this generator cannot simulate the
vy — WW process. As dissociation is modelled in the same way for the vy — 1[I
and vy — WW process in MG5+Py8, the n,, spectrum was compared between
MGH+Py8 and LPAIR for the vy — [l process in the place of the vy — WW
simulation. Differences in the normalised n,, spectrum of up to 80 % were seen
for n, = 0 and MG5+Py8 predicted much higher average track multiplicity than
Lrair. If ISR was turned off in the MG5-+Py8 simulation, MG5+Py8 under-
predicted the track multiplicity relative to LPAIR. Independent corrections to the
signal event yields were derived in the n;, = 0 and 1 < nyy < 4 regions, discussed

in the following subsections.
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5.6.1 mny,, = 0 regions

For n, = 0, a data-driven method similar to that used in Refs. [187] and [197]
was developed. It is assumed that the additional activity from proton dissociation
is decoupled from the hard-scatter process, other than from invariant mass
conservation considerations. Therefore, a vy — [l control sample can be used to
estimate the contributions from single-dissociative (SD) and double-dissociative
(DD) production modes, where one or both of the protons break up after the
photon emission, respectively. The derivation was performed in the exclusive
vy — Il control region, CR4, defined in Section 5.3.5. A my,, > 160 GeV selection
was made so that the two photons in principle have enough energy to produce
two on-shell W-bosons. The same-flavour lepton selection is a requirement of
flavour conservation in the vy — Il process and automatically results in a data

sample that is completely orthogonal to the signal region data.

The exclusive scale factor, S..., is defined as

N, data — N, bkgd

Sexcl = N, ’
EE

(5.8)
where Ny, is the measured number of events in data within the CR4 selections,
Npyga is the expected number of background events in the region, and Ngp is
the number of elastic (EE) vy — [l events predicted in MC. The contamination
of DY events in CR4 is comparable to the vy — [l yields and therefore the
DY contribution had to be subtracted from the data sample before S, could
be derived. Rather than take an estimation from DY simulation, which has
uncertainties associated to the shape and normalisation, the DY background in
CR4 was also estimated from data by varying the n., requirement. The 7,
distribution for exclusive processes like vy — [l and vy — WW f{fall off very
rapidly as ny, increases above n., = 0. However, the opposite is true for DY
production, which is expected to be produced with additional tracks from the
underlying event. A selection of ny, = 5 was chosen to extract the background
normalisation in a region around the Z-peak, whilst n., = 2 was used to evaluate

the systematic uncertainty in this selection.

Once the DY background was subtracted, the value of S, was extracted
from a combined e"e” 4 p* 'y~ channel to reduce the statistical uncertainty. The

two channels were checked independently and no differences were seen within
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uncertainties. The measured value of the exclusive scale factor was
Sexal = 3.59 £ 0.06 (stat.) + 0.14 (syst.),

with the region used to extract the value shown in Figure 5.21. The advantage
of the data-driven method developed in the n, = 0 regions is that it naturally
accounts for proton soft-survival, as well as proton dissociation. On the other
hand, a large assumption in this method is that the ratio of elastic to dissociative
events is the same between the vy — Il and vy — WW process, within the analysis
selections. Whether this assumption is physically well-motivated is discussed in
detail in Ref. [198] and a systematic uncertainty is assigned to the transferability of
the method, described in Section 5.7.3. Ultimately, the value of S, was extracted
from a profile-likelihood fit in the SR and all CRs, described in Section 5.8, with
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Figure 5.21: The distribution of m,, in CR4, where the exclusive scale factor is
extracted. Shown are the data, where a requirement of n., = 0 has been applied,
and the background templates selected from data using n., = 2 and ny, = 5.
In addition, the vy — [l and vy — WW MC predictions are depicted, as well
as the sum of the nominal background template (ny, = 5) and the vy — i
and vy — WW MC predictions scaled by the signal modelling correction. The
normalisation region around the nominal Z-boson mass is indicated with a vertical
dashed line, as is the region where the signal modelling correction is extracted
(mygp > 160 GeV). The uncertainties shown are statistical only [4].
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systematic uncertainties as determined in this section. The value calculated in this

section was used as a cross-check to the exclusive normalisation extracted from

the fit.

5.6.2 1 < nyy < 4 regions

The MGH+Py8 simulation was used to estimate the contribution of dissociative
events in the 1 < nyy < 4 control regions. Despite charged particle multiplicity
mismodelling still being prevalent in these regions, the impact of the mismodelling
is much smaller in these CRs compared to the n; = 0 regions due to the smaller
fraction of exclusive processes relative to inclusive backgrounds at n., > 0. The
issues with ISR and FSR in MG5+Py8 leads to the single-dissociative MG5 sam-
ples having more tracks associated to the dilepton vertex than expected when ISR
is turned on. The LPAIR ny, distribution in vy — [l simulation was used to
reweight the MG5+Py8 ny, distribution in the single-dissociative vy — [l sam-
ples, in ranges of diphoton mass, m.,,. This reweighting was then applied to the
MG5+Py8 ny, spectra in the single-dissociative vy — WW samples. The shower-
ing problem is not present in the double-dissociative simulation and no correction

is applied to these samples.

5.7 Systematic uncertainties

Any prediction or measurement of event yields has associated statistical and sys-
tematic uncertainties. Statistical uncertainties arise from finite datasets and sys-
tematic uncertainties cover any other unknown in the analysis method, or at least
the known unknowns. Systematic uncertainties can occur at any point in the anal-
ysis chain, from the event generation and the theoretical models that are input
to simulation, to object reconstruction and detector calibration. Many systematic
uncertainties from early in the analysis chain are already calculated by dedicated
combined performance groups and their effects are propagated in the analysis
to obtain uncertainties on event yields. This section summarises the sources of

systematic uncertainty on event yields in the analysis.

5.7.1 'Trigger, lepton and tracking uncertainties

The uncertainty in the modelling of the trigger is evaluated by varying the
single-lepton trigger scale factors and efficiencies in simulation and observing
the impact on predicted event yields [199, 200]. The resulting variations are be-
low 0.15 % for vy — WW and qqg — WW events, and below 0.25 % for DY events.
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Uncertainties in the track reconstruction originate from uncertainties in the
impact parameter resolution, residual ID alignment uncertainties and uncer-
tainties in the track reconstruction efficiency and fake-rate. These uncertainties
are evaluated, respectively, by smearing the impact parameter of all tracks in
simulated events, biasing the d,, z,, and pp of tracks in simulated events, by
randomly removing good tracks according to the efficiency of their reconstruction,
and by removing all fake tracks. The effect of each is symmetrised and considered
as a source of uncertainty. The tracks associated to the signal leptons are not
included in the tracking systematic uncertainty calculations. For photon-induced
processes, these uncertainties are small and below 1% in the n, = 0 regions. For

backgrounds, the tracking uncertainties are a few percent in all kinematic regions.

Lepton systematic uncertainties arise from electron and muon reconstruc-
tion efficiencies, energy and momentum resolution, and identification and
isolation efficiencies [159, 165]. In the SR, the uncertainties for vy — WW,
qq — WW and DY production in the electron and muon reconstruction are
approximately 0.5% each and are of similar size in the CRs. The total uncertainty
on the background contribution from non-prompt leptons ranges from 50-100 %,

depending on the region.

5.7.2 Pileup and underlying event modelling systematics

Uncertainties in the ATLAS pileup reweighting are evaluated by varying the scale
factor with which the number of interactions per bunch crossing in data is shifted
relative to the value in simulation by +4 %, which corresponds to the uncertainty
on the scale factor. As additional pileup modelling corrections are applied to all
simulation in the analysis, as described in Section 5.4, it is important to avoid
double counting of uncertainties. This is avoided by removing any selection on
the number of tracks when calculating the pileup reweighting uncertainty, so that
this uncertainty only assesses the effect of pileup on the event, and electron and
muon reconstruction. The uncertainties arising from the ATLAS PRW are found
to be approximately 0.5% for exclusive processes and 1.5% for q¢ — WW and
DY production. The full effect of the analysis-specific pileup corrections derived
in Section 5.4.4 are assigned as a systematic uncertainty, propagating to 3.1 %
in the yields in n.; = 0 regions in samples with the beamspot simulated with
a longitudinal width of 42mm and 1.0 % in samples with beamspot longitudinal

width of 35 mm. The uncertainties in 1 < ny < 4 events are 2.0 % for exclusive
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events (with ogg = 35mm) and 10 % for inclusive events (mostly opg = 42 mm),

respectively.

The correction to the underlying event was described in Section 5.5. Un-
certainties were derived by studying the non-closure between unfolded and
particle-level simulation and varying the mass range of the Z-peak region in
which the correction was derived. Systematic uncertainties in the vy — Il sub-
traction were calculated from differences in a muon-only and an electron-only fit,
and investigating different MC generators for the unfolding and shape templates.
The largest sources of uncertainty were found in the non-closure of the pileup
subtraction and the transfer from DY to q¢ — WW events, resulting in around
2.5 % uncertainty in most regions, apart from for DY events in the SR in which
the uncertainty due to the unfolding is roughly 5%. Many of the uncertainties
associated to the underlying event correction are correlated and can be further

constrained through the profile-likelihood fit, discussed in Section 5.8.

5.7.3 Exclusive scale factor systematics

The method to calculate the exclusive scale factor, S, was described in
Section 5.6.1. Systematic uncertainties arose in the data-driven background
estimation, the m,, window used to calculate the background normalisation
factor and the choice of my, range in which S, was calculated. An alternative
background estimation was performed by altering the ny, selection selection,
resulting in a systematic uncertainty of 3.61%. The systematic uncertainty on
the background normalisation was calculated by varying the m, window used to

define the Z-peak, resulting in an uncertainty of 1.11 %.

A transfer uncertainty was also applied to S to account for any differ-
ences between the ratio of elastic to dissociative events between the vy — [l and
vy — WW process, within the selections used for the extraction. The uncertainty
on the transfer applicability was calculated by varying the lower bound on the
my, range used for the extraction, nominally m, > 160 GeV. The lower bound
was varied between 100GeV and 400 GeV, in increments of 10 GeV and the
uncertainty was taken as the largest difference in the resulting S, from the
nominal value. This gave an uncertainty of 11.20 % and is the largest uncertainty
associated with the method. As this uncertainty applies to the scaling of the
vy — WW yields, it consequently impacts the signal strength parameter, as

well as cross-section predictions that use the exclusive scale factor to predict
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the dissociative contribution to the signal. However, it cancels in the fiducial

cross-section measurement.

5.7.4 Theoretical systematic uncertainties

The main theoretical uncertainty in this analysis arises due to the modelling of
quark-induced backgrounds produced with few additional tracks in the underlying
event. These were evaluated by comparing the event yields predicted from the
nominal and alternative event samples listed in Tables 5.1. For the Drell-Yan
background, a comparison of events simulated with POWHEG-+PYTHIA8 and
SHERPA were made. The prediction from PPS is taken as the central value and
the difference to SHERPA is assigned as the upward and downward systematic
uncertainty. The same procedure is used for backgrounds from qqg — W.Z and

qq — ZZ production.

A large non-reducible uncertainty arises from the choice of generator and
tune chosen for the prediction of ¢qg — W W yields. The event yields predicted by
each generator and tune agree well in the control regions but vary significantly
in the signal region, even after the correction to the underlying event is applied.
As no preference for any particular model could be deduced from the data, the
background yield from the ¢qg — WW process was estimated as the midpoint of
the highest and lowest value of the various predictions and the envelope of all
predictions was taken as +1 standard deviation uncertainty boundary, amounting
to 7% for events selected with n;, = 0 and less than 1% for events selected
with 1 < ny < 4. The uncertainties in the total ¢q¢ — WW cross-section and
the shape of the pp(WW) distribution are taken from the MATRIX-+RADISH
prediction, amounting to 56 %. The total uncertainty on the ¢ — WW yield
is the dominant systematic uncertainty in the analysis due to the size of this

background in the signal region.

Detailed studies of subdominant backgrounds were not necessary as uncertainties
on these yields had a minimal effect on the overall background uncertainties. An
uncertainty of 100% was assigned to background yields from W+ production,
with 30% assigned to the backgrounds from top quark production and WW
production through vector boson scattering (VBS).

The uncertainty in the theoretical prediction of contributions of exclusive

processes to CR2 and CR3 (the 1 < mny, < 4 regions) were evaluated by
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comparing elastic, single- and double-dissociative production between LPAIR and
MG5. These differences were found to be 20% and 30 % for elastic and single-
dissociative production. A 100 % uncertainty was assigned for double-dissociative
production which translated to a 20% uncertainty in the predicted yields of
exclusive production in CR3 and CRA4.

A summary of the dominant systematic uncertainties on the cross-section

measurement is presented in Table 5.10.

5.8 Signal extraction and cross-section

measurement

After applying all of the corrections described in previous sections, we could be
confident that we had modelled the shapes of our distributions well within our
assigned uncertainties. The absolute normalisations of signal and background
yields due to higher order theoretical predictions were then obtained from a fit to
data. In order to normalise the event yields and further validate modelling in the
signal and control regions, a profile likelihood fit was performed in the SR and
CR1-4. In the fit, systematic uncertainties were included as constrained nuisance
parameters. The signal and dominant background normalisations were allowed to
float as free parameters and were taken from a simultaneous fit to all five regions as
no single region purely contains a single process, i.e. there is cross-contamination
from multiple backgrounds and even the signal in the CRs. The fit procedure
is detailed in this section before presenting the cross-section measurement and
comparing to theoretical predictions. The author calculated the acceptance and

correction factors for the cross-section measurement, discussed in Section 5.8.4.

5.8.1 Fit procedure

Event yields are governed by Poisson probabilities,

Aee™A
Kl

P(k;\) = (5.9)
where P(k;\) is the probability of measuring a discrete random variable to have
value k£ and A is the expected value of k, i.e. the average value if the measurement
were to be repeated many times. The vy — WW measurement is performed by

maximising the product of Poisson probabilities in the SR and CRs for N, signal

ig
events and Ny,q background events, in order to produce the observed number
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of events measured in data, Ng,,. Hence, we can rewrite Equation (5.9) as the
likelihood of observing Ny, in a single bin, assuming that Ng, + Nypgq i the true

value one would obtain in that bin with enough statistics:

N, —(Ngje+N
(NS +kagd) data X e ( slg+ bkgd)

(Ndata)!

ig

L(Ndata; (Nsig + kagd)) = (510)

We can reframe this thinking slightly to suggest that if we scan different values
of Ngg + Npigd, given that we have already observed some value of Ng,¢,, we can
find the value of Ng, + Npygq that maximises this likelihood function. The aim of
performing such a profile likelihood fit is to find appropriate normalisations of MC
yields that maximise the likelihood across all regions of the analysis. Following
this thinking, we write Ny, as

N,

sig

=puxoxXxLxAxC, (5.11)

where o is the predicted cross-section of the vy — WW process from MC, L
is the integrated luminosity of the measurement, A and C' are acceptance and
correction factors that shall be described further in Section 5.8.4, and pu is the
signal normalisation factor, or signal strength, which is allowed to float as a free
parameter. We can write the total expected background yield, N4, as a sum of
the individual background process yields in MC, Np, scaled by a normalisation

factor, Bg:
Noiga = Y _ BsNp. (5.12)
B

The normalisation is a free parameter in the fit for the gq¢g — WW, DY and
v~y — 1l background processes. All other 5z values are fixed at 1.

Note that Equation (5.10) makes no mention of systematic uncertainties.
It is assumed that each systematic uncertainty, k, can alter the Ng,
yields by a fractional amount, S) and B, resulting in a modification of the total
yields by (14 >, 23S;) for the signal and (1 + >, z,By) for the background,

where the summation is performed over all systematic variations. The {z}}

and kagd

are called nuisance parameters and are assumed to be normally distributed
such that z;, ~ N(0,1). Each z;, is allowed to float in the fit but any large
deviation from a mean value of 0 and variance of 1 would suggest some bias
or mismodelling in the measurement. In order to account for systematics in
the fit, we must modify Equations (5.11) and (5.12) so that they now become

Nsig = MU£A0(1 + kakSk) and kagd = ZB ﬂBNB(l +kakBk) Then we
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must also modify Equation (5.10) to use these new definitions of N, and Nyy.q

ig
and multiply the likelihood by a Normal probability density function term to

represent the probability density of the corresponding nuisance parameter value:

N, —(Ngie+V,
(N +kagd) data X e ( slg+ bkgd) 1 71%

sig
(Ndata)! ];[ V2

L(Ndata; (Nsig + kagd)) =

(5.13)
The total likelihood across the SR and four CRs will be a product of the individual
likelihoods in each region. It is customary to instead measure the natural log of the
likelihood so that these products become summations and multiplicative factors
become irrelevant when scanning to find a maximum. By taking the negative value
of the log likelihood, we then derive a function that is minimised at the point of
best fit:

(N + ik d)Néata x ¢~ Nt Nisa) 7
—In L(Nsr crs}» {21}) = Z —In £ = ‘ +Z ?k’
(Ndata>' k

)

(5.14)

where the sum over i represents a sum over each analysis region. The minimum
of Equation (5.14) gives the best fit values of the signal and background normali-

sations, as well as for each nuisance parameter.

As the data was initially blinded in the signal region to avoid the intro-
duction of human bias into the analysis method, the fit procedure was first
validated in a CR-only fit and the resulting background normalisations were
then input to a full fit using an Asimov dataset, where all observed quantities
were set equal to their expected values. An expected measurement significance
was extracted from the fit to Asimov data. Finally, a full fit was performed
in all analysis regions, to obtain the measured significance with respect to
the background-only hypothesis. The significance of rejecting the background
hypothesis is calculated from a likelihood ratio between the nominal fit result
and the fit with the signal strength fixed at © = 0 [201], in which uncertainties on
signal modelling do not enter. The fit was performed using the HISTFACTORY
package [202].

5.8.2 Fit to control region data and Asimov model

The background normalisations were initially obtained by performing the fit in

the CRs only, where signal contributions were expected to be small. The SR
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was excluded from the fit. Here, Ny, is the data observed in the CRs and
N,

sig
corrections applied, with respective normalisation parameters. The normalisations

and Ny.q are the signal and background yields expected from MC, with all

of the vv — WW, q¢ — WW, DY and 7y — [l backgrounds were allowed to
float as free parameters, whereas all other background normalisations and the
signal strength were fixed at a value of one. The best-fit results of the floating

background normalisations were

Bugoww = 1.1570:33
57,},%” - 359 + 0157
By = 1.14 4+ 0.12.

The value for ,,_,; is significantly higher than one as no dissociative samples
were used in CR4 so that the exclusive scale factor could be extracted from the
fit as Sexet = Byy—u- The value extracted from the fit is consistent with the value
derived in Section 5.6.1. Most of the nuisance parameters were fitted very close to
their nominal value of zero. A few larger shifts were driven by an over-prediction
of the estimated background yields in CR1 but were all still consistent within 1o

of the nominal value.

The fit was then repeated in all analysis regions, constructing an Asimov
dataset in the SR with © = 1, to obtain an expected significance of rejecting
the background-only hypothesis and assign uncertainties on the signal strength.
The background normalisation factors and nuisance parameters associated to the
background estimate from non-prompt leptons were set to the values obtained in
the CR-only fit. All nuisance parameters with shifts larger than +0.03 were fixed
to the value from the CR-only fit. The signal strength resulting from the fit to
Asimov data was
p=0.99713 (stat.) 1] (syst.)

and the background-only hypothesis was expected to be rejected with a signifi-

cance of 6.7 standard deviations.

The largest source of uncertainty after the fit to Asimov data was the
transferability systematic which accounts for the unknown applicability of the
exclusive scale factor derived in vy — Il events to vy — WW events. This was
followed by statistical uncertainties on the background yield which were mainly

driven by the estimation of yields due to non-prompt leptons and theoretical
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uncertainties in the estimation of the ¢q¢g — WW backgrounds. If systematic
uncertainties were excluded from the fit, the background-only hypothesis was

expected to be rejected with a significance of 9.5 standard deviations.

5.8.3 Fit to data

After calculating the expected significance of the measurement, the fit was finally
performed on unblinded data in all regions, including the SR. The background

normalisation factors were found to be

Bog—ww = 1-21J—r8:£7
By = 3.57 £ 0.15,

Bpy = 1.161473,

all of which are consistent with those found from the CR-only fit. The signal

strength was measured to be
1= 1.33 £ 0.14 (stat.) 12 (syst.).

The background-only hypothesis was rejected with a significance of 8.4 standard
deviations, making this measurement the first observation of exclusive vy — WW
production. Larger nuisance parameter shifts were found compared to the fit to
the Asimov dataset described in Section 5.8.2, related to the larger than expected
signal strength parameter which introduces additional tension between data and
the sum of signal and background in CR1. During the profiling of the nuisance
parameters with Gaussian constraint, none of the fitted values were extreme
enough to lead to negative Poisson parameters. This is consistent with the high

observed significance of rejecting the background-only hypothesis.

It is worth discussing this relatively high observed signal strength further.
The observed signal strength is not consistent with p = 1, within one standard
deviation. A value of y > 1 means that the signal measurement in data is higher
than expected from input models. Although the difference is not significant
enough to cause concern (or excitement at possible hints of new physics), there is
a discussion to be had on why the 7y — WW yield could be higher than predicted
from simulation. The applicability of measuring the exclusive scale factor, S...,
in 7y — Il events and transferring to vy — WW regions is discussed extensively
in Ref. [198], largely in response to the 7y — WW observation measurement
presented in this chapter. The authors of Ref. [198| present expected ratios
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of elastic to dissociative events for both the vy — [l and vy — WW process,
with the same selections used in the SR of this analysis and including proton
soft-survival effects. They calculate that

S VW gl — 4.3/3.5=1.2.

excl excl

Importantly, this value does not equal 1 as was assumed in this analysis. Also
worth noting is that the calculated value of S22 in Ref. [198] is consistent with
the value measured in this analysis, within uncertainties. Taking the results from
Ref. [198] at face value would mean that the expected vy — W elastic signal
yield should be scaled by an extra 20 % in the SR. This would bring the expected
signal strength and measured signal strength in data into much better agreement

and should be explored in future measurements of the vy — WW process.

The post-fit event yields and observed event yields in data are shown in
Table 5.7, for the signal region and CR1-3. 307 events are observed in the signal
region, with a post-fit vy — WW yield in this region of 174 4+ 20. The post-fit
event yields are shown differentially in different variables in Figure 5.22. The
dashed grey lines represent boundaries between analysis regions, with the arrows
indicating the signal region. Differential distributions in the signal region are

explored further in Chapter 6.
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Signal region Control regions

Nrk Nk = 0 L <ng <4

Py > 30 GeV < 30GeV > 30 GeV < 30GeV
vy —= WW 174 4+ 20 45 4+ 6 95 + 19 24+ 5
vy — 55 + 0.3 39.6 £ 1.9 56 + 1.2 32+ 7
Drell-Yan 45 4+ 09 280 440 106 + 19 4700 + 400
qq — WW 101 4+ 17 55 £ 10 1700 4+ 270 970 £+ 150
Non-prompt 14 £+ 14 36 4+ 35 220 + 220 500 £ 400
Other backgrounds 71 + 1.7 19+ 04 311 + 76 81+ 15
Total 306 +18 459 + 19 2460 + 60 6320 + 130
Data 307 449 2458 6332

Table 5.7: Summary of the data event yields and the predicted signal and back-
ground event yields in the signal region and control regions, as obtained after the
fit. The uncertainties shown include statistical and systematic components. The
numbers for qg — WW also contain a small contribution from gluon-induced WW
and electroweak WW 5 production. The event yields for other backgrounds in-
clude contributions from WZ and ZZ diboson production, top-quark production
and other gluon-induced processes [4].
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Figure 5.22: The post-fit event yields plotted differentially in (top row) dilepton pr
when requiring (left) ny, = 0 and (right) 1 < ngy < 4, (bottom left) the number
of tracks satisfying |z — 2] < 1mm when pf > 30GeV and (bottom right)
dilepton mass when n,, = 0 and pf > 30GeV. The grey dashed lines indicate
boundaries between analysis regions, with the arrows indicating the signal region.
The gq¢ — WW and “other gq initiated” components also contains contributions
from smaller background processes. The total uncertainties are shown as hatched
bands. The lower panel shows the ratio of the data to the prediction, with the
total uncertainty displayed as a hatched band [4].
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5.8.4 Cross-section measurement

Beyond observing the vy — WIW process, we would also like to measure its
cross-section which means that we must understand how the number of events
that we observe in data is affected by inefficiencies in our detector and in our
analysis methods. Once this is understood, we can correct for these effects to
measure a fiducial cross-section which can be thought of as our best estimate
of the true cross-section within our region of phase-space if it was measured
by a perfect version of our real detector, i.e. the ATLAS detector without

reconstruction inefficiencies or biases.

The selections defining the fiducial region of the analysis at particle-level
are given in Table 5.8. Tau decays of the W-bosons were excluded from the
fiducial region by identifying the W — 7v_ vertex in the generator information.
The fiducial cross-section, g4, can be defined as

Ndata - kagd

— 5.15
7hd. L-Cww - kexa’ ( )

where Ng,, is the number of events observed in the data, Ny.q is the post-fit
number of background events predicted by simulation, £ is the integrated
luminosity of the dataset, and Cyyy and ke, are correction factors that shall be

explained further.

The first correction factor, Cyy, is the ratio of the total number of events

in signal simulation passing the reconstruction-level selections, N, (reco), to the

Selection requirement ‘ Selection value
Primary charged particles In| < 2.5, pr > 500 MeV, ngE =0
Single lepton transverse momentum pr > 27 GeV (leading),

pr > 20 GeV (subleading)
Dilepton selection Niep = 2, flavour = ey or pe,

Cp1 XCpg < 0
Dilepton mass my, > 20 GeV
Dilepton transverse momentum Pt > 30GeV

Table 5.8: Summary of the selections that define the analysis fiducial region at
particle-level. The ng, = 0 cut does not consider the leptons themselves.
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total number of events passing fiducial selections at particle-level, N, (truth):

N a5 (r€CO)

Cww = szss(truth)’ (5.16)
where the selections at reconstruction-level are the same as those listed in Ta-
ble 5.2. It is not possible to distinguish leptonic W — 7v_ decays in data so
no selection on tau decays is made at reconstruction-level. An additional correc-
tion factor is included to correct for known differences in the pileup distribution
between data and simulation. This is quantified by the ratio of the exclusive
efficiency in data to MC, k.. , defined as

L (gexcl. (data) >
L=\ =7 1 :
e Eexcl. (MC) data-driven method

As described in Section 5.4, only small residual differences remain in the exclusive

(5.17)

efficiency between data and MC after corrections to pileup modelling are made.

Therefore k., is expected to be close to 1.

Values of Cyy and ke were calculated from the nominal HERWIGT elas-
tic vy — WW simulation with beamspot width ¢, = 35mm and all pileup
corrections applied, including the beamspot rescaling. The results are presented
here for the full signal selection but additional studies can be found in Appendix C
which include comparing other dilepton channels, comparing the effects of the
beamspot rescaling, and the impact of including dilepton final states originating
from tau decays in the fiducial definition. It was shown that the contribution of
W — 1rv. decays to the vy — WW signal yield in the fiducial region is roughly

5% at both particle- and reconstruction-level.

Different MC campaigns are used for the different data-taking years to ac-
count for differences in beam and detector conditions, which impact event
reconstruction. The Cyyyr factor was calculated separately for each MC campaign
in the signal simulation, corresponding to the periods of 2015-16, 2017 and 2018.
The resulting values are given in Table 5.9. The main cause of the differences
in Cyy between the campaigns is the change in the exclusive efficiency due to
varying pileup distributions between the different data-taking years. Before the
ne = 0 selection is applied, the correction factor is roughly 75 % across all years.

The combined value for Run 2 was calculated by weighting each campaign by the
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integrated luminosity for that data-taking period, resulting in a value of

The correction factor includes the n.,, = 0 requirement, the efficiency of passing
which was defined as the exclusive efficiency discussed in Section 5.4.1. There
were some residual differences in the average exclusive efficiency calculated in
data and MC, the origin of which is thought to be due to the discrepancy between
the inelastic cross-section assumed in MC of 80mb compared to the measured
inelastic cross-section in data [193]. The ATLAS pileup task force recommend
a scale factor of 1.03 4+ 0.04 to be applied to p measured in data to correct for
this difference and for uncertainties on the instantaneous luminosity measured in
data. In this analysis, this correction was included as an additional correction to
the cross-section, in the form of k.., which measures the discrepancy between
the exclusive efficiency as measured in data and MC. A summary of the exclusive
efficiency calculated in full Run 2 data and in MC was given in Table 5.5. The
exclusive efficiency correction factor, k.., is calculated from Equation (5.17) to
be
kexa. = 97.2 + 0.5 (stat.) %.

Note that this value is roughly equal to the inverse of the recommended scale

factor, as expected.

Putting all of these components together, the measured vy — WW fidu-

cial cross-section and its uncertainty are

Thes. = 3.137037 (stat.) Ty 2e (syst.) fb.

meas.

The measured cross-section has smaller relative uncertainties than the measured

signal strength parameter. This is due to correlations between the parameters g

2015-16 2017 2018
0.492 £0.005 0.388 +=0.005 0.383 £ 0.004

Table 5.9: The correction factor for the cross-section calculation,
Cyw = Npass(r€c0) /Ny (truth), for signal events passing the fiducial selec-
tion. Values were calculated in signal MC with 35 mm beamspot, with all pileup
corrections applied. The years represent the different MC campaigns and differing
beam conditions that the simulation was designed to replicate.
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Source Impact |%)]
Experimental
Track reconstruction 1.1
Electron energy scale and resolution, and efficiency 0.4
Muon momentum scale and resolution, and efficiency 0.5
Misidentified leptons, systematic 1.5
Misidentified leptons, statistical 5.9
Other background, statistical 3.2
Modelling
Pileup modelling 1.1
Underlying event modelling 1.4
Signal modelling 2.1
WW modelling 4.0
Other background modelling 1.7
Luminosity 1.7
Total 8.9

Table 5.10: Impact of different components of systematic uncertainty on the mea-
sured fiducial cross-section, without accounting for correlations. The impact of
one source of systematic uncertainty is computed by first performing the fit with
the corresponding nuisance parameter fixed to one standard deviation up or down
from the value obtained in the nominal fit, then these up and down variations are
symmetrised. The impacts of several sources of systematic uncertainty are added
in quadrature for each component [4].

and f3,,,; which are by construction negative, such that uncertainties between
the theoretical prediction including dissociative contributions and the signal
strength parameter partially cancel. The correlation coefficient obtained in the
fit is p(u, By —u) = —0.20. A breakdown of the largest contributions to the

systematic uncertainty on the measured cross-section is given in Table 5.10

In principle, we could attempt to measure the inclusive cross-section of the
vy — WW process by also including the efficiency of our analysis selections in
sampling the entire phase-space. The acceptance of the signal, Ay, is defined
as the ratio of events passing the particle-level cuts in Table 5.8, N, (truth), to
the total number of generated events, N, (truth), including any filter efficiencies
from selections applied at the generation stage:

Aww = Npass (truth) x filter eff. (5.18)

Ny (truth)

For example, the signal MC is produced with a filter to only select leptonic decays
of the W-bosons and this selection is recorded as part of the filter efficiency. The
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Sample Cross-section prediction
H7 EE 0.6567 fb
MG5 EE 0.7823 fb
MG5 SD 2.3775 tb
MG5 DD 0.0794 fb

Table 5.11: Overview of the theoretical fiducial cross-sections, without any con-
sideration of proton soft survival factors. Only simulation of elastic vy — WW
events is possible with HERWIG7, whereas MADGRAPH-+PYTHIAS is able to sim-
ulate elastic and dissociative events. The MG5+Py8 results in this table use the
CT14qged PDF set.

filter efficiency of the HERWIGT elastic vy — WW signal sample is 0.30838. The

acceptance of the fiducial selection in signal simulation was calculated to be

Quoting the signal acceptance allows extrapolation into an inclusive phase-space,
if desired, for comparison between measurements with different fiducial volumes.
However, care must be taken in performing such extrapolations as we cannot
claim to be certain that the measurements we make within our fiducial volume
are applicable over the full phase-space. For this reason, the result is quoted as a

fiducial cross-section only.

5.8.5 Comparison of results to theoretical predictions

The theoretical prediction of the fiducial cross-section can be calculated at gener-
ator level as Ay - oyw, where oy is the theoretical prediction of the inclusive
vy — WW cross-section. Predictions from the nominal (H7) and alternative
(MG5H) signal generators are determined with the fiducial selection applied. These
predictions are given in Table 5.11. Only the prediction for the elastic contri-
bution to the cross-section was possible with HERWIG7. In order to obtain a
theoretical prediction of the H7 total cross-section, including the dissociative pro-
duction modes, the elastic cross-section is corrected with the exclusive scale factor
extracted from the fit:

OHTtot. = OH7.EE X Byysil- (5.19)
This has the advantage that experimental correlations between the corrected the-

oretical cross-section and the measured cross-section can be extracted from the fit

as well, reducing systematic uncertainties. Another advantage of this approach is
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that the data-driven approach to measuring the exclusive scale factor automati-
cally accounts for proton soft survival probabilities, which are poorly constrained
theoretically. The theoretical fiducial cross-section prediction from HERWIG7, in-

cluding dissociative contributions and soft survival probabilities is therefore

gt — Gt (M) 5 (3.59 4 0.15 (exp.) + 0.39 (trans.)) = 2.34 + 0.27 fb,

which is consistent with the measured cross-section within two standard devia-

tions.

The theoretical expectation for the fiducial cross-section as evaluated with

MGH5 and taking into account all production modes is

i (MG) _ 3.2 4 0.6 (scale) + 0.3 (PDF),

when using the CT14qged PDF set. This prediction does not include soft survival
factor considerations. The probability of an event to still pass the exclusivity
requirement of n,;, = 0 despite proton rescattering effects has been calculated
in phenomenological studies to be in the range of 0.64 [203], 0.65 [204] up to
0.82 [205]. Ref. [205] uses a two-channel eikonal model that also accounts for
the helicity structure of the hard scattering process and is taken to be the most
physically motivated prediction. Including a soft survival factor of 0.82 into the
MGH+Py8 cross-section predictions results in the theoretical fiducial vy — WW
cross-section is predicted to be

S =28 £ 081,

which is consistent with the measured cross-section within one standard deviation.
The cross-section prediction using MGH5 is slightly higher that the cross-section
predicted by H7, which could be due to the different scale choices or the choice
of soft survival factor. The scale uncertainty has been determined for the total
cross-section and is symmetrised. The impact of PDF uncertainty is evaluated
using the CT14qed error PDF sets.

A standalone theory prediction for the fiducial cross-section is computed
with MGbH+Py8 using the appropriate elastic or inelastic MMHT2015qed PDF
sets [206] for each of the contributions by applying the fiducial requirements to
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all photon-induced contributions, which yields

oG — 4.3 4 1.0 (scale) + 0.1 (PDF).

The contributions to this cross-section prediction from elastic and single-
dissociative production are 16 % and 81 %, respectively. Double-dissociative pro-
duction contributes only 3 %. When applying the soft survival factor of 0.82, the
predicted fiducial cross-section is

oBEMGS) _ 3 5 4£1.0b,

which also agrees with the measured cross-section of 3.13 4+ 0.4 fb within one stan-

dard deviation.

5.9 Conclusions and outlook

This chapter detailed the observation of the photon-induced vy — WW process
in proton-proton collisions at /s = 13TeV recorded with the ATLAS detector
at the LHC, corresponding to an integrated luminosity of 139fb !. Events with
leptonic W-boson decays into eiwﬁu final states were selected by requiring that
no tracks except those of the two charged leptons are associated with the produc-
tion vertex. Several data-driven corrections to charged particle and reconstructed
track multiplicity for both pileup interactions and the underlying event were de-
rived in order to perform the measurement. The background-only hypothesis
was rejected with a significance of 8.4 standard deviations whereas 6.7 standard
deviations was expected. This measurement constitutes the first observation of
photon-induced WW production, a process for which only evidence was previ-
ously reported. The signal strength and the cross-section for the sum of elastic
and dissociative production mechanisms were measured. The cross-section for the
pp(yy) — p(*)W+W7p(*) process in the decay channel W W~ — eiy,ﬁu in a

fiducial phase-space close to the experimental acceptance was measured to be
fid. 0.32 +0.29
Tmens. = 3.137031 (stat.) )5 (syst.) fb.
This result is in agreement with the theoretical predictions within uncertainties.

The observation of the rare vy — WW process with the large integrated
luminosity of the Run 2 dataset opens up avenues for differential measurements

of kinematic spectra, with the aim of probing distributions that could be sensitive
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to new physics parametrised by an EFT. A differential measurement of the

vy — WW process with the ATLAS detector is ongoing and is the subject of the

next chapter.



Chapter 6

Differential measurement of the

vy — W W process

“Things inexorably get worse.”

— Brian Cox
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6.1 Motivation and aim

Now that an observation of the vy — WW process has been made, it is desirable
to measure the process differentially, both to check the modelling of kinematic
distributions and to constrain new physics effects. It is expected that the
cross-section of the vy — WW process induced by anomalous couplings increases
with respect to the SM cross-section with the invariant mass of the diboson
system and with the transverse momentum of each W boson [207]. A differential
measurement of the fully-leptonic vy — WW process is being carried out by the
author within ATLAS, with the ultimate aim of measuring fiducial differential

cross-sections that have been unfolded to remove detector effects.

This chapter begins by explaining the procedure of unfolding and presents
preliminary unfolded distributions. The unfolding is then optimised, focusing on

the dilepton invariant mass and transverse momentum distributions.

The data and simulated event samples used in this chapter, as well as the
fiducial event selection at both particle- and reconstruction-level, are identical to
those presented in Chapter 5. Unfolded data are compared to elastic particle-level
distributions predicted by HERWIGT7, scaled by the exclusive scale factor discussed

in Section 5.6.1 and the signal strength measured in Section 5.8.

All work in this chapter is the author’s own. As the analysis is a work-in-
progress, the analysis chain is not yet finalised and likely to change with respect
to the observation analysis. Results are presented as a current status of the
measurement but should not be taken as final and many optimisations are
ongoing. The chapter concludes with a summary of the studies so far and

outstanding analysis tasks that are foreseen.

6.1.1 Distributions to unfold

Several lepton kinematic distributions are unfolded: the dilepton mass, my,,
dilepton pp, p, the leading-lepton pp, ped, subleading-lepton pr, pi* the
azimuthal angular separation of the leptons, A®,,, and dilepton rapidity, .
The my, pt, ped, pilead Jistributions are expected to be most sensitive to
any new physics in the high-end tails of the distributions [208|. The A®,, and
ype distributions are measures of event topology, which may allow us to probe

kinematic differences between elastic and dissociative contributions to the signal.
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The bin boundaries of every kinematic distribution were optimised to have
at least 20 events per bin whilst also maintaining sensible bin boundaries
within the detector resolution. A requirement of 20 events per bin was so that
statistical uncertainties can be assumed to be Gaussian, leading to a maximum
statistical uncertainty per bin of 22 %. Under/overflow was added into the edge
bins unless the boundary was due to an analysis selection, in which case the
under/overflow flow is stored separately to calculate efficiencies related to the

unfolding procedure. The binning for each variable was optimised to be:

my, = [20, 70, 100, 140, 200, 400] GeV;
pT = [30, 40, 50, 60, 70, 85, 110, 150] GeV;
= [27, 45, 60, 75, 100, 300] GeV;
et = (20, 25, 30, 40, 60, 300] GeV;
[
=[5

lead

Ad, = |0, 37?/8 57T/8 67/8, Tm/8, | rad;
0.5, 0.0, 0.5, 1.0, 5.0].

As the analysis is somewhat statistically limited, the bin widths are larger than
the detector resolution for all variables and therefore we expect there to be very

little migration of events between particle-level and reconstruction-level bins.

The event yields as a function of these observables are shown in Figure 6.1. Each
figure shows the data measured with all signal selections applied and compared
to the post-fit MC distributions in the signal region. The signal MC prediction is
obtained by scaling the elastic HERWIGT prediction by the exclusive scale factor
of 3.59 (Section 5.6.1), which accounts for the missing SD and DD contributions,
and includes the observed signal strength of 1.33 (Section 5.8). The total uncer-
tainty shown on the simulation prediction is the combination of all systematic
uncertainties, including statistical uncertainties in the background predictions.
The uncertainty on the data is statistical. Generally, the data and simulation
agree well within uncertainties. One exception is the pf distribution where there
is a relative data/MC discrepancy of 70 % in the 85 < pt < 110GeV bin. The
leading lepton pr also appears to be slightly harder in data compared to simula-
tion and there are data/MC discrepancies of roughly 25 % in the highest A®,, bins.

Now that we are measuring differentially in kinematic spectra, we do not
necessarily predict that our signal modelling will be well-motivated, as the

exclusive scale factor applied to the elastic prediction does not account for any
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Figure 6.1:

Differential event-yield distributions in the vy — WW signal region.
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kinematic differences between elastic and dissociative vy — WW events. Any
differences are most likely to manifest in the p*® spectrum (as single-dissociative
production is more likely to be boosted with respect to elastic production), as

well as topological distributions such as A®,,.

6.2 Unfolding procedure

It is desirable to make any measurement as reproducible and reinterpretable
as possible. The process of unfolding aims to remove detector effects from a
measurement, giving a best estimate of what the true underlying physics is free

from reconstruction inefficiencies and detector resolution.

In its essence, an unfolding procedure aims to create a map between two
different data spaces: the reconstructed data and the “true” particle-level data.
In measuring a process in data, we are applying a folding map which transforms
the true physics to the observables that we measure. We are usually dealing
with histograms of data where we have measured an event yield in a series of
bins with finite width. In this case, the folding procedure is a measure of how
detector effects migrate observable values between particle-level bins, t;, and
reconstruction-level (reco-level) bins, r;. We can represent this folding by a

matrix, R,;, that encodes the probability, P, of mapping an event in each bin at

YR
particle-level to a bin at reconstruction-level.

P(r,) = ZRUP@). (6.1)

The folding matrix is commonly called the response matriz, as it is a measure of

the detector response.

If we are starting with a measured distribution in data, we wish to create
an unfolding map to transform the reconstructed distribution to particle-level.
At its simplest, the unfolding map is an inversion of R;; and we can represent the

unfolding procedure as
P(t;) = ZRJ‘_iIP(Tz') = ZUﬁP(ﬁ‘), (6.2)

where Uj; is the unfolding matrix. However, matrix inversion is not always
possible and even when it is, statistical fluctuations can lead to large instabilities

in unfolded results. In these cases, other unfolding methods must be used.



176 Chapter 6. Differential measurement of vy — WW

A commonly used unfolding scheme in high energy physics is the iterative
unfolding method proposed by D’Agostini [209, 210]. The method makes use of
Bayes’ theorem, defining the conditional probability that an event originated in
particle-level bin ¢;, given we have observed the event to be reconstructed in bin
r;, as

P(rt;) - P(t))

~ L P(rilty) - P(t)

Here, P(t;|r;) form the elements of the unfolding matrix to apply to our observed

P(t;|r;) (6.3)

data and P(r;|t;) form the elements of the response matrix. As we do not have
access to the event yields of ¢; in data, the elements of the response matrix must
be calculated from MC simulation. The P(t;|r;) rely on a prior, P(t;), which
we also cannot know with certainty. In principle, the prior we choose can be
arbitrary but we (usually) have a good estimate of what our prior distribution
looks like and can also estimate this from MC simulation, representing our
theoretical knowledge of the underlying physics. The assumption of the specific
prior can introduce a bias into the unfolding because the prior we assume may be

incorrect.

We can reduce the bias of our assumption on the initial prior by iterating
the procedure, using each calculated posterior as the input prior for the next

iteration, such that

P(rilt;) - P(t;)n-1

J

T POrilte) - Ptg)ny

P(t]r), (6.4)
where n represents the iteration number and P(t;),_; is equal to P(t;|r;), o for
n > 2. The elements P(r;|t;) are not updated with the iterations. Each successive
iteration reduces the reliance on the initial prior and gives more weight to the
observed data. Iterations can be carried out until convergence is observed. How-
ever, as with a simple matrix inversion, problems arise when we have statistical
fluctuations in measured spectra. The application of the unfolding matrix aims
to restore the original underlying spectrum. If migrations are properly modelled,
we obtain the correct values if the input data match the expected value of the
reconstructed bin contents. However, the unfolding matrix is applied to one
instance of a measurement, i.e. one set of data, not its expectation value. As
a consequence, the unfolding procedure “assumes” that fluctuations in the data
have their origin in real physical structures which are diluted by detector effects

(and not of statistical origin). As a result, statistical fluctuations are propagated
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into the unfolded spectrum. This problem can be reduced by regularisation by,
for example, limiting the number of iterations, changing bin widths to mitigate
large fluctuations with large statistical uncertainty, or smoothing intermediate
distributions in iterative methods. However, in increasing bin sizes, we lose
information about our data and in limiting iterations or smoothing intermediate

distributions, we introduce bias.

To obtain event yields instead of probability densities, we must also ac-
count for events that are within the fiducial volume at either particle- or
reconstruction-level but not both. The unfolded event yield in each bin of the

particle-level spectrum is given by
1
N(t]) = 8_ Z fz : N(Ti)obs ' P(tj|ri)nf7 (65)
J o

where ¢; is the reconstruction efficiency of an event that originates in ¢,
representing the loss of events in the fiducial volume at particle-level that do not
pass reconstruction selections. The fiducial fraction, f;, of each reconstructed
bin represents the fraction of events in bin r; that have a corresponding particle-
level event within the fiducial volume. The P(t;|r;),, are calculated using
Equation (6.4), where the final iteration number, n;, is usually chosen so as to
minimise the combination of the bias introduced by the assumed prior and the

statistical uncertainty on the unfolded result.

The RooUnfold [211] implementation of D’Agostini’s iterative method is
used to correct the vy — WW differential distributions for detector inefficiency

and resolution.

6.3 Unfolding inputs

The inputs to the unfolding procedure are:

e Response matrix: The elements of the detector response, as calculated in
signal simulation, are

Rz’j = P(T’i|tj)MCa (6~6)

representing the probability of an event being reconstructed in bin r; given
that it originated in particle-level bin ¢;. The response matrix only in-
cludes events that are within the fiducial volume at both particle- and

reconstruction-level.
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e Fiducial fraction: The fiducial fraction per bin, fiy , quantifies the fraction
of events that are reconstructed in r; but fall outside of the fiducial volume
at particle-level. The fiducial fraction in bin r; is given by

- Zj Ry

fia. = P(ry) (6.7)

e Reconstruction efficiency: The reconstruction efficiency per bin, /.., is
the probability that the event passes reconstruction-level fiducial selections,

given that it originated in particle-level bin ¢;. It is given by

P(t;)

(6.8)

e Assumed prior: The initial prior is taken from the MC theoretical predic-
tion,

P(t;)o = P(tj)mc- (6.9)

The response matrix is created using the nominal HERWIGT elastic vy — WW
MC, with all signal selections given in the SR column of Table 5.3 applied at
reco-level and all selections given in Table 5.8 applied at particle-level. As the
events in the response matrix pass both the particle- and reco-level selections,
they are weighted with all generator and reconstruction weights. All standard
ATLAS weights, including generator weights, lepton reconstruction and isolation
efficiencies, and the PRW, are applied. The beamspot rescaling is also applied, as
described in Section 5.4.3. The additional pileup and underlying event corrections
have not been applied yet but, as they are designed to improve the modelling of
charged particle multiplicity, they are not expected to have a large impact on the
shape of any distribution presented in this chapter. They will however impact

the overall normalisation of event yields.

The response matrices are shown in Figure 6.2 for each observable, with
the binning as given in Section 6.1.1. As expected, every response matrix is
highly diagonal, with P(r;|t;) > 80 % across all bins of each distribution, and in
most cases much higher at over 90 %. The lowest values of P(r;|t;) are seen in
distributions that are steeply falling, such as the p™® and p5™™* distributions.
Migration between bins is also higher around sharp peaks of distributions, due
to smaller binning in regions where there are a higher number of reconstructed

events. The P(r;|t;) are generally lower in the pi distribution due to the finer
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Figure 6.2: Response matrices, I?;;, showing the probability of reconstructing an
event in reco-level bin r;, given that it originated in particle-level (truth-level) bin
t;. All response matrices are highly diagonal due to the large bin widths relative
to detector resolutions. All bins are given equal width in these figures to aid
readability.
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binning in this distribution. As the P(r;|t;) are so high, finer binning may be
ultimately preferable in all distributions as it allows the shapes of distributions

to be better analysed.

Measures of the fiducial fraction and reconstruction efficiency are shown in
Figure 6.3. The reconstruction efficiency is generally between 30-40% across
each distribution. This is due to a combination of trigger efficiencies, lepton
identification and isolation efficiencies, and the exclusive efficiency of the
Ny = 0 requirement. The single-muon triggers have an efficiency of 68 %
in the barrel region and 85% in the end-caps [200]. The single-electron trig-
gers have an efficiency of 75% for electrons with transverse energy of 31 GeV
and 96 % for electrons with 60 GeV [199]. The leading lepton peaks between
60 < pr < 75GeV whereas the subleading lepton peaks much lower that this,
between 20 < pr < 25GeV. Electron identification efficiencies range between
90-95% [191] and muon identification efficiencies range between 96-98 % [165].
The exclusive efficiency as measured in signal MC is 54 %. Putting all of these
components together, the reconstruction efficiency is estimated to be roughly
0.7 x 0.9 x 0.9 x 0.96 x 0.54 = 0.3, so the observed efficiencies in the unfolding
seem reasonable. The efficiency is not flat across A®,, due to positive correlation

between this variable, m,, and individual lepton pr.

The fiducial fraction is very high for all distributions, meaning that the number
of reco-level candidates without a corresponding particle-level candidate within
the fiducial volume is small, typically ~ 5%. The fiducial fraction is often lower
at reconstruction boundaries in the kinematic selection, e.g. P! ~ 20 GeV.
This is due to events being smeared into the fiducial region at reco-level that did

not pass the particle-level fiducial selections.

Another useful quantity is the purity of each bin, which can be used to
optimise bin widths. The purity of a given reco-level bin is the probability that
the event originated from the same bin at particle-level, i.e. P(t;|r;), calculated in
the MC simulation. This differs from the diagonals of the response matrix which
are equal to P(r;|t;). The purity is also shown in Figure 6.3 and is high for all
distributions, with P(¢;|r;) > 80 %. As the response matrices are highly diagonal,
P(ti|r;) = P(r|t;).
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Figure 6.3: Purity, efficiency and fiducial fraction.



182 Chapter 6. Differential measurement of vy — WW

6.3.1 Technical closure test

A technical closure test is implemented to ensure that the unfolding procedure
has been set up properly. The reconstruction-level distributions predicted by the
signal MC are unfolded to particle-level using the nominal response matrix that
was created using the same MC. The unfolding is performed using one iteration
of D’Agostini’s method. By definition, the unfolded distribution should close
perfectly with the particle-level distribution, for all observables. If this is not the
case, there is an error in the unfolding procedure. The technical closure test closes
perfectly for all distributions, shown for my, and p§ in Figure 6.4. Remaining

technical closure tests can be found in Appendix D.
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Figure 6.4: Technical closure test of the unfolding procedure for (a) the my, dis-

tribution and (b) the pf distribution. Truth-level refers to particle-level and reco-
level refers to reconstruction-level observables.

6.4 Unfolded results

The response matrices in Figure 6.2 were then used in combination with
Equation (6.4) to unfold the data distributions shown in Figure 6.1, with the
total background predicted by simulation subtracted. Results are presented in
Figure 6.5 for each distribution, unfolded with four iterations of D’Agostini’s

iterative method. The number of iterations is optimised later in Section 6.6.2.
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iterative method. Only the statistical uncertainty on the data is included.
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Each figure shows the background-subtracted event yield in data (solid black
markers) and the predicted signal yield from simulation (dashed blue line). The
uncertainty on the data is the statistical uncertainty of the data measurement
only, i.e. v/Ny,. before the background subtraction. The statistical uncertainty
on the background prediction is considered as a systematic uncertainty. The
unfolded data (hollow pink markers) are then compared to the particle-level
prediction (solid pink line). The legend of each figure includes the y*/NDF test
statistic between the data and the corresponding theoretical prediction, which
should not change significantly before and after the unfolding procedure if no
new information is added by the method. The bottom panels show the ratio of

unfolded data to the particle-level prediction.

As the response matrices are very diagonal, the reconstructed distributions
do not look very dissimilar to the particle-level distributions, apart from differ-
ences in normalisation that correspond to the reconstruction efficiencies in each
bin. The statistical uncertainties are around 25-30 % and are increased relative
to the statistical uncertainties on the reconstructed yields due to the statistical
(anti-)correlations between different bins. The correlation matrices are presented

in Appendix D.

Systematic uncertainties are not included. The systematic uncertainties
relevant for comparing the unfolded result to theory enter in several ways. Studies
into the impact of systematic uncertainties on the unfolded distributions are

ongoing and are discussed in more detail in Section 6.5.

6.5 Background systematics

Experimental and theoretical uncertainties on the background yields are passed
through the unfolding procedure by varying each contribution to the expected
background yield by the +10 uncertainties and repeating the unfolding process.
For each source of systematic uncertainty, differences between the unfolded
spectrum with systematic variation and the nominal unfolded spectrum is taken

as the uncertainty associated to the systematic in question.

The systematics are grouped into different categories by adding contribu-
tions in quadrature. “Lepton systematics” refer to uncertainties on lepton
identification and isolation, “Track systematics” refer to uncertainties on track

reconstruction, “Lumi systematics” refer to the uncertainty on the measured lu-
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minosity, “Theory systematics” refer to background modelling uncertainties, “UE
correction systematics” refer to uncertainties on the charged particle multiplicity
correction in the underlying event and “PU correction systematics” refers to
uncertainties on the corrections to pileup track multiplicity mismodelling. More
detail on the systematic uncertainties and how they were derived was given in
Section 5.7. A breakdown of the sources of systematic uncertainty and their
impact on the unfolded my, and p§ distributions is shown in Figure 6.6. The
lepton and luminosity systematics have a small impact on both distributions, of
the order of 1%. The most important systematic uncertainties are related to the

theoretical modelling of backgrounds and to the track reconstruction.

There are some sudden jumps in the systematic uncertainty estimates in Fig-
ure 6.6, such as the contribution of lepton systematics in the 140 < m,, < 200 GeV
bin. This is likely to be due to the limited statistical precision of the data which
affects the determination of the systematic uncertainties on the unfolded dis-
tributions. The bootstrap method [186], in which several toy histograms are
created by randomly varying each bin within Poissonian uncertainties, can be
used to evaluate statistical uncertainties on the systematic shifts. This allows

only systematic uncertainties to be included in the final result.
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Figure 6.6: The effect of background systematics on the unfolded result for (a) my,
and (b) p% when unfolding the background subtracted data with four iterations
of unfolding. It is assumed that each source of uncertainty is uncorrelated.
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6.6 Addressing sources of bias in the unfolding

procedure

Bias can enter the unfolding procedure in several ways. If the background shape
templates are mismodelled outside of assigned uncertainties, bias is introduced
into the background-subtracted data distribution. Preliminary studies into back-
ground shape mismodelling in the pffe distribution are presented in Section 6.6.1.
Any unfolding procedure that applies a regularisation scheme introduces bias into
the results. The amount of bias can be estimated in a data-driven closure test,

presented in Section 6.6.2.

6.6.1 Background pﬁ_«e mismodelling

The data/MC agreement in the g§ — WW control region (CR2 in Table 5.3)
for the my, and pETZ distributions is shown in Figures 6.7a and 6.7b, respectively.
The simulation matches the data well for the m,, distribution but there seems
to be a trend in the p§ distribution which suggests that there is some residual
mismodelling of the background. Performing a x> test between the data and total
MC prediction results in a x> /NDF of 0.85 for the my, distribution and 2.94 for
the p% distribution. The corresponding p-values are 0.495 and 0.007, respectively.
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Figure 6.7: Comparison of data and MC in the ¢q¢ — WW control region (CR2)
for the (a) my, and (b) p§ distributions.
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It is assumed that mismodelling in CR2 is due to mismodelling of the ¢g — WW
background. The g — WW MC can be reweighted using a linear fit to the
data/MC ratio to better match the data in this region, after subtracting the
signal MC and other backgrounds from the data. The linear fit can then be
applied to the ¢q¢g — WW MC in the signal region as the same mismodelling will
be present. The result of the linear fit is w = (0.6 £ 0.1)pF/GeV + (74 2) x 1072,
where w is the weight to apply to each ¢g — WW simulated event reconstructed

in bin with central value of p¥.

The p% distribution in CR2, after the linear reweighting is applied to the
qq — WW simulation, is shown in Figure 6.8a. The q¢ — WW background
was scaled to ensure that the yield was consistent before and after the reweight-
ing. The data and MC agreement is now much better, by construction, with
Y /NDF = 0.84 and a p-value of 0.54. The same reweighting is then applied
to the q¢ — WW background in the signal region, shown in Figure 6.8b. The
reweighting does act to bring the data and simulation into better agreement in
the signal region, especially in the higher pgfe bins. The SR pZTZ distribution in data,
with the reweighted background subtracted, was then unfolded to particle level,

using four iterations of unfolding. The unfolded distribution before and after the
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Figure 6.8: The pf distribution in (a) the ¢z — WW control region (CR2) and
(b) the signal region, after the ¢q¢ — WW background yield has been reweighted
to data using a linear fit. The background normalisation is scaled so that the total
background yield is equivalent to the yield before the reweighting is applied.
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Figure 6.9: The unfolded p¥ spectrum, (a) before and (b) after reweighting the
qq — WW background. The background-subtracted data is reweighted using four
iterations.

qq — WW pfrf reweighting are compared in Figures 6.9a and 6.9b, respectively.
Discrepancies at low pf are slightly increased after the reweighting but are largely
improved in the highest bin, reducing from a relative difference of roughly 35 %
to 10 %, albeit within large statistical uncertainties. It is possible that differences
between data and MC in the signal region are also due to signal mismodelling,
in the way that the dissociative contributions are estimated. Alternative signal
simulation is being produced for the differential measurement and differences in

signal modelling will be investigated in the future.

The systematic uncertainty on the ¢¢ — WW reweighting is determined
by varying the background yield within its theory systematic uncertainty and
calculating a new reweighting function. The resulting systematic on the unfolded
distribution is smaller than 2% in all bins of pY. However, the difference in
the linear fit result when varying the qg — WW theory systematics is within
the statistical uncertainties on the fit itself. Therefore, a new estimate of the
uncertainty on the péTK reweighting was estimated by instead varying the original
fit result within the uncertainty on the fit parameters and passing these variations
through the unfolding. The resulting uncertainty on the unfolded result is 3.5 %
in the lowest pF bin and 2.5 % in the highest p% bin.



6.6. Addressing sources of bias in the unfolding procedure 189

If it is decided to reweight the p7 distribution as described in this section
for the final measurement, pf_pf weights must be applied to all distributions on a
per-event basis. It may be that the peTé reweighting worsens data/MC agreement
in other distributions. A final decision on the reweighting will be made once the

unfolding procedure is fully optimised.

6.6.2 Data-driven closure test

The data-driven closure test aims to measure the bias introduced by the unfolding
method. Bias is introduced by regularisation as we assume a prior distribution
that is equal to the SM prediction. In order to test the amount of bias introduced,
we want to reweight the prior distribution to reflect a different but realistic
distribution. For this, we choose the measured distribution in data which is by
definition a realistic alternative distribution. The weights have to be derived
at reconstruction-level, since we don’t have access to particle-level data. The
weights are then applied on a per-event basis to the simulation, with the weight
determined by the particle-level value of the observable. The corresponding
weight is then applied to both the particle-level and reconstructed observable, if
a reconstructed observable exists. The choice of the level on which to reweight
is in principle arbitrary, we simply want to create a new distribution in the
simulation that we believe to be realistic. It is chosen to reweight at particle-level
because the fiducial fraction (~ 95%) is much higher than the reconstruction
efficiency (~ 35%), in all bins and for all observables. If we were to reweight the
events based on the reconstructed observable, the majority of events would not
be weighted at all.

The bias is then estimated by unfolding the reweighted reco-level spectrum
using the nominal response matrix and comparing the unfolded spectrum to
the reweighted particle-level spectrum. If the unfolding was fully unbiased, the
unfolded spectrum would match the reweighted particle-level spectrum perfectly.

Any difference between the two is taken as the bias of the chosen unfolding scheme.

To avoid propagating statistical fluctuations into the data-driven closure pro-
cedure, the data/MC ratio is smoothed using Friedman’s super smoother [212].
The smoothed functions are shown in Figures 6.10a and 6.10b for my, and pf,
respectively. The weight for each bin is then applied to particle-level events such

that the reconstructed distribution more closely matches the data. The reweighted
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Figure 6.10: The smoothed ratio (red) of background subtracted data to simulated
signal yields in the signal region for (a) my, and (b) pf.

reconstructed signal distribution is then unfolded with the nominal response
matrix and compared to the reweighted particle-level distribution. This is shown
for my, and pT in Figures 6.11a and 6.11b, respectively. Both distributions are
unfolded using four iterations. Figure 6.11a has a negligible bias < 1% in all bins.
The same is true in the pgfﬁ distribution, apart from at low values of péTg. However,
the bias is still insignificant compared to statistical uncertainties on the data and
even on the MC itself, with a bias in the lowest pT bin of 0.6 %. Uncertainties are
not shown on the spectra as the statistical uncertainties are much larger than the
measured bias, with statistical uncertainties of around 25 % seen in the unfolded
data spectra in Figure 6.5. As the measured bias is significantly smaller than the

statistical uncertainty, it is likely that fewer iterations will be preferred.

Optimising the number of iterations

The data-driven closure test can be used to optimise the number of unfolding
iterations. By measuring the bias between the unfolded and reweighted spectra
and the statistical uncertainty on the unfolded result, the optimal number of
iterations can be selected as the number that minimises the combination of the
two. The data-driven closure test was performed using 1-10 iterations and the
resulting bias and statistical uncertainty in each bin is shown in Figure 6.12. To
monitor a realistic statistical uncertainty across the iterations, an Asimov dataset
was created using the expected distribution predicted by the reweighted MC,
but with the statistical uncertainty on the data assigned as the uncertainty. The
bottom panel shows the bias and statistical uncertainty added in quadrature.

The statistical uncertainty dominates by 1-2 orders of magnitude and therefore
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Figure 6.11: Data-driven closure test for (a) the my, distribution and (b) the pf
distribution. Reweighted reconstruction-level simulation is unfolded to particle-
level using four iterations and the nominal response matrix.

one iteration of unfolding is optimal for both distributions, in all bins.

The unfolding of the background subtracted data is re-performed with one
iteration and compared to the original unfolded spectra when using four it-
erations, shown in Figures 6.13a and 6.13b for the m, and pgfé distribution,
respectively. The difference in the unfolded result is minimal, but the data points
are generally pulled slightly closer to the MC prediction. This is expected as
using fewer iterations biases the unfolded spectrum towards the prior, which is

the MC prediction.

One iteration being optimal is not surprising, given how diagonal the response
matrices are. However, it necessitates the question of whether D’Agostini’s
iterative unfolding is the optimal method, given that it introduces additional
systematic uncertainties in the unfolding procedure. Alternative unfolding
methods shall be investigated in the future and compared to the results from the

iterative method.
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Figure 6.12: Bias and statistical uncertainty at each iteration of unfolding, using
1-10 iterations. The first iteration is shown in red and the 10th iteration is shown
in dark blue. The bottom panel shows the combination of the bias and statistical
uncertainty added in quadrature.

Cross-checks and improvements on the data-driven closure

The implementation of the data-driven closure can be cross-checked by redoing
the test using a fully-unbiased unfolding method such as matrix inversion, where

the response matrix is inverted and used to unfold the data.

An improvement to the data-driven closure test would be to repeat the
procedure with several alternative but realistic distributions. This could be
done by altering the parameters of the smoothed fit to the data/MC ratio, from
which the weights are derived. By fitting the curves as being consistent with the
data but as far from the SM prediction as possible, we can define a bias test
which reflects the maximal reasonable amount by which the “true” reconstructed
spectrum can deviate from the SM and still be consistent with the measured
data. Ultimately, it is unlikely that any bias will compare to the relative size of

the statistical uncertainty in the analysis.
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Figure 6.13: Unfolding the background-subtracted data using four iterations (pink
hollow markers) and one iteration (blue solid markers) of the unfolding procedure.
Uncertainties are statistical only. The markers for one iteration have been offset
along the abscissa to aid readability.

6.7 Summary and outlook for the differential

measurement

This chapter presented preliminary unfolding studies for various kinematic
spectra in the vy — WW signal region, as defined in the observation analysis.
The post-fit simulation predicted yields generally agree well with the data, within
statistical and systematic uncertainties. There is larger disagreement at high
dilepton pr, py, and the leading-lepton pr appears to be slightly harder in data
compared to simulation. There is some disagreement also at high values of A®,,,
where the leptons have large separation in azimuthal angle. Mismodelling of
p{ in the background qq — WW simulation was investigated, and its effects
corrected for in the signal region. This brought the unfolded spectra into slightly
better agreement with particle-level predictions in simulation but further studies
need to be performed to decide if this correction is appropriate. It is possible that
tensions between data and MC in the signal region are due to the way in which
dissociative contributions are accounted for in the theoretical prediction, where it
is assumed that the dissociative signal kinematics are the same as for the elastic

contribution.
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Unfolded distributions were presented using the iterative unfolding tech-
nique proposed by D’Agostini, with four iterations. Attempts to optimise
the method when considering statistical uncertainties only were performed
for the my, and pT distributions and demonstrated that fewer iterations were
optimal, as the measurement has very little migration between particle-level and
reconstruction-level bins and has large statistical uncertainties per bin of around
20% in the data, pre-unfolding. In the case of the my, and pgfe distributions,
studies considering statistical uncertainties only suggest that one iteration would
be optimal. Other unfolding techniques shall be tested and compared in the
future. The unfolding method will ultimately be determined in tests which
include all sources of uncertainty, including systematic uncertainties. The impact
of systematic uncertainties on the background yields were propagated through
the unfolding procedure, before optimisation. The total impact on the unfolded
result was between 10-20 % in the my, yields and between 5-40 % in the p¥ yields,
depending on bin. However, further work needs to be done to understand how
the statistical uncertainty on the data affects the predicted impact of background

systematics on unfolded distributions.

So far, only systematics affecting the background yields in the signal re-
gion have been considered. Theoretical uncertainties on the signal yield enter
into the response matrix used for the unfolding procedure. In order to test
the impact of these systematics, a new response matrix should be created for
every signal modelling uncertainty and the unfolding should be repeated with
this new response matrix on Asimov data. Differences between the nominal and
systematic unfolded result is then taken as the uncertainty on the unfolded yields.
Systematic uncertainties that affect the signal and background, such as lepton
reconstruction efficiencies, can be cross-checked by applying them to either the
background yields or the response matrix but care should be taken to not double
count these uncertainties in the final results. Once all sources of uncertainty are
accounted for, pull tests should be performed by generating pseudo-experiments
within the full assigned uncertainty to make sure the full unfolding method is not
biased due to some other reason specific to the analysis. The response matrix
itself often depends on the shape of the underlying distribution, especially when it
is steeply falling. This is something that unfolding cannot correct, and therefore
pull tests are necessary to ensure that there is not a large bias introduced and

that there are not any significant unknown sources of bias.
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Alternative theoretical predictions for the signal will also be used to create
alternative response matrices. Differences in unfolded results when using these
alternative response matrices will be taken as a systematic on the unfolding
method, as it relates to the assumption that the predicted distribution in
simulation is the true underlying distribution. Moving forward, new simulation
is available for dissociative vy — WW production, including predictions from
SUPERCHIC and improved MADGRAPH5 AMC@NLO simulation. These new
samples will also allows us to probe differences between the elastic and dissociative

contributions to the signal.

The amount of bias introduced by the unfolding procedure was investi-
gated by performing a data-driven closure test, in which the predictions from
simulation were reweighted to look more like data, representing an alternative yet
realistic prior distribution. Similar tests can be performed to test how well the
unfolding procedure can reproduce new physics signals within the data, referred
to as an injection test. This could be tested by unfolding pseudo-data that has
been created from a BSM model, such as introducing a non-zero EFT coupling
coefficient, and observing whether this signal is recovered when using the nominal
response matrix. Another test that could be performed is a stress test, in which
the entire distribution is weighted by large and varying weights. These tests
are essentially more extreme versions of the data-driven closure test, where we
observe the bias in data distributions that we do not necessarily believe will be

realistic.

Once the analysis chain has been finalised and the unfolding procedure has
been optimised, unfolded distributions will be used to calculate limits on
EFT operators that impact WW~ and WW~~ couplings. It is expected that
dimension-6 operators will be better constrained by other VBS and diboson
processes and therefore focus will be on setting limits on anomalous contributions
to the vy — WW cross-section arising from dimension-8 EFT operators. From
preliminary studies [208]|, measurement of the vy — WW process is expected to
improve current limits on the fy;5 5/ A* and frsz/ A* parameters. These prelimi-
nary studies only considered quadratic EFT contributions to the cross-section and
would likely be further constrained by also considering linear interference terms
with the SM. Furthermore, these calculations were performed for a single-bin
measurement and further improvement of approximately a factor of three is

expected to be found in a differential analysis.
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Future prospects of measuring
vy — W W at the High-Luminosity

LHC

“The practice of science happens at the border between the known and the
unknown. Standing on the shoulders of giants, we peer into the darkness with

eyes opened not in fear but in wonder.”

— Brian Cox
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7.1 Introduction and motivation

The expected integrated luminosity of between 3000-4000fb ' at the end of
data-taking at the High-Luminosity LHC will allow a large improvement in
statistical precision for any given measurement, which is especially important
for processes with relatively small cross-sections like vy — WW. However, the
increase in instantaneous luminosity comes at a cost. The average number of
interactions per bunch crossing is predicted to be between 140 < pu < 200 at
the HL-LHC [213, 214], compared to an average of 33-35 in Run 2 [215|. This
increase in pileup will be detrimental to a vy — WW analysis due to the way

in which the exclusivity requirements are defined, namely the n., = 0 requirement.

This chapter studies the expected sensitivity to the vy — WW process at
the HL-LHC when using a similar analysis approach as in the Run 2 observation,
discussed in Chapter 5. The aim is to understand how the HL-LHC environment
and planned detector upgrade will impact such a measurement. Section 7.2
presents the ATLAS detector upgrades most relevant to this measurement and
the procedure for reconstructing tracks below the nominal pr reconstruction
threshold. Section 7.4 discusses the differences in various reconstruction efficien-
cies and how they impact the expected signal and background yields between
Run 2 and the HL-LHC within the context of a vy — WIW analysis. The
additional procedure of reconstructing forward protons in AFP and the associated

efficiencies are discussed in Section 7.6.

The projection is first done in the context of an inclusive cross-section
measurement and results are presented for many possible tracking configurations
and track-veto window sizes, with the aim of determining the optimal analysis
strategy in HL-LHC operating conditions. These results are presented in
Section 7.5. After the optimal configuration is found, the results are presented
as a function of dilepton invariant mass, my,, in Section 7.7. The results of these
studies have been published in Refs. [5, 216]. The impact of requiring a single
or double proton-tag in AFP is then investigated and results of these studies are
currently being used as part of a physics case to install AFP-like detectors during
Phase-IT upgrades. The author led and performed all studies in this chapter,
with the exception of the derivation of low-p tracking working points and low-pp

track reconstruction efficiencies documented in Section 7.2.1.
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7.2 ATLAS Phase-II Upgrades

ATLAS is due to undergo major “Phase-I1I" upgrades before HL-LHC data taking
begins. The main upgrade will be the full replacement of the Inner Detector with
a fully-silicon Inner Tracker [217, 218], discussed in Section 7.2.1. New electronics
will be installed for both the LAr and Tile Calorimeters [219, 220]. Upgrades
to the muon system are foreseen to increase geometrical acceptance and improve
triggering [221]. The TDAQ system will be upgraded to cope with increased
data rates due to the high number of interactions per bunch crossing [222]. It
is planned to install a new High-Granularity Timing Detector (HGTD) [223] in
the 2.4 < |n| < 4 region, with the main aim to aid pileup suppression in the
forward region. The HGTD detector is described in Section 7.2.2, as it allows a
novel vy — WW analysis approach where a lepton-timing tag from the HGTD
is required in conjunction with forward proton ToF measured in AFP. This is
described in Section 7.6.3.

7.2.1 Inner Tracker

The current ATLAS ID will be replaced by the all-silicon Inner Tracker (ITk),
with the aim to maintain (or improve on) the ID tracking performance but
in a much harsher radiation environment. The ITk will comprise of a silicon
pixel detector [217] complemented by a silicon strip detector [218], together
allowing track reconstruction in the range || < 4. The pixel system is the
innermost of the two subsystems, comprising of five barrel layers plus inclined
modules and rings in the end-cap regions. The strip system has four barrel
layers and six end-cap disks, covering the region |n| < 2.7. A diagram of the
ITk layout with both silicon pixels and strips is shown in Figure 7.1. The
pixel system will be composed of more than 10,000 modules with over 10’
channels. The strip system will have more than 18,000 modules with almost
60 million channels. A minimum number of 9 measurements per track will
be assured throughout the angular acceptance range of the ITk, with an aver-

age of about 13 pixel plus strip hit measurements for most of the acceptance range.

The design goal of the ITk is to maintain high efficiency for charged parti-
cles above py > 1GeV and to have a low number of fake tracks. Table 7.1
compares the current ID to the ITk for both the minimum reconstructed track-pp

threshold and the minimum number of hits per track.

The ITk allows a much stronger rejection of fake tracks compared to the
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Figure 7.1: A schematic diagram of one quadrant of the I'Tk, with the most recent
updated pixel layout. The active elements of the strip detector are shown in blue,
and those of the pixel detector are shown in red. The horizontal axis is along the
beam line with zero being the interaction point. The vertical axis is the radius
measured from the interaction region [224].

present ID, resulting in a negligible fake-rate for tracks with pp > 1GeV.
However, it is desirable to reconstruct below the nominal I'Tk track-pr thresholds
in the vy — WW analysis, in order to maintain high background suppression
through the n,;,, = 0 requirement. This is because tracks in the underlying event

of quark-induced backgrounds are soft and usually have very low pr.

Run 2 ID ITk (HL-LHC baseline)

In| <25 | |n <20 20<|n <26 26<]|n <4.0
Min. pr [MeV] 500 900 400 400
Min. number of Si hits 7 9 8 7

Table 7.1: Minimum pp and minimum number of required silicon (pixel + strips)
hits for track reconstruction in the Run 2 ID and foreseen for the ITk. The latter is
further segmented in three |n| regions and is referred to as the “HL-LHC baseline”
reconstruction in the text.

Low-py track reconstruction

The performance of the nominal ITk configuration has been studied extensively
in Ref. [225]. Low-pt tracking refers to the process of reconstructing tracks of
charged particles with pr below the default threshold. The reconstruction of low
momentum particles has been examined in Ref. [226] for the ATLAS ID and is
currently being studied in ongoing work for the ITk.
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The simplest implementation of low-py tracking is to apply the default ITk
track parameter requirements with reduced track and seed-py selections. The
problem with this approach is that the nominal selections have been designed
and optimised for the reconstruction of tracks of charged particles with a
pr > 900MeV and are not optimal for reconstructing lower in pg, leading
to a reduction in track efficiency below this nominal threshold. The nominal
configuration requires a minimum of nine hits in the low 7 region (|n| < 1)
for the ITk. Whilst nearly all 1GeV tracks meet this requirement, a large
number of tracks with much lower pp fall below the minimum hit requirement. A
modified tracking selection was developed for the purpose of track reconstruction
for track-pr > 500MeV and is compared to the default ITk selections in
Table 7.2. The track efficiency and z, resolution values have been estimated
from a fully-simulated ¢¢ sample with x = 200 and the upgraded detector
response (including the ITk) fully simulated using GEANT4, where the modified
selections in Table 7.2 were applied to provide reasonable efficiency for tracks
with pp > 500 MeV and |n| < 2.5. It is assumed such a reconstruction can be de-

veloped for nominal pileup conditions whilst maintaining sufficiently low fake rate.

The longitudinal impact parameter resolution is improved with the ITk rel-
ative to the Run 2 ID, going from o(z,) ~ 100 pm to o(z,) ~ 50 pm in the central
region for a representative track-py of 2GeV. Figure 7.2 shows how the track-z,
resolution varies with pp and 7. Tracking 2, resolution degrades with increasing
track-n, due to increased material budget and longer extrapolation distance in
the forward region. For the ITk, the z, resolution is roughly o(z;) = 1 mm at the

edge of the angular acceptance for a track with pp = 2GeV. Similarly, tracking

ITk Low pr
Default Default | Modified
Min clusters [9,8,7] 6,5,4]
Min Si not shared [7,6,5] 6,5,4]
Max Holes 2 4
Max Pixel Holes 2 4
Max Sct Holes 2 4
Max Double Holes 1 4
Min pp [900, 400, 400] [200, 200, 200]
Min track seed pp 900 200

Table 7.2: The I'Tk default, low-pp default and low-pr modified tracking selections
applied for the track reconstruction in a tf MC sample with p = 200. The lists
entries correspond to the n-ranges 0 < || < 2.0, 2.0 < |n| < 2.6 and |n| < 4.0.
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Figure 7.2: The longitudinal impact parameter (z,) resolution of the ITk as a func-
tion of ) and py for ¢¢ events at pileup p = 200, for tracks with pp > 500 MeV [5].

pr resolution worsens in the forward region relative to central n values due to
the fact that the solenoid field in this region is weaker and the transverse path
length of the tracks is shorter. This is why the tracking requirements in Table 7.1
are looser in the forward region to maintain high tracking efficiency for charged

particle with pp > 1 GeV.

7.2.2 High-Granularity Timing Detector

The effective pileup density at the HL-LHC is predicted to be somewhere between
1-2mm ' depending on different machine settings and point in the fill [227].
This means that average vertex z, positions could be separated by as little as
500 pm which is smaller than the resolution of the ITk for low-p tracks in the
forward region, demonstrated in Figure 7.2. In order to improve track-to-vertex
association in this region, ATLAS plans to install a new High-Granularity Timing
Detector (HGTD) [223] during the Phase-II upgrades, designed to complement
the ITk in the region of 2.4 < |n| < 4.0. The combination of the ITk and
HGTD will allow charged particle trajectories to be measured in both time and
space, allowing further separation of signal and pileup vertices when the tracks
are within the HGTD acceptance. The addition of the HGTD is projected to
significantly improve the suppression of pileup jets in VBS topologies [228|.

The HGTD will be located in the gap region between the barrel and the
end-cap calorimeters, in the volume currently occupied by the Minimum-Bias
Trigger Scintillators (MBTS), at a distance in z of approximately +3.5m from

the interaction point, shown in Figure 7.3. The entire detector will have a
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Figure 7.3: A view of the HGTD modules and their position within the ATLAS
detector. The HGTD detector spans a radius of 110-1000 mm with the acceptance
defined as the surface covered by the HGTD between a radius of 120640 mm
(2.4 < |n| < 4) at a position of z = £3.5m along the beamline on both sides of

ATLAS [223].

radial extent of 110-1000mm and be 125mm thick, including a 50 mm neu-
tron moderator placed behind the active area to protect the HGTD and 1Tk
from back-scattered neutrons created by the end-cap calorimeters. Low Gain
Avalanche Detector (LGAD) sensor pads [229] of 1.3 x 1.3mm”* area, with an
active thickness of 50 pm, were chosen to fulfill space and detector requirements.
Each LGAD module contains 30 x 15 pads, with a total of 8032 modules in the
entirety of the HGTD. The chosen pad size ensures occupancies below 10% at
the highest expected levels of pileup, small dead areas between pads, and low
sensor capacitance which is important for the timing resolution. The HGTD
aims to provide a uniform timing resolution as a function of n of oxgrp = 30 ps
per minimum-ionising particle (MIP). This is expected to degrade to ~ 50 ps per
MIP at the end of the HGTD lifetime.

The two main experimental challenges of the HGTD are the large amount
of detector material between the detector and the interaction point, and the
limited 1 acceptance in the space available between the ITk and the end-cap
calorimeter. A high material budget in front of the HGTD increases the
probability of secondary scatterings, limiting the ability to accurately associate
time to tracks with high confidence. A limited acceptance impacts the ability to
determine the global event-vertex time as the hard-scatter interaction needs to
produce enough particles within the HGTD acceptance to separate them from
forward activity from pileup interactions. An object with multiple associated
MIPs has a timing resolution improved by a factor of 1/y/Nyyp, where Nyyp is

the number of reconstructed particles associated to the object. This is not so
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useful in an analysis where we expect the signal process to have very few particles
associated to it, such as vy — WW, as the timing resolution per MIP is not
precise enough to separate the signal process from pileup in the forward region.
However, the possibility of matching the timing from a lepton tag in the HGTD
to a forward proton in the AFP-ToF detector (which is predicted to have better
timing resolution of op,p < 20ps at the HL-LHC) is investigated as a possible
extension to the vy — WW programme in Section 7.6.3.

7.2.3 Installation of an AFP-like detector

The HL-LHC physics programme must be focused on physics topics for which
high luminosity is a necessary requirement. While special, low-luminosity runs
for diffractive studies might well be possible, the primary goal of the HL-LHC is
the study of rare phenomena and a search for new physics beyond the Standard
Model. Therefore, the installation of an AFP-like detector at the HL-LHC would

focus on measuring photon-induced and central exclusive production processes.

AFP has not yet been commissioned at the HL-LHC but it is likely that
the same or very similar technology as the Run 2 AFP detector (Section 4.2)
would be reused in a HL-LHC AFP detector. The AFP physics reach at the
HL-LHC depends on the mass acceptance, which is governed by the HL-LHC
optics and how close the Roman Pots can get to the beam. There are possibilities
to have AFP RPs at multiple locations at the HL-LHC based on the location of
other machine components. These locations are RP1 at roughly z = +197m,
RP2 at roughly z = £218 m, and RP3 at roughly z = +240m from IP1. Each
location would house a NEAR and FAR station. Two combinations of these
locations are considered: RP1+RP2 with an acceptance in forward proton
fractional energy loss of 0.08 < ¢ < 0.31, and RP2-+RP3 with 0.05 < & < 0.20.
Additionally, the further the distance between the NEAR and FAR stations
at each location, the better the resolution in forward proton ¢ and pp. The
acceptance in £ is determined by the most likely optics scenario at the HL-LHC,
which assumes /s = 14 TeV, 8 = 0.15m and a crossing angle of 6, = 250 prad.
The phase of the crossing angle also has an impact on the trajectories of scattered
protons. One of IP1 (ATLAS) and IP5 (CMS) will receive a phase of ¢ = 0°
and the other ¢ = 180°. It is assumed that ATLAS will receive the phase of ¢ = 0°.

PPS have released an Expression of Interest to install similar forward de-
tectors surrounding IP5 at the HL-LHC [230].
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7.3 Simulated event samples

Dedicated HL-LHC MC samples were produced with /s = 14 TeV and p = 200
for the signal vy — WW process and the main background process, ¢g — WW.
These samples were used to calculate signal and background selection efficiencies
compared to Run 2 and these efficiencies were then used to extrapolate the
expected Run 2 event yields to the HL-LHC. The HL-LHC samples use the same
generators as the Run 2 samples, listed in Section 5.2 and Ref. [4], though in

some cases use updated versions of the generators.

The elastic component of the vy — WW signal process was modelled at
leading order using using MG5 AMC@NLO 2.8.1 interfaced to PYTHIA 8.244,
using the default photon flux in MADGRAPH. The dominant ¢q¢g — WW
background was modelled using POWHEG-BOX v2 with the CT10 PDF for the
matrix element calculation. It was interfaced to HERWIG 7.2.1 for the parton
shower, using the H7TUE tune and the MMHT2014L.LO PDF set. Pileup was
modelled by overlaying the simulated hard-scattering event with inelastic pp
events generated with PYTHIA 8.244p3 using the NNPDF2.3LO set of PDFs and

the A3 set of tuned parameters.

The performance of the track reconstruction was studied using ¢t events
where the average number of pileup interactions was either set to zero or to
i = 200. The production of these events was modelled using the POWHEG-
Box v2 generator at NLO with the NNPDF3.0NLO PDF set and the hgum,
parameter'” set to 1.5y, [231]. The events were interfaced to PYTHIA 8.240p4
to model the parton shower, hadronisation, and underlying event, with param-
eters set according to the A14 tune [232]| and using the NNPDF2.3LO set of PDFs.

The event samples were processed with a full detector simulation of AT-
LAS using GEANT4, with the ITk layout as described in Ref. [225].

The simulated event samples only include reconstructed tracks using the
HL-LHC baseline reconstruction, presented in Table 7.1. A parametrised
approach was taken to reconstruct charged particles below the nominal ITk
reconstruction thresholds. Charged particles in the analysis samples below

the minimum reconstructed pp threshold were weighted by the parametrised

2The hgamp Parameter is a resummation damping factor and one of the parameters that
controls the matching of POWHEG matrix elements to the parton shower and thus effectively
regulates the high-p radiation against which the tf system recoils.
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reconstruction efficiencies as a function of py and 7. The production-vertex
z-position of each charged particle was smeared by a Gaussian distribution with
a width equal to the parametrised track resolution, as given in Figure 7.2, also as
a function of pr and 7. The efficiency of an event to pass the n., = 0 selection is
then calculated as [[,(1 — el ), where € is the probability of reconstructing the

i™ charged particle in the event. This is an event-by-event exclusive efficiency.

7.4 Event selection and projection strategy

The event selection of the vy — WW projection [5] follows the same logic as in
the observation analysis, given in Section 5.3, with a few important changes and
additions described in this section. All extrapolations are performed in the sig-

nal region which is defined by the reconstruction-level selections given in Table 5.2.

The most important selection applied in the vy — WW analysis is the
nyge = 0 requirement, which exploits the fact that photon-induced processes
do not have an underlying event by requiring exactly zero reconstructed tracks
within a symmetric z-window around the dilepton vertex, referred to as the
track-veto window. The track-veto window definition was described in detail in
Section 5.4. The size of the window was optimised to be £1 mm in the Run 2
analysis (see Section 5.4.6) but it is expected that the denser pileup environment
at the HL-LHC will result in the optimal window size being smaller than in Run 2
and therefore window sizes ranging between 0.1-1 mm were investigated for the
HL-LHC projection.

For the purpose of quantifying track reconstruction performance at the
HL-LHC and comparing to Run 2 tracking performance, three different tracking

configurations are investigated:

1. Nominal configuration: Baseline HL-LHC track reconstruction (see Ta-
ble 7.1) with track-|n| < 2.5. This selection was chosen to compare HL-LHC

performance to Run 2 as directly as possible.

2. Forward-tracking configuration: Baseline HL-LHC track reconstruction
with track-|n| < 4.0. This selection was chosen to see if any gains were

observed when using the full tracking capabilities of the ITk.

3. Low-py configuration: Track-py > 500 MeV, track-|n| < 2.5. The selec-

tion attempts to improve background suppression compared to the nominal
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HL-LHC configuration by reducing the reconstructed track-pr threshold. As
low-pp tracking in the forward region is not well understood, the pseudora-

pidity range is limited to the Run 2 acceptance in this configuration.

The ny, = 0 requirement is sensitive to the longitudinal size of the beamspot,
as well as track reconstruction efficiencies and thresholds. It is predicted that
the HL-LHC beamspot will vary between 40-48 mm [233]| and the simulated
beamspot size in the HL-LHC MC has ogg = 50mm. All reconstructed tracks
are required to have a transverse impact parameter d, < 1.0 mm to remove those

originating from secondary interactions.

The expected signal yield at the HL-LHC, NHL'LHC, can be calculated as a

signal

Run 2 . . . .
signal » given in Table 5.7, considering

function of the measured Run 2 yields,
the ratio of various efficiencies related to operating conditions and detector

performance between the HL-LHC and Run 2:

E HL-LHC HL-LHC SHL—LHC
NHL-LHC _ nrRun 2 - ~HL-LHC €excl. YWW excl (7 1)
signal — < Vsignal L Run 2 Run 2 SRun 20 )
Run 2 Eexcl. 8'y'yWW excl

where L is the integrated luminosity, .. is the exclusive efficiency as defined in
Section 5.4.1, e,y is the efficiency of passing the event selections (Table 5.2)
with the omission of the n,, = 0 requirement, and S, is the exclusive scale factor
discussed in Section 5.6.1. The integrated luminosity is predicted to be 3000—
4000fb " at the end of HL-LHC data-taking [214]. In this study, Lur.rmc/Lrun 2
is taken to equal 20. The exclusive efficiency is highly dependent on pileup
environment and the track-veto window size for which the n,, = 0 requirement
is applied, and will be discussed in detail in Section 7.4.1. The efficiency of
passing the remaining event selections, €.y, is expected to be very close to the
Run 2 value; when varying the size of the z-window considered for the exclusivity
requirement, an additional correction is considered measuring the probability for
both leptons to fall within the z-window of interest. This requirement is more
than 98 % efficient for all window sizes investigated, with the exception of the
smallest window size of 0.1 mm, where the efficiency drops to 94 %. Therefore,
€yyww 18 @ minor consideration, even at the smallest track-veto window size. It
is assumed that the ratio of elastic to dissociative signal will not change between
Run 2 and the HL-LHC and therefore the ratio of S.,. is also expected to be very
close to one. This assumption is largely appropriate other than when increasing

the tracking acceptance from || < 2.5 to |n| < 4, discussed briefly in Section 7.4.3.
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The background extrapolation contains many of the same considerations as

the signal and is given by

r HL-LHC HL-LHC
NHL-LHC _ njRun2  ~HL-LHC Eexl. EqqWw (7.2)
bkegd. — 4 Vbked. L Run 2 Run 2 :
Run 2 Eexcl. EqqWWw

The background efficiency, €,y w, is dominated by the probability of the inclusive
qq@ — WW background having no reconstructed tracks originating from the
underlying event. The background process can pass the ny, = 0 requirement
if additional tracks from the UE are either too soft or too forward to be recon-
structed, i.e. if additional tracks are below the minimum-py threshold or outside

of the detector acceptance.

When extrapolating the Run 2 background yields using Equation (7.2), it
is implicitly assumed that the total background yield scales in the same way as
the ¢q¢ — WW yield which is only true for inclusive processes like qq — Z/v* — 4
which are expected to have a similar underlying event to the gqg — WW process.
Exclusive backgrounds like vy — (£ are not affected by changes in the e ,w
efficiency due to a lack of underlying event. This assumption is motivated by the
fact that ¢g — WW is the dominant background, making up 75 %" of the Run 2
background yield in the SR, with exclusive backgrounds contributing around
10 %. The remaining backgrounds include Drell-Yan and other diboson processes

that scale in a similar way to gqg — WW.

The post-fit expected signal and background yields in the Run 2 analysis
are Nsﬁigufalz = 173.56 and N&lgé? = 131.7, and the total systematic uncertainty
on the background is taken as £12% [4]. The various HL-LHC efficiencies in
Equations (7.1) and (7.2) were calculated directly in the HL-LHC simulation,
avoiding extrapolation from low to high-u. This approach has the advantage
that the event selections can be altered to find a new optimal analysis which
maximises the expected signal significance. The terms with the largest impact on

Equations (7.1) and (7.2) are discussed in more detail below.

7.4.1 Changes in the exclusive efficiency, €.,

The exclusive efficiency is calculated using the data-driven method (Section 5.4.1)
in fully-simulated HL-LHC MC and is calculated as a function of the track-veto

3 The yields for q¢ — WW also contain a small contribution from gluon-induced WW and
VBS WW production.
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Figure 7.4: The exclusive efficiency, €., , as a function of window size and for the
three different HL-LHC configurations investigated. The efficiency in MC in the
Run 2 analysis [4] is marked by a red cross at the optimal Run 2 window size of
1 mm. Uncertainties on each point are statistical only and are generally too small
to see. Plot produced by the author for Ref. [5].

window size. The efficiency is shown in Figure 7.4 for the three different HL-LHC
tracking configurations. Each configuration is compared to the average exclusive
efficiency calculated in Run 2 MC at a window size of £1 mm. The smaller the
track-veto window, the smaller the probability that a pileup track falls within it.
Therefore, the probability of the exclusive signal passing the n., = 0 requirement
increases as the window size decreases. The exclusive efficiency is lower than the
Run 2 value at a window size of 1 mm for all configurations investigated due to

the much denser pileup environment at the HL-LHC.

For the baseline configuration, the efficiency at a window size of +1mm is
roughly 15%, compared directly to the Run 2 efficiency measured in MC of
54.1% (see also Table 5.5). This is an almost factor of four drop in signal efficiency
and suggests that the analysis strategy must be re-optimised. However, the drop
in exclusive efficiency also impacts the background yield so Ny, /Npieq Will not be
impacted but N,/ \/m will be reduced. For this reason, other tracking config-
urations are also investigated. Increasing the tracking acceptance from |n| < 2.5
to |n| < 4.0 increases the probability of reconstructing pileup tracks and therefore
decreases the exclusive efficiency relative to the baseline |n| < 2.5 configuration.
This is compounded by the fact that tracks in the forward region have worse z,

resolution and may be smeared in the track-veto window more often. Similarly,
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reconstructing tracks with lower pr also increases the number of pileup tracks that

are reconstructed within the track-veto window, decreasing the exclusive efficiency.

If the exclusive efficiency, as shown in Figure 7.4, was the only considera-
tion, the optimal analysis (out of those investigated) would be one that maximises
the exclusive efficiency and therefore maximises Ny, / \/Wkgd' This would be the
baseline HL-LHC reconstruction with track-|n| < 2.5 and with an infinitesimal

window size.

7.4.2 Changes in the background efficiency, €,,ww

The background efficiency, €,y , is the probability that both lepton zy-positions
fall within the track-veto window and that the inclusive q¢ — WW background
passes the nyy, = 0 requirement. The background efficiency considers tracks
originating from the q¢ — WW vertex only. These tracks are determined by
matching reconstructed tracks to true charged particles in the generator record,
with an associated truth-match probability > 0.5. This is done to disentangle
the efficiency of the background passing the n., = 0 selection from the exclusive
efficiency, which is a consideration of pileup. When making measurements in real
data, it is not possible to determine if a track originates from the underlying event
and it is instead only €., X Eexq. that can be measured around the dilepton

vertex.

This background efficiency decreases as the track-veto window size increases, as
shown in Figure 7.5. As the background efficiency is defined to be independent
of pileup, it is expected that the efficiency should be similar between Run 2
and the HL-LHC if the detector acceptance and performance is similar between
the two. This can be seen in Figure 7.5 by comparing the track-pp > 500 MeV,
track-|n| < 2.5 configuration to the Run 2 result at a window size of 1 mm. This
HL-LHC configuration was chosen to closely match the Run 2 configuration.
Differences are due to the different detector reconstruction performance in the
Run 2 and HL-LHC simulation.

The background efficiency starts to increase rapidly at the smallest window
sizes, due to tracks from the underlying event being smeared outside of the
track-veto window when the window size is comparable to the track z, resolution.
Increasing the n-range of reconstructed tracks from |n| < 2.5 to || < 4 reduces

the background efficiency due to being able to reconstruct additional UE tracks
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Figure 7.5: The efficiency of the dominant q¢ — WW background passing the
nygi = 0 requirement, once all other event selections have been applied. The
efficiency for the three different HL-LHC configurations is shown as a function of
the track-veto window size and compared directly to the result in Run 2 which is
marked by a red cross. Uncertainties on each point are statistical only. Analysis
specific corrections, such as the charged particle multiplicity correction described
in Ref. [4], are assumed to cancel between Run 2 and the HL-LHC. Plot produced
by the author for Ref. [5].

that are produced in the forward region. However, the largest reduction in
the background efficiency is seen when the minimum track-py threshold can be
reduced to 500 MeV from the baseline reconstruction given in Table 7.1. This
is because UE tracks are produced from soft interactions, usually with very
low-pr. By lowering the track pp threshold, more of these UE tracks can be
reconstructed and it is possible to better reject backgrounds like q¢ — WW.
If the background efficiency was the only consideration in this projection,
the optimal setup would be to reconstruct tracks low in pp (whilst avoiding
large increases in fake-rates) and have a window size that covered the entire
beamspot.  Unfortunately, this is in direct contradiction with the optimal
setup when only considering the exclusive efficiency in Figure 7.4. Hence, the

analysis must be optimised to find a compromise between these two considerations.

When considering the differential analysis in my, a fixed window size is
used. It is assumed that all efficiencies affecting the signal, as given in Equa-
tion (7.1), are constant at any fixed window size and are independent of my,.

However, e,,yw decreases with increasing my, due to an increase in UE activity
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at higher partonic centre-of-mass energies. The number of events generated
for the HL-LHC samples was not large enough to probe this effect within the
statistical uncertainties. Therefore, the ratio of the efficiency at a given window
size was taken to the Run 2 efficiency in the inclusive analysis and used to scale
the Run 2 efficiencies as a function of my,. This is demonstrated in Figure 7.6,

comparing the nominal +1mm track-veto window in Run 2 (red) to a window
size of 0.2mm at the HL-LHC (blue).

Systematic uncertainties were assumed to remain unchanged between the
HL-LHC and Run 2, where the largest source of systematic uncertainty was due
to background modelling of the underlying event, giving an uncertainty on the
background yield of +£12%. This is a pessimistic approach as it is likely that
modelling uncertainties will be reduced before the start of HL-LHC data-taking
and analysis. Therefore reduced background systematic uncertainties of 6 % and

3 % were also considered and compared to the nominal projection.
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Figure 7.6: The background efficiency, € .1, as a function of dilepton mass, myy,
shown for tracks with pp > 500 MeV and |n| < 2.5 at a window size of 0.2 mm
at the HL-LHC and compared to nominal Run 2 efficiencies (red). The final bin
includes overflow. No charged track multiplicity reweighting is applied in the
calculation of these efficiencies.

7.4.3 Exclusive scale factor considerations

The exclusive scale factor is a measure of the ratio of elastic to dissociative
vy — WW signal events, described in Section 5.6. It is assumed that the ratio
of elastic to dissociative signal yield remains constant between Run 2 and the

HL-LHC, when considering the same tracking acceptance of |n| < 2.5 and placing
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no requirement on proton tags with AFP. However, this assumption was recon-
sidered when investigating the forward tracking configuration at the HL-LHC as
tracks from proton dissociation are likely to be produced in the forward region

and may be reconstructed with the increased ITk tracking acceptance of |n| < 4.

An acceptance study was performed at particle-level in Run 2 single-dissociative
vy — [l simulation modelled by LPAIR, as no reliable dissociative vy — WW
samples existed at the time of the study. The charged particle n distribution is
presented in Figure 7.7, demonstrating that more tracks from proton dissociation
are likely to be reconstructed with the increased acceptance of the I'Tk compared
to the Run 2 ID acceptance. This will result in the dissociative signal failing
the n; = 0 requirement more often than in Run 2, causing a reduction in the
exclusive scale factor. To estimate this reduction, ratios of the number of events
with ng > 0 within the tracking acceptance to the total number of simulated
events were calculated for both |n| < 2.5 and |n| < 4.0 and when considering
charged particles with pp > 500 MeV and with pp > 900 MeV. The exclusive scale
factor at the HL-LHC when considering the full tracking acceptance of the I'Tk of
1| < 4 was calculated to be in the range of St ™ = 0.92x S22 t0 0.93 x St 2,

excl excl excl
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LPAIR SD yy -l
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Figure 7.7: The pseudorapidity of charged particles in single-dissociative vy — [l
events simulated with LPAIR. Charged particles originating from pileup are not
considered, leaving the central region devoid of activity. LPAIR models the proton
dissociation on both sides of the detector, resulting in two large peaks around
|n| = 6. Smaller peaks are seen around |n| = 11 from the remaining intact proton.
Highlighted in yellow is the additional tracking acceptance foreseen with the I'Tk
at the HL-LHC that was not available in Run 2.
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There are a few caveats with this method. The first is that only single-
dissociative events have been considered whereas S, accounts for both single-
and double-dissociative events. However, double-dissociative events are more
likely to have additional tracks in the central region and therefore S... is dom-
inated by the single-dissociative contribution. Secondly, and more importantly,
the changes in the exclusive scale factor could only be calculated at particle-level.
Tracking inefficiencies and resolution effects mean that not all of the charged
particles will be reconstructed, and those that are may fall outside of the
track-veto window or fail the kinematic requirements at selection boundaries.
Therefore, it is expected that the true difference in S, will be smaller than
the differences calculated above. It was not possible to perform a more detailed

study on the changes in S, and a value of SheHHC /gHun 2

= 1 is assumed for
all configurations. The difference in the ratio of measured elastic to dissociative
signal when requiring forward protons tags is discussed along with the AFP event

selection in Section 7.6.

7.5 Inclusive fiducial measurement without AFP

The section reports results on the expected sensitivity for a fiducial cross-section
analysis as a function of track-veto z-window size, with the aim of finding the
optimal tracking configuration for a HL-LHC vy — WW analysis without
forward proton tags. Results are presented as both the absolute expected signal
and background yield, as well as the relative uncertainties on the signal yield.
All results are compared to those in the nominal Run 2 analysis [4], which had a
track-veto window size of 1 mm and reconstructed tracks with pp > 500 MeV and
In| < 2.5.

The metric used to quantify the expected sensitivity at the HL-LHC is the
relative uncertainty on the extracted signal yield after selections and background

subtraction. The statistical-only uncertainty is then defined as:

Ustat./Nsig. =V Nsig. + kagd./Nsig.a (73)

while the total relative uncertainty on the extracted signal yield is defined as

O_tot./Nsig. = \/Nsig. + kagd. + (bekgd.)2/NsigJ (74)
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where = represents the fractional systematic on the background yield, nominally

taken to be 0.12 as in the Run 2 analysis.

The expected signal and background yields after selections are calculated
separately for the three different HL-LHC configurations listed in Section 7.4.
The results are shown in Table 7.3, together with the expected statistical-only
and total relative uncertainty on the extracted signal, calculated using Eqgs. (7.3)
and (7.4) respectively. The Run 2 yields are also shown with uncertainties
calculated in the same way. While for Run 2, it was better to have a window
width that was many times the tracking resolution in order to consider tracks
from the background UE, the denser pileup environment at the HL-LHC results
in the optimal window being narrower to reduce signal losses. When considering
statistical uncertainties only, the optimal window size is 0.2 mm but becomes
wider when introducing systematic uncertainties on the large background yields.
The effect of a lower reconstructed track-pp threshold reduces the exclusive
efficiency in pileup simply due to more pileup tracks being reconstructed, which in
turn reduces both signal and background yields. However, a lower threshold also
largely reduces the background efficiency to pass the ny, = 0 requirement due
to the ability to reconstruct more tracks from the UE, which generally have very
low-pr. Therefore, lowering the track-pp threshold from the HL-LHC baseline to
500 MeV improves the signal to background ratio.

When considering the effect of systematics, Figures 7.8a-7.8d show the rel-

ative uncertainty on the signal yield as a function of track-veto window size. The

Conﬁguration Nsig. kagd. gstat./Nsig. Utot./Nsig.
Run 2 174 132 0.10 0.14
1 mm window

HL-LHC baseline, track-|n| < 2.5 929 | 2840 0.07 0.37
HL-LHC baseline, track-|n| < 4.0 209 281 0.11 0.19
Track-pr > 500 MeV, track-|n| < 2.5 | 611 323 0.05 0.08
0.2 mm window

HL-LHC baseline, track-|n| < 2.5 2930 | 15300 0.05 0.63
HL-LHC baseline, track-|n| < 4.0 934 | 3560 0.07 0.46
Track-py > 500 MeV, track-|n| < 2.5 | 1684 | 2410 0.04 0.18

Table 7.3: The expected number of signal and background events, the expected
statistical-only and the total relative uncertainty on the extracted signal are shown
for the three HL-LHC tracking configurations. A luminosity of 3000fb ' and a
background systematic of 12 % are assumed. The HL-LHC baseline track recon-
struction is given in Table 7.1.
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Figure 7.8: A comparison of the relative uncertainty on the signal for (a) the
baseline HL-LHC track reconstruction, when considering the central detector only
(Inl < 2.5), (b) the baseline HL-LHC track reconstruction with an extended track-
ing acceptance of |n| < 4.0, (c) low-py tracking (pr > 500 MeV) and |n| < 2.5, (d)
a comparison of all setups when considering a nominal systematic on the back-
ground of 12%. Each plot shows the relative uncertainty for different sizes of
background systematics. Plots produced by the author for Ref. [5].
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total uncertainty, as given in Equation (7.4), is reduced relative to the Run 2
uncertainty for many window sizes, when considering a background systematic of
+ 12 % and reconstructing tracks with pp > 500 MeV, shown in Figure 7.8c. This
is not the case if the HL-LHC baseline track reconstruction is used, shown in
Figure 7.8a. Figures 7.8a—7.8c also show the impact of reducing the background
modelling uncertainty. A lower background systematic uncertainty is seen as a
key requirement to make the measurement competitive when the large HL-LHC

dataset will be available.

The analysis was repeated with an extended tracking acceptance from the
ITk of |n| < 4.0 when using the baseline HL-LHC track reconstruction and
results are shown in Figure 7.8b. The signal yield when using this configuration
is reduced to 32 % (55 %) of the |n| < 2.5 yield for a 0.2 mm window and baseline
(low-pp) track reconstruction, as shown in Table 7.3. The background yield in
this configuration is reduced to 23% of the |n| < 2.5 background yield when
reconstructing tracks with baseline pp requirements. This is partly due to the
increased tracking acceptance making it more likely to reconstruct tracks from
the q¢ — WW hard-scatter but also due to the poor tracking z, resolution in
the forward-n region. The degrading resolution with increasing track-n causes an
increase in the number of pileup tracks not associated to the hard-scatter that
migrate into the track-veto window, providing additional background rejection but
also causing large signal losses. However, the background yield is still increased
by almost 50 % for this configuration compared to the track-pr > 500MeV,
track-|n| < 2.5 configuration. This is largely due to the increased ITk pr

reconstruction thresholds.

For the HL-LHC baseline track reconstruction, an analysis that uses the
forward-tracking region would likely bring slight gains in vy — WW signal
significance compared to an analysis only performed in the || < 2.5 region,
especially when considering a background systematic of 12%. However, the
reduction in the background yield caused by the increased tracking acceptance
is not enough to compensate the large background yields accumulated from the
increase in minimum track-pp compared to Run 2. This results in a relative
uncertainty on the signal that is still almost roughly 1.4 times the size of the
relative uncertainty on the Run 2 result at the nominal +1 mm window. The only
way to improve on the relative Run 2 signal uncertainty with baseline tracking
is to reduce the background systematics by at least a factor of 2. Reducing the

background yield by a factor of 2-4 would have a similar effect, although it is
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extremely difficult to do this without also losing signal, as has been demonstrated.
The largest improvement is seen for the low-pp configuration, which reduces the
total uncertainty on the signal to less than 60 % of the Run 2 value for the nominal
1 mm window. Figure 7.8d compares the total uncertainty of the three different
HL-LHC configurations when considering the nominal background systematic of
12 % and shows that the configuration in which tracks can be reconstructed with
pr > 500 MeV is optimal for all window sizes investigated.

It is assumed that SIHMHC/SRmm2 — 9 for all configurations. This is not
necessarily an appropriate assumption for the forward tracking configuration with
In| < 4. From the particle-level acceptance studies presented in Section 7.4.3, it
can be expected to lose up to an additional 8 % of the signal yields quoted above

for this configuration. The background yields are unaffected by this correction.

Changes in trigger thresholds and efficiencies were not considered in these
studies. The offline py threshold for single-muon and single-electron triggers
was 27 GeV in Run 2. This is expected to be lowered to 20 GeV for single-muon
and 22GeV for single-electron triggers at the HL-LHC [222]. The dilepton
electron-muon trigger is expected to have offline pr threshold of 10GeV for
both objects. However, in the Run 2 observation the improved efficiency of
the single-lepton triggers outweighed the gain from lower offline py thresholds.
There are significant improvements expected in muon trigger efficiencies due to
increased resistive plate chamber coverage in the barrel region of the MS, with a
predicted efficiency increase from roughly 70 % in Run 2 to 90 % at the HL-LHC
for |n| < 1.05 |214]. Combined-muon acceptance will be extended from |n| = 2.5
to 2.7. If any trigger prescales were to be introduced, this would increase the

statistical uncertainty on the measurement.

Also not considered in these studies is the expected increase in cross-section going
from /s = 13TeV to /s = 14 TeV. This increase is expected to be roughly 10 %
for both the elastic vy — WW and qq — WW processes and would therefore

improve Ngg/+/Npked-

The conclusion of this section is that it will be possible to perform a mea-
surement of the fiducial vy — WW cross-section at the HL-LHC with baseline
track reconstruction but it will be challenging to improve on the Run 2 precision
without improved background suppression or improved background modelling

leading to reduced background systematics. It is not unreasonable to assume that
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modelling will improve before and during HL-LHC data-taking but modelling
systematics of the UE will have to be reduced by over a factor of 2 before the
relative uncertainty on the signal is halved compared to Run 2, in the best
case scenario. It has been demonstrated in this study that dedicated low-py
tracking below the baseline I'Tk reconstruction will be crucial for the vy — WW
analysis at the HL-LHC and therefore this is an important area of research and

development that should be pursued.

One possibility to improve background suppression is to measure the for-
ward protons associated to the vy — WW process in the AFP detector. The only
way the q¢ — WW background can pass selections requiring forward protons
is due to combinatorial backgrounds arising from pileup diffractive processes.
The projection above is now extended to include forward proton tagging in the
following sections, considering an analysis differentially in dilepton mass, my,,
which is one of the measures of energy scale currently being investigated in the
ongoing Run 2 differential measurement (Chapter 6). Requiring selections on
forward protons means that the analysis can then be divided into categories:
one in which no selection on forward protons is made (a zero-tag analysis), one
in which a proton-tag is required on both sides of AFP (a double-tag analysis)
and one in which a proton-tag is only required on one side of AFP (a single-tag
analysis). The additional AFP event selections are discussed in the next section,

before presenting the differential event yield projection.

7.6 AFP event selection

This section considers the impact of using forward protons to further suppress
backgrounds, with a detector similar to the ATLAS Forward Proton (AFP)
detector discussed in Chapter 4, assuming detector locations and optics at the
HL-LHC as discussed in Section 7.2.3. Section 7.6.2 describes the procedure of
requiring a double proton-tag in the AFP acceptance and the efficiency of this
requirement in the context of a vy — WW signal. Section 7.6.3 describes the
procedure of requiring a single proton-tag in AFP in conjunction with one of the
signal leptons being within the HGTD acceptance, a configuration never before
discussed. The results of a proton-tagged vy — WW analysis projection are
presented differentially in my,, along with the central-detector-only differential

projection in Section 7.7.

The efficiency of AFP selections is independent of the central detector and
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therefore the expected yields at the HL-LHC when including forward proton

selections are calculated as

HL-LHC HL-LHC YW W HL-LHC HL-LHC bkgd
Nggnal = Nsignal X EApp and  Npigq™ = Npkgd X EAFPs (7.5)
YYWW bkgd

where e pp and e,pp are the efficiencies of the signal and background to
pass the AFP selection requirements, respectively. The dominant ¢q¢ — WW
background does not have prompt forward protons in the final state. Non-prompt
protons may be formed during hadronisation in the underlying event but these
usually have £ and pr such that they do not reach the AFP detectors. Therefore,
the q¢ — WW background will only pass the AFP selections if it coincides with
prompt forward protons that pass the AFP selections, originating from diffractive

pileup processes in the same or nearby bunch crossings.

Protons in HL-LHC MC are used to calculate the efficiency of a proton-tag
analysis and are considered if they have energy loss within the AFP acceptance.
Particle-level protons originating from both signal and pileup interactions are
included in the MC. The proton fractional energy loss, &, is calculated as
£ =1— E,oton/ Ebeam- In these studies, a CoM energy of 14 TeV is assumed and
therefore Fy.,, = 7TeV. The AFP-ToF detectors (Section 4.2.3) are assumed to
be operational with 100 % reconstruction efficiency and proton timing resolutions
of oop = 20 ps (original design goal) and op,p = 10 ps (HL-LHC goal) are studied.
It is assumed that the transverse momentum of the proton can be measured with
a resolution of 0.1 GeV when applying selections on forward proton pr, discussed
in the next section, but no resolution effects are considered when measuring the

proton &.

7.6.1 Requiring small forward proton py

Requiring small forward proton pp in a proton-tagged analysis helps to further
suppress the combinatorial background, as the protons originate from diffractive
processes where the momentum transfer is expected to be larger than in photon-
induced processes, resulting in larger forward proton prp. Figure 7.9 shows the
particle-level proton-pr in the signal HL-LHC sample, including pileup protons.
The pileup proton pr distribution is harder than the hard-scatter proton pp. It can
be seen that only selecting forward protons below some pr threshold will suppress a
large amount of the combinatorial background due to pileup. Several potential py
selections were investigated in the context of a double-tag measurement. Table 7.4

shows the additional background reduction factor and signal efficiency of different
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Figure 7.9: Particle-level forward proton-pr for vy — WW signal (HS, blue)
and pileup (PU, red) protons. The proton-p is smeared assuming a Gaussian
resolution of 0.1 GeV. Each histogram bin shows the absolute number of events
per 20 MeV in the simulation sample with no selection on &.

proton-pr requirements, when assuming Run 2 AFP acceptance (0.02 < £ < 0.12)
and an AFP-ToF resolution of 10 ps for a double-tag analysis category. From these
assumptions, the optimal requirement for a double-tag analysis was selected to be
proton-pp < 0.25GeV and for a single-tag analysis pp < 0.30 GeV. The optimal
requirement was chosen as the one that maximised Ng,/ \/m. Note that this
requirement is dependent on acceptance and may need to be re-optimised for more
realistic £ acceptances at the HL-LHC.

pr requirement background reduction factor signal efficiency |%)]

pr < 0.35GeV X3 99
pr < 0.30 GeV x5 96
pp < 0.25 GeV X7 90
pr < 0.20 GeV x15 74

Table 7.4: The approximate impact of different proton pr requirements on pileup
background and vy — WW signal for a double-tag analysis, when assuming an
AFP acceptance of 0.02 < ¢ < 0.12 and AFP-ToF resolution of 10 ps.

7.6.2 Double proton tag in elastic yvv — WW

If both protons remain intact after photon-emission, they can be tagged on each
side of AFP. Under the assumption that the two protons are produced by the same
pp interaction, measuring each proton’s time-of-arrival in AFP, ¢, and t., allows

reconstruction of the interaction vertex,

c
ZToF = —§(tA - tc)7 (7-6)
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where it is appropriate to assume the protons are travelling at the speed of light,
within the timing resolution. Assuming a reconstructed primary vertex from the

leptonic W-decays in the central detector, szx, one can then define
Az = Z%x — RToF- (7.7)

On average there will be multiple protons measured in each AFP station per event
at pu = 200. In this scenario, z1,p must be used to select the protons that originate
from the signal process and not from pileup. The Az distribution of the signal
forms a sharp peak related to the timing resolution, op,r, whereas the background
forms a much wider distribution related to the beamspot longitudinal width, opg.

This is demonstrated in Figure 7.10.

By requiring

|Az] < 2% (7.8)

OToF»
\/§TF

95 % of the signal within the AFP acceptance can be retained whilst improving
background rejection. In the case of multiple protons reconstructed per side

of AFP, Az should be calculated for every possible proton pair that passes
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Figure 7.10: The difference between the signal vertex reconstructed from the for-

ward proton time-of-flight to AFP, zp.r, and from the lepton tracks in central
ATLAS, 2%, . The vertex reconstructed from the true signal protons originat-
ing from the vy — WW interaction (blue) follows a sharp peak centered on zero,
whereas the vertices reconstructed from randomly pairing pileup protons (red) fol-
lows a flat distribution in Az. All protons have 0.02 < £ < 0.12 and pp < 0.25 GeV
and an AFP-ToF resolution of op,p = 10ps is assumed. Both distributions are
normalised to unity.
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acceptance and pp requirements, and the smallest value of Az taken as the signal

proton pair.

Despite the large fraction of retained events, the double-tag selection will
only be possible for events in which both protons remain intact in the final state,
causing the immediate 72 % loss of the dissociative contributions to the signal
where one or both protons breaks apart after the photon emission. This is an

intrinsic loss of efficiency compared to the non-AFP analysis.

Figure 7.11 shows the efficiency of requiring a double-tag for both the
vy — WIW signal and background due to pileup protons coinciding with
the ¢q¢ — WW hard-scatter (PU background), as a function of reconstructed
dilepton mass. Efficiencies for both sets of detector locations are compared
and background efficiencies are compared for an AFP-ToF resolution of both
10 and 20 ps. The background efficiency does not depend on dilepton mass
as the background arises from proton pairs that are uncorrelated to the recon-
structed dilepton candidate, usually originating from single-diffractive pileup
processes. Diffractive backgrounds produce forward protons which typically have
higher pr than photon-induced processes and therefore a proton pr selection of
pr < 0.25GeV is also applied to further reject these backgrounds, as discussed

in Section 7.6.1. The signal efficiency increases with increasing dilepton mass,

2 T T L T ]
5 — 1 pr<0.25Gev
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[) F e e e e e s e e e e e et e o e ot e s e .. 1 =--- PUbackground, RP1+RP2, o7, = 10 ps
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Figure 7.11: The efficiency of requiring a double-tag for both vy — WW sig-
nal (solid) and pileup background (dashed), comparing RP14+RP2 (red) and
RP2+RP3 (blue). Background efficiencies are shown for an AFP-ToF resolution
of both 10ps and 20ps. The forward proton py is required to be smaller than
0.25 GeV to further reject the pileup background.
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as the protons in these events have lost more momentum in the scattering,
making them more likely to be deflected into the AFP acceptance. High-mass
regions are interesting from a physics perspective as this is where we expect

to be most sensitive to any deviations from new physics effects at a high scale [208].

The double-tag signal efficiency is very low at low values of dilepton mass,
at the order of 0.01-0.1%. However, this rises quickly with increasing dilepton
mass to 5-20% for my, > 380 GeV, depending on the detector locations. The
signal efficiency is better for the combination of RP2+4+RP3 as this has lower &
acceptance than RP14+RP2. RP2+RP3 also has lower efficiency of pileup protons
passing the double-tag requirements due to the decreased upper bound in &.
When considering a ToF resolution of 10 ps, the background double-tag efficiency
is 6 % for RP1+RP2 and 2 % for RP2+RP3. It can be seen from Figure 7.11 that
the signal double-tag efficiency is only higher than the background efficiency if
the detector stations are located at RP24+-RP3 and, even in this case, only at the
highest m,, values. The expected signal and background yields for a HL-LHC

vy — WW analysis when requiring a double-tag are summarised in Section 7.7.

7.6.3 Single proton tag in vy - WW

The HGTD subdetector was introduced in Section 7.2.2. It is possible to match
lepton timing information from the HGTD to forward proton timing information
from AFP, to reconstruct the position of the candidate signal vertex and compare
to the reconstructed dilepton vertex from the I'Tk. Once the lepton arrival time
in the HGTD, t,,,, has been measured, the proton arrival time on both A- and
C-side of AFP can be predicted:

ac _Loac  w
tpr/ed. = E ZAlé‘P - thxl + tytxs (79)

where z%g is the AFP detector location in z relative to IP1, with ZSFP = —zAAFP,
assuming a negligible lepton ToF between the interaction point and the hit in the
HGTD relative to the proton ToF to AFP. The measured proton arrival time in
AFP, t

resolutions:

meas., ust be consistent with the predicted arrival time, within detector

|tmeas. - tpred.| <2 X \/UiFP-ToF + O-I%IGTDv (710)

where it is assumed that the vertex z-resolution is negligible compared to ToF
resolutions. Again, this requirement retains 95 % of the signal. Similarly to the

double-tag, the forward protons associated to the signal form a peak centred on
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Figure 7.12: The difference in predicted proton time-of-flight to AFP, t,,..q., cal-
culated from the lepton time-of-flight in the HGTD, to measured proton time-of-
flight in AFP, ... Distributions are shown for the signal protons (blue) and
pileup protons (red). Both distributions are normalised to unity.

zero, related to the ToF resolutions of AFP and the HGTD, whereas the pileup
protons forming the combinatorial background have a much wider distribution.

This is demonstrated in Figure 7.12.

In such an analysis, at least one of the leptons from the W-decays would have
to be within the HGTD acceptance of 2.4 < |n| < 4.0. This limits the signal
acceptance but has the effect of selecting events with boosted topologies, in
which an intact forward proton with the same sign of 1 as the forward lepton
is more likely to be within the AFP acceptance. This effect is demonstrated in
Figure 7.13. This means that by measuring a lepton in the HGTD, the side of
AFP in which the forward proton is reconstructed can be predicted and any
protons reconstructed on the opposite side rejected. Enforcing this selection
halves the background from pileup in such a single-tag analysis. The fraction of
signal due to elastic events in which both protons are within the AFP acceptance
is small for such a topology. The leptons have sufficiently high pry (pr > 20 GeV)
that the I'Tk resolution is still acceptable for the lepton in the HGTD acceptance.

The elastic signal acceptance, Agp, of AFP plus the HGTD can be written
as a combination of the relative difference in lepton acceptance in the central

detector, Ay, between |n| < 2.5 and 2.4 < |n| < 4.0, and the acceptance of
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Figure 7.13: The proton fractional energy loss distribution for different single-
lepton kinematics. The inclusive distribution for all leptons with |n| < 4 is shown
in blue, where a sharp peak at very low £ values mostly outside of the lower edge
of the AFP acceptance can be seen. The distribution when at least one lepton is
within 2.4 < |n| < 4 is shown in red, demonstrating how the proton with the same
sign in p, as the forward lepton is pushed to higher ¢ values and more likely to be
within AFP acceptance. Both histograms are normalised to unity.

requiring a single forward proton in AFP, A,pp:

BE Ag(|n| < 2.5)

X AAFP' (711)

Figure 7.14 shows the elastic 7y — WW acceptance when requiring at least
one lepton to be within 2.4 < |n| < 4.0, relative to all signal candidates with
both leptons in the range |n| < 4.0. The latter distributions show the effect
of additionally requiring a single-proton to be in the AFP acceptance, on the
same side as the lepton in the HGTD (i.e. A- or C-side). Interestingly, the
upper edge of the AFP acceptance becomes important for a single-tag analysis,
as the kinematics of the boosted system begin to push the forward proton out
of the upper edge of the acceptance at higher dilepton masses. For this reason,
RP1+RP2 performs slightly better than RP2+RP3 in a single-tag analysis. It is
assumed that the lepton acceptance in Figure 7.14 applies to both the signal and
dominant qqg — WW background.

The overall signal efficiency of the AFP single-tag selection can be calcu-
lated as
e WW— 0.64 x 0.95 X Agpg, (7.12)

single-tag
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Figure 7.14: The signal acceptance of requiring at least one lepton to be within
the HGTD acceptance of 2.4 < |n| < 4.0 (dark blue), relative to all leptons with
In| < 4.0. The HGTD lepton acceptance is then multiplied by the efficiency of
requiring the proton on the same side as the forward lepton to be within the AFP
acceptance, A pp. Note that this acceptance is for elastic events only, where it is
assumed that the proton on the same side as the forward lepton has not dissociated.
In reality, only half of the single-dissociative events will have this intact proton
in the final state, causing an additional reduction factor of (0.28 + 0.5 x 0.72),
ignoring the loss of double-dissociative events.

where Agg is the elastic signal acceptance from Equation (7.11), the factor of
0.95 is the efficiency of the ToF selection in Equation (7.10), and the factor of
0.64 is because the proton on the same side as the lepton could be the one that
has dissociated, resulting in only half the single-dissociative (SD) events being
reconstructed. Ignoring the loss of double-dissociative events, which is a much
smaller component of the signal, this factor is calculated as Nggy + Ngp/2. Fig-
ure 7.15 shows the single-tag efficiency, €gpygie tag, in Figure 7.14 for both signal and
background. The forward proton pr is required to be below 0.3 GeV to further
suppress the background. In Figure 7.15, the signal efficiency is higher than the
background efficiency for all m,, and is large enough that a single-tag analysis will
be statistically viable at the HL-LHC, rising from 7-9 % at low my, and rising to
20-25 % for my, > 380 GeV. The background efficiency also increases with my, due
to the probability of the leptons associated to the qg — WW process being in the
HGTD acceptance being higher at high my. The difference between RP1+RP2
and RP2-+RP3 is small until the highest m,, bin is reached.
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Figure 7.15: The efficiency of requiring a single-proton-tag matched to lepton
vertex timing from the HGTD, in a HL-LHC vy — WW analysis. This figure
contains HGTD and AFP kinematic acceptance considerations, as well as ToF
matching between the two sub-detector systems. The additional signal efficiency
of 64 % due to the loss of half of the single-dissociative events is included.

7.7 Projected event yields for the differential

measurement in my,

The AFP selection efficiencies were then combined with central detector efficien-
cies to evaluate the projected event yields in a differential vy — WW analysis at
the HL-LHC, with and without forward proton tags. The tracking configuration
was chosen to be the optimal one found in the inclusive measurement, with
In| < 2.5 for tracks, other than the leptons which are allowed to have |n| < 4 in
the single-tag analysis, and with track-pr > 500 MeV. Although Figure 7.8 shows
that the relative uncertainty on the signal is fairly flat with increasing window
size when background systematics are considered, a window size of 0.2 mm is
chosen for the differential analysis in my,, to minimise the relative statistical
uncertainty in each bin, which becomes particularly important at high-m,, where

yields are low.

The differential analysis was first performed for a central-detector only analysis,
i.e. with no AFP selection requirements (a “zero-tag” analysis). The predicted
HL-LHC yields in the SR are shown, with their relative statistical and total
uncertainty, in Figure 7.16a and a comparison of the statistical to total uncer-
tainties with different levels of background systematics is given in Figure 7.16b,

as well as a comparison to the Run 2 values. The statistical uncertainty is
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Figure 7.16: The expected signal and background yields at the HL-LHC are shown
in (a), stacked and as a function of the dilepton mass. The relative statistical and
total uncertainty on the signal are shown in the bottom panel of (a), assuming
the same background systematic as in Run 2 of 12%. A comparison of the total
uncertainty when considering a reduction in the nominal background systematic by
a factor of 2 and 4 is shown in (b) and compared to the Run 2 relative uncertainties.
The bottom panel in (b) shows the ratio of the total relative uncertainty on the
signal yield at the HL-LHC as a ratio to the Run 2 uncertainty. The average
pileup in Run 2 was (u) = 33.7. Plots produced by the author for Ref. [5].

reduced by a factor of 2.6 in the 200 < m, < 380 GeV bin, when comparing to
the Run 2 expected yields separated with the same binning in m,,. However, the
relative systematic uncertainty is almost two times larger when considering the
nominal 12 % background systematic due to the much larger background yield.
The relative total uncertainty on the signal is reduced by almost 50% in the
200 < my, < 380 GeV bin compared to Run 2, even when considering the nominal
12 % background systematic. An even larger relative improvement is found in the
my, > 380 GeV region due to the very large Run 2 statistical uncertainty in this
bin.

Figure 7.16b demonstrates the effect of reducing the background systemat-
ics by a factor of 2 and 4. It is seen that reducing the background systematic has
a large effect at low my, but is not so important at high m, where background
yields are much smaller. Even with the large increase in integrated luminosity at
the HL-LHC, the statistical uncertainty on the signal yield begins to dominate
in the highest my, bins but is still largely reduced relative to Run 2. A roughly
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64 % reduction on Run 2 in expected relative statistical uncertainty is seen in the
200 < my, < 380GeV bin. Improving background modelling systematics of the
underlying event before HL-LHC data analysis begins should remain a priority in
order to keep up with improvements in statistical precision but it is not as crucial
as for a fiducial measurement when studying tails of distributions where yields
are low. The results in the differential analysis assume that dedicated low-pp
tracking will be possible and therefore focus on optimising low-py reconstruction
methods at the HL-LHC is required. Not included in the results are changes
in cross-section going from /s = 13TeV to /s = 14 TeV. These increases are
expected to range from roughly 2% in the lowest my, bin to 16 % in the highest
my, bin, for the elastic vy — WW process.

Ultimately, any analysis at the HL-LHC that has intact forward protons in
the final state can be split into three categories; zero-tag (central-detector only),
single-tag, and double-tag. The expected signal and background yields for the
three categories are presented in Table 7.5 and compared to the expected yields
in the Run 2 analysis. Although both the signal and background yields decrease
with increasing my,, the background yield falls faster due to the decreasing
background efficiency and therefore the signal to background ratio increases with

increasing my,.

All proton-tagged results are presented for both combinations of detector
location considered, RP1+RP2 or RP24+RP3, and APF-ToF resolutions of 10
and 20 ps are compared. The analysis requirements are tailored to retain 95% of
the signal for any given ToF resolution. The forward proton p is required to be
smaller than 0.25 GeV for the double-tag analysis and smaller than 0.30 GeV in
the single-tag analysis to further suppress the pileup background, studies of which
were given in Section 7.6.1. Kinematic matching between the protons measured
by AFP and leptons measured by the central detector cannot be performed in
either analysis due to missing information from the undetected neutrinos, as well

as any proton that has dissociated or is outside of the AFP acceptance.

The large signal losses due to small AFP acceptance and loss of dissocative
signal result in a double-tag analysis that would be far too statistically limited to
be viable at the HL-LHC, with no more than a couple of signal events predicted
in each dilepton mass range. The signal to background ratio is also much worse
than in any other analysis category, despite improved background suppression

compared to a central-detector-only analysis. This is due partly to the increased
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Dilepton mass |GeV]
20-80 80-120 120-200 200-380 380+

Run 2

Signal 43 39 49 32 10
Background 54 33 29 13 3
HL-LHC zero-tag

Signal 419 377 A77 310 97
Background 997 603 529 236 50
HL-LHC single-tag

RP1+RP2

Signal 44 47 79 86 63
Background 10 ps 63 47 58 43 23
Background 20 ps 70 52 65 48 26
RP2+RP3

Signal 36 43 73 80 o1
Background 10 ps 49 36 45 33 18
Background 20 ps 55 41 o1 37 20
HL-LHC double-tag

RP1+RP2

Signal <01 <0.1 0.3 0.6 1.4
Background 10 ps 61 37 32 15 2.6
Background 20 ps 105 65 55 25 5.3
RP2+4+RP3

Signal 0.2 0.5 1.9 3.7 6.6
Background 10 ps 31 20 18 7.9 1.6
Background 20 ps 60 37 31 15 3.0

Table 7.5: Comparison of expected signal and background yields for three cat-
egories of vy — WIW analysis at the HL-LHC and the expected yields in the
Run 2 analysis [4], in bins of dilepton mass, my. All results assume central
detector selections of track-pp > 500 MeV and track-|n| < 2.5 with a HL-LHC
track-veto window-size of 0.2 mm and Run 2 window size of 1 mm. An inte-
grated luminosity of 3000fb * and p = 200 are assumed at the HL-LHC. The
single-tag analysis requires at least one lepton to be within the HGTD acceptance
of 2.4 < |n| < 4.0 but all other categories assume leptons within an acceptance
of |n| < 2.5. Different combinations of AFP station locations are considered:
RP1+RP2 (0.08 < ¢ < 0.31) and RP2+RP3 (0.05 < £ < 0.20). The background
yields are presented for an AFP-ToF resolution of both 20 ps (current best) and
10 ps (goal for HL-LHC). The HGTD resolution is taken as 30 ps.
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number of pileup protons at the HL-LHC but mainly the loss of dissociative signal
and the increased lower edge of the AFP acceptance compared to Run 2 and 3.
In order to benefit from double-proton-tagging in a vy — WW analysis, we need
very low acceptance in &, as the energy loss of each proton is expected to be
very small. The single-tag category actually improves the signal to background
ratio compared to the zero-tag analysis. When considering that the background
would be calculated in an independent way (data-driven event mixing) in a
proton-tagged analysis compared to zero-tag, a single-tag analysis will be useful
at further constraining backgrounds and reducing background systematics. The
single-tag analysis would also be performed in a different kinematic phase-space,

allowing further constraints of any EFT effects.

Not considered here is the possibility of relaxing central detector signal re-
quirements in response to requiring forward proton tags. For example, the strict
track-veto requirement that is imposed in the central-detector-only analysis may
be able to be relaxed as reconstructing forward protons in the final state is an

independent method of defining exclusivity.

7.8 Conclusion on future vy — W W prospects

The results presented in this chapter have shown that the higher pileup environ-
ment expected at the HL-LHC will give rise to important challenges for accurately
identifying exclusive processes like vy — WW. The expected sensitivity to the
process vy — WW — e*vuTv with the ATLAS detector at the HL-LHC, when
assuming an integrated luminosity of 3000fb ' and p = 200, was estimated
by projecting the Run 2 analysis [4] and correcting for the main expected
differences in performance after the ATLAS Phase-II upgrade. Full-simulation
HL-LHC MC samples were used to derive the expected performance of the
upgraded ATLAS Inner Tracker. Furthermore, several potential optimisations of
the HL-LHC baseline analysis have been investigated, including narrowing the
track-veto z-window size, reducing the minimum-reconstructed track-pp to the
nominal Run 2 value of py > 500 MeV and increasing the tracking acceptance
from |n| < 2.5 to || < 4.0. The expected sensitivity to background modelling
uncertainties was also investigated. The prospects for a differential analysis in
my, were investigated, with the aim of targeting the high-m,, region for improved
constraints on EFT operators. The increased statistical precision at the HL-LHC
results in improved prospects in this region, with a roughly 64 % reduction in

expected relative statistical uncertainty and almost 50 % reduction in relative
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total uncertainty in the 200 < my, < 380GeV bin, when using a minimum

reconstructed track-pp of pp > 500 MeV and a track-veto window size of 0.2 mm.

The theoretical modelling uncertainty on the main background becomes a
dominant uncertainty with large expected increases in background yields and
efforts to reduce it would ensure it will not limit the overall expected precision
on the extracted cross-section. The reconstructed track-py threshold will be a
key experimental consideration in the prospects for vy — WW analyses at the
HL-LHC and further research and development is required to optimise low-py

tracking methods for HL-LHC operating conditions.

In addition to the central detector studies, two additional categories of
vy — WIW analysis were studied in the expected operating conditions at the
HL-LHC: a single- and double-proton-tag analysis with an AFP-like detector.
AFP has the potential to increase sensitivity in these analyses by both suppressing
backgrounds originating from pileup interactions and allowing central detector
cuts to be relaxed to increase signal acceptance. However, requiring a proton
tag in AFP also largely reduces signal acceptance due to limited AFP kinematic
acceptance, as well as the loss of dissociative events depending on whether a

single- or double-tag is required.

It was found that the central-detector-only analysis outperformed an analy-
sis in which a double proton tag was required in AFP. This is largely due to the
loss of signal acceptance when considering limited AFP kinematic acceptance,
and the loss of dissociative events which make up 72 % of the signal. The results
presented in this chapter assume an AFP-ToF resolution of o,z = 20 ps which
is the best achieved resolution to date [179] and compare to the HL-LHC goal
of opop = 10 ps. In order to make a double-tag analysis viable, the AFP-ToF
resolution would have to be reduced to or,p < 10 ps which would require a huge
amount of timing detector research and development. Another possibility would
be to reduce the lower edge of the AFP acceptance in &, however it is highly
unlikely that an improvement will be able to be made on the Run 2 value of
M — 0.02 due to machine and detector-location limitations at the HL-LHC.
Therefore, it is concluded that a double-tag vy — WW analysis at the HL-LHC
will not be viable, under the assumptions and analysis selections made in these

studies.

On the other hand, a single-tag vy — WW analysis, in which one lepton
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is in the acceptance of the HGTD, can improve the signal to background ratio
compared to a central-detector-only analysis. Furthermore, a single-tag analysis
could be interesting in two ways: Firstly, backgrounds are calculated in a different
way in analyses with forward proton tags (data-driven event mixing), allowing
cross-checks and reducing systematic uncertainties on backgrounds which was
shown to be vital in order to not limit the measurement precision. Secondly, the
different topology of the single-tag selection will possibly allow further constraints

on any EFT effects, possibly improving limits on EFT coupling coefficients.

Although not a crucial factor in the vy — WW single-tag analysis, from
these studies it is recommended that the combination of RP2+RP3 AFP
detector locations be chosen over RP14+RP2 as the lower ¢ acceptance would

allow any analysis which requires a double-tag to have lower reach in central mass.

Not considered in this thesis are prospects in Run 3. Operating conditions
in Run 3 are expected to be similar to Run 2 but with higher average interac-
tions per bunch crossing of around (u) ~ 60 and an increased CoM energy of
Vs =13.6 TeV. ATLAS and CMS aim to more than double their total integrated
luminosity over the course of Run 3, allowing improvements on statistical precision
for rare electroweak processes. As shown in the HL-LHC studies presented in this
chapter, the increase in pileup will be detrimental to exclusive analyses such as
vy — WW but the increase in integrated luminosity and CoM energy will help
to reduce statistical uncertainties associated to measurements. It is also hoped
that efficient time-of-flight detectors will be available in AFP, which aims to more

than double its collected dataset in the first year of Run 3 data-taking alone.



Chapter 8
Conclusions and outlook

The work presented in this thesis covered the observation and measurement of
photon-induced W W~ production in the fully-leptonic decay mode. The obser-
vation was performed in proton-proton collision data at a centre-of-mass energy
of 13 TeV and with an integrated luminosity of 139fb ', recorded by the ATLAS
detector. Particular emphasis was given on data-driven corrections to charged par-
ticle multiplicity distributions in simulation, which were vital for understanding
signal and background processes. The efficiency of the signal to pass the exclu-
sivity selection in data was determined to be 52.6 %. The measured vy — WW

cross-section in the fiducial volume of the analysis was
fid. 0.32 0.29
Tomens. = 3.137037 (stat.)T05a (syst.) fb.

and the background hypothesis was rejected with a significance of 8.4 standard
deviations. This is the first observation of the vy — WW process in any decay

channel.

Distributions were then presented differentially in many kinematic observ-
ables. The post-fit simulation predicted yields generally agree well with the
data, within statistical and systematic uncertainties. Larger disagreement was
seen at high dilepton pr, pfre, and the leading-lepton pr appeared to be slightly
harder in data compared to simulation. There was also some disagreement also at
high values of A®,,, where the leptons have large separation in azimuthal angle.
Preliminary unfolding studies were then presented, using D’Agostini’s iterative
unfolding method implemented in the RooUnfold package. As the measurement
has very little migration between particle-level and reconstruction-level bins
and has large statistical uncertainties, it was found that one iteration was

optimal to minimise the variance of the unfolded result. Optimisation studies
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are ongoing and other unfolding techniques shall be tested and compared in the
future. Ultimately, unfolded distributions will be used to calculate limits on EFT
operators that impact W W~ and WW~vy couplings.

In addition to the observation and measurement of the vy — WW pro-
cess, performance work on the ATLAS Forward Proton detector was presented,
detailing the inter-plane alignment algorithm and the alignment results calculated
in 2017 data. The working points of proton reconstruction within AFP were
developed and reconstruction efficiencies were calculated to be over 90 % in all

stations.

Finally, prospects for future vy — WW analyses at the High-Luminosity
LHC were presented. It was demonstrated that the higher pileup environment
expected at the HL-LHC will give rise to important challenges for accurately
identifying exclusive processes like vy — WW. Several potential analysis
optimisations were investigated and it was determined that the reconstructed
track-pp threshold will be a key experimental consideration in the prospects for
vy — WW analyses at the HL-LHC and further research and development is
required to optimise low-py tracking methods for HL-LHC operating conditions.
The prospects for a differential analysis in m,, were investigated, with the aim of
targeting the high-my, region for improved constraints on EFT operators. The
increased statistical precision at the HL-LHC results in improved prospects in
this region relative to the Run 2 observation, with a roughly 64 % reduction in
expected relative statistical uncertainty and almost 50 % reduction in relative
total uncertainty for dilepton masses of 200 < my, < 380 GeV, when using a

minimum reconstructed track-pp of pp > 500 MeV.

In addition to the central detector studies, two additional categories of
vy — WW analysis were studied in the expected operating conditions at the
HL-LHC: a single- and double-proton-tag analysis with an AFP-like detector. It
was determined that a novel single-tag vy — W W analysis, in which one lepton
is in the acceptance of the High-Granularity Timing Detector, can improve the
signal to background ratio compared to a central-detector-only analysis. The
expected signal and background yield when selecting a dilepton mass above
380 GeV and with no selection on AFP is 97 and 50 events, respectively, whereas
it is 51 and 18 in a single-tag analysis (assuming an AFP-ToF resolution of
10ps and an acceptance of 0.05 < £ < 0.20). Furthermore, a single-tag analysis

would likely allow additional constraints on background systematic uncertainties
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through data-driven predictions and on any new physics effects due to the
different topology of the single-tag events. Therefore, AFP should be seen as an
addition to the ATLAS HL-LHC physics programme.



Appendix A

Additional figures for the AFP

inter-plane alignment

This appendix contains additional figures for the AFP inter-plane alignment, first
presented in Section 4.5. The coordinate system used in this appendix is central

ATLAS coordinates.

Figures A.1-A.3 show the evolution of alignment parameters over time for
the A-FAR, C-NEAR and C-FAR stations. The results for the A-NEAR station
were presented in Section 4.5.2. The alignment analysis can highlight issues with
individual planes if convergence is not seen. For example, STATION-3 (C-FAR),
plane-1 had no high voltage across 2017 which resulted in poor track reconstruc-
tion. The effect of this can clearly be seen in Figure A.3. STATION-0 (A-FAR)
only had two working planes during most of 2017, impacting track reconstruc-
tion. Fewer planes result in worse position resolution per track and increase the

relative fraction of fake tracks reconstructed. This effect can be seen in Figure A.1.

Figures A.4-A.6 show the AFP inter-plane alignment stability plots for the
«, Az and Ay parameters across standard runs in 2017 in which AFP was
inserted and the data passed the AFP GRL. Individual planes have been removed
from the analysis if there were known issues. The weighted mean and standard
deviation of all runs are taken as the final parameter values. There is a jump
seen in parameter values in some figures, such as the top-left of Figure A.6, which

correspond to a change in SiT tuning, discussed in Section 4.6.
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Appendix A. Additional figures for the AFP inter-plane alignment
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Appendix B

Pileup simulation comparisons:
PYTHIA8 vs EPOS+PYTHIAS

The author performed studies into pileup track kinematic distributions comparing
the Run 2 simulation setup to the new simulation setup for Run 3. In Run 2,
ATLAS generated and showered pileup interactions using PYTHIAS8 (Py8) with
the A3 tune [101]. However, this setup was known to model pileup track
distributions poorly for low-py tracks [234, 235]. Therefore a new setup was
developed for Run 3, using EPOS [192] for over 99% of minimum-bias event
generation, while keeping PYTHIAS for rarer high-py activity (jet-pr > 35 GeV).
In PYTHIAS inclusive pp interactions are described by a model that splits
the total inelastic cross-section into non-diffractive processes, dominated by
t-channel gluon exchange, and diffractive processes involving a colour-singlet
exchange. The simulation of the non-diffractive component uses MPI models.
The diffractive component is further divided into single- and double-dissociative
processes, described using a pomeron-based approach [236]. EPOS provides an
implementation of a parton-based Gribov—Regge theory [237], which is an effective

QCD-inspired field theory describing hard and soft scattering simultaneously.

The tests were performed comparing Z — ¢7¢~ simulation to 2018 data,
corresponding to an integrated luminosity of 58.5fb ', which most closely
matches the beam parameters set in the simulation. Figures B.la and B.1b
are used as sanity checks, to make sure distributions that shouldn’t be affected
by the different modelling are consistent between the two setups. Both Py8
and EPOS+Py8 agree for these two distributions. The agreement with data in
Figures B.1a and B.1b is not perfect but this is not a concern as the p distribution

will be corrected with pileup reweighting and the beamspot is expected to have
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slightly different dimensions and position in data and MC.

Figures B.lc and B.ld show the nly distribution for tracks that satisfy
|Ztrack — 2bin| < 1 mm where each z-bin samples across the beamspot longitudinal
width. Figure B.1d is zoomed into the low-n,,. region of niy < 10. Neither setup
models the track distribution perfectly but EPOS+Py8 performs significantly

better for niy < 10.

Figure B.le shows the pileup track-pp distribution. Again, neither setup
models the distribution perfectly but EPOS+Py8 generally performs better than
standalone PYTHIAS, apart from in the region of roughly 1.5 < pr < 3GeV.
It should be noted that EPOS data/MC agreement within 5% is impressive
considering the difficulty in modelling diffractive pileup interactions, particularly

at low-pr.

Figure B.1f shows the exclusive efficiency (discussed at length in Section 5.4)
as a function of u. Note that the ny, = 0 bin in Figures B.1c and B.1d is this
distribution integrated over all p. Therefore, Figure B.1f is a more accurate
representation of the n,, = 0 modelling as it removes the effect of differences in
1 between data and MC. Although both setups are generally within a few % of
data in Figure B.1f, the average p in data is slightly higher which coincidentally

improves the data/MC agreement.

From the results shown here, it can be concluded that EPOS-+Py8 outper-
forms standalone Py8 when considering the number of reconstructed tracks per

region in z and better models the pileup track-pr across the spectrum.
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Appendix C

Further studies on the corrections to

the v+ — W W cross-section

In addition to the results presented in Section 5.8.4, further studies were carried
out into the corrections applied to the cross-section calculation. Firstly, Ayu
and Cyy were calculated in signal MC with two different beamspot sizes but
which had both been scaled to better match the beamspot found in data. The ac-
ceptance, Ay = (Npass(truth) /Ny, (truth)) x filter eff, should be independent of
zog-scaling as no selection on pileup tracks is made at particle-level. Therefore, any
differences will be due to the process in which the alternate beamspot samples are
produced. Table C.1 shows the acceptance values calculated in both samples. The

acceptance is consistent between the two samples to within one standard deviation.

Table C.2 compares the Cyyy factor for the two different beamspot sizes,
across the different MC campaigns and combined. The 35 mm sample is chosen
as nominal as the beamspot size is closer to that seen in data and therefore, less
correction is needed when applying z,-scaling to tracks. The discrepancy between
the two samples can be attributed to the systematic uncertainty on the beamspot

rescaling method.

BS o, [mm| Apw
42 0.0724 £ 0.0005
35 0.0732 £+ 0.0004

Table C.1: The signal acceptance calculated in signal MC. The BS o, refer to the
beamspot size before z,-scaling is applied. Both samples are zy-scaled to better
match BS distributions seen in data.
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Studies into the effect of including/excluding tau decays in the fiducial re-
gion were also carried out. Taus are excluded from the fiducial definition at
particle-level in the cross-section measurement. Tables C.3, C.4, C.5, and C.6
show values for Cyyyy under different conditions; including/excluding tau decays
and with/without z, scaling applied. Results are also given for different dilepton
flavour channels: ee, pp and pe/ep. The latter is the signal selection. The
relative contribution of taus is 15% both at particle- and reconstruction-level.
This equates to an absolute event yield contribution of around 5 % of tau-decays

in the fiducial volume.

Cww (7 decay excluded in fiducial selection, no z;, scaling)

channel 2015-16 2017 2018 combined

o 0.5818 £0.0112  0.4598 +0.0100 0.4767 £ 0.0090 | 0.4997 £ 0.0058
ee 0.4738 £0.0119 0.3727 £0.0101  0.4125 £+ 0.0092 | 0.4159 £ 0.0059
pe/ep | 0.5278 £ 0.0084 0.4330 £ 0.0072 0.4394 £ 0.0065 | 0.4602 + 0.0042

Table C.3: Cyy calculated in the full fiducial region, with tau decays excluded
and no z, scaling applied.

Cyww (7 decay included in fiducial selection, no z, scaling)

channel 2015-16 2017 2018 combined

0 0.5080 £ 0.0106  0.3995 4+ 0.0092  0.4163 £ 0.0083 | 0.4357 £ 0.0054
ee 0.4128 £0.0109 0.3271 £ 0.0092  0.3576 £ 0.0084 | 0.3624 £ 0.0054
pe/ep | 0.4601 £+ 0.0078 0.3752 £+ 0.0066 0.3844 £ 0.0060 | 0.4010 + 0.0039

Table C.4: Cyy calculated in the full fiducial region, with tau decays included
and no z;, scaling applied.

Cww
BS o, [mm]| 2015-16 2017 2018 combined
42 0.502 £0.007 0.393 £ 0.006 0.397 4+ 0.005 | 0.423 £ 0.003
35 0.471 £0.007 0.367 £ 0.006 0.362 £ 0.005 | 0.392 £ 0.003

Table C.2: Cyyy calculated for different MC campaigns in HERWIGT elastic yy —
WW simulation, with initial beamspot sizes of 42mm and 35 mm, where both
have been zy-scaled to match the beamspot size in data.
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Cww (1 decay excluded in fiducial selection, z, scaling to data)

channel 2015-16 2017 2018 combined

L 0.5536 = 0.0113  0.4373 +=0.0100  0.4419 = 0.0090 | 0.4706 £ 0.0058
ee 0.4472 £0.0118 0.3532 £ 0.0100 0.3751 +0.0091 | 0.3870 £ 0.0058
pe/ep | 0.4995+ 0.0084 0.4158 £0.0072 0.4041 4+ 0.0064 | 0.4324 + 0.0042

Table C.5: Cyy calculated in the full fiducial region, with tau decays excluded
and 2z, scaling applied to better match the beamspot distribution in data.

Cww (7 decay included in fiducial selection, z, scaling to data)

channel 2015-16 2017 2018 combined

j 0.4834 £ 0.0106 0.3800 £ 0.0091 0.3859 £+ 0.0082 | 0.4103 £ 0.0053
ee 0.3897 £ 0.0108 0.3101 £ 0.0091 0.3252 4+ 0.0082 | 0.3373 £ 0.0053
pe/ep | 0.4354 £0.0078 0.3603 + 0.0065 0.3535 £+ 0.0059 | 0.3768 + 0.0038

Table C.6: Cyy calculated in the full fiducial region, with tau decays included
and z, scaling applied to better match the beamspot distribution in data.



Appendix D

Additional figures for the differential
vy — W W measurement

This appendix includes additional technical closure test figures and correlation ma-
trices related to the differential vy — WW measurement presented in Chapter 6.
All technical closure tests close perfectly, as expected. The statistical correlation
between the event yields in bins 7 and j, N; and N;, is defined as
cov(N;, N,
COI‘I‘(N,“ N]) - M, (Dl)
JNi O-Nj

where o is the standard deviation of N; and N; and the covariance, cov(NN;, N;),
is calculated as described in Ref. [238]. The correlation matrices have small anti-

correlations on the non-diagonals as there is very little migration between bins.
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Figure D.1: Technical closure tests.
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Figure D.2: Correlation matrices showing the statistical correlation between bins
in the unfolded distributions. All bins are given equal width in these figures to
aid readability.
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