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Abstract

Lead ions accelerated to ultra-relativistic energies at the Large Hadron Collider are accom-
panied by a strong flux of quasi-real photons. These photons can interact and produce pairs
of tau leptons, via the vy — 717~ scattering process, at an enhanced rate in ultra-peripheral
Pb+Pb collisions. This process can be used to investigate the physics of the photon-tau lepton
coupling. This thesis presents the first measurement of the vy — 717~ scattering cross-section
in ultra-peripheral Pb+Pb collisions at /sy = 5.02 TeV, recorded by the ATLAS detector in
Run 2 of the Large Hadron Collider. The cross-sections are measured for 21 kinematic observ-
ables of the tau lepton decay products across three fiducial regions, and are found to agree well
with the available theoretical predictions. The measured cross-sections are used to constrain
the anomalous magnetic dipole moment and the electric dipole moment of the tau lepton. The
obtained constraints are expected to be the most stringent results using /sxy = 5.02 TeV
Pb+Pb collisions at the Large Hadron Collider.

Zusammenfassung

Bleiionen, die im Large Hadron Collider auf ultra-relativistische Energien beschleunigt
werden, sind von einem starken Fluss quasi-realer Photonen umgeben. Diese Photonen konnen
interagieren und iiber den vy — 77~ -Streuprozess Paare von Tau-Leptonen erzeugen. Dieser
Prozess tritt in ultra-peripheren Pb+Pb Kollisionen im Vergleich zu Proton-Kollisionen mit
erhohter Rate auf und erlaubt es, die Physik der Photon-Tau-Lepton-Kopplung untersuchen.
Diese Arbeit prisentiert die erste Messung des vy — 777~ Wirkungsquerschnitts in ultra-
peripheren Pb+Pb Kollisionen bei /sy = 5.02 TeV, aufgezeichnet mit dem ATLAS-Detektor
in der zweiten Datennahmeperiode des Large Hadron Collider. Differentielle Wirkungsquer-
schnitte wurden fiir ingesamt 21 kinematische Observablen der Tau-Lepton-Zerfallsprodukte in
drei fiduziellen Regionen gemessen und stimmen gut mit den verfiigbaren theoretischen Vorher-
sagen iiberein. Die gemessenen Wirkungsquerschnitts werden verwendet, um das anomale
magnetische Dipolmoment und das elektrische Dipolmoment des Tau-Leptons zu bestimmen.
Die erhaltenen erwarteten Grenzen stellen die genausten Ergebnisse bei der Verwendung von
Vv/snn = 5.02 TeV Pb+Pb Kollisionen am Large Hadron Collider dar.
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Chapter 1
Introduction

Over the last century, progress in the field of elementary particle physics has followed two
paths. The first path is where discoveries occur, i.e. the direct experimental observation of
hitherto unknown or unobserved particles. The second path is where measurements are per-
formed, i.e. the characterization of the properties of particles, both new and old. The two paths
are intertwined: new discoveries warrant new measurements, while measurements that cannot

be explained by the best available theories, may hint at future discoveries.

This thesis is concerned with the measurement of the interaction between two elementary
particles, namely the photon v and the tau lepton 7~. The photon is the familiar quantum of
light, and is responsible for mediating electromagnetic interactions between charged particles.
The tau lepton is a heavier copy of the well known electron e™. It was discovered in the 1970s in
a search for heavy electron cousins, i.e. leptons, using eTe™ collisions recorded by the Mark I
experiment at SLAC [1, 2].

The Standard Model of particle physics provides the best description of the observed be-
haviors of elementary particles. It posits that to first order, the photon-tau lepton interaction is
identical to the photon-electron interaction, given that electrons and tau leptons are copies of
each other (albeit with different masses). Thus, by measuring the photon-tau lepton coupling,
it is possible to gather evidence that either supports the Standard Model, or hints at physics Be-
yond the Standard Model. The photon-tau lepton coupling contains two physically observable
quantities, called the anomalous magnetic dipole moment (AMDM) and electric dipole moment
(EDM) of the tau lepton, which are inherently related to how the spin of the tau lepton affects
its interaction with the photon. These observables, which are together called the electromag-
netic dipole moments (EMDMs) of the tau lepton are therefore at the core of the photon-tau
lepton coupling analysis. Even though the tau lepton was discovered nearly fifty years ago,
high precision measurements of the tau lepton EMDMs have only become possible in the last

twenty years, due to significant improvements in the available experimental facilities.

The tau lepton is not found freely in nature, as it is an unstable particle. It decays to

lighter (and stable) elementary particles with a mean lifetime of less than one picosecond.

1



Chapter 1. Introduction

The measurement of the tau lepton EMDMs requires the production of tau leptons, where the
production mechanism includes the photon-tau lepton coupling. For this reason, this thesis
explores photon-initiated tau lepton pair production, i.e. the vy — 717~ scattering process.

This process is realized in high energy particle collisions, such as those delivered by the
Large Hadron Collider (LHC), located at the Conseil Européen pour la Recherche Nucléaire
(CERN) in Geneva, Switzerland. Since quantum mechanics, the framework underlying the
Standard Model, is inherently probabilistic, not every high energy particle collision can result
in vy — 717~ scattering. However, the probability can be significantly enhanced by colliding
highly charged particles. Thus, this thesis focuses on 7y — 777~ scattering in lead (Pb) ion
collisions delivered by the LHC. In particular, this thesis investigates ultra-peripheral Pb+Pb
collisions, where the nuclei interact at distances larger than twice their radii. In such collisions,
the probability of electromagnetic interactions is significantly enhanced, compared to those of
the strong and weak nuclear interactions.

The Pb+Pb collisions were recorded by the ATLAS experiment in 2015 and 2018, and
constitute the data that were analyzed in this thesis. The probability, or cross-section, of vy —

T+

7~ scattering is measured with this data, using various decay processes of the tau lepton.
In fact, this is the first differential measurement of vy — 777~ scattering at the LHC. The
measured cross-sections are then used to set constraints on the tau lepton EMDMs.

As the impact of the results of this analysis is limited by the size of the available dataset,
it is natural to expect that the constraints on the tau lepton EMDMs will improve as more
Pb+Pb collision data is collected. Such new datasets need to be calibrated, in order to reduce
uncertainties due to experimental sources. In this direction, this thesis presents a preliminary
calibration of the luminosity, or “brightness”, of Pb+Pb collisions, delivered to and recorded by

the ATLAS experiment in 2023.

Overview

This thesis is organized as follows. In Chapter 2, the Standard Model of particle physics, the
electromagnetic dipole moments of leptons, and the details of vy — 777 scattering in ultra-
peripheral Pb+Pb collisions are described, thereby providing an overview of the theoretical and
phenomenological framework necessary for this thesis. The experimental methods relevant
to this thesis are presented in Chapter 3. This includes a description of LHC, the ATLAS
experiment, and the analysis techniques used to infer the presence of particles produced in
high energy collisions, using the data recorded by the ATLAS experiment. A calibration of the
luminosity of the 2023 Pb+Pb collision dataset recorded by ATLAS is discussed in Chapter 4.
In Chapter 5, the first experimental measurement of the differential cross-section of vy —
777 scattering in ultra-peripheral Pb+Pb collisions is presented. Further, Chapter 5 describes
the expected constraints on the electromagnetic dipole moments of the tau lepton, using the
measured differential cross-sections. Finally, a summary of the thesis, as well as an outlook on

the future of the reported measurements, is given in Chapter 6.
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Statement on author’s contribution

Given the substantial scale and complexity of modern high energy particle physics, conducting
successful experiments requires large collaborations of physicists, technicians and engineers.
This is certainly true for the ATLAS experiment, and for the other major experiments at the
Large Hadron Collider.

The work presented in this thesis was conducted within the ATLAS collaboration, of which
the author is a member. It has relied on the efforts of thousands of people, in the areas of
detector construction, operations, data-taking, performance and calibration, event simulation,
computing, etc. The publications related to these efforts have therefore been properly cited,
wherever this thesis makes reference to work that was not explicitly done by the author.

The measurement of the vy — 717~ scattering cross-section, which is the main physics
measurement presented in this thesis, was performed within a team of roughly 15 people. As
this analysis is an extension of the studies performed in Ref. [3], several inputs from the pre-
vious analysis, based on the work of the associated analysis team, were re-used for this thesis.
This included the Monte Carlo samples and modeling, object calibration, signal region selec-
tions, background estimation, systematic uncertainty evaluation etc. The author was one of two
main analyzers of the updated analysis along with W. Stanek-Maslouska (PhD student, DESY).

The author was responsible for the following components of the analysis:

* Investigation of the effect of spin correlations in the tau lepton production and decay.

* Revised treatment of the photon flux uncertainty.

* Study of background contribution of simultaneous ultra-peripheral scattering processes.
* Running the unfolding procedure. This includes the determination of:

— the statistical correlations between the measured cross-section bins.
— the impact of systematic uncertainties on the measured cross-sections.
— the systematic uncertainties due to the unfolding bias, response matrix statistics,

and background statistics.

* Determination of the final differential cross-sections and comparison to available theory

predictions.

* Determination of constraints on the tau lepton electromagnetic dipole moments using the

measured differential cross-sections. This includes:
— the development of the event-by-event reweighting procedure for non-zero tau lep-
ton electromagnetic dipole moments.

— the development of the statistical framework used in the analysis.

3



Chapter 1. Introduction

A preliminary result of the 7y — 777~ cross-section measurement based on the author’s
contributions was presented in Ref. [4]. Since then, several improvements were made to the
analysis. This includes a revised treatment of the OnOn weights (i.e. deriving weights for the
combined Run 2 dataset, as opposed to separate weights for the two data-taking years), and the
revised treatment of the photon flux uncertainty. The results of Ref. [4] therefore differ slightly
from those presented in this thesis, which used the resources of the ATLAS collaboration, but
was not “approved” by it.

Further, the author made significant contributions to the calibration of the luminosity of the
2023 Pb+Pb dataset recorded by ATLAS. The author was the main analyzer of this calibration,
where the methodology was based on previous luminosity calibration strategies by ATLAS. The
author was responsible for developing an alternate beam-gas background subtraction method,
and for identifying and fixing an error within the standard calibration framework, pertaining to
the application of the orbit drift correction. In the course of the analysis, the author relied on
the (unpublished) efforts of the following people: the ghost and satellite charge fractions were
determined by A. Jury (PhD student, University of Liverpool / CERN), and the length scale
calibration was performed by R. Hawkings (staff physicist, CERN). For his ATLAS Authorship
Qualification Project, the author developed a new track-based event counting algorithm, which
was used in the estimation of the long term stability of the luminosity calibration. Two sets of
public figures related to heavy ion luminosity calibration released by the ATLAS collaboration
were a result of the author’s work [5, 6]. These figures have been cited in this thesis wherever

appropriate.



Chapter 2

Theoretical and

phenomenological background

This chapter summarizes the theoretical and phenomenological aspects of the experimental
measurement pursued in this thesis. The Standard Model of particle physics is presented in
Sec. 2.1. The underlying physical theories, particle content, and the limitations of the Standard
Model, are also discussed. The electromagnetic dipole moments of leptons, one of which is
measured in this thesis, are introduced in Sec. 2.2. The high energy scattering process through
which the measurement presented in this thesis is performed is discussed in Sec. 2.3.

The notation and conventions followed in this chapter are borrowed from Ref. [7].

2.1 Standard Model of particle physics

The Standard Model (SM) of particle physics refers to a number of theories grouped into one
overarching model. It explains the behavior and interactions of a set of elementary particles,
1.e. physical objects which cannot be subdivided further. The SM provides a description of

three of the four known fundamental interactions in nature (i.e. excluding gravity):

* Quantum electrodynamics (QED): describes the quantum nature of electromagnetic
(EM) phenomena. The EM fields themselves, as well as their interactions with both

elementary particles and macroscopic materials, are modeled by QED.

* Weak interaction: gives a particle description of the weak nuclear interaction. It is

required to understand the decays of elementary particles, and of unstable nuclei.

* Quantum chromodynamics (QCD): describes the strong nuclear interaction at micro-
scopic scales. The interactions of nuclei, their constituent nucleons, and even sub-

nucleon phenomena, cannot be modeled without QCD.

Like most modern physical theories, the Standard Model rests on the shoulders of giants.

Describing the particle content of the SM and their interactions, without understanding the

5
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underlying physics, would do a great injustice to the theoretical developments of the last two
centuries. Thus, this section begins with an overview of the theoretical tools required to build
the Standard Model.

2.1.1 Theoretical framework

According to special relativity, spacetime can be modeled by the R* manifold endowed with
the metric tensor 7),,, = diag (+1, —1, —1, —1). Spacetime rotations of a system are described
by Lorentz transformations; the collection of all possible transformations constitutes a mathe-
matical group called the Lorentz group.

Particles can be described using wave-functions, which may transform in different ways
under Lorentz transformations. This is connected to the concept of spin, which is an intrin-
sic, quantized type of angular momentum not related to physical rotation. Particles can be

categorized based on their spin quantum number:

* Bosons: have integer spin quantum number, i.e. 0, 1, 2 etc., and obey Bose-Einstein
statistics. There is only one fundamental spin-0 particle in the Standard Model, called
the Higgs boson, while the spin-1 particles in the SM mediate the fundamental interac-
tions. Spin-0 particles are invariant under Lorentz transformations and are called scalar
particles. Spin-1 particles obey the Lorentz transformation property A* — A* A", where
A% is an element of the Lorentz group. Since this is the same transformation rule as, for

example, a four-momentum, spin-1 particles are also called vector particles.

* Fermions: have half-integer spin quantum number, i.e. 1/2, 3/2, 5/2 etc., and obey
Fermi-Dirac statistics. They constitute the known matter particles in the SM, and are
represented by four-component Dirac spinors. Under Lorentz transformations, they obey
the rule v —  exp (fwu [7*,7"]) ¥, where 4 are the 4 X 4 gamma matrices, |., ]
is the commutator, and w,, is an antisymmetric 4 x 4 matrix which parameterizes the
transformation. Four-component Dirac spinors consist of two left- and right- chiral Weyl

spinors, which transform under different representations of the Lorentz group.

Spacetime is a stage upon which the dynamics and interactions of particles play out. In
classical mechanics, this can be described using the Lagrangian formalism. For a classical
system with discrete degrees of freedom, the Lagrangian is defined as the difference between
the kinetic energy 7" and potential energy V,i.e. L = T' — V. For classical fields ¢ (x), which

are objects that return a value at all points in spacetime, the Lagrangian takes the form
L(t) = / L (6 (x) 0,6 (). @.1)

Here, L is called the Lagrangian density" of the system, and 0, represents the gradient (or

'The Lagrangian density is often simply called the Lagrangian. Exactly which quantity is being discussed, is
inferred from context, convention and notation.



2.1. Standard Model of particle physics

momentum) of the field. The action, which is the time integral of the Lagrangian, is defined as
sz/iﬁ:/zwmymm@m%. 2.2)

As a system evolves through time, it traces out a path in its phase space. Each path that
can be taken corresponds to a given value of the action. The principle of least action states that
variations of the action along the “most physical” path are zero. Imposing this condition, i.e.

0S5 = 0, gives the classical equation of motion of the system,

oL oL
O (aw (x))) G 3

If different field configurations result in the same equation of motion, the Lagrangian is
said to possess a symmetry. All physical theories are required to be symmetric, or invariant,
under Lorentz transformations. There are additional symmetries relevant to the Standard Model

called local gauge symmetries, which are internal, i.e. not related to spacetime.

The construction of field theories obeying such symmetries can best be understood with the

Lagrangian of a free fermionic field ¢ with mass m, given by?
L = ipy" 0, — mapyp. (2.4)

This equation, also known as the Dirac Lagrangian, is invariant under a global rotation of
1 — 9%, where « is a real number and ¢ quantifies the strength of the rotation. To construct

local gauge field theories, « is allowed to depend on spacetime, i.e. the transformation becomes
) — 9@y, (2.5)

For the Dirac Lagrangian above to be invariant under this gauge transformation, a covariant
derivative D,, defined by
D, =0, —1igA, (2.6)

is introduced, where A, is a vector field known as the gauge field, and g, now called the
coupling strength, quantifies the strength of the interaction between 1) and A,,. The gauge field

transforms under the gauge transformation as
1
A, — A+ gaﬂa (x). 2.7

Invariance under gauge transformations is guaranteed if the gauge field is assigned a kinetic

term in the Lagrangian. Then, the total Lagrangian takes the form

’The spacetime arguments of 1) and all other fields will be subsequently dropped for brevity.

7
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L =iy Dytp — mibp — }IFWFW, (2.8)

where F),, = 0,A, — 0, A, is the field strength tensor of the gauge field. Eq. 2.8 thus describes
a theory involving a fermion and a massless vector boson, along with their interactions.

The gauge transformation in Eq. 2.5 is a representation of the U (1) symmetry group, which
defines rotations along a unit circle. It is also possible to construct field theories for other
groups. Of particular importance to the Standard Model are the SU (N) groups, which are the
Lie groups of N x N unitary matrices with unit determinant (in the fundamental representation).

Elements of these groups act on multiplets of fermions W = (1, 1o, ...,y ) as
U — UV = exp (1T (z)) U, (2.9)

where U is an element of the SU (V) group, defined using the generators 7 and angles o (z).
The sum runs over the N? — 1 generators of the SU (V) group. The generators define a Lie
algebra given by

[T, T"] = if*T", (2.10)

where f are called the structure constants.

The covariant derivative of a theory obeying SU (V) symmetry is given by
D, =0, —igA;T*, (2.11)

where the partial derivative 0, is the usual partial derivative embedded in the N-dimensional
identity matrix, and Aj are the N 2 _ 1 gauge fields associated with the symmetry. Analogous

to Eq. 2.5, the Lagrangian of a SU (V) symmetric field theory is written as
L =i¥y"D,¥ VAV 1F“ Free 2.12
=1 ,7 1% —m - Z_l ny ) ( . )
where the field strength tensor is given by
Fi, = 0,A% — 0,A% + gf ™™ A? A (2.13)

This equation says that the gauge fields of an SU () symmetric theory can interact with
each other if the structure constants allow it. This fact has enormous implications on the phe-
nomenology of the Standard Model, particularly in the description of the strong interaction.

Besides symmetries under continuous transformations, the gauge field theories relevant to
the Standard Model also possess discrete symmetries: charge conjugation C, where the signs
of all quantum numbers are flipped; parity P, where the spatial coordinates are inverted, i.e.
x — —x; time reversal 7, where time evolution is reversed, i.e. ¢ — —t. The operators corre-

sponding to these transformations can be combined, e.g. in the case of CP transformations.

8



2.1. Standard Model of particle physics

Elementary particles can be modeled by wave packets in their corresponding fields, but this
is still a classical description. In order to describe physics at microscopic scales, it is necessary
to quantize the field theory. In the canonical quantization of quantum field theories (QFTs),
the classical fields are promoted to quantum operators which contain creation and annihilation
operators that increase or decrease the number of quanta in a system. This leads to the notion of
particles and anti-particles, which have the same mass and spin, but opposite gauge quantum
numbers. Another approach to quantizing a field theory is the path integral formalism, which
is manifestly Lorentz covariant, and offers a more intuitive connection between classical and
quantum physics. It posits that the evolution of a system can proceed through all possible field
configurations, weighted by ¢, where S is the action.

Quantum field theories are used to compute the evolution of a system from an initial state

|i) to a final state | f). This transition is given by the scattering matrix, defined by

(F18 =1y =i (2m)' 5" (3 p) (1 M0, (2.14)

where the 1 is the identity matrix, i.e. no interactions occur. On the right hand side, momentum
conservation between the incoming and outgoing states is guaranteed by the §* (3" p), and
(f| M |3} is known as the matrix element®. The objects in this equation are vectors and matrices
in the Fock space of the system.

Matrix elements are evaluated using n-point Greens functions. A more intuitive and less
cumbersome approach to these computations is offered by Feynman diagrams, which are dia-
grammatic representations of the underlying mathematics. Within such diagrams, scalar par-
ticles are represented by dashed lines, vector bosons by wiggly lines, and fermions by solid
lines. Feynman diagrams are also used to define Feynman rules, which provide a recipe to
easily compute matrix elements.

The matrix elements M of scattering processes are connected to experimentally observable
quantities through cross-sections. In the crossing of two volumes of particles, such as in collider
experiments, the cross-section essentially gives the fraction of particle-particle interactions that
result in the final state of interest, within the transverse area common to the interacting volumes.
Cross-sections have units of area, and can be differential in the kinematic phase space variables

of the process. For 2 — N scattering, the differential cross-section do is given by

e e T
7= (2E1) (2E2) |’01 - 'l)2| |M’ H (271’)3 2Ej7 (2.15)

jé€final

where F 5 and v, » are the energies and velocities of the initial state particles, and the final

state particles j have energy and momentum £; and p; respectively.

The gauge QFTs discussed so far involve parameters like g which quantify the strength of

3Conventionally, the quantity M is referred to as the matrix element, rather than (f| M ).
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particle interactions. These coupling parameters are typically small, so it is convenient to use
perturbation theory to enable the computation of scattering cross-sections. Here, the cross-

section, differential in a phase space variable (2, can be written in powers of g like

do  do© ¢*\ do g* 2 doc@
%o _ 9 g 2.16
a0~ o +(4n> 0 +<47r) o " (2.16)

The first term is called the Born or leading-order (LO) term, the second is called the next-
to-leading-order (NLO) term, and so on. Adding more terms to a cross-section computation
generally improves the difference between predictions and observations. However, the compu-
tational complexity grows dramatically as higher order terms are included, due to the number
of Feynman diagrams that need to be evaluated.

Higher order Feynman diagrams often involve closed loops of virtual particles, which are
not included in the initial or final state, so they have to be integrated over. Depending on the
structure of the loops, these integrals can diverge with the momenta of the virtual particles.
This is known as an ultraviolet (i.e. high energy) divergence. On the other hand, infrared (i.e.
low energy) divergences can occur if massless particles are present in the loops. Infrared di-
vergences also occur in the case of bremsstrahlung-like radiation processes. As a consequence,
QFT predictions can yield infinite results, even though observable quantities are finite.

This problem of infinities is addressed using the process of renormalization, which recog-
nizes that observables like scattering cross-sections do not depend on the same parameters that
enter a Lagrangian. Instead, what is observed are renormalized versions of the bare parameters
of the theory, which are allowed to be divergent. The divergences in the bare quantities are can-

celled by the divergent loop diagrams, resulting in finite physical observables and parameters.

2.1.2 Fundamental particles and their interactions

With the relevant theoretical tools at hand, the Standard Model of particle physics can be de-
scribed. The physics of the Standard Model evolved over the history of the universe, so a
proper introduction should begin with the high temperature early universe, when the gauge

group structure of the Standard Model took the form
SU@3)c xSU((2), xU(1)y. (2.17)

Here, the subscripts denote the conserved gauge charges: C' is the color charge, L is the
weak isospin charge, and Y is the hypercharge.

The SM particle spectrum, as shown in Fig. 2.1 (albeit after spontaneous electroweak sym-
metry breaking), consists of the gauge bosons of these gauge groups, and fermions with which
they interact. The quarks possess charges under all gauge groups; leptons have hypercharge
and weak isospin quantum numbers, but no color charges. The fermions are grouped into three

families or generations. The left-chiral up- and down- type quarks form doublets under the

10
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Figure 2.1: Particle content of the Standard Model after spontaneous electroweak symmetry
breaking. Figure adapted from Ref. [8].

weak isospin group, while the left-chiral charged leptons and their corresponding neutrinos
form the doublets in the lepton sector. All right-chiral fermions are singlets under the weak
isospin group, with the exception of the right-chiral neutrinos, which are decoupled from their

left-chiral counterparts.

The pieces of the SM Lagrangian that describe the dynamics and interactions of the afore-

mentioned particles are given by

'CSM D) 'Cgauge bosons 1 'Cfermionsa (218)
where
1 nv 1 % uv,t 1 a uv,a
‘Cgaugebosons = _ZLB;U/B - ZWW/W - ZGNVG ) (219)
ﬁfermions = Z “E’Y“D,ﬂﬂ (220)
P

The gauge boson Lagrangian contains the field strength tensors of the B, le and G
fields, which are the gauge bosons of the U (1), SU (2); and SU (3)., groups respectively. The

covariant derivative acting on the fermions 1 is given by

1 1 1
D, =0, — §ig'Bu - §iga“Wﬁ - §igsTaGZ, (2.21)
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where o' are the Pauli matrices, T are the Gell-Mann matrices, and g, ¢’ and g, are the charges

of the associated gauge groups.

Some of the particles in the SM particle spectrum are known to be massive. However,
Eq. 2.18 does not contain any mass terms for the fermions and gauge bosons. In fact, such
mass terms are forbidden by the gauge symmetry of Eq. 2.17. In order to accommodate par-
ticle masses into the SM, the Brout-Englert-Higgs mechanism, also simply called the Higgs
mechanism, was proposed in 1964 [9, 10].

The Higgs mechanism introduces a complex scalar field @, called the Higgs field, which is
a doublet under SU (2), transformations. The Lagrangian of the Higgs field is given by

Litiges = (D, @) (D*®) — V (D). (2.22)

In the high temperature environment of the early universe, the Higgs potential V' (®) is
believed to be quadratic in ®. As the universe expanded and cooled down, an electroweak
phase transition occurred around the Curie temperature of the Higgs field, which changed the
shape of the Higgs potential, resulting in the spontaneous breaking of the SU (2);, x U (1)y
gauge symmetry. Today, the shape of the Higgs potential, constrained by renormalizability and

gauge invariance, is given by
Dy A io2
V((I))z—,u@dﬂrz((b ®)°, (2.23)

such that —p2, A > 0. The potential is minimized for the field configurations

]_ ioa . a O
d=——eu™? : 2.24
V2 <U+h> ( )

where the Higgs boson h is a real scalar field that is a singlet under the electroweak gauge
group, v = \/TQ/)\ is the vacuum expectation value (vev) of the Higgs field, and 7 are the
massless (to be-)Goldstone bosons associated with the spontaneous symmetry breaking (SSB)
mechanism. The physics of the Higgs mechanism is independent of the choice of Goldstone

bosons, so it is customary to work in the unitary gauge where 7 = 0 is chosen.

Inserting this into Eq. 2.22, the kinetic term becomes

2,2 / 2
(DM(I))T (D"®) = % W;W“l - WiWﬂQ + (%Bu — Wj’) ] . (2.25)

This equation describes the mass terms for three vector bosons, which is made apparent by

the following rotations

12
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1
Wy =—
V2

Zy \ [ cosby —sinfy w 227)
A, ~\ sin Ow  cosbBw B, 7 '

where Oy is the Weinberg angle, defined as tan fyw = ¢'/g. These rotations inserted in Eq. 2.25

(W, +iw;), (2.26)

allow the definition of the charged W* bosons with mass my, = gv/2, the neutral Z boson
with mass my; = my/ cosfy, and a massless boson A. The kinetic terms of these fields
are obtained by applying the same rotations shown above to the W7 and B, kinetic terms in
Eq. 2.19.

By inspecting the symmetries of the Lagrangian after SSB, a new U (1) gauge symmetry is
found. The conserved charge is
e = gsin By, (2.28)

which is found by using Eq. 2.27 in the gauge transformation rules for the W bosons.
This is the electric charge that is conserved in quantum electrodynamics. The associated gauge
boson is A, which is the familiar photon. Thus, the SSB mechanism resulted in a change of

the gauge group structure of the SM Lagrangian,

SU(3)e x SU(2), x U(1)y = SU(3)e x U(1)gy» (2.29)

where U (1), is the electromagnetic gauge symmetry. The relation between the electric
charge (), weak isospin quantum number 73, and hypercharge Y of a particular field, is given
by Q =Ty + ¥ [11, 12].

Applying Eq. 2.27 to the Higgs potential in Eq. 2.23, the self-interactions of the post-SSB
vector bosons are found, which are the triple gauge interactions (W*WT A and W*W T Z) and
the quartic gauge interactions (WEWFAA, WEWTFZZ, WEWFAZ and WEWFWEWF),

The Higgs field is also responsible for generating fermion masses through Yukawa cou-
plings to the quarks and leptons. Prior to SSB, the Higgs field couples to the quarks like

ﬁYukawa,quark = _Y;gl _’L(I)dig - Y;? _Z&)uzg + h-C~, (230)

where 4, j run over the three generations of up-type (u) and down-type (d) quarks, Q° are the
SU (2), doublets of left-chiral quarks, Y% are 3 x 3 complex matrices that encode the Yukawa
couplings, and ® = io,®. Expanding the Higgs field around its vev according to Eq. 2.24, the

above terms after SSB become

v h

EYukawa,quark = - (E + E
13

) (dYdRr +arY " ug), (2.31)
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where matrix notation has been used. This term describes the coupling of the Higgs boson
to the quarks, as well as the quark masses. Through a series of matrix rotations via unitary
matrices U, 4 and K, 4, the terms above are diagonalized and the quark masses are obtained.
The matrix V = UJ U, called the Cabibbo-Kobayashi-Maskawa (CKM) matrix, describes how
the quark flavours “mix” in the electroweak interactions. The CKM matrix contains a complex
parameter (with one real and imaginary component) that is responsible for CP violating effects
in the quark sector [13, 14].

A similar mass generation mechanism exists for the charged leptons. Before SSB, the Higgs

field coupling to charged leptons is described by the Lagrangian
EYukawa,lepton - —yzil@ﬁé + h.C-, (232)

where 7, j run over the three generations of leptons, L* are the SU (2), doublets of left-chiral
leptons, ¢y refers to the right-chiral charged leptons and y; are the Yukawa couplings. After

SSB, the above Lagrangian term becomes

'CYukawa,lepton = - Z mZZRéL + h.C., (233)
14

where m, = y,v/1/2 are the masses of the charged leptons. The above mass generation mech-
anism cannot be applied to the neutrinos, since their right-chiral components are not present in

the particle spectrum. Thus, neutrinos remain massless in the Standard Model.

After SSB, the three generations of quarks and leptons are found to have a mass hierarchy,
due to the structure of the corresponding Yukawa couplings. In units of the fundamental electric
charge e, the up-type and down-type quarks possess charges of +2/3 and —1/3 respectively.
The charged leptons, i.e. the electron, muon and tau, have charges of —1, while their corre-
sponding neutrinos are electrically neutral. The anti-particles of the quarks and leptons are also
present in the SM particle spectrum.

The W= and Z bosons, which are obtained only after SSB, mediate the weak nuclear in-
teraction. It is a short range interaction since the W= and Z bosons have O (100) GeV mass.
On the other hand, the fact that the photon is massless implies that the electromagnetic in-
teraction has infinite range. The gluon, which mediates the strong nuclear interaction, is also
massless since it is left untouched by the SSB mechanism. The range of the strong interaction
is energy-dependent, despite the gluon being massless, due to the phenomenon of asymptotic
freedom in quantum chromodynamics [15, 16]. The photon, gluon and Z boson are their own
anti-particles, while the W+ bosons are particle-anti-particle counterparts.

Putting all the pieces together, the Lagrangian of the Standard Model of particle physics

can be written as

ESM = *Cgauge bosons 1 *Cfermions + *CHiggs + *CYukawa, quark + *CYukawa, lepton - (234)
14
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This thesis focuses on the physics of the tau lepton. The electroweak sector of the above
Lagrangian can be used to derive the following Feynman rules for electroweak interactions

involving the tau lepton,

Tt T+ vy
g N A L %78 K
T T T (239)
In the coupling to the Z boson, the parameters cj, = —}1 + % sin® Oy and ¢, = —% highlight

the chiral nature of the electroweak interaction. The coupling to the W boson is only present
for the left-chiral tau lepton (and for all fermions in general), due to the presence of the 1 — ~°

in the interaction vertex.

2.1.3 Beyond the Standard Model

It is not an understatement to claim that the Standard Model of particle physics provides an ex-
cellent description of elementary particle physics. One of the best laboratories to test the predic-
tions of the SM is the Large Hadron Collider at CERN (see Chapter 3). In particular, scattering
processes in high energy proton-proton collisions involving the SM particles have been studied
extensively with the ATLAS experiment. A summary of the experimental measurements of the
cross-sections of such processes, confronted with the corresponding SM predictions, is shown
in Fig. 2.2. Remarkable agreement has been observed for numerous processes across fifteen
orders of magnitude in the production cross-section.

Despite its many accolades, there are still some observations about nature for which the

Standard Model offers no explanation, such as:

* Neutrino masses: Experimental measurements have shown that neutrinos change flavour
as they propagate through spacetime [17, 18]. Assuming that relativity holds, this can
only occur if the neutrino flavour and mass eigenstates are not the same, which implies
that neutrinos must have mass. This breaks the Standard Model assumption that the

neutrinos are massless.

* Cosmology: Observations like the rotation curves of spiral galaxies, gravitational lensing
etc. point to the existence of an unknown kind of matter, called dark matter. The obser-
vation of the accelerated expansion of the universe hints at an unknown kind of energy,
called dark energy, existing homogeneously throughout space. The Standard Model does
not contain particles describing dark matter and dark energy, even though they account

for around 25% and 70% of the matter-energy budget of the universe respectively [19].
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Figure 2.2: Summary of total and fiducial cross-section measurements of various “Standard
Model production processes” (i.e. excluding Higgs production processes) measured in proton-
proton collisions at different center of mass energies by the ATLAS experiment [22]. Total
cross-section measurements are corrected by the branching ratios of the relevant signal regions.
Comparisons to theoretical predictions are shown in the right panel. Status as of June 2024.

* Matter anti-matter asymmetry [20]: It is thought that matter and anti-matter were
present in equal amounts during the first instants of the universe. However, in the present
day, the universe is matter dominated, particularly in the baryon sector. The idea of
baryogenesis, which is a mechanism that requires the three Sakharov conditions to be
satisfied [21], may explain this asymmetry. One of these conditions is for C and CP

violation to be present in the model.

* Gravity: Unlike the electromagnetic, strong and weak interactions, the SM fails to pro-
vide a particle explanation for the gravitational interaction. General relativity, our best
description of gravity so far, is a purely classical theory. Since the gravitational constant
G has a mass dimension of —2 in natural units, general relativity by itself is not renor-
malizable due to power-counting, so it cannot be included in the Standard Model. This
is undoubtedly the SM’s biggest drawback.

It is thought that there may be theories Beyond the Standard Model (BSM), also called

new physics theories, which may resolve these open questions. It is important to note that
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some observations could be resolved by modifications to the analogous “Standard Models” of
astrophysics and cosmology. Since this thesis lies in the realm of particle physics, these ideas
are not discussed further.

There are generally two approaches to constructing BSM theories. In the fop-down ap-
proach, a theory of nature with more fundamental assumptions than the SM is constructed, e.g.
with additional gauge symmetries, different spacetime structures, etc. Through mechanisms
like spontaneous symmetry breaking, the Standard Model manifests as a low-energy version of
this higher theory. In contrast, in the bottom-up approach, the Standard Model is extended by a
small number of interactions and particles.

Both approaches typically predict a large number of new particles and couplings, so falsi-
fying their existence through indirect measurements alone is not scientifically sound. In other
words, only the direct discovery of new particles, e.g. through the discovery of new resonances,
can be used to prove or disprove the existence of top-down theories. This has not happened to
date. Thus, both direct searches and indirect measurements have be used to set limits on BSM
physics, e.g. on the masses and coupling strengths of the predicted new particles.

Experimental studies of BSM physics are inherently model-dependent, since statistical
analyses have to be performed with a particular model as one of the hypotheses. Effective
Field Theories (EFTs) are therefore often considered instead of specific BSM theories, as they
offer a model agnostic framework for statistical interpretations. The working principle of EFTs
is the separation of scales: if a theory predicts physics at microscopic scales (or high energies),
a corresponding effective version is observable at macroscopic scales (or low energies). In par-
ticle physics, Fermi’s four-fermion interaction being an effective theory of the weak interaction
is a classic historical example.

Effective Field Theories are constructed as extensions of the Standard Model. The La-

grangian of a generic EFT can be written as

(d)
C:
Lepr = Lsm + Z Z AZI—4 O,(d)7 (2.36)

a>4 1

where d runs over all mass dimensions greater than four, (’)Ed) are higher dimensional opera-
(

tors with associated couplings or Wilson coefficients cid), and A is interpreted as the scale of
new physics. Using a matching procedure, experimental observables predicted by the EFT are
equated to those predicted by any BSM theory. This allows constraints on the EFT couplings

cgd) to be interpreted as constraints on the free parameters of specific BSM theories.

The underlying (gauge) symmetries and particle spectrum dictate the available operators
(’)Ed) in an EFT. If only the Standard Model fields and interactions are considered, the theory
is referred to as SMEFT [23]. Other EFTs can be constructed with additional assumptions
depending on the use case. It is even possible to construct EFTs using BSM fields and inter-

actions, but this is generally not done. Within the SMEFT, odd-dimension operators are not
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considered, as they are shown to violate lepton and/or baryon conservation. Since higher di-
mensional operators are suppressed by powers of A, the majority of SMEFT interpretations

only investigate dimension-6 operators.

2.2 Electromagnetic dipole moments

Spin is one of the more interesting aspects of quantum physics, since it is has no classical
counterpart. As mentioned in Sec. 2.1.1, it is an intrinsic property that has no effect on the
trajectories of free particles. However, the spins of particles can be studied through interactions
with other particles. In particular, Lagrangians like Eq. 2.8 show that gauge bosons are a good
candidates for probes of fermion spins. Among the Standard Model gauge bosons, the photon
is the best candidate, since it is a stable particle.

To see how the spins of fermions couple to photons, it is useful to consider the QED equa-

tion of motion for a fermion v with mass m, given by
(D" —m)y = 0. (2.37)
Multiplying both sides by (D, y* + m) results in
(DD + Pt + m?) v =0, (2.38)

where the factor of 1/2 in the second term cancels the double counting implied by the Einstein
summation convention in the product of F},, with o#” = % [v*,~4"]. Tt is practical to use the
Weyl basis for the gamma matrices, where 4° = antidiag (1, 1) and 7' = antidiag (0%, —c*),
with i = 1,2,3 and o° being the Pauli matrices. With this, along with the fact that the spin

vector of the fermion is given by S = o /2, the equation of motion becomes

(H — 6140)2

2m

b= (%Jr%(p—eA)?—z%B-Sii%E-S) 0, (2.39)
where the photon field is defined by A, = (Ao, A) with associated electric and magnetic fields
FE and B, H is the Hamiltonian of the system, and p is the momentum of the fermion. The +
is related to the two spinor components of the fermion field.

The B - S term is related to the intrinsic magnetic dipole moment g of the fermion. The
name comes from the classical picture of a magnetic dipole with moment 772, in a uniform
magnetic field B, whose potential energy is —m - B. In fact, Eq. 2.39 contains such a potential
energy term, where m ~ S. The magnetic dipole moment of v is defined as

p=—gusS, (2.40)

where the strength of the magnetic dipole moment is quantified in units of y = e/2m (i.e.

the Bohr magneton if ¢ is the electron). In general, all elementary fermions have a magnetic
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dipole moment with a strength of gy, where the g-factor is simply g = 2. Unlike the classical
case where the dipole simply aligns with the external field, the quantum dipole (i.e. the spin
vector) undergoes Larmor precession about the direction of the external field, with a frequency
wg = gubB (neglecting relativistic corrections).

This prescription applies to on-shell photons, but similar definitions can be made for off-
shell photons with virtuality ¢> > 0. Consider an on-shell fermion interacting with an off-shell
photon. Let p; and ps be the initial and final four-momenta of the fermion, such that ¢ = p; —p»
is the momentum transfer of the photon. The most general vertex between the photon and the

fermion obeying gauge and Lorentz symmetries is given by

ot q,
2m

5 v
B+ Tp ()], @4

i (p1,p2) = —ie |Y*Fy (¢°) + o

where F 53 (¢%) are the form factors associated with the Lorentz structures in the vertex. Their

physical interpretations are:

* The term associated with the F form factor is spin-independent, and modifies the overall
coupling strength. Thus, it is responsible for renormalizing the charge e. When ¢* — 0,

i.e. when the photon is on-shell, F; takes the value

Fy(0) = 1. (2.42)

* The term associated with the F5 form factor is spin-dependent through o”. This term
has the same structure as the magnetic dipole moment, which is most readily seen when

Eq. 2.38 is taken to the momentum space. When ¢*> — 0, the F,, form factor becomes
Fy(0) = =——. (2.43)

The g appearing in this expression is the same as the g-factor introduced earlier. It is

convenient to define an anomalous magnetic dipole moment (AMDM),
a=—, (2.44)

which simply gives the deviation of the g-factor from two.

* The term associated with the F3 form factor is also spin-dependent. Due to the presence
of the v, this term has the opposite eigenvalue under C’P transformations as the first two
terms, which have even eigenvalues. As such, a non-zero Fj implies that the interaction
violates the CP symmetry of the theory. When ¢*> — 0, F} takes the value

2
F(0)=d- 2.

19
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Here, the quantity d is called the electric dipole moment (EDM) of the fermion, which
gives the strength of a F - S coupling in the Hamiltonian. Note that in Eq. 2.39, the
FE - S term is not related to the electric dipole moment, but is rather the Lorentz invariant

completion of the B - S term.

In this thesis, the AMDM and EDM are collectively referred to as the electromagnetic
dipole moments (EMDMs) of a given fermion. EMDMs are powerful probes of the internal
structure of particles. For example, a non-zero EDM — which can be understood through its
classical counterpart, i.e. two charges separated by a distance — may hint at possible internal
electric structure. The same argument can be made for the magnetic dipole moment. Since the
proton has the same spin quantum number and charge magnitude as the electron, it is reasonable
to expect that their g-factors are equal (i.e. 2). However, the measured g-factor of the proton
is 5.5856946893 (16) [24]. This relatively large measurement provided the first hints of the

existence of quarks.

2.2.1 Contributions to the EMDM:s of the tau lepton
The preceding discussion only related to the leading order QED prediction of the EMDMs

of elementary fermions. However, these quantities receive corrections from all possible loop

diagrams within a given theory. Examples of such diagrams in QED, for the tau lepton, are

T T T
Y
v v Y v Y
T T T
N ~~ N Vv b ¥
Tree-level QED One-loop QED Two-loop QED (example)

Here, the tree-level diagram predicts @ = 0, as given by Eq. 2.39. The second diagram
predicts @ = agy /27, where apy = e? /47, which is the famous Schwinger calculation [25].
Corrections to the EMDMs are also possible due to the presence of weak interactions in the

loop diagrams. For example, higher order corrections to the 77 vertex involve diagrams like

P
v gl
w
T
A\ -~ > N -~ >4
One-loop weak (example) Two-loop weak (example)
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Since the weak interaction is C’P violating in the quark sector (by way of the CKM matrix)
elementary particles can possess a non-zero (but very small) electric dipole moment, arising

from higher order weak corrections to their coupling to the photon.

The QED and weak corrections to EMDM s can be calculated using perturbative techniques,
since the related coupling constants are small. The same cannot be said for QCD corrections,
since the strong coupling constant diverges at low energy. Thus, QCD corrections involve loop
diagrams with hadrons rather than quarks and gluons. Examples of the most pertinent hadronic
corrections, namely the vacuum polarization (VP) and the light-by-light (LbyL) diagrams, for
the tau lepton look like

T T
& L * L
T T
NS ~~ > NS ~~ >
LO hadronic VP (example) LO hadronic LbyL (example)

The hadronic VP contribution can be measured experimentally using the ratio of hadron to
lepton production in e*e™ collisions, while the LbyL contribution is not directly measurable.

However, both parts can, in principle, be determined using lattice QCD.

If Beyond Standard Model physics exists, new particles can also contribute to the EMDMs
of elementary particles via loop diagrams. Some examples include

T T
A4 v Y
LQ
T T
g - g - g
v Vv v
Heavy Z boson Charged vector leptoquark Heavy Higgses and leptons

The first diagram shows a heavy neutral Z boson, which can arise in models with more than
four spacetime dimensions, additional U (1) symmetries etc. In the middle, a charged vector
leptoquark is present in the loop, which typically arises in models where higher order gauge
transformations like SU (5) act on multiplets containing both leptons and quarks. On the right,
new heavy (pseudo)-scalar Higgs bosons and leptons are shown, which manifest in models with

additional scalar doublets, in the seesaw mechanism for neutrino mass generation etc.
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Generic new physics contributions to the EMDMs of elementary fermions can be captured
using effective field theories; the SMEFT is best suited for this task. In the Warsaw basis [26],
the SMEFT operators that contribute to the EMDMs of fermions at tree level are

1 - L
Louprr = 15L:0"7R® (Crp B + Crw o'W, ) (2.46)
where A is the scale of the new physics, L. = (7,1, 71,) is the tau lepton doublet under SU (2), ,
® is the Higgs field, and C. 5, C .y are the free SMEFT parameters. After spontaneous elec-
troweak symmetry breaking, the Higgs field can be replaced with Eq. 2.24, and the ,, and W[f
fields can be rotated according to Eq. 2.27. The above Lagrangian then becomes

v ,
ﬁSMEFT = \/§A2 TLO'M F,uVTR (CTB COS QW — CTW S1n QW) . (247)

Without loss of generality, C'.;y = 0 can be assumed, as only the combination of C g and
C,w can be measured experimentally. From this, a Feynman rule for the y77 vertex can be

extracted, resulting in

~ 2m; Re[C;p]
R T
- Im [CTB]
od, = i (2.48)

Here, M = A?/ V/2v cos By, and & denotes the addition of the SMEFT contribution to the
EMDMs, i.e. the total tau lepton AMDM, for example, is given by a, = o™ + Ja,. The
Lagrangian term associated with the imaginary part of C;p has the opposite C'P eigenvalue

compared to the real part, so it can be identified with the electric dipole moment.

2.2.2 Experimental measurements

The strategies that are used to measure the EMDMs of the Standard Model fermions depend
strongly on their mass, lifetime and interactions. Experimental measurements of the EMDMs
of quarks are complicated by confinement in QCD, but there has been phenomenological work
related to the EMDMs of heavy quarks (c, b, t) [27-29]. In contrast, measurements of the
EMDMs of the charged leptons are much easier; the status of these measurements is described

below.
Electron

Since the electron is stable, individual electrons can be manipulated for the measurement of
the electron AMDM a.. High precision measurements can be achieved using the Penning
trap apparatus, where single electrons can be isolated using a homogeneous axial B- field and
quadrupolar E-field. The apparatus also includes a magnetic bottle near the center of the trap,

which introduces a quadratic axial B-field along with a radial component.
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2.2. Electromagnetic dipole moments

In such an environment, electrons undergo cyclotron motion with frequency w¢ and Larmor
precession with frequency wg. If no further external fields are applied, they are in the ground
state of the cyclotron orbit (i.e. first Landau level), with an equal probability of being in either
the spin-up or spin-down states. Transitions between the spin states can be induced by applying
an external radio-frequency field, while excitations to higher Landau levels are induced by an

applied microwave field.

By measuring the shift in the axial frequency of the electron motion due to the state transi-

tions, we and wg are inferred. With this, the electron AMDM can be measured using

14+a, =25 (2.49)
we
The current best experimental measurement of a. used the Penning trap technique, with the
obtained result being [30]

ae = 0.00115965218059(13). (2.50)

The precision of this measurement is at the level of 0.1 parts per trillion, so a direct com-
parison to the Standard Model prediction of a. becomes sensitive to the details of other experi-
mental inputs. In particular, an apparent tension in the measurement of apy; based on rubidium

(Rb) and cesium (Cs) atomic interferometry, has resulted in two predictions [31]

a>™ (Rb) = 0.001159652182042(720) (2.51)
aSM (Cs) = 0.001159652181620(230). (2.52)

These predictions include O (a%;,,) contributions (which is where the agy tension enters),
two loops with electroweak interactions, NNLO hadronic VP, and NLO LbyL contributions.

Depending on the agy; input, a 2.1 ¢ or 3.8 ¢ deviation can be observed.

The electron EDM d, has been measured using HfF™ (hafnium fluoride) ions, which were
chosen due to the large internal E-field of around 23 GV /cm experienced by the valence elec-
trons [32]. If a non-zero d. existed, there would be a shift in the energy difference between the
spin-up and spin-down states of the valence electron, as a consequence of the E - S coupling.
In the experimental setup of Refs. [33, 34], the HfF" ions were confined in a radio-frequency
ion trap. Using Ramsey spectroscopy, the population of spin-up and spin-down states was al-
lowed to evolve over time, and then measured using state-selective photo-dissociation induced

by lazers. The obtained constraint on d, was
d, < 4.1 x 107*% - ¢cm (90% CL) , (2.53)
which can be compared to the Standard Model prediction of [35]

dM < 107%% - cm. (2.54)
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This tiny prediction arises due to three-loop and four-loop diagrams involving quark loops
and a minimum of four W boson vertices, such that the CP violating phase in the CKM matrix
can be realized. Enhancements due to loops with virtual hadrons are also included in the
prediction. Despite the ten orders of magnitude difference between experiment and theory, it is
expected that measurements of d. will reach the 1073% — 10737 ¢ - cm range in the future [36],

so there is some hope of testing the validity of the SM prediction.

Muon

The muon has a lifetime of 2.2 us in the rest frame [37], so the muon EMDMs cannot be
measured in tabletop experiments. However, the lifetime can be increased by boosting them,
thanks to special relativity. Modern measurements of the muon EMDMs have therefore relied

on cyclotron storage rings, where the properties of circulating muon beams are investigated.

The best measurements of a,, in recent years have come from the Muon g — 2 experiment
at Fermilab [38]. In the experimental setup, a beam of protons is made to collide with a fixed
target, resulting in the production of pions and other hadrons. The 7+’s decay into anti-muons,
whose spins are preferentially aligned with their momentum in the lab frame. The longitudi-
nally polarized ;s are then transferred into a storage ring at an energy of 3.09 GeV. At this

energy, the lifetime of the anti-muons is boosted to around 65 us.

Calorimeters placed along the inside of the storage ring detect the energy of positrons from
the u* — e*v,.v, decay. Since this decay proceeds via the weak interaction, the kinematics
of the positrons depend on the i spin. In particular, the positrons have higher energy when
the anti-muon spin is aligned with the momentum, as opposed to when it is anti-parallel. Due
to the applied magnetic field B in the storage ring, the ;1 s undergo Larmor precession in the
plane of the ring. Thus, the energy of the detected decay positrons oscillates with a frequency
w, given by

Wa = W — We = aﬂmiuB. (2.55)

This equation (including relativistic corrections) can be used to measure a,,, but it requires
a precise measurement of the magnetic field, which is difficult to achieve in a cyclotron. In
practice, the Fermilab experiment calibrates B using nuclear magnetic resonance (NMR) in

petroleum jelly, and measures a,, using

Wa Hp My, Ge
_ Zalp Je 2.56
s (2.56)

au

where w),, is the proton Larmor precession frequency in the same magnetic field B, j,, . are the

magnetic moments of the proton and electron, and g, is the g-factor of the electron.

The 2025 Fermilab measurement of a,, is [39]

a, = 0.001165920715(145), (2.57)
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which is the current world average, combining the latest Fermilab data with the previous

Brookhaven measurement [40]. The most recent Standard Model prediction for a,, is [41]
a, = 0.00116592033(62), (2.58)

which includes O (a3,,,) corrections, weak interactions up to two loops (and three loop leading
logarithms), and NNLO hadronic VP and NLO hadronic LbyL contributions. This new predic-
tion appears to have resolved a long standing 3-5¢0 tension between previous measurements
and predictions [42], which was used to set constraints on a plethora of BSM scenarios (see
Ref. [43] for a review). The 2025 measurement and prediction of a, agree within one standard
deviation of each other.

The storage ring at the Fermilab Muon g — 2 experiment was reused from its precursor, the
Brookhaven Muon g — 2 experiment. Data from the Brookhaven experiment was used to set
the most stringent limits on the muon EDM d,,. The analysis made use of the fact that in the
muon rest frame, the B-field in the storage ring looks like an E-field. As a consequence, the
muon spin vector rotates out of the plane of the ring, thereby affecting the kinematics of the

decay positrons. The obtained limit on d,, was [44]
d, <1.9x10""%e - cm (95%CL) , (2.59)
which can be compared to the Standard Model prediction of [35]
&M <107 - om. (2.60)

Unlike the AMDM, the experimental limit and theoretical prediction of d,, are orders of
magnitude away from each other. However, the Fermilab Muon g — 2 experiment has not

published its own d,, measurement yet, so there is scope for future improvements.

Tau

The tau lepton has a mean lifetime of 0.29 ps and a mass of around 1.776 GeV [37]. Acceler-
ating tau leptons to energies where their lifetimes are in the microsecond range, such that spin
precession techniques can be used to measure their EMDM’’s, is far beyond the capabilities of
current particle accelerators. Instead, recent measurements have used high energy scattering
processes with y77 vertices to measure the tau lepton EMDMs, using the parameterizations
given in Eq. 2.41 and Eq. 2.47.

The EMDMs of elementary fermions are formally defined in the limit where the photon
becomes real. Drell-Yan processes like ete™ — ~* — 7177 are thus not ideal, since the s-
channel photons have a large non-zero virtuality. Photon initiated scattering processes at high
energy colliders, where the colliding particles radiate photons with very low virtuality, resulting

in vy — 777~ scattering, have instead been been the preferred probe in recent years. The
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phenomenological aspects of this reaction, in the context of tau EMDM measurements, have
been extensively studied in the literature [45-59]. It has been investigated in eTe™~ collisions at
the Large Electron Positron collider [60-62], as well as in proton-proton [63] and Pb+Pb [3, 64]
collisions at the Large Hadron Collider; the latter will be discussed in more detail in Sec. 2.3.
Other processes, like radiative tau decays, were investigated at the Large Electron Positron
collider [65, 66]. Dy — Tv, decays in fixed target collisions have also been proposed for the
measurement of the tau lepton EMDMs [67, 68], but have not been realized in experiment.
The Standard Model prediction for the tau lepton AMDM a, has been computed with
O (af;,,) corrections, two loops with electroweak interactions, and contains contributions from

leading order hadronic VP and LbyL scattering. Its value is [31]
aS™ = 0.001177171(39). (2.61)

This prediction is not as precise as those for the electron and muon, partially because exper-
imental measurements of a, have not yet reached its level of precision. The most precise
measurement of a, was obtained by the CMS experiment at the Large Hadron Collider, by

analyzing the vy — 777~ process in proton-proton collisions. The obtained result is [63]
a, = 0.000970 005 (68% CL), (2.62)

which is still a factor of three away from testing even the Schwinger term. The same publication

also yielded an upper bound on d.,

d. < 1.7x107*"¢ - cm (68% CL). (2.63)

It should be noted that a measurement of d, by the Belle experimentinete™ — v* — 77~

scattering exists in the literature, with the obtained result being [69]

~1.85 x 107" < Re{d,} < 0.61 x 107" ¢ -cm,
~1.03x 107" < Im{d,} <023 x 10" e - cm. (2.64)

This measurement was performed at /s = 10.58 GeV, so according to the definitions in
Eq. 2.41 it is not a true measurement of the tau EDM. However, both the CMS and Belle results

are many orders of magnitude away from the Standard Model prediction of [35]
M < 1073e - cm, (2.65)

which, like the electron and muon, includes three-loop and four-loop contributions from elec-

troweak and strong interactions, as well as enhancements due to hadronic loops.
It may seem that the current constraints on a, and d, are not exciting for SM and BSM phe-
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Figure 2.3: Multiplicity of tracks reconstructed in the ATLAS Inner Detector in randomly
triggered Pb+Pb collisions in one LHC fill (see Sec. 3.3.1 and 4.2 for further details on the
data collection, track reconstruction and selection). Cartoons correlating the impact parameter
between the colliding ions to the track multiplicity are also shown. Arrows with solid lines
denote the direction of propagation of the ions, while arrows with dashed lines represent the
collision plane.

nomenology, when compared to the electron and muon EMDMs. However, as a consequence
of the structure of BSM loop contributions to the /¢ vertex, new physics effects are expected
to scale with m? [70]. Thus, experimental measurements of these parameters are crucial in the
quest for new physics, especially considering that the majority of the collision data at the LHC

is yet to be recorded and analyzed.

2.3 Tau lepton pair production in ultra-peripheral Pb+Pb collisions

In heavy ion collisions, the impact parameter |b|, i.e. the distance between the “centers” of
the two colliding nuclei, governs the multiplicity of the final state. In central collisions, where
a small impact parameter implies a large overlap between the nuclei, O (10?) particles can be
produced in the final state. As the impact parameter increases, the final state particle multi-
plicity drops. Ultra-peripheral collisions (UPCs) refer to those collisions with |b| = 2R 4,
where R4 1s the nuclear radius. Since the overlap between the colliding nuclei is minimal (or
zero), the final state particle multiplicity can be O (10') or less. These differences are high-
lighted in Fig. 2.3, which shows ultra-peripheral and central collisions on the left and right of
the figure respectively. In central collisions, where nucleons and partons (quarks and gluons)
are close to each other, all possible interactions, i.e. strong, weak and electromagnetic, can
occur. Long-range interactions like the electromagnetic force dominate in UPCs, which can

cause photon-photon and photon-nucleus scattering processes to occur.
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The total cross-section of A; Ay —5 A; Ay + X scattering, where a photon-photon interac-
tion between two colliding nuclei A, » produces a generic system X, can be expressed using a

master equation of the form

dQN’Y’Y
Y 2.66
dkldkg Oyy—X, ( )

where £ o are the energies of the photons emitted by the nuclei and &.,,—, x is the partonic

o <A1A2 M A A, + X) — /dkzldk:g

cross-section for the hard scattering. The two photon luminosity is given by

dQN’Y’Y _
dkydks

Here, b, » are the impact parameters of the two ions in the lab frame, such that the ion-ion

/dbldbgPsurV (b) Na, (k1,b1) Na, (Ko, bs) . (2.67)

impact parameter is b = b; — by, Py (b) is the survival factor, and N4, , (ky 2, b1 2) are the
photon fluxes of the two ions.

This master equation is used to model photon-induced scattering processes in ultra-peripheral
heavy ion collisions, so that data from experiments can be compared to different theoretical
predictions. It is not practical to derive predictions analytically due to the complexity of the
computations. Instead, numerical tools called event generators are used, which use Monte
Carlo (MC) methods to perform multidimensional phase space integrations. In the process,
they create a discrete set of phase space points corresponding to simulated scattering events,
along with their weights, or probabilities, of being observed.

In the remainder of this section, the pieces of Eq. 2.66 relevant to vy — 777~ scatter-
ing in ultra-peripheral Pb+Pb collisions are discussed. The details of the different MC event

generators used in this thesis are also highlighted.

2.3.1 Photon flux

When a charged particle moves at ultra-relativistic velocities, the flux of electromagnetic fields
produced by it becomes concentrated along the plane transverse to the direction of motion. The
equivalent photon approximation (EPA), originally proposed by Fermi [71], and later adapted
to the ultra-relativistic case by Weizsidcker and Williams [72, 73], equates the intensity of the
EM fields to the energy carried by a flux of quasi-real (i.e. almost on-shell) photons. It is a semi-
classical method, and is best suited for the computation of coherent photon emission, where the
photons “see” the total electric charge of the emitter, rather than that of its constituents.
Following the arguments of the EPA, the photon flux of an ultra-relativistic extended charged

object, such as a nucleus, is given by [74, 75]

/oo dkagf —F (1/]{32 + kQ/’j/Q) Jl (kﬁTb)
o kr+kI/E B v Z

where Z; is the atomic number of the nucleus A;, kr is the transverse momentum of the photon,

2

, (2.68)

ZZa 1
Na, (ki  b;) = T

b; = |b;| is the impact parameter in the lab frame, ;, is the Lorentz factor of the ion, and J; is
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2.3. Tau lepton pair production in ultra-peripheral Pb+Pb collisions

a Bessel function of the first kind. The virtuality of the photons is given by ¢ = k2 + k2 /2.

Under the condition of coherent emission, the photons should not be able to “resolve” the ion,

so the virtuality is limited to ¢? < 1/R%, which is O (1073) GeV? for large nuclei like lead.
The quantity F is the nuclear form factor, which is related to the nuclear density p () of

the ion via a Fourier transform, i.e.

. A [To°
F(q) = /d3r e py (1) = ?/ drpa (r)rsin (gr) . (2.69)
0

In the second equality, it is assumed that the charge distribution is radially symmetric. The
nuclear density is usually normalized in such a way that the above integrals are equal to unity,
which implies F' (0) = 1.

A realistic model of the nuclear density, particularly for radially symmetric nuclei like Pb,
is the Woods-Saxon (WS) distribution

pYS (r) = foa (2.70)
1 exp (554

where pg 4 is the normalization factor (fixed by the ' (0) = 1 condition), R4 is a radius-
like parameter that describes the mean nuclear density, and a 4 is referred to as the skin depth.
For 29®Pb, these parameters are ppj, = 6.62 fm and apy, = 0.549 fm [76]. This form of the WS
nuclear density distribution is used by the SuperChic [77] and gammaUPC [78] MC event

generators.

Two other common models for the nuclear density are the hard sphere (HS) model

3

P (1) = g ® (Ra =), @.71)

where O is the Heaviside step function, and the Yukawa model

2 —ar
Yukawa a-c
= ) 2.72
pA (T) Amr ( )

where a = 0.7 fm. The STAR1ight MC event generator [79] uses a combination of these

models to define the nuclear form factor, i.e.

F (q) =F"™ (q) F™" (q) (2.73)
3 2
= W (singRA — qRA cos qRA)] [#ff] , (2.74)

which is found to approximate the WS model reasonably well.

A key difference between MC event generators pertaining to the photon flux is the choice

of impact parameter integration range in Eq. 2.67. In STAR1ight, the integration range is
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restricted to the |b; 2| > Rpp, and |b| > 2Rpy, region, so that vy — X production is not permit-
ted from “inside” the colliding nuclei. This condition is justified in the sense that it forces the
hard scattering to be ultra-peripheral, but it results in predicted cross-sections that are generally
lower than the data. On the other hand, the photon flux calculations within SuperChic and
gammaUPC are performed over the entire impact parameter range. As a consequence, the pre-
dicted cross-sections are generally higher than that of STAR1ight, and tend to agree better
with the data. These observations are made more apparent in Chapter 5.

The emission and absorption of quasi-real photons in ultra-peripheral heavy ion collisions
often leads to nuclear excitation and subsequent de-excitation [80]. Several low energy (i.e.
O (10) MeV) mechanisms, such as electromagnetic dissociation and the giant dipole reso-
nance®, result in the emission of nuclear fragments during the de-excitation process. Of impor-
tance are the neutral fragments, particularly neutrons, since they are not bent away by the beam
steering magnets in a collider. The emitted neutrons can be detected in zero degree calorimeters,
and used to tag UPC processes through vetoes. The probability of nuclear breakup is impact
parameter-dependent, and is typically not included in the two-photon luminosity, so Eq. 2.66
actually represents the cross-section of the A; A, I AjAy + X process inclusive in nuclear
breakup. The probability of nuclear breakup increases with the virtuality of the exchanged
photons, i.e. in UPCs, where the exchanged photons are almost on-shell, the interacting ions

have a high probability of remaining intact.

2.3.2 Survival factor

Photon-induced scattering processes are typically very clean, i.e. are associated with almost no
other particles in the final state besides the vy — X production. These processes are associated
with large gaps in the distribution of final state particles as a function of rapidity (or longitu-
dinal angle), particularly in the forward (i.e. high rapidity) regions. However, at small impact
parameters (b ~ 2R 4), QCD interactions may occur along with the electromagnetic interaction,
resulting in additional final state particles. The survival factor represents the probability that
the rapidity gaps in 7y — X production survive the nucleus-nucleus collision. It can also be
seen as the probability for no hadronic interactions to occur between the two colliding nuclei.

The survival factor can be written as a suppression factor,
P (b) = 790, (2.75)

where the nuclear opacity €2 (b) can be interpreted as the probability of inelastic ion-ion inter-

actions having occurred. It is given by [81]

Q(b) = / d?b1d*byTy, (b)) Ta, (by) Ay (b — by +by). (2.76)

“The giant dipole resonance refers to a collective oscillation of all protons and neutrons in a nucleus out of
phase with respect to each other.
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Figure 2.4: Feynman diagrams for vy — 777~ scattering at leading order in QED. In terms of
Mandelstam variables ¢, u, these are the ¢-channel and u-channel diagrams on the left and right
respectively. The p; are the four-momenta of the involved particles.

In this equation, the nuclear thickness function, defined as
Ty, (b) = /dzpz- (b; + 22), (2.77)

gives the amount of nuclear matter from the nucleus A; at the given transverse position b,
integrated over all longitudinal positions z. A,,, is the amplitude of nucleon-nucleon scattering,
which in SuperChic, depends on the nucleon opacity via the eikonal approximation (see, e.g.
Ref [82]). In the gammaUPC and STAR1ight generators, A,, is taken to be independent of

b, so it is effectively the nucleon-nucleon inelastic cross-section o).

In SuperChic, the survival factor depends the details of the central vy — X process.
Thus, for vy — 777 scattering, it can also depend on the tau lepton EMDMs. This effect was

studied recently in Ref. [59] and was found to be very small, so it is neglected in this thesis.

2.3.3 Hard scattering

The hard scattering process of interest in this thesis is the vy — 777~ process. At leading
order in QED, there are two Feynman diagrams that contribute, which are shown in Fig. 2.4.

The matrix element of vy — 7777 is given by

YL m)

iM = e €e0,u (ps) [T (ps, pi Pt —Pa)

t T

. i (g +ms)
+ZF (pg, pu) WZF“

u_

(Pu> —pa) | v (Pa) , (2.78)

where p; = ps — p1 = p2 — p4 and p, = p1 — ps = p3 — p2 are the momenta of the internal taus,
€1, and €y, are the polarization four-vectors of the incoming photons, % (ps) and v (p4) are the
Dirac spinors of the outgoing taus, and I'* is the generalized 77 vertex with electromagnetic
form factors, introduced in Eq. 2.41.

In ultra-peripheral heavy ion collisions, the initial state photons have transverse momenta

kr in the O (10) MeV range, so the pr of a system produced in v~ collisions can be non-
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zero. In fact, the photon kt spectrum can be derived from Eq. 2.68 by fixing £ and integrating
over b. However, the photon energy and longitudinal momentum spectra are many orders of
magnitude higher than the kr spectrum, so the photon kr is often assumed to be zero®. Thus,
only the longitudinal polarizations, i.e. helicities, of the photons can be considered as degrees
of freedom. The Dirac spinors % (p3) and v (p4) are, in general, functions of the full tau spin

vectors, although they can also be reduced to helicity-dependent wave functions.

The unpolarized cross-section for vy — 777~ scattering is obtained using Eq. 2.15 for the
matrix element in Eq. 2.78, along with the usual average over photon polarizations and sum
over tau spins. After integrating over the phase space, the total cross-section at a given center

of mass energy s, with the EMDMs set to zero, is [83]

. 4’ 8m?  16ml s+ /5% —4m?2
0-7'y~>7'+7'_ (8) = 52 2 + 82 - T IOg om
4m?2 4m?
1= (1 + ”ZT) . (2.79)
s s

The MC event generators considered in this thesis employ different techniques when sim-
ulating the vy — 777~ process: STAR1ight simply samples the above equation during the
event generation process, while SuperChic and MadGraph5_aMC@NLO [84] include the
helicity degrees of freedom in the matrix element calculations.

2.3.4 Tau lepton decay and spin correlations

The decays of tau leptons proceed via the chiral weak interaction, through the coupling of the
tau lepton to W bosons. Leptonic tau decays refer to the 7= — v,y v, and 77 — v.e U,
final states, and hadronic tau decays refer to the 7= — 1, X final states, where X includes
stable hadrons (mostly pions and kaons at relativistic energies). The ratio of the partial width
of a given final state, to the fotal width of the tau lepton, is called the branching fraction or
branching ratio. The decays to electrons and muons have a branching ratio of around 17%
each, while the hadronic decays have a total branching ratio of around 65%. An overview of

the tau lepton branching ratios is shown in Fig. 2.5.

Due to the chiral nature of the weak interaction, the kinematics of the tau decay products

depend on the tau spin. For a generic 7 — v, X decay, the partial width I" is given by [85, 86]

1

2m,

Ay x = |Munpal|” (1 + hyst) dS, (2.80)

where M 01 is the unpolarized matrix element for the given decay, dS is the Lorentz invariant

3This assumption is not appropriate for the vy — eTe™, u* ™ processes, since the photon k leads to a small
but observable acoplanarity between the leptons. For 777~ pair production, this has no observable effect, since
the neutrinos from the tau decay prevent the full reconstruction of the 77~ system four-momentum.
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ThTh

42.0% 204
Other

HTh

(a) (b)

Figure 2.5: Branching fractions of (a) single 7~ decays, and (b) 77~ pair decays. Here,
h¥* refers to stable charged hadrons (pions and kaons), 73, refers to hadronic tau decays, and
¢, ' refers to electrons and muons. The “Other” category includes radiative leptonic decays,
hadronic decays with more than one 7° and more than three stable charged hadrons. The
neutrinos have been omitted for brevity. Numbers taken from Ref. [37].

phase space element, s* is the spin four-vector of the tau®, and h,, is called the polarimetric
vector for the given decay. The polarimetric vector can be interpreted as the most probable

direction of the tau spin, and can be calculated using [87]

W= ol MM (2.81)
AN

where o = (1,0%), and A\, \ run over the spin projections of M for the given decay. The
polarimetric vector is normalized such that the time-like component h° is unity.

The files created by the STAR1ight and SuperChic MC event generators do not store
information on the tau spin vectors, so it is not possible to perform tau decay simulations
with full spin dependence. However, the effect of including the spin information in the event
generator can be restored through spin weights. In this approach, the differential cross-section

for 717~ production can be written like [87]
2 2 _
do = (Z e ) (Z(sz ) (Z!m
A1,A2 A1 A1

. . . . d . .
where )\, 5 are the spin projections of 7% on unspecified axes, M‘;iol\z is the matrix element

2
) WepindQproad e dQ, -, (2.82)

associated with the 777~ production with phase space element d2,,,,q, and Mﬂ and M7 are
the matrix elements of the 7+ decay with the phase space elements d{2,+. In essence, the first

three factors give the unpolarized squared matrix element for the given process. The effects of

®The spin-four vector is equal to (0, s) in the rest frame of the tau lepton, with s being the spin three-vector.
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spin correlations in the complete process are recovered through the spin weight wgpin, which is

given by
4
Wepin = Y Righiih! . (2.83)
1=0

Here, R;; is the spin correlation matrix for the 77~ production,

R A | prod prod }
RU o Z 0-)\1,>\1O-)\2,5\2M)\1,)\2M§\175\27 (284)
ALALAZ, A2

and h! . are the polarimetric vectors.

In this thesis, tau decays have been implemented in simulated vy — 777~ datasets using
the Pythia8 [88] and Tauola [86] generators. In Pythia8, only the longitudinal spin
correlations in the tau production and decay are included for the vy — 777~ process, while
the full spin correlation is included in Tauola by way of the TauSpinner package [89].
In a recent update of TauSpinner [90, 91], the electromagnetic dipole moments of the tau
lepton have been included in the R;; matrix of the vy — 717~ process. Since EMDMs are
fundamentally tied to the spins of fermions, this has enabled the investigation of the impact of
non-zero tau EMDMs, together with full spin correlations, on the kinematic distributions of the

decay products.
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The ATLAS detector at the
Large Hadron Collider

In this chapter, the experimental methods relevant to this thesis are presented. In Sec. 3.1 the
principles of particle acceleration and the Large Hadron Collider are introduced. The ATLAS
experiment and its sub-detectors are described in Sec. 3.2. The techniques used in the process-
ing and reconstruction of the data recorded by the ATLAS experiment are discussed in Sec. 3.3.
Since this thesis makes use of data from collisions delivered by the LHC in the years 2015 and
2018, the layout of the LHC and the ATLAS detector in these years are presented.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [93] is an approximately circular hadron accelerator and
collider, located at a mean depth of 100 m below the France-Switzerland border near Geneva.
It is the worlds largest and most powerful accelerator (to date), with a circumference of around
27 km.

The LHC is the most complex scientific machine in the world, and requires a concerted
effort from many different systems (cryogenics, vacuum, etc.) to deliver high energy collisions.
There are eight insertion points along the LHC ring that house different facilities and services,
as shown in Fig 3.1. At Point 3 and Point 7, collimation systems clean the beams of stray
particles, ensuring the safe operation of the LHC. The radio frequency acceleration systems are
located at Point 4, along with critical LHC instrumentation (see Sec. 3.1.3). The beams are
dumped at Point 6 into a water-cooled graphite block, which is surrounded by a steel casing.

At the other insertion points, the LHC hosts four major particle physics experiments:

* ATLAS (A Toroidal Lhc ApparatuS) [94], situated at Point 1, is one of two general
purpose detectors at the LHC, and performs precision measurements of the Standard
Model and searches for Beyond Standard Model physics. It is also used to study heavy

ion collisions, such as in this thesis.

* CMS (Compact Muon Solenoid) [95], located at Point 5, is the second general purpose
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Figure 3.1: Illustration of the LHC underground complex [92]. The eight sectors and insertion
regions are highlighted, along with facilities they host. The direction of propagation of the two
beams is shown in the center of the figure, along with a breakdown of the magnet arrangement
in one sector.

detector at the LHC, with similar physics goals as ATLAS, but constructed with comple-

mentary detector technologies.

* ALICE (A Large Ion Collider Experiment) [96], located at Point 2, is the only dedicated
heavy ion detector at the LHC. It focuses on studies of QCD and the quark gluon plasma
(QGP), through observables like particle correlations, flow coefficients and jet quenching.
The detector is optimized for particle identification, and for track reconstruction in high
multiplicity heavy ion collisions.

* LHCb (Large Hadron Collider Beauty) [97], situated at Point 8, is a single arm spec-
trometer designed to probe CP violation through the physics of heavy quark hadrons
(eg. B and D mesons). Using its particle identification capabilities, LHCb can perform

precision SM measurements which indirectly test BSM physics.

The sections of the LHC ring between two insertion points are called sectors. Each sec-
tor consists of an arc with 23 arc cells, which house the main bending dipoles, (de)focusing
quadrupoles and higher order corrector magnets. The arcs are bookended by dispersion sup-
pressors, which adapt the beam orbit to the tunnel geometry and ensure that the beam optics are
matched during insertion, and the long straight sections, which house the experimental halls

and other utilities discussed above. In total, the LHC uses 9593 magnets in its ring, of which
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1232 are the main dipoles with field strengths of 8.3 T, and 392 are the main (de)focusing
quadrupoles with field strengths of 6.8 T. The magnets and other components of the LHC ac-
commodate two counter-rotating beams, which are brought into collision at interaction points

(IPs) within the experiments.

3.1.1 Particle acceleration

Particle accelerators, like those at CERN, rely on the principle of synchronous acceleration.
The most common accelerator types at CERN are linear accelerators and synchrotrons. In
these machines, periodically oscillating electric fields, typically in the radio-frequency (RF)
range, are used to accelerate particles to very high energies.

At the LHC, which is a synchrotron, the RF fields are produced at a frequency of 400 MHz
by high power vacuum tubes called klystrons [93]. The fields are fed into superconducting
resonating cavities called RF cavities, eight of which are used per beam. As particles travel
through the cavities, the phase difference between their revolution frequency and the RF fre-
quency dictates the acceleration experienced by them. In particular, particles which enter the
cavities at the peak of the RF field experience the largest acceleration, compared to those that
arrive before or after the peak.

If particles enter the RF cavities during the negative half of the oscillation, they experience
deceleration. Thus, the RF fields bunch the particles into small groups that reside in buckets
within the positive half of the RF oscillation. The RF system at the LHC creates 35,640 buckets,
which are grouped into 3564 bunch slots, each consisting of ten consecutive buckets. The
middle bucket in a bunch slot, called the nominal bucket, is usually where the particles intended
to be collided are found. Due to imperfections or inefficiencies in the beam manipulation along
the injector chain, a small fraction of the charges in a bunch slot may be found in the remaining
nine buckets. These are called satellite charges. On the other hand, charges present in RF
buckets not in the filled bunch slots are called ghost charges [98].

Ghost and satellite charges are undesirable since they pose a risk to the operational safety
of the LHC. Moreover, collisions between ghost charges and those in the nominal bucket can
create undesired backgrounds in the experiments. The contribution of such backgrounds are
mitigated at the LHC by colliding the beams at the interaction points with a non-zero crossing
angle between them, as opposed to the head-on configuration.

As the particles are being accelerated by the RF system, their trajectories need to be tuned
so that they remain within the beampipe. This is achieved at the LHC using high field super-
conducting magnets, operating at temperatures below 2 K. Dipole magnets are used to bend the
trajectories of particles, while quadrupole magnets change the transverse shape of the bunches'.
Additional higher order magnets are also used to correct for non-linear effects and ensuring the

stability of the beams.

'Quadrupoles focus the beam along one axis, while defocusing along the other axis, due to the v x B term in
the Lorentz force.
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In a synchrotron like the LHC, the particles do not travel exactly on the orbit defined by
the center of the ring. Instead, they undergo betatron oscillations in the plane transverse to the
beam orbit [99]. The amplitude of the betatron oscillation is a function of the position s along
the beam orbit, given by A (s) = \/€¢f3 (s). Here, the emittance € of the beams relates to the
size of the phase space occupied by the particles, and [ (s) is called the beta function. It is
often useful to know the value of the beta function at a given point sy along the orbit. This is
given the name 3* = 3 (s¢), which together with the emittance, gives the transverse size of the

beam at a location of interest, such as at an interaction point.

One key metric of the performance of a collider is the energy at which it delivers collisions.

For ultra-relativistic ion collisions, the per-nucleon center of mass energy is [100]

YAV,
VNN = Vot s 3.1)
A1 Ay

where Z; 5 and A, 5 are the atomic number and nuclear mass of the colliding ions, and /s, is

the proton-proton center of mass energy under the same accelerator configuration.

Another equally important collider metric is the instantaneous luminosity L;,s, which re-
lates the event rate R of a scattering process of interest to its theoretical cross section o as

_dN

= = L0 2
R dt ‘Cll’lStU (3 )

If the charge distribution of the colliding bunches can be described by equal Gaussians, the

instantaneous luminosity is given by [101]

N1N2frevnb
dro,oy

Linst = F, (3.3)
where NV, , are the intensities of the two bunches, f. is the revolution frequency (11.245 kHz at
the LHC), ny, is the number of colliding bunches, o , are the Gaussian beam widths in the x and
y planes, and F is a reduction factor due to effects like crossing angles and beam separations. In
2018, the LHC delivered proton beams with a maximum luminosity of L, = 2 X 1034 cm 2 /s,
and Pb ion beams with a maximum luminosity of L;,s; = 6 x 10> cm ?/ s. The time integral

of the instantaneous luminosity, given by

ﬁmz/gwﬁ (3.4)

defines the integrated luminosity, and is directly related to the total amount of collision data
collected during the integration period. The concept of luminosity, including its measurement

and calibration, is discussed in further detail in Chapter 4.
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Figure 3.2: Layout of the CERN accelerator complex in the year 2022 [102]. The same layout
and injector complex was used for ions during Run 2 of the LHC.

3.1.2 LHC operation

CERN operates the LHC for several years at a time in Runs, followed by Long Shutdowns (LSs)
so that the LHC and the experiments can perform maintenance and upgrades. In the first run
of the LHC (Run 1, from 2010-2013) the LHC delivered p+p collisions at 7 and 8 TeV center
of mass energies. It was in this dataset that the ATLAS and CMS experiments discovered
the Higgs boson [103, 104]. Additionally, Pb+Pb collisions at \/sxy = 2.76 TeV and p+Pb
collisions at \/syy = 5.02 TeV were also delivered. In Run 2 of the LHC (2015-2018), the
p+p collision energy was upgraded to 13 TeV. Run 2 also featured many heavy ion collision
datasets: Pb+Pb collisions at y/sxy = 5.02 TeV in 2015 and 2018, p+Pb at /sxy = 8.16 TeV
in 2016, and Xe+Xe collisions at \/sxy = 5.44 TeV. At the time of writing this thesis, the LHC
is in its third run (2022-present), where p+p collisions at /s = 13.6 TeV and Pb+Pb collisions
at \/synx = 5.36 TeV have been ongoing.

The preparation of proton and Pb ion beams at CERN share many components of the ac-
celerator complex, as shown in Fig. 3.2. At the heavy ion source facility, partially stripped lead

ions are created through the evaporation of an isotopically pure 2 Phg, block. The ions proceed
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Figure 3.3: Instantaneous luminosity delivered to, and recorded by, the ATLAS experiment
during a Pb+Pb fill in 2018. Separation levelling was used to limit the peak luminosity for the
first few minutes of the fill.

through a series of injectors, where they are further stripped of their electrons, and accelerated
to increasingly higher energies, until they are injected into the LHC. The path through the
CERN injector complex followed by heavy ions, together with the maximum achieved energy
per nucleon in Run 2 was [105]: LINAC3 (4.2 MeV/n), LEIR (72 MEV/n), PS (5.9 GeV/n),
SPS (177 GeV/n), LHC (2.51 TeV/n).

Proton and ion beams at the LHC go through an operational cycle called the fill cycle. After
the SPS injects the required bunches into the LHC, the LHC RF system accelerates the bunches
to the top energy. At the same time, the field strength of the LHC magnets is increased, or
ramped, so that the bunches are kept on orbit. Once the flat top energy is reached, the beams
are focused or squeezed, and brought closer together by adjusting their transverse positions.
Stable beams are declared when stable collisions are observed, which is when the experiments
start recording collision data.

If the initial luminosity is too high for the experiments, the LHC performs luminosity level-
ling, either by first separating the beams and slowly bringing them closer (separation levelling),
or by squeezing the beams in small increments as the luminosity reduces (5* levelling). After
some time the beam intensity reduces, partly due to the protons or ions being "consumed" in
collisions. It then becomes more profitable to restart collisions with a fresh beam, so the origi-
nal beam is dumped. The magnets are then ramped down, the LHC is refilled, and the fill cycle
starts over. Figure 3.3 shows the luminosity profile for a Pb+Pb fill delivered to, and recorded
by, ATLAS in 2018.

Heavy ion beams at the LHC typically have a lower intensity compared to proton beams

due to the lower injection efficiency, increased probability of intra-beam scattering and space
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charge effects, etc. As a consequence, the probability of multiple ion-ion collisions per bunch
crossing, called pileup, is at the 102 level, compared to a pileup of around 30 for p+p collisions
in Run 2 (on average). Heavy ion beams also have a larger bunch spacing, compared to the 25 ns
spacing of proton beams. The large signals produced by central heavy ion collisions can reduce
the data-taking efficiency due to deadtime, so lower luminosity beams are somewhat beneficial.

The analysis presented in this thesis investigates Pb+Pb ion collisions in the LHC Run 2.

Table 3.4 summarizes the key machine parameters for Pb ions collisions in 2015 and 2018.

Beam parameter 2015 2018
Max. colliding bunches in ATLAS 492 733
Min. bunch spacing (ns) 100 75
Max. ions per bunch (10%) 2.0 2.2
B* (cm) 80 50
Crossing angle (p-rad) —145 160

Figure 3.4: Key beam parameters during the best PbPb fills in 2015 and 2018 [106].

3.1.3 LHC instrumentation

Ensuring the smooth operation of the LHC requires knowing key parameters of the beams at
all times. This includes, among other things, knowing the precise position of the beams within
the ring, their intensity, energy, luminosity and emittance, and the charge distribution around

the ring. The instrumentation relevant to this thesis are described below.
Ghost and satellite fraction measurements

At the LHC, the ghost and satellite charges are measured by the Beam Synchrotron Radiation
Longitudinal (BSRL) system [107], also sometimes called the Longitudinal Density Monitor
(LDM). The working principle of the BSRL is the detection of synchrotron radiation emitted
by accelerating particles. In particular, the BSRL measures the intensity of synchrotron radi-
ation, which gives access to the total charge in an RF bucket. The production of synchrotron
radiation is enhanced by an undulator, which locally wiggles the beam without affecting the
overall trajectory. The BSRL has a very large dynamic range, and following upgrades in Long

Shutdown 2, a time resolution of 5 ps [108], which allows it to resolve satellite charges.
Bunch intensity measurement

Several systems are used to measure the beam intensity, which rely on transformers to con-
vert the beam current into usable electronic signals. The Direct Current Current Transformer
(DCCT) [109] and the Fast Beam Current Transformer (FBCT) [110, 111] are located at
Point 4, and both consist of one system per beam. The DCCTs are high accuracy devices,
and are used to measure the total intensity of the beams. The DCCT readings thus also contain
the contribution of ghost and satellite charges to the total beam current. The FBCTs operate

at 40 MHz, and are therefore capable of providing beam intensity measurements for all 25 ns
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bunch slots. However, they cannot provide intensity measurements below a certain threshold,
and as such, are not sensitive to ghost charges. The readings provided by the FBCTs include
contributions from the satellite charges.

Additionally, the ATLAS Beam Pickup Timing system (BPTX) [112] provides a comple-
mentary measurement of bunch-by-bunch intensities. Although the BPTXs are provided by the
LHC as button electrode-based beam position monitors, they are used by the experiments for
timing and beam intensity measurement. Two stations, one for each beam, are located 175 m
from the interaction point on both sides of ATLAS. With a timing resolution of less than 100 ps,
the BPTX is also used to look for timing differences between the LHC clock signal and the ac-
tual timestamps at which collisions occur. The bunch intensity readings provided by the BPTX

include the contributions of satellite charges.
Beam position monitors

Beam Position Monitors (BPMs) are used to accurately determine the position of the beam at
various points along the LHC orbit. BPMs work by measuring the charge induced on electrodes
that are arranged symmetrically around the beampipe, as the beam passes through them. Any
transverse offset of the beam with respect to the beamline then reflects as an asymmetry in
the charges induced on diametrically opposite electrodes. The asymmetry then provides a
measure of the beam position in the transverse plane. Two types of LHC BPMs are relevant
to this thesis. The so-called arc BPMs [113, 114] are situated along the entire LHC ring,
and use button electrodes. The Diode ORbit and OScillation (DOROS) BPMs [115] employ
compensated diode detectors for precise measurements of the beam position in critical regions

of the LHC ring, namely around the collimators and the interaction points.

3.2 The ATLAS detector

As mentioned in Sec. 3.1, the ATLAS (A Toroidal Lhc ApparatuS) experiment [94] is one of
the two general purpose detectors at the LHC. It is a cylindrical detector, with a length of 45 m,
a diameter of 25 m, and weighs approximately 7000 tonnes. Broadly speaking, it consists
of a central barrel region with two endcap regions on either side of it. It is highly granular,
and has a large longitudinal acceptance and almost complete azimuthal coverage. It consists
of several sub-detectors that aim to detect (almost) all the particles produced in proton or ion
collisions. The sub-detectors are arranged in concentric layers around the beampipe, centered
on the collision point at Point 1.

Shown in Fig 3.5, the ATLAS detector is the largest collider-based particle physics detector

ever built, and provided the data for the studies presented in this thesis.

3.2.1 The ATLAS coordinate system

The ATLAS coordinate system follows a right-handed cylindrical coordinate system, where the

cylindrical axis is aligned with the beamline. The origin is at the ATLAS interaction point, with
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Figure 3.5: Rendition of the ATLAS detector [94]. A slice in the azimuthal angle is removed
to show the different sub-detectors. Four people are shown for scale: two on the ground, and
two on the forward shielding in between the muon wheels on the left side.

the z-axis pointing along the beamline towards Geneva airport, and the x-axis pointing towards
the center of the LHC ring. The y-axis, orthogonal to the other two axes, is not orthogonal to
the surface of the Earth, due to the LHC tunnel being slightly tilted with respect to the ground.
The +z side of ATLAS is called the A side, while the other is called the C side.

Due to the detector geometry, the kinematics of particles are most conveniently described
using cylindrical coordinates. For a particle with four-momentum p* = (E, p,,py,p.) and

mass p*p, = m?, the azimuthal angle ¢ is defined as

¢ = arctan 22, (3.5)
Py
and the rapidity or boost y is
1 E+p,
= —] . .
Y 2n<E—pz> 3.6)

Another commonly used quantity is the pseudorapidity n, defined by

n=—lIn (tan g) , 3.7

where 0 = arccos (p,/ |p|)is the longitudinal angle of the particle’s three-momentum.

In cylindrical coordinates, the energy and momenta of particles are given in the transverse
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Figure 3.6: Illustration of the ATLAS Inner Detector [116].

plane using the transverse momentum pr and transverse energy Er, which are defined as
pr =\/P2 + 1 ; Er =\/pt +m?. (3.8)
With these definitions, a particle’s four-momentum can be written as
p" = (Ex coshn, prsin ¢, pr cos ¢, B sinhn) . (3.9

The pseudorapidity and azimuthal angle can be interpreted as geometric quantities, describ-
ing the position of a particle in the transverse plane. It is useful to define the angular separation

AR between two particles with coordinates (7, ¢1) and (1, ¢2) as

AR= VAP TAF =/ —m)* + (61— 62)°. (3.10)

3.2.2 Inner Detector

The Inner Detector (ID), shown in Fig. 3.6, serves as the main tracker of the ATLAS experi-
ment [117, 118]. Its purpose is to reconstruct the trajectories of charged particles, also called
tracks, produced in proton or ion collisions. It is a cylindrically shaped detector, with a length
of 7 m and an outer radius of 1.15 m, capable of providing tracking and momentum information
for charged particles interacting with its active material up to |n| = 2.5. The sub-systems of the

ID are described below in order of increasing radial distance from the beamline.
Pixel detector

The Pixel detector [119, 120] is the innermost tracking detector, consisting of four layers in
the barrel region, and three discs in both endcap regions. The Insertable B-Layer (IBL) [121],
installed during Long Shutdown 1, is situated in the barrel region at a radial distance of 33 mm.
The remaining three layers sit at radial distances of 50.5 mm, 88.5 mm and 122.5 mm re-

spectively. The three discs in the endcap regions are positioned at longitudinal distances of

44



3.2. The ATLAS detector

£49.5 mm, £58.0 mm and +65.0 mm. The active element of the Pixel detector is the epony-
mous silicon pixel detector, over 92 million of which are used in the Pixel detector. They have
active areas in the range of 50x250-600 um?, with the IBL containing the smallest so-called
planar pixels. The IBL further includes 3D pixels [122], which differ from the planar pixels in
the position of the electrodes. Overall, the spatial resolution of the pixel detector is 10 pm in the
transverse plane and 115 um in the longitudinal direction. Charged particles passing through
the depleted region of the silicon detectors create electron-hole pairs, which drift towards the
electrodes and create electrical signals. Four hits are expected from a charged particle passing
through the Pixel detector. Being the closest detector to the beamline, the Pixel detector is

required to be extremely resistant to radiation damage.

SemiConductor Tracker

The SemiConductor Tracker (SCT) [123-125], in the same way as the Pixel detector, uses
the ionization produced in silicon by traversing charged particles, to create electrical sig-
nals. Four concentric layers are situated in the barrel, between radial distances of 29.9 cm
to 51.4 cm, while the discs in the endcaps are positioned at longitudinal distances of +85.4 cm
to £272.0 cm. The active element of the SCT is a 6 cmx 80 pm silicon strip. A total of 768
such strips constitute a sensor, four of which are used in one SCT module. The large length
of the strips limits their spatial resolution in the longitudinal direction when compared to the
Pixel detector, but allows them to cover a larger area. To improve the spatial resolution, the
two layers of sensors in the modules are rotated by 40 urad with respect to each other. Over-
all, the SCT achieves a spatial resolution of 17 pum in the transverse plane and 580 pm in the

longitudinal direction.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [126—128] is the outermost system of the ID, and
consists of drift tubes called straws of 4 mm width, filled with a xenon-based gas mixture. In
the barrel region, the straws are 144 cm in length and are parallel to the beamline, while they
are 37 cm long and are arranged radially in wheels in the endcaps. The space between the
straws is filled with polypropylene radiator foils. Over 300,000 straws are present in the TRT,
which provides coverage up to || = 2 and a spatial resolution of 130 xm in the transverse
plane. The straws themselves act as the cathode, with the anode being a 30 um gold-plated
tungsten wire situated at the center of the straws. When charged particles traverse through the
straws, they ionize the gas. The resulting ionization electrons drift towards the anode wire,
creating an electrical signal. Due to a change in dielectric constants at the straw-foil boundary,
incident particles are further accompanied by transition radiation. This produces additional
ionization in the gas via the photoelectric effect, thereby contributing further to the signal. The
rate of production of transition radiation is proportional to the Lorentz factor v = E/m of the

particles. This allows the use of the TRT for particle identification, e.g. to distinguish between
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Figure 3.7: Illustration of the ATLAS calorimeter system [116].

pions and electrons. The TRT improves the quality of tracks reconstructed by the full ID in two
ways: the spatial resolution is improved due to the high hit multiplicity, while the momentum

resolution is improved by the large radial coverage.
Beam Conditions Monitor

The Beam Conditions Monitor (BCM) [129] is designed to monitor the rate of beam-induced
backgrounds inside the ATLAS detector, and to trigger a beam dump in case of unexpected
conditions (e.g. the beam straying too far away from its nominal position) that may damage
the detector. The BCM consists of two stations with four modules each, situated at a radial
distance of 55 mm and a longitudinal distance of £1.84 m. This position, which corresponds
to n = 4.2, implies significantly higher radiation doses compared to the rest of the ID. Thus,
the BCM uses diamond sensors, which together with their radiation hardness, also offer faster
signal speed compared to silicon detectors. The signal generation process is similar to silicon
detectors, i.e. charged particles traversing the BCM create electron-hole pairs, which are col-
lected by the electrodes, resulting in electrical signals. Particles produced in collisions at the
interaction point create signals in the two stations with a time difference that is a multiple of
25 ns, while particles produced away from the interaction point create time differences offset by
12.5 ns. The BCM’s fast rise-time of around 1 ns allows it to distinguish between such signals.

The timing resolution also lets the BCM provide bunch-by-bunch luminosity measurements.

3.2.3 Calorimeters

The ATLAS calorimeter system [130], shown in Fig. 3.7, measures the energies of particles
produced in proton or ion collisions. It relies on the principle of sampling calorimetry, in

which the detectors consist of interleaved absorbers and active materials. Particles passing
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through the absorbers produce a shower of secondary particles; the electromagnetic component
of the shower proceeds via pair-production and bremsstrahlung, while the hadronic component
proceeds through inelastic nucleus-nucleus interactions. The shower particles then ionize the
active material, which results in the creation of measurable signals. Two types of active ma-
terial technologies are used in the ATLAS calorimeter system: Liquid Argon (LAr) [131] and
scintillating tiles [132]. Overall, the calorimeters cover a pseudorapidity range of || < 4.9.
Broadly speaking, the ATLAS calorimeter system can be divided into two categories: the
Electromagnetic Calorimeter (ECal) primarily measures the energies of electrons and photons,
while the Hadronic Calorimeter (HCal) measures the energies of mesons and baryons. Addi-
tionally, the Forward Calorimeter (FCal) [133] contains modules for both electromagnetic and

hadronic calorimetry.

Electromagnetic Calorimeter

Photomultiplier

Cells in Layer 3
AgxAn = 0.0245%0.05

Wavelength-shifting fibre

Scintillator Steel

y

(a) (b)

Figure 3.8: Illustrations of (a) a section of the barrel Electromagnetic Calorimeter, and (b) a
section of the Tile Calorimeter. Figures taken from Ref. [94].

The ECal relies solely on LAr as the active material. The barrel region (EMB) covers
In| < 1.475, and consists of two identical half-barrels separated by a 4 mm seam at z = 0.
The endcap region (EMEC) covers 1.375 < |n| < 3.2, and consists of two co-axial wheels
separated at || = 2.5. Sheets of lead arranged in an accordion-like geometry immersed in the
liquid argon are used as absorbers in ECal. The thickness of the absorber sheets varies between
1.13 and 2.2 mm depending on the pseudorapidity. The ECal consists of three layers, increasing
in radial distance from the beampipe, and decreasing in 17 — ¢ segmentation (see Fig. 3.8a). In
the central region (|| < 1.8) a pre-sampler is added, which is used to correct for the energy
lost by particles before reaching the ECal. The pseudorapidity region of 1.32 < |n| < 1.57,
called the crack or overlap region, contains primarily support structures and services. It offers

reduced particle detection capabilities, and is therefore not included in physics analyses.
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Hadronic Calorimeter

The HCal consists of three components: the barrel region covering |n| < 1.0, the extended
barrel (or EB, often grouped together with the main barrel region) covering 0.8 < |n| < 1.7, and
the endcaps (HEC) covering 1.5 < |n| < 3.2. The barrel region extends radially from 2.28 m to
4.25 m, and employs plastic scintillator tiles of 3 mm thickness as the active material, which are
interleaved with steel absorbers. Hence, it is often referred to as the Tile Calorimeter (TileCal).
The signals produced in the tiles are read out by wavelength shifting fibers into photomultiplier
tubes (PMTs). The HEC instead uses LAr together with copper plates of thickness 25-50 mm,
since LAr is better suited for the high radiation-dose environment of the HEC. It consists of 32
identical wedges with inner radii of 37.2—47.5 cm and an outer radius of 2.03 m. A schematic

of a TileCal module is shown in Fig. 3.8b.
Forward Calorimeter

The FCal increases the pseudorapidity coverage of the ATLAS calorimeter system, by instru-
menting the 3.1 < |n| < 4.9 region. On both sides of the interaction point, it extends from
z = 4.7 — 6.05 m, and radially from around 7 — 45 cm. The FCal uses LAr as the active ma-
terial, and consists of three layers, which are designed as metal matrices with regularly spaced
longitudinal channels for the electrodes and LAr. The layer closest to the interaction point sam-
ples the electromagnetic shower using copper absorbers, while the remaining two layers sample
the hadronic shower using tungsten absorbers. The distance traversed by particles crossing the
active material is only an eighth of the 2 mm distance used in the ECal, in order to prevent ion

build-up due to the low mobility of positive ions in LAr [133].
Minimum Bias Trigger Scintillator

The Minimum Bias Trigger Scintillator (MBTS) [134] is an additional detector that is also
part of the calorimeter system. It is situated on the front face of the LAr endcap cryostat at
approximately +3.6 m from the interaction point, and covers the 2.08 < |n| < 3.75 region.
The MBTS comprises 2 cm thick polystyrene scintillator counters, which are arranged in disks
with eight-fold symmetry. Scintillation light from the counters is guided by wavelength shifting
fibers into PMTs, which are then read out by the TileCal electronics. The MBTS provides
triggering capabilities, particularly in low luminosity conditions, and for minimum bias events.

A veto on MBTS hits can also be used to trigger on ultra-peripheral heavy ion collisions.

3.2.4 Muon System

The ATLAS Muon System (MS, also sometimes called the Muon Spectrometer) [135], shown
in Fig. 3.9, is the outermost sub-detector, and is tasked with measuring the trajectories and mo-
menta of muons produced in proton or ion collisions. In the barrel region, the MS components
are arranged in three concentric layers at radial distances of around 5 m, 7.5 m and 10 m. A

small gap around z = 0 is present for accommodating the services to the ID, solenoid and
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Figure 3.9: Illustration of the ATLAS Muon System [135]. The figure presents one quadrant
of the transverse view.

calorimeters. In the endcap regions, three layers of detectors arranged in a wheel-like geometry
are placed at longitudinal distances of 7.4 m, 14 m and £21.5 m respectively. All MS com-
ponents employ gas-based detection technologies, and are either used for precision tracking, or

for triggering on muons.
Monitored Drift Tube

The Monitored Drift Tube (MDT) chambers are gas-filled drift tubes, i.e. the detection mech-
anism is similar to the TRT. They are used to precisely determine the trajectories of muons
passing through the MS. Aluminum tubes of 30 mm diameter and various lengths (depend-
ing on the position of the MDT chambers) are filled with an Ar/CO, mixture, with a central
tungsten-rhenium wire of 50 pm thickness acting as the anode. The MDT chambers are located
in the barrel region, providing a pseudorapidity coverage of |n| < 1.0, and in the endcap region
covering 1.0 < |n| < 2.7 except for the innermost endcap layer, where the coverage extends
only up to || = 2.0. Each MDT chamber consists of two so-called multi-layers, which com-
bine three layers of drift tubes. In the innermost barrel layer of the MS, the MDT chambers use

multi-layers with four layers of drift tubes, to improve the tracking performance.
Cathode Strip Chambers

The Cathode Strip Chambers (CSCs), covering 2.0 < || < 2.7, are used instead of MDTs in
the innermost endcap layers of the MS to cope with the higher particle flux and background
rates. The CSCs are multi-wire proportional chambers, with radially oriented gold-plated
tungsten-rhenium wires of 30 ym diameter acting as the anodes, and strip-shaped copper cath-
odes which are used for the read-out. An Ar/CO, mixture is used as the detection volume. The
CSCs on both sides of the ATLAS detector are arranged in two wheels with eight chambers
each. Each chamber consists of four CSC planes. The charges produced in the Ar/CO, gas
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mixture by particles traversing the CSCs create induced charges on neighboring strips, which
result in electrical signals. With strips oriented both parallel and orthogonal to the anode wires,

the CSCs are capable of reconstructing the complete trajectories of particles.
Resistive Plate Chambers

The Resistive Plate Chambers (RPCs), arranged in three concentric layers around the barrel
region, provide the capability to trigger on muons within || < 1.5. Each layer is composed
of trigger stations, which consist of two independent detection layers. The RPCs are gas ion-
ization detectors, using a mixture of CoHyF,/Iso-C4H;/SFg in 2 mm wide gas gaps. Parallel
plastic electrode plates of 2 mm thickness and metallic pickup strips are used for the readout
of electrical signals. The pickup strips are arranged both parallel and orthogonal to the longi-
tudinal direction, thereby allowing the RPCs to also measure both transverse coordinates. The
RPCs operate in avalanche mode with a time resolution of around 1 ns. The first two RPC
layers trigger on muons with pr < 9 GeV, while all three layers are used to trigger on muons

with pr > 9 GeV due to the larger bending radius of high pr muons.
Thin Gap Chambers

The Thin Gap Chambers (TGCs) provide triggering capability in the 1.05< |n| <2.4 region.
They are arranged in circular disks, in a doublet close to the first layer of endcap MDTs, and two
doublets and one triplet around the second layer of endcap MDTs. The TGCs are multi-wire
proportional chambers, and operate on the same principle as the CSCs, but with the charac-
teristic that the wire-to-cathode distance of 1.4 mm is smaller than the wire-to-wire distance
of 1.8 mm. The gas used in operation is a COy/n-pentane mixture. The TGCs operate in a
quasi-saturated (i.e. proportional) mode, providing time resolutions of around 4 ns. Trigger
signals from all TGCs are used in triggering high pt muons, while the triplet may be omitted

in triggering on low pp muons.

3.2.5 Forward detectors

A number of smaller systems are situated in the forward, i.e. high pseudorapidity region,
serving special purposes. Of relevance to this thesis are the LUCID and ZDC detectors, which
are described below. The ATLAS Forward Proton (AFP) [136] and Absolute Luminosity for
ATLAS (ALFA) [137] detectors are also part of the Run 2 forward detector configuration, but

are not described further.
LUCID

The LUminosity Cherenkov Integrating Detector (LUCID, also denoted as LUCID-2) [138],
shown in Fig. 3.10a, consists of set of 32 photomultiplier tubes, and serves at the primary
luminosity detector for ATLAS. Sixteen PMTs are positioned on either side of the interaction
point, at a longitudinal distance of around 17 m and a radial distance of around 125 mm from the

beamline, corresponding to an || value of around 5.6. The PMTs use a 1.2 mm thick quartz
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Figure 3.10: (a) Illustration of the LUCID detector in its Run 2 configuration [138, 139].
(b) Hlustration of the ZDC detector in its Run 3 configuration. The Beam Rate of Neutrals
(BRAN) system [140], visible in the figure as the component situated between the EM and
HADI modules of the ZDC, was placed in front of the EM module in Run 2.

window as a Cherenkov medium. Particles traversing through the quartz window produce
Cherenkov radiation, which is picked up by the PMTs and converted to electrical signals.
During Long Shutdown 1, significant upgrades were undertaken to improve the LUCID
performance. As part of the upgrades, small amounts of radioactive °’Bi were deposited on
the quartz windows. These deposits emit mono-energetic electrons, which are used to regularly
calibrate the PMT voltages, thereby ensuring consistent pulse amplitudes over time. LUCID is
capable of providing luminosity measurements for all 3564 bunch slots due to its dedicated fast

electronics.

7ZDC

The Zero Degree Calorimeters (ZDCs) [141], shown in Fig. 3.10b, are sampling calorimeters,
employing tungsten and steel as the absorbers and quartz rods as the active material. The ZDCs
are located 140 m from the interaction point within the Target Absorber Neutral (TAN), which
is also the point where the two separate beam pipes of the LHC merge into a single beam
pipe leading into the interaction point. At this position, they cover a pseudorapidity region of
In| > 8.3. Both ZDC arms consist of four rectangular modules that are each read out by one
PMT. The ZDCs are designed to detect neutral particles (e.g. photons, neutrons etc.) produced
at high pseudorapidities in heavy ion collisions, since they are not bent away by the LHC
magnets, and continue on a zero degree path after being produced.

The ZDCs are a crucial part of the ATLAS heavy ion program. In central heavy ion col-
lisions, the amount of ZDC activity provides an important handle on the number of spectator
neutrons. Vetoes on ZDC activity in one or both arms are used to select photonuclear and

ultra-peripheral collisions, such as in this thesis.

51



Chapter 3. The ATLAS detector at the
Large Hadron Collider

Figure 3.11: Illustration of the ATLAS magnet system [94]. The central solenoid, barrel toroid,
and endcap toroid, are shown in red, in relation to a representation of the Tile Calorimeter.

3.2.6 Magnet system

The ID, calorimeter and MS systems are designed to measure the trajectories and energies of
particles interacting with the ATLAS detector. However, if the trajectories do not bend in the
transverse plane, it is not possible to determine their charge (rather, the sign of the charge) and
momenta using these detectors alone. The ATLAS magnet system, shown in Fig. 3.11, provides
the necessary magnetic field to bend the particle trajectories. It comprises four components: the
central solenoid [142], the barrel toroid [143] and two endcap toroids [144].

The central solenoid is an aluminum stabilized Nb-Ti superconducting magnet, encom-
passing the Inner Detector. It provides an axial field of 2 T at the nominal operating current of
7.73 kA and at a temperature of 4.5 K. The solenoid is 5.8 m in length, with inner and outer radii
of 2.46 m and 2.56 m respectively. The solenoid was designed to be as thin as possible, in order
to minimize the material budget and energy lost by particles before reaching the calorimeter.
The steel absorbers within the Hadronic Calorimeter act as the return yoke, thereby limiting
stray magnetic fields from reaching the Muon System. By bending the trajectories of particles
within the ID volume in the transverse plane, the solenoid facilitates charge and momentum

measurements.

The barrel and endcap toroids use the same superconducting conductor as the solenoid, but
with a different ratio of materials, and are situated outside the calorimeters amongst the MS
components. Each toroid system consists of eight identical racetrack-shaped air-core toroids
arranged symmetrically around the beamline. On average, the barrel and endcap toroids provide

a magnetic field of approximately 0.5 T and 1.0 T respectively. Each of the barrel coils is
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25.3 m long, with the inner and outer edges of the two straight sections parallel to the beamline
at4.87 m and 9.85 m respectively. The endcap coils are 4.3 m long in the longitudinal direction,
with the inner and outer straight sections parallel to the beamline at 1.21 and 5.01 m.

The orientation of the toroid coils is such that muons passing through the toroids and the
MS experience magnetic fields that are mostly orthogonal to their flight path, thereby bending
their trajectories and allowing for charge and momenta measurements. Within || < 1.4, the
bending is provided by the barrel toroids, for 1.6< |n| <2.7 the endcap toroids are responsible,
and in the transition region of 1.4 < |n| < 1.6, a combination of both are at play. The toroid
systems are integrated into strong mechanical supports, to withstand both the several hundred-
tonne masses of the toroids themselves, and the large magnetic forces exerted on the magnets

during operation.

3.2.7 Trigger and Data Acquisition

Even though the LHC is capable of delivering collisions at a 40 MHz rate, the majority of
events involve soft interactions at large rapidities, which are not relevant for the main ATLAS
physics program. Moreover, it is not technologically feasible to permanently record the ATLAS
detector’s data at a 40 MHz rate. Thus, the ATLAS experiment uses a Trigger and Data AcQui-
sition (TDAQ) system that filters collision events before storage, using (partial) data from the
sub-detectors. The filtering, or triggering, decisions are based on the presence of signatures,
e.g. the presence of high pr leptons, jets, photons etc., that may arise from relevant high energy
scattering processes. The ATLAS trigger system, shown in Fig. 3.12, consists of two parts: the
Level-1 (L1) trigger [145] which reduces the event rate down to around 100 kHz, and the High
Level Trigger (HLT) [146] which further reduces the event rate to around 1 kHz.

The L1 trigger is a hardware based trigger employing custom built electronics, and is de-
signed to return a decision within 2.5 us. Signals from the calorimeters pass to the L1Calo
system [147], which digitizes the analog signals and performs a fast reconstruction of elec-
trons, photons and tau lepton candidates. Global properties of events, namely the (missing)
total transverse energy, are also determined by the L1Calo system. Signals from the RPCs and
TGCs enter the L1Muon system [148], where coincidence requirements between the various
trigger stations (also including the TileCal), and deviations of the recorded hit pattern from
that of a muon with infinite momentum, are used together to determine the multiplicity and
approximate momenta of muons. The L1Topo system combines information from the L.1Calo
and L1Muon systems, to apply geometric or kinematic requirements on the L1 trigger objects.

The Central Trigger Processor (CTP) [149] forms the L1 decision using the L1 trigger ob-
jects, as well as with information from the MBTS, LUCID, ZDC and BPTX detectors. The
decision can be based on the multiplicity of objects above a given threshold, topological re-
quirements etc. While the L1 trigger decision is being formed, the detector data is stored in
Front End (FE) buffers. During this time, the CTP applies dead-time so that read-out windows

do not overlap (simple dead-time), and to prevent detector data buffers from overflowing (com-
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Figure 3.12: Illustration of the ATLAS Trigger and Data Acquisition system [150].

plex dead-time). The CTP is also capable of pre-scaling L1 triggers, which reduces the rate of
L1 accepts for a given signature.

When an L1 accept is passed, so-called Regions of Interest (ROIs), i.e. regions of the
detector with interesting activity as determined by the L1 trigger, are passed to the HLT. Addi-
tionally, the detector data stored in the FE buffers is also sent to the HLT. The HLT is a software
based trigger, which is designed to return a decision within a few hundred milliseconds. It uses
fast object reconstruction algorithms, followed by more CPU intensive ones, to form the trigger
decision. The HLT is capable of forming decisions based on a variety of signatures, such as the

multiplicity, kinematics, topological correlations etc. of trigger objects.

Individual trigger decision algorithms at L1 are called items, and are used as seeds for HLT
algorithms, in order to form chains of trigger requirements. A collection of trigger chains
active during operations is referred to as a trigger menu. The trigger menu during heavy ion
data taking, for example, prioritizes the global properties of events, ultra-peripheral collisions,
hard probes of the quark-gluon plasma, and minimum bias events [151]. The choice of active
chains in the menu is designed to maximize the physics potential of the dataset, while at the

same time respecting the TDAQ system limitations.

Once a HLT accept is passed, and if the HLT pre-scale allows it, the event data is per-
manently stored at the CERN data center and across the Worldwide LHC Computing Grid

(WLCQG) sites [152]. Events are written out to data streams which serve different purposes. For
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Figure 3.13: Illustration of the interactions of particles with the ATLAS detector [153].

example, the Physics stream contains data intended for physics measurements and searches,
various Calibration streams contain partial event data (eg. ID-only, MS-only etc.) for cal-
ibration and monitoring, and so on. Initially, the RAW data is stored for every luminosity block
(LB), which corresponds to a time period (usually 60 seconds long) where the data-taking con-
ditions are assumed to be stable. The RAW data is later processed into AOD-based formats and

flat ntuples for physics measurements.

3.3 Object reconstruction

After the particles produced in proton or ion collisions interact with the ATLAS detector (see
Fig. 3.13), they leave behind electrical signals indicating their presence: electrons and photons
interact with the ECal, while hadrons interact with the HCal (and to a lesser extent, the ECal);
muons interact with all sub-detectors; all charged particles leave behind tracks in the Inner
Detector. Neutrinos pass through the detector without any interaction. The purpose of object
reconstruction is to use the raw data to build high-level objects that serve as proxies for the
original particles, such that they can be used for physics measurements.

Reconstruction algorithms are designed to efficiently reconstruct prompt particles, i.e. those
produced directly in proton or ion collisions. In contrast, non-prompt particles created from
other sources are often treated as backgrounds. It is common to define working points (WPs)

for the identification of reconstructed physics objects like electrons, muons etc., which relate to
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track

Figure 3.14: Schematics of the track parameters in the perigee representation, which defines
them at the point of closest approach to a reference point. The longitudinal and transverse
impact parameters, zo and d, respectively, give the distance of the perigee from the reference
point, which may be the origin of the experiment coordinate system, or the centroid of all
primary vertices. The track has momentum p with transverse and longitudinal angles ¢ and 6.
The associated transverse momentum is py. Figure taken from Ref. [154].

the purity of the objects. Reconstruction is performed either online during the triggering stage
of the DAQ, or offfine during further data processing. The various ATLAS offline reconstruction

algorithms for the particles and objects relevant to this thesis are described below.

3.3.1 Tracks

When charged particles produced in proton or ion collisions cross the Inner Detector, they leave
behind hits in the ID sub-detectors. Due to the axial magnetic field provided by the solenoid,
the particles follow a helical trajectory through the ID. The hits can be used to reconstruct the
trajectories of the particles, which are referred to as tracks. Tracking is the first step in offline
event reconstruction procedure, since the tracks serve as inputs to the reconstruction of other
objects.

Track finding is typically computationally intensive, particularly in high multiplicity events
like central heavy ion collisions. The ATLAS tracking algorithm [155-157] is designed to be
resource efficient, and to provide reliable results with minimal fake rates?. It also determines the
parameters of the reconstructed tracks, as shown in Fig. 3.14. The ATLAS tracking algorithm

is a multi-stage procedure as follows:

1. Clusterization: Charged particles crossing the Pixel and SCT detectors leave behind hits

in the pixels and strips of these detectors respectively. The hits can be in adjacent sensors

%Fakes in this context refers to fake tracks, which are trajectories found by a tracking algorithm that are ficti-
tious in nature. Fake tracks can arise due to combinatorics, detector noise, beam-induced backgrounds etc.
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due to the incident angle of the particles, or due to charge sharing, cross-talk between
readout channels etc. A Connected Component Analysis (CCA) [158] is used to form
groups, or clusters, of adjacent pixels and strips in the same sensor using hits above a

certain charge threshold.

2. Space-point formation: The clusters are then used to create space-points, which are
three-dimensional coordinates indicating where the particles may have interacted with
the detector’s active material. A space-point is created from every cluster in the Pixel
detector, while clusters in sensors from both sides of a SCT strip are paired to form

space-points.

3. Seeding: Triplets of space-points on detector layers at different radial distances are com-
bined to form track seeds that are consistent with a helical trajectory. The space-points
need not be on contiguous layers. A loose set of selections is applied, such as on the AR
between space-points, to improve the seed finding. If possible, a fourth space-point is

added to confirm the track hypothesis suggested by the seed.

4. Track finding: The track seeds are used to define search roads, which are a set of de-
tector modules along a smooth trajectory defined by the track seed, where clusters may
be expected. The implementation of search roads reduces the combinatorics, and conse-
quently the compute resources required for tracking. A combinatorial Kalman filter [159]
is then employed to extend the track seed by sequentially adding space-points along the
search road. The algorithm seeks to add the best space-point on a given detector layer
with a x? fitting procedure, where the outcome of the fit is a track candidate with a smooth

helical trajectory.

5. Ambiguity solver: While the combinatorial Kalman filter approach is fast, the resulting
set of track candidates may contain fakes, or multiple candidates with overlapping space-
points. These issues are addressed with an ambiguity solver, which uses a reward/penalty
system to score track candidates based on a set of criteria. It favors tracks with more
clusters, fewer holes’, and better track fits. The collection of track candidates refined
by the ambiguity solver is then re-fit with a global y? method to obtain high-precision
estimates of the track parameters. Since the track candidates described in the steps so far

only use Pixel and SCT hits, they are also referred to as Si (i.e. silicon) tracks.

6. TRT extension: For the last step, search roads are defined from the Si tracks into the TRT
volume, and the Kalman filter is used once again. Hits in the TRT straws are included
in the track candidates and the global \? fit is re-performed. The TRT-extended tracks
are rejected if the y? worsens with respect to the Si-track, or if the degree of association
between the track and the TRT hits is not high enough.

3 A hole refers to a functioning detector module that is crossed by a track, but with no cluster being found. This
definition properly accounts for disabled sensors and modules.
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Figure 3.15: Tracking efficiency as a function of (a) track pr and (b) track 7, for different
centrality classes [161]. The efficiency is determined with the data overlay method [162] for a
heavy ion specific track working point.

The reconstruction algorithm described above assumes that tracks follow a smooth helical
trajectory, which may not be satisfied in the presence of bremsstrahlung radiation. If a track
seed does not result in a viable track candidate, the seed is checked for compatibility with
a calorimeter ROI that may be associated with bremsstrahlung photons. If an ROI is found,
the track fit is re-done including the ROI, and with looser quality requirements. Additionally,
energy loss due to bremsstrahlung is included in the fit model. If the fit still fails, the pion mass
hypothesis, which was used so far, is updated to the electron mass hypothesis. A subsequent
fitting procedure using an optimized Gaussian-sum filter (GSF) [160] (a generalization of the
Kalman filter), is used to better account for the non-linear behavior of bremsstrahlung radiation.

The steps above describe the so-called inside-out tracking procedure, as it starts with Pixel
hits and ends with the TRT. An alternate tracking procedure called outside-in tracking instead
starts from TRT, and uses detector hits not assigned to tracks during the inside-out tracking that
was performed first. It is used to reconstruct the trajectories of secondary particles, i.e. those
produced from photon conversion, decays of unstable particles etc. In the outside-in tracking
procedure, TRT hits compatible with ROIs in the EM calorimeter are combined with short (i.e.
two space-points only) SCT seeds, to form track candidates. These then go through similar
track finding steps as for inside-out tracking, i.e. road search, Kalman filter, ambiguity solver,
and y? fitting. The track candidates are then extended back into the TRT to define the final
track fits.

The tracking working points used by ATLAS optimize the performance metrics, i.e. a
higher tracking efficiency and lower fake rate. The fake rate is generally higher for high multi-
plicity events (e.g. central heavy ion collisions) due to combinatorics. The tracking efficiency
depends, among other things, on the kinematics of the tracks. Low pr tracks have a smaller
bending radius in the solenoid field compared to high pr tracks, and may not reach the outer
detector layers. They also have a higher probability of scattering with the detector material.

Thus, the tracking efficiency increases with pr. Further, the efficiency decreases at high pseu-
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dorapidity, due to the lower number of possible ID hits. Fig. 3.15 shows, as an example, the
tracking efficiency in 2015 Pb+Pb data for a working point specific to heavy ion analyses. The
working points relevant to this thesis are described in later chapters.

3.3.2 Vertices

Once the tracks in an event are reconstructed, they are used to form vertices, or points in space
where tracks originate from. The primary vertex refers to a point along the beamline where
particles were produced in proton or ion collision. Unstable particles with moderate lifetimes
(such as B and D mesons) originating from the primary vertex traverse through parts of the
detector before decaying, thus creating secondary vertices at the point of their decay within
the detector volume. Secondary vertices are not relevant to this thesis, and are not discussed

further.

The ATLAS primary vertex reconstruction algorithm consists of two steps: vertex finding
and vertex fitting [163, 164]. The algorithm starts by defining seed positions for primary ver-
tices, based on their position along the beamline*. Using a x? minimization procedure, tracks
close to the seed are used to fit the real position of the primary vertex. Each track used in the fit
is assigned a weight, which quantifies the compatibility of the track with the vertex fit. Tracks
which are incompatible with the vertex by more than seven standard deviations are removed
from the vertex candidate, and are added back to the collection of unused tracks. The vertex re-
construction algorithm continues in this manner until no further primary vertices can be found,

or until all tracks in the event have been assigned to primary vertices.

Since the (hadronic) pileup in Pb+Pb collisions in Run 2 was around O (1073) or less, the
probability of more than one Pb+Pb collision per bunch crossing is at the 1077 level. Thus,
during vertex reconstruction for Pb+Pb collisions it assumed that there is only one primary

vertex.

The collection of primary vertices reconstructed in a large number of events is used to
reconstruct the beam-spot, or the luminous region of the colliding protons or ions. The beam-
spot reconstruction uses only one primary vertex per event, which is the vertex with the largest
>~ p3 of all associated tracks. Additionally, the primary vertices considered in the beam-spot
determination are required to have at least five tracks. An unbinned maximum likelihood fit is
performed, where the beam-spot is modeled by a three-dimensional Gaussian distribution with
possible x-y couplings and transverse tilts. The beam-spot can be reconstructed using events
from around 10 minute intervals, or per luminosity-block such as during van der Meer scans.
The longitudinal beam-spot size is related to the accelerator RF frequency, while the transverse

size is related to the beam emittance.

“4This refers to the so-called sliding-window approach for determining track seeds. Alternate approaches, such
as defining vertex seeds based on their position with respect to the online beam-spot, have also been used by
ATLAS in Runs 1 and 2.
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3.3.3 Topoclusters

Particles interacting with the calorimeters (eg. electrons, photons, and hadrons) deposit their
shower energies in clusters of calorimeter cells, which correspond to the smallest unit in 7,
¢ and radial segmentation. Here, the radial segmentation is achieved due to the presence of
multiple sampling layers. ATLAS employs a topological cell clustering algorithm [165], which
reconstructs topoclusters from the calorimeter cell signals created by particles produced in
proton or ion collisions. The topoclusters later serve as inputs to the reconstruction of higher-
level objects like electrons and photons.

The basic quantity used in reconstructing topoclusters from calorimeter cell signals is the
cell significance <o) = EX) /obn. ccr» OF the ratio of the energy deposited in the cell and the
average (expected) noise’. The cell significance can also be negative, due to the bipolar shape of
the LAr calorimeter signals. Topocluster reconstruction follows a growing-volume algorithm,
which is seeded by cells, or proto-clusters, with |§ce11 ‘ > 4. Neighboring calorimeter cells® with
2 < }gcell ] < 4 are added to the proto-clusters. The proto-clusters are merged if the algorithm
encounters neighboring cells with 2 < ‘%en | < 4 associated to two proto-clusters. Merging
is also performed if neighboring cells with |§C€H ‘ > 4 other than the seed cell are found. The
algorithm expands proto-clusters in all three spatial dimensions until a boundary condition of
0 < [¢EM| < 2 is met.

The resulting proto-clusters then consist of a core of cells with highly significant energy
deposits, surrounded by an envelope of less significant cells. They can, however, be too large
for meaningful physics measurements, so they are further split. The splitting algorithm finds

local maxima within the proto-cluster with E=)

> (0.5 GeV, which are required to have at
least four neighboring cells that are already included in the proto-cluster. The local maxima are
restricted to the outer layers of the ECal and the first layer of the FCal. In a later refinement step
of the proto-cluster splitting algorithm, local maxima in the inner ECal layers, all HCal layers,
and outer FCal layers, are permitted. The algorithm then assigns cells within the proto-cluster
to at most two local maxima based on an energy and distance weighting procedure. Once the
proto-clusters are split, they are called topoclusters, and are considered in the reconstruction of

higher level objects.

3.3.4 Electrons and photons

The only difference between electrons and photons according to the ATLAS detector is the
presence of tracks in the ID, associated with electrons (see Fig. 3.16) but not photons. Thus, the
ECal alone is not capable of distinguishing between the two. In order to properly disentangle

the two objects, information from the ID must therefore be included. The reconstruction of

SThe energy and noise, EEM and anome 11> are measured on the so-called electromagnetic (EM) scale, which
correctly reconstructs the energies of showers generated by electrons and photons, but not hadrons.

®In this context, neighboring refers to adjacent cells in one sampling layers, or cells across adjacent sampling
layers with partial geometric coverage.
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Figure 3.16: Illustration of the path of an electron through the ATLAS detector, shown as a
solid red line. A bremsstrahlung photon is shown as a dashed red line. Figure taken from
Ref. [166].

electrons and photons is further complicated by the fact that electrons can radiate additional
photons via bremsstrahlung, while photons (either prompt or non-prompt) can convert into

ete” via pair production. The reconstruction of the two objects is therefore intertwined.

Reconstruction

The ATLAS reconstruction algorithm for electrons and photons [166—168] begins with the
selection of topoclusters with pp > 400 MeV. Even if topoclusters contain cells in both the ECal
and HCal, only the fraction of topocluster energy contained in the ECal, or the electromagnetic
fraction fgy\, is considered for electron and photon reconstruction. Following this, tracks in
the event loosely matched to calorimeter ROIs are selected, where the matching is performed
based on geometric proximity. If multiple tracks are matched to a topocluster, they are ranked
based on their quality (tracks with Pixel hits are ranked higher than those with SCT hits but no
Pixel hits), and based on the AR to the cluster. The highest ranked track is then used to define
the kinematics of the electron object.

Since converted photons leave behind two tracks (i.e. the e*e™ pair), a search for the
conversion vertex is performed. Two tracks with opposite charges are required to form a vertex
consistent with a massless particle. The particle identification capabilities of the TRT are also
used to improve the purity of conversion vertices, by requiring that the TRT determines a high
probability of the associated tracks being electrons. Further, tracks with only TRT hits are
also considered in the conversion vertex finding procedure. The conversion vertices are then
matched to topoclusters, based on An and A¢ requirements.

In the next stage of the reconstruction, the topoclusters in the event are grouped into su-

perclusters. The process of supercluster formation involves finding candidate seeds from the
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collection of Er-ordered topoclusters. An electron supercluster seed is defined as a topoclus-
ter with £t > 1 GeV which has a matched track with at least four hits in the Pixel and SCT
sub-detectors. A photon supercluster seed is defined as a topocluster with Er > 1.5 GeV, and
with no additional requirements on matched tracks and conversion vertices. After the seeds
are found, neighboring or satellite topoclusters are added to the supercluster seed. For both
electrons and photons, topoclusters falling within a window of An x A¢ = 0.075 x 0.125
around the seed barycenter are classified as satellites. Additionally for electrons, topoclusters
that share a best-matched track with the seed within An x A¢ = 0.125 x 0.3 are also counted
as satellites. Satellites are added to photon supercluster seeds if the two tracks associated with
a conversion vertex can be matched to the seed and the satellite.

After the superclusters are created, an initial energy and position calibration is applied to
them. A matching procedure is then performed to the superclusters as a whole: tracks are
matched to electron superclusters, while conversion vertices are matched to photon superclus-
ters. Finally, the superclusters are used to create the electron and (converted and unconverted)
photon object candidates, based on a series of requirements on the associated tracks, conversion
vertices and clusters [168]. Since the creation of superclusters proceeds independently for elec-
trons and photons, a given seed may be associated to both candidate objects. If the ambiguity
cannot be resolved through the object definitions, both electron and photon objects are created,

such that they can be separated at the analysis level.

Calibration

The first step of the ATLAS electron and photon calibration procedure [169] involves the cal-
ibration of the supercluster energies, since they were originally determined on the EM scale.
Using zero pileup Monte Carlo samples of single electrons and photons, a regression Boosted
Decision Tree (BDT) corrects for smearing and energy loss. The calibration is then applied
to both data and simulation. Following this, an inter-calibration is performed for the energy
scales of different regions of the detector, such that the total reconstructed energy is accurate.
The Z — ee™ resonance is then used to calibrate the energy scale of electrons and photons
in the data, and adjust the energy resolution in simulation. In order to validate the calibration
procedure, the J/1) — eTe™ resonance and radiative Z boson decays are compared between

data and simulation.

Identification

Before the reconstructed and calibrated electron objects are used in physics measurements, they
are required to pass a set of selection criteria, in order to reject backgrounds, improve the object
quality, and minimize systematic uncertainties. During Run 2, electrons were identified by
ATLAS using a likelihood approach [166, 168], which uses the distributions of various shower
shape and tracking variables to construct the likelihoods separately for signal (i.e. prompt)

and background (i.e. non-prompt) electrons. A discriminant based on a ratio of the signal and
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signal-plus-background likelihoods is then used to identify prompt electrons. Several working
points are defined based on fixed thresholds on the discriminant. In increasing order of the
threshold, these are the VeryLoose, Loose, Medium and Tight working points. The
thresholds are optimized to ensure high identification efficiency across electron 1 and pr, while
rejecting background contamination. All WPs have fixed requirements on tracking criteria,
i.e. the number of hits in the various ID sub-detectors. The analysis presented in this thesis
makes use of the VeryLoose working point, which requires at least one Pixel hit, and no
requirements on hits in the IBL.

The photons objects relevant to thesis are in a very low pr range, where the common AT-
LAS photon identification algorithms do not apply. Instead, a neural network (NN) based pho-
ton identification was used, which was developed in the context of the ATLAS measurement of
vy — 7y scattering in ultra-peripheral Pb+Pb collisions in Run 2 [170]. The NN was trained
using photon shower shape variables. Signal vy — v events from Monte Carlo simulations
were discriminated against fake photons obtained in the data. The NN was optimized to pro-
vide a 95% identification efficiency for photons with pr > 2.5 GeV and |n| < 2.37, excluding

the crack region.
Isolation

Prompt electrons and photons are typically well separated from other objects in the final state.
However, processes like pileup, pair production, hadron decays, etc. result in non-prompt elec-
trons and photons, which are associated with nearby activity. Isolation requirements therefore
impose vetoes on neighboring activity, such that prompt and non-prompt objects can be sepa-
rated. The analysis presented in this thesis uses extremely clean ultra-peripheral Pb+Pb events,
where the final state objects have almost no activity surrounding them. As such, electron and

photon isolation requirements are not required, and are not discussed further.

3.3.5 Muons

Muons, being approximately 206 times heavier than electrons, are minimum ionizing particles
in the ATLAS detector. Muons interact with all sub-detectors: they produce tracks in the
Inner Detector, leave (small) calorimeter signals, and produce tracks in the Muon Spectrometer.

Thus, the reconstruction of muons requires a precise understanding of the complete detector.
Reconstruction

The ATLAS muon reconstruction procedure [171, 172] is designed to reconstruct not only
muons produced directly in proton or ion collisions, but also those produced via other interest-
ing processes, such as through hadron decays. At the same time, it rejects muons associated
with background processes, like cosmic radiation and beam-induced backgrounds.

The muon reconstruction procedure starts by reconstructing so-called MS tracks from hits

in the Muon Spectrometer, as follows:
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1.

Hit patterns in the MDT and CSC modules are searched for to form segments, which
correspond to hits aligned on a trajectory in the bending plane of the detector. The RPC
and TGC hits provide an additional coordinate orthogonal to the bending plane. MS track

candidates are then built by combining hits from segments in multiple layers.

Starting from the middle layer of the muon stations, a combinatorial search extends the
track candidates inwards and outwards. A search seeded by segments in the inner and

outer layer of the stations is also performed.

A global y? fit of the track is performed, which takes into account the full magnetic field
model, possible interactions with detector material, and misalignments of the stations.

Hits that are outliers with respect to the fitted MS track are removed, and the fit is redone.

Since segments can be shared across multiple track candidates, an ambiguity resolver is

used, which removes tracks that share many hits with high quality tracks.

. The final collection of MS tracks is refit using the constraint that the trajectories are con-

sistent with the interaction point. The trajectories are extrapolated back to the beamline,

and the pr of the MS tracks is expressed at the interaction point.

After the MS tracks are reconstructed, the reconstruction of the full muon object can pro-

ceed. Several definitions are available in the ATLAS muon reconstruction procedure, depend-

ing on the conditions and requirements of the muons. They are illustrated in Fig. 3.17 and are

described below:

1.

Combined (CB): Tracks in the ID and MS, which are reconstructed independently, are
combined using a global fit. An outside-in approach is taken, since the relatively large
bending radius within the MS allows for better ¢/p resolution. A complementary inside-
out approach is also used sometimes. During the global fit, additional MS hits may be
added to the track to improve the quality of the fit. For || > 2.5, MS tracks are combined
with short track segments only in the Pixel and SCT detectors, defining a subset of CB
muons called Silicon Forward (SiF) muons. This definition allows for better use of the
ID near the boundaries of its acceptance. Overall, CB muons have the highest purity

across all identified muon working points (see below).

Segment-tagged (ST): Tracks in the ID are combined with at least one reconstructed
segment in the MDT or CSC chambers, rather than full MS tracks. This definition is
used for muons with very low pr, as they may not leave hits in all layers of the MS due
to the smaller bending radius of the trajectory. It is also used when muons pass through
regions of the MS with reduced acceptance, such as || < 0.1 gap region. The parameters

of the ID track are used to define the muon track’s parameters.
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Figure 3.17: Illustration of the muon reconstruction algorithms available in ATLAS [173].

3. Calorimeter-tagged (CT): This type of muon reconstruction does not use MS tracks, but
only ID tracks matched to a calorimeter signal that is consistent with a minimum ionizing
particle. This definition is optimized for the || < 0.1 gap region where the MS is only
partially instrumented. It has the lowest purity out of all muon reconstruction algorithms.

The track parameters are determined only from the ID track.

4. Muon Spectrometer Extrapolated (ME) / Stand-alone (ST): If a matching ID track is
not found, the muon trajectory is defined using only the MS track. In the ME muon case,
the muon trajectory is extrapolated back to the interaction point based on a loose compat-
ibility requirement. The track parameters are defined at the beamline, taking into account
the energy lost by the muon in the calorimeter. In the ST muon case, the trajectory is not
extrapolated, and only the MS tracks are used. These types of muons are mainly used to
extend the acceptance for muon reconstruction in the 2.5< |n| <2.7 region, which is not
covered by the ID.

Since ID or MS tracks can be shared between different muon types, an overlap removal
process is applied. When several muon types share an ID track, it is preferentially assigned
first to CB muons, then to ST muons, and finally to CT muons. Overlaps with ME muons are
resolved by identifying the better quality tracks, via an analysis of the track hit content and fit

quality.
Calibration

Reconstructed muons undergo a data-driven calibration procedure, so that their properties in

data and simulation are consistent [171]. The scale (i.e. absolute value) and resolution (i.e.
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spread) of the muon pr for each WP is calibrated using well-known physics processes, namely
the J/¢ — puu and Z — pp resonances. By comparing the mass peaks in data and simula-
tion, calibration constants are derived, which correct for effects like detector misalignments,
magnetic field inhomogeneities, energy loss due to interaction with the detector material, etc.
The corrections are derived in 1 — ¢ regions of the detector that are homogeneous in terms of

detector technology and performance.
Identification

Just like electrons and photons, muons also have to pass identification criteria to increase the
purity, and to reduce background contamination [172]. In increasing order of background re-
jection, the Loose, Medium and Tight WPs are the most commonly used ones. They apply
requirements on the number of ID and MS hits, ¢/p significance, track fit quality etc. The
HighPt WP is designed to improve the momentum resolution for tracks with pr > 100 GeV,
which generally suffer from reduced efficiencies as a consequence of the large bending radius.

The analysis presented in this thesis makes use of the LowPt working point, which is opti-
mized for muons with small pr. The WP is applied only to CB muons, primarily reconstructed
using the inside-out approach as it has higher efficiency at lower pr. At least one segment in
the MDT or CSC layers is required for muons with || < 1.3, since the muons may not reach
more than one MS layer. Muons with |n| > 1.3 have sufficient momentum to reach more than
two MS layers, so the requirement is increased to two precision chamber segments. Further re-
quirements, such as vetoes on the presence of kinks in the tracks, are imposed to reject muons

produced in hadron decays.
Isolation

In the same manner as electrons and photons, prompt muons are typically well separated from
other final state objects. However, processes like pileup, hadron decays, etc. produce non-
prompt muons which can be reconstructed as one of the muon types discussed earlier. The
analysis presented in this thesis uses extremely clean ultra-peripheral Pb+Pb events, where
the final state objects have almost no activity surrounding them. As such, muon isolation

requirements are not needed, and are not discussed further.

3.3.6 Other objects

The ATLAS detector is also capable of reconstructing other high-level objects that are com-
monly used in the analysis of proton or ion collisions. While these objects are not used in this

thesis, they are nevertheless briefly discussed below.
Jets

Along with colorless particles like leptons and photons, colored particles, i.e. quarks and glu-
ons, are also frequently found in the final states of proton or ion collisions. As they propagate

away from the collision, they radiate additional colored particles: quarks can radiate gluons,
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while gluons can either radiate more gluons (due to the self-interacting nature of QCD) or split
into ¢ pairs. This results in a cascade of QCD radiation, which produces colored particles
with decreasing energies. It continues until the particles have energies around the QCD scale
(O (100) MeV), at which point hadronization, i.e. the formation of bound colorless hadrons
occurs. Any unstable hadrons that are formed in this process subsequently decay. While the
mechanism of hadronization is not known, several successful models have been employed in

Monte Carlo event generators, which are tuned to experimental data [174, 175].

The full process of QCD showering and hadronization takes place within a few femtome-
ters, so it cannot be resolved by the detector. Instead, a jet is observed, which is a collimated
spray of energetic hadrons, leptons and photons, in the direction of the original parton. These
particles leave behind tracks in the Inner Detector, and energy deposits in the calorimeters.

Muons originating from the decays of hadrons within jets interact with the Muon System.

The experimental definition of a jet depends on the specific jet reconstruction technique.
Jets reconstructed using only topoclusters are called calorimeter jets [165], while those recon-
structed using both ID tracks and topoclusters are called particle flow jets [176]. For both types
of jets, the most common approach used by ATLAS for clustering the low-level objects is the
anti-kr algorithm [177], which results in the formation of cone-like regions with some radius
R in the transverse plane that contains particles produced by the showering of the initial hard
quark or gluon. In ATLAS, the standard jet definition uses R = 0.4; large-radius jets with
R = 1.0 are also used in ATLAS analyses. Since jets are complex objects constructed with
data from multiple sub-detectors, they go through a sophisticated calibration procedure before

being used in analyses [178].

Flavor tagging

The b-quarks produced in proton or ion collisions typically hadronize into B-mesons. Due to
their relatively long lifetimes of around 1.5 ps, at LHC energies the B-mesons propagate a few
millimeters into the detector before decaying further. Thus, a secondary vertex is found within
the jet initiated by a b-quark. This signature can be used to distinguish between b-quark initiated
jets, called b-jets, and jets initiated by gluons and lighter quarks. The process of flavor tagging
refers to this discrimination process. Flavor tagging algorithms are required to have a high
background rejection capability, while still maintaining a high efficiency. Several algorithms
based on complex machine learning algorithms are used by ATLAS for this purpose [179].
b-jets are an important aspect of many ATLAS analyses, as they can be used to identify top
quarks decays, H — bb decays, potential decays of BSM particles etc.

Hadronically decaying tau leptons

Tau leptons, as explained in Sec. 2.3, decay to leptons and hadrons, along with neutrinos. The

leptonic decays are indistinguishable from electrons and muons produced in primary collisions,
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but the visible component of the hadronic decays can be reconstructed and identified’. If the
tau lepton is sufficiently boosted, the hadronic decay products can become collimated, thereby
forming a jet. Hadronic tau jets are typically narrower than QCD-induced jets, since the decay
products (mainly pions and kaons) are color neutral and do not produce QCD showers.

The ATLAS hadronic tau lepton reconstruction algorithm [180] starts with the reconstructed
R = 0.4 anti-k7 jets in an event. The features of these jets, along with the features of their
constituent tracks and topoclusters, are used as inputs to a Recurrent Neural Network (RNN) to
distinguish between hadronically decaying tau leptons and QCD jets [181]. The ATLAS tools
for tau lepton reconstruction and identification were designed for tau leptons with moderately
high transverse momenta, i.e. pr Z 25 GeV. Since the tau leptons produced through the
vy — 777~ process in ultra-peripheral Pb+Pb collisions are softer than this threshold, the
standard ATLAS tau lepton object has not been used in this thesis.

Missing transverse momentum

The initial states of proton or ion collisions have zero transverse momentum, so the same must
also hold true for the final states due to momentum conservation. If the vector sum of the
transverse momenta of all reconstructed final state objects does not equal zero, it is assumed that
some momentum was carried away by undetected particles. The missing transverse momentum,
defined as

i€ {hard objects} j€{softobjects}
therefore quantifies this lost momentum [182]. Here, the sum over hard objects includes
electrons, photons, hadronically decaying tau leptons, muons, and jets; the sum over soft ob-
jects includes tracks not associated with other objects, or topoclusters not associated with other
objects. Missing transverse momentum can be created by neutrinos, which are invisible to the
ATLAS detector, or potential weakly interacting BSM particles. Experimental sources, such
as detector inefficiencies and energy miscalibrations can also contribute to missing transverse

momentum.

"The visible hadronic decay products are the neutral and charged hadrons, since they interact with the ATLAS
detector. The neutrino, which does not interact with any sub-detector, is considered invisible.
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Chapter 4
Luminosity measurement

This chapter is devoted to studies of the luminosity of the 2023 Pb+Pb dataset. The concept
of luminosity, and how it is measured and calibrated by the ATLAS experiment are discussed
in Sec. 4.1. Luminosity measurement in heavy ion collisions using Inner Detector tracks is
introduced in Sec. 4.2. A preliminary calibration of the luminosity of the 2023 Pb+Pb dataset

is presented in Sec. 4.3.

4.1 Introduction

4.1.1 Concept of luminosity

As introduced in Sec. 3.1.1, luminosity is the proportionality constant between cross-sections
and event rates. In principle, any reference scattering process can be used to measure luminos-
ity through this proportionality. However, not all processes are suitable. For example, elastic
scattering processes are not ideal since they deflect particles at very small angles relative to the
beamline. Detecting such particles would require placing detectors in high radiation environ-
ments. In practice, collider experiments consider inelastic collisions as the reference process.
Suppose a luminosity detector, or luminometer, is able to detect the entire inelastic cross-
section ojne. Then, the instantaneous luminosity of one colliding bunch can be written using

the event rate dN/dt as
1 dN  pfrev

- )
Oinel dt Oinel

Einst = (4 1)

where f,., is the revolution frequency of the bunches in the collider. Since bunches of protons or
ions contain many particles, there is always the possibility of more (or less) than one interaction
per bunch crossing. This is accounted for by the factor u, i.e. the pileup, which gives the
number of particle collisions per bunch crossing.

A luminometer cannot detect every collision event as it is limited by geometric acceptance,
detection efficiency, backgrounds etc. Thus, a luminometer only sees a fraction ¢ of the to-
tal event rate, which corresponds to a visible cross-section o;s = €o. The instantaneous

luminosity is then
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E o €ﬂ'frev _ ,uvisfrev’

inst —
€01inel Ovis

4.2)

where 145 1S the visible pileup, also called the visible event rate.

This equation defines luminosity in terms of luminometer data, but it can also be defined
directly through the parameters of the colliding bunches. This is achieved by recognizing that
the observed scattering process originates in the overlap area between two colliding bunches.

In other words, the luminosity of one colliding bunch pair can also be expressed as

Einst = Kn1n2frev97

= Kn1n2frev / dl‘ddedt P1 (l’, Y,z — t) P2 (l‘, Y,z + t) ) (43)

where n, 5 are the intensities (i.e. number of protons or ions) in the two bunches, K is the
Mgller factor, and 2 is the bunch overlap, which is defined as the spacetime integral of the
normalized bunch densities p; ». In this equation, the time coordinate is placed alongside the
longitudinal coordinate z so, that the bunches collide (i.e. achieve maximum overlap) at the
interaction point situated at the origin at ¢ = 0. The Mgller factor is given by

K = \/(v1 —vy)? — (V] X v3)%, (4.4)

where v, 5 are the velocities of the bunches in the lab frame [183]. In the case of bunches

colliding at the speed of light with no crossing angle between them, K = 2.

Suppose the bunch densities can be described by uncorrelated three-dimensional Gaussian

distributions, i.e.,

1 x? y? (z+ 1)
(1) = L ithi —1,2. (45
il 1) (272 31,001,004 eXp( 202, 202, 202 ) MV (4.5)

Since the longitudinal width is set by the radio-frequency acceleration system, it is assumed
to be equal for the two bunches.

Using Eq. 4.3, the luminosity can be expressed as

£ o n1n2frev o n1n2frev

inst — - 9
2 2/ 2 2 2w,
2/ 0%, + 05, oy, + 03, -y

where X, , are called the convolved beam widths in the horizontal and vertical planes. The

(4.6)

above is essentially a derivation of Eq. 3.3.

'Due to a combination of effects like synchrotron radiation, space charge, and intra-beam scattering, bunches
of particles in a synchrotron are Gaussian-distributed, as a consequence of the central limit theorem. See Appendix
AII of Ref. [99].
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4.1.2 Luminosity measurement in ATLAS

According to Eq. 4.2, the luminosity measured by a luminometer depends on the visible pileup

lvis- The data recorded by a luminometer is converted into (s using a luminosity algorithm.

Broadly speaking, luminosity measurement algorithms can be categorized as follows [101]:

* Event counting: in these algorithms, the fraction of bunch crossings that contain col-
lision events is counted, where collision events are defined by the number of registered
detector hits (e.g. number of pixels, number of topoclusters etc.) within some predefined
thresholds. Event counting algorithms work under the assumption that the observed num-
ber of collisions per bunch crossing is Poisson distributed, with a mean given by the fiy;s
of the algorithm. Suppose a luminometer detects hits in N, out of Ng¢ bunch crossings.
The acceptance fraction f = N,/ Npc can be used as a proxy for P (> 1 collision), giv-

ing

Nev e
P (> 1collision) = N L= 1 et 4.7)
BC

from which g5 can be determined.

Hit counting: here, the number of hits observed by a luminometer per bunch crossing
(within some pre-defined thresholds) is counted. Suppose a luminometer, consisting of
Nyet identical detectors, registers hits in N, out of Ngc bunch crossings. Under the

same Poisson assumption as in event counting, the relation

N evt

_ =1 — g Hvis (48)
NpcNget

is obtained, from which p;s can be determined.

Particle counting: in these algorithms, the number of particles produced in bunch cross-
ings is inferred using reconstructed quantities. In cases where the reconstructed objects
act as true proxies of the produced particles (e.g. tracks, vertices, topoclusters etc.) the

visible pileup is given by the first moment of the object multiplicity distribution, i.e.

Hvis = E [Nobj] . (49)

The ATLAS sub-detectors used for luminosity measurement rely on all of the above tech-

niques to compute /iy from the low-level data. Described below are those algorithms which

are used in heavy ion collisions to provide online and offline bunch-by-bunch luminosity mea-

surements. Algorithms using calorimeter data are used for proton-proton collisions, but suffer

from low statistics and instrumental noise during heavy ion data-taking, and are therefore not

considered. Offline luminosity algorithms based on Inner Detector data (i.e. tracks) will be

discussed in Sec. 4.2.
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LUCID algorithms

The LUminosity Cherenkov Integrating Detector (LUCID, see Sec. 3.2.5) serves as the primary
luminometer for the ATLAS experiment. Sixteen photomultiplier tubes (PMTs) are situated on
either side of the ATLAS IP in eight azimuthally symmetric stations, such that each station
houses two PMTs. Due to the radioactive 2°“Bi calibration source, the two PMTs in each
station are called “Bi” and “Bi2”. The Bi and Bi2 PMTs are read out using separate electronics,
ensuring redundancy during data-taking.

A hit in the LUCID PMTs is defined as a pulse with an amplitude above a given threshold.
Generally speaking, hit counting algorithms based on the LUCID PMTs are not used in heavy
ion collisions due to the low luminosity (i.e. low statistics) data-taking conditions. Event
counting algorithms are used instead, particularly with combinations of multiple PMTs. The

most important event counting algorithms based on the Bi PMTs are:

LUCID BiEVtA : at least one of the Bi PMTs on the A side registers a hit.

LUCID BiEvtC : same as LUCID BiEvtA, but with the C side Bi PMTs.

LUCID BiEVtOR : at least one Bi PMT on either of the A or C sides registers a hit.

LUCID BiEvtAND : at least one hit in both the A and C side Bi PMTs.

The detection efficiencies of these algorithms — €x, €c, €or, and eanp — are related by the
equation epgr = €p + €c — eanp. Due to this overlap with the other algorithms, the relation

between the visible pileup and number of accepted events for the EvtAND algorithm is [184]

Nevt < Hvis ( UQR UQR
=1—2exp| — 1+ =% +exp | —fvis—ns | (4.10)

Nsc 2 N Toa®
which is obtained after assuming e, = ec. Here, 0OF and o2ANP are the visible cross-

sections of LUCID BiEvtOR and LUCID BiEvtAND. Due to the complexity of this equation,

the 1iyis of the EvtAND algorithm cannot be determined analytically. Instead, an iterative nu-
AND OR

merical procedure is used, which simultaneously extracts the o;;'", based on a known o ;;
calibration.

Algorithms similar to the ones listed above using the Bi2 PMTs are also used during heavy
ion data-taking. The algorithm names use “Bi2” instead of “Bi”. The p.;s determination strate-

gies are identical to the Bi algorithms.
ZDC algorithms

The Zero Degree Calorimeter (ZDC, see Sec. 3.2.5) is used for luminosity measurement only
during heavy ion data-taking, since it is installed only for those periods. The two stations are
located 140 m from the ATLAS IP on both sides.
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A hit in the ZDCs is defined as an energy deposit above the threshold for one forward
neutron, which in Run 3 Pb+Pb collisions corresponds to energies larger than 1 TeV. Using
this, four event counting algorithms are defined: ZDC EvtA, ZDC EvtC, ZDC EvtOR and ZDC
EvtAND. The nomenclature and /., determination follows that of the LUCID algorithms.

BCM algorithms

The Beam Conditions Monitor (BCM, see Sec. 3.2.2) consists of two stations 1.84 m away from
the ATLAS IP on both sides. Each station consists of four diamond sensor modules, arranged
in a plus-shaped configuration that is aligned with the ATLAS coordinate system.

A hit in the BCM modules is defined by a signal amplitude crossing a given threshold.
In principle, each of the BCM modules can be separately used for event counting algorithms.
However, the single module algorithms suffer from large backgrounds, on account of the fact
that the BCM serves as a beam-induced background monitor. Thus, combinations of modules

are used instead. The BCM algorithms relevant to heavy ion data-taking are:

¢ BCM HEVtOR: hits in at least one horizontal module.
« BCM VEvVtOR: hits in at least one vertical module.

* BCM TEVtOR: logical OR of the BCM HEvtOR and BCM VEvtOR algorithms.

4.1.3 Absolute calibration

The luminosity defined in Eq. 4.2 contains two variables, namely ;s and o5, both of which
have to be known precisely. The strategies used by ATLAS to determine ;s were introduced
in the preceding subsection. The strategy used to determine visible cross-section o5, which
defines the absolute scale of a luminometer, is given below.

For well known reference processes like Drell-Yan scattering (pp — Z — {70, ( = e, 1)
where the uncertainty on the reference cross-section is around 3%, the detection efficiency e
can be estimated using data-driven and Monte Carlo techniques [185]. Combining € with y,,
which is measured to 2-3% precision [186, 187], o,;s can be determined. However, given the
fact that the reference cross-section, € and oy, all have uncertainties, this approach to determin-
ing the absolute luminosity scale would incur large luminosity-related systematic uncertainties
on physics measurements.

Thus, experiments at colliders rely on the van der Meer (vdM) method, also called beam
separation scans, to determine o up to sub-percent precision for inelastic collisions. Orig-
inally developed by Simon van der Meer for un-bunched beams at the Intersecting Storage
Rings at CERN [188], and later adapted to bunched beams by Carlo Rubbia [189], the vdM
method is the primary luminosity calibration technique for the LHC experiments [187, 190-
194]. The LHCb experiment also uses the beam-gas imaging method [194], where collisions

between the bunches and residual gas in the LHCb interaction region are reconstructed. From
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the distribution of the collision vertices, the beam overlap (2, and consequently the luminosity
scale, are determined.
Suppose the two colliding beams are separated by Ax and Ay in the horizontal and vertical

planes respectively. Eq. 4.3 can then be generalized to

A A
Einst (AI7 A?J) = Kn1n2frev/dxdyd2dt P1 (ZE‘ - Tway - Tya 2 t)

A A
><p2(:c+7x,y+79,z+t). 4.11)

If the particle densities are assumed to factorize in all three coordinates, i.e. they take the

form shown in Eq. 4.5, the luminosity can be written as

Linst (Az, Ay) = /d:cdy 1N frev$ls (Az) Q, (Ay), (4.12)

with

QZ—H2 x As)?
Qgg(Ai)_ 1 exp(—( 2)_(_‘_2))’

201,09, 20%3; 20%
Ay 2 Ay 2
0, (By) = L exp () ) (4.13)
Y 2m01y09y 203, 203, . '

After performing the integrals in Eq. 4.12, the luminosity becomes

1 1 —Az? —Ay?
Linst (Az, Ay) = n1ns frev NoroR \/%Zy exp (ﬁ) exp ( 223 ) ) (4.14)

Using this, the event rate observed by a luminometer, introduced in Eq. 4.2 for head-on

collisions, can be allowed to depend on the beam separation, i.e.

1 1 —Az? —Ay?
tyis (Ax, Ay) = oyisnine exp ( ) exp ( ) ) (4.15)
V2rE, V21E, 2%2 252

If the beam positions are fixed at a given separation, the visible event rate will slowly
reduce over time as the bunch intensities burn off due to collisions. Thus, for the analysis of
vdM scans, the event rate is normalized by the bunch charge product n;ns, to define the specific

visible event rate

_ Mvis (Al’, Ay) Ovis _Axg _AyQ
< (Azx, Ay) = = 4.1
fvis (Az, Ay) i GESSE8 exp exp o2 ) (4.16)

T

which is in principle constant over time.

The idea of the van der Meer scan is to determine X, ,, using the specific visible event rate
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measured by a luminometer at a given set of beam separations. In a horizontal on-axis vdM
scan, the beams are swept through steps in Az with Ay = 0. In a vertical on-axis vdM scan,
the beams are swept through Ay with Ax = 0. An example of a horizontal and vertical vdM
scan pair is shown in Fig. 4.1. Off-axis scans are those where the separation in the non-scanning

direction is set to a non-zero value.

These scans are typically referred to as one-dimensional scans, since the separation in the
non-scanning plane is fixed. In contrast, in two-dimensional scans the separation in both planes
can be varied. For example, in a grid scan, [is is sampled in a grid of (Ax, Ay) points.
Diagonal scans can also be performed, where fi,is is recorded as the beams are separated in a

coordinate system that is rotated with respect to the lab frame.

A pair of vdM scans, also referred to as scan curves (i.e. [iyis VS. beam separation), can
then be used to determine the convolved beam widths. Suppose a pair of orthogonal scans were
performed parallel to the lab frame, such that the horizontal and vertical scans are maximized
at t = xo and y = g, respectively. In an on-axis scan pair, (¢, o) coincides with the origin
under ideal conditions, and may deviate from the origin due to orbit drift. Then, the convolved

beam widths can be determined using the equations

1 [dAzjigs (Az, yo)

Ex = — )
vV 27 Hvis (07 yO)
1 dA _vis ) A
5, = J Ay (0, Ay) (4.17)
\/% Hris (l’o, 0)
This can be used in Eq. 4.16 to obtain the o of the given luminometer,
7Vis ) 0 7Vis 07
e = 25,3, e (70, 0) Fvis (0 90) (4.18)

,avis (l’(), yO)

Since the horizontal and vertical scans are performed separately, the fiyis (%o, yo) in the

denominator is not measurable. Thus, the visible cross-section is determined using

o — 27{'2 E /jvis ('T07 O) /“_LViS (07 yO) .
y% (,avis (ZEO, O) + /:Lvis (07 ?JO))

(4.19)

Once o 1s determined, it can be used in Eq. 4.2 to establish the absolute luminosity scale
of a given luminometer, for a period of data taking that is close to the vdM scans. Typically,

vdM scans at the LHC are performed once per colliding system per data-taking year.

In practice, the determination of >, ,, does not involve (numerically) computing the integrals
in Eq. 4.17. Instead, the recorded scan curves are fit by Gaussian-like functions. In this thesis,
Gaussians multiplied by N'" order polynomials, called GPN functions, have been investigated.
The presence of the polynomials allows the fits to capture deformations in the scan curves with

respect to simple Gaussians, due to effects that break the assumptions of the vdM formalism
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Figure 4.1: Specific visible event rate for one bunch measured using the ZDC EvtOR and
LUCID BiEvtOR algorithms, versus beam separation during a (a) horizontal and (b) vertical
vdM scan in Pb+Pb collisions [6]. Backgrounds arising due to noise, afterglow and beam-
gas interactions are subtracted for LUCID, while only noise and afterglow backgrounds are
subtracted for the ZDC. The error bars are statistical only. A GP4 fit is shown by the solid line.

(e.g. unexpected beam movement during the scans). These functions are defined as

GPN (Ax) = _(Ax—_yx)Q 1+i& M ’ (4.20)
x —pO,xeXp 20_2 Efp 2; 5 .

z k=2

for the horizontal scan as an example. Here, p , is the peak specific visible event rate, v, is the

mean, and ¢;, are free polynomial coefficients. The convolved beam width ., appears in

S=3,— > (k=1 (4.21)

k€even

where !! refers to the double factorial. The GPN function is defined in this manner so that the
same quantity is obtained if 2, is treated as a fit parameter, or if Eq. 4.17 is used to obtain the

convolved beam width. The free parameters of the GPN function are pg ,, V, >, and cx.

Fits to vdM scan curves using GPN functions often yield good results (see Fig. 4.1). How-
ever, other Gaussian-like functions have also been considered in previous ATLAS vdM calibra-

tions. For example, the Double Gaussian (DG) function, defined as

w (Ax —1,)? (1 —w) (Ax —11,)*
DG (Az) =pp——=——exp | ———— | + pp—Fexp [ ——5 |,
(Az) = py T, P ( 27, P s P 207,
(4.22)
can also be used to fit vdM scan curves. Here, w ~ 1 and 0,, < o3, are usually enforced,

so that the scan curve is given by the sum of a large amplitude narrow Gaussian, and a small

amplitude wide Gaussian. The two means v , and v, ,, can be forced to be identical.
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4.2 Track-based luminosity measurement

The ATLAS luminosity algorithms introduced in Sec. 4.1.2 make use of special purpose sub-
detectors, but it is also possible to measure luminosity with general purpose sub-detectors like
the Inner Detector. Track-based luminosity measurement is a critical component of the AT-
LAS proton-proton luminosity measurement strategy [190], but was not studied in heavy ion
collisions until the start of Run 3.

Unlike the LUCID, ZDC and BCM algorithms, track-based luminosity algorithms are of-
fline algorithms, since the time required to reconstruct tracks exceeds the minimum latency for
online algorithms. They cannot be used for luminosity measurement for every bunch crossing,
due to the large data storage and compute resources that would be required. Thus, track-based
luminosity algorithms make use of the unbiased trigger HLT__lumipeb_L1RDO_FILLED to
reduce the recording rate. At Level-1, the RDO_FILLED item selects pseudo-random bunch
crossings in which both beams have a filled bunch. At the HLT, 1umipeb refers to a partial
event building setup where only data from the Pixel and SCT sub-detectors are considered. No

further selections are applied at the HLT.

4.2.1 Track selection

The reconstruction of tracks for luminosity measurement is similar to what is used for physics
measurements, described earlier in Sec. 3.3.1, with the difference being that the Transition
Radiation Tracker (TRT) is excluded from the reconstruction. In other words, only hits in the
Pixel and SemiConductor Tracker (SCT) sub-detectors are used to reconstruct tracks.

Before the tracks can be used for luminosity measurement, they are required to pass a list of
quality selections. The selections are applied on top of those considered by the TightPrimary
working point (WP) [195], and are applied on the following variables: NEX and NSUT, the
number of hits in the Pixel and SCT sub-detectors, such that N = NEX 4 NSCT: the number
of holes in the Pixel and SCT sub-detectors, NEX and NSGT, such that NJi = N 4+ NSGT

the number of hits in the first two layers of the Pixel sub-detector, N[B- and NV, B-Layer, 1he

hits
number of Pixel and SCT modules shared between tracks, N> . and N5°T . such that
NS o= NEx .+ NSCT /2 (the number of shared SCT modules is halved due to the

double-sided geometry of the SCT strips).
With this nomenclature, the specific selections are:

e N3 > 9for|n < 1.65, and N3\, > 11 for |n| > 1.65. Since there are four Pixel
layers (including the IBL) and four SCT layers of double sided strips, a track that passes
straight through all silicon layers is expected to produce twelve hits on average. This
requirement therefore ensures that the tracks selected for luminosity measurement have

a good probability of originating from the interaction point.

e N5 o < 1. This ensures that the reconstructed tracks in the event are well separated

from each other.
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o Nipb+ NﬁtSLayer 0, if hits are expected in the IBL or B-Layer. This assures that the
tracks are of good quality, since the innermost Pixel layers offer good tracking perfor-

mance due to their proximity to the interaction point.

o NSGT < 2and NF*_ = 0, which improves the quality of the tracks.

holes holes

In order to study the impact of the selections described, a number of alternative WPs were

defined. The following variables were investigated: N ; the minimum transverse momentum

p2in_and the significance of the transverse impact parameter,

this study are shown in Tab. 4.1.

Working Point PR (MeV)  |do/og,| N
Tight500 500 - =0
Tight 900 900 - =0
Tight500Lumi 500 <7 =0
Tight900Lumi 900 <7 =0
TightModFullEta500 500 - <1
TightModFullEta900 900 - <1
TightModFullEta500Lumi 500 <7 <1
TightModFullEta900Lumi 900 <7 <1

Table 4.1: Summary of track working points defined for the study of track-based luminosity
measurement in Pb+Pb collisions.

4.2.2 Track-based luminosity algorithms

Two track-based luminosity algorithms have been investigated for Pb+Pb collisions. The first
algorithm, called track counting (TC), is a type of particle counting algorithm. The visible

pileup is defined as the first moment of the track multiplicity, i.e.

Nevt

MES = E Ntrk

trks (4.23)

where the number of tracks per event, N/, is counted for a total of N, events. Each N/,
is treated as a random variable that is uncorrelated between events. Further, it is assumed that
each event in the sum has the same underlying pileup.

In the Ngyy — oo limit, the central limit theorem can be applied, which states the uncertainty

of uX¢ can be expressed as

A TC
Vlb
N evt

1 Nevt Nevt 2
= > (NE)? /New — <Z rk/Nevt> : (4.25)

i=1

E [(Nuk)?] = E [Nuud?), (4.24)
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The TC algorithm has been used extensively in proton-proton luminosity studies, where
TC

the (assumed) linearity of j;; with the true pileup 1 has been utilized. It has been used to
correct for the non-linearity of the LUCID hit counting algorithms at high p, and to check the
time-stability of the luminosity calibration of other algorithms.

The second algorithm under consideration is track-based event counting (EC), which is a
type of event counting algorithm, where events are accepted based on the presence of tracks.
Suppose that out of N, recorded events, only a fraction f contain tracks passing a given
selection. The number of accepted events is defined by Np,ass = f-Neyt. Using the methodology

of event counting algorithms described in Sec. 4.1.2, the visible pileup is given by

pby = —log (1—f). (4.26)

EC

The statistical uncertainty of y;; arises from the uncertainty of Np,ss, which is assumed to

be a binomial random variable. This gives

A[LEC — f

/ _ 4.27
Ve Nevt (1 - f) ( )

The relative statistical uncertainty for event counting, AuEC/uEC, diverges as f — 0 and
f — 1, so it is not beneficial to define an event counting condition that encounters this regime.
In the low pileup conditions of heavy ion collisions at the LHC, it is beneficial to accept an

event if it has at least one track passing a given selection, i.e N/, > 1.

4.2.3 Algorithm performance

Before the track-based luminosity algorithms described above can be used for measurement
in Pb+Pb collisions, it is important to characterize the performance of the available WPs. In
particular, the WP that provides the best (i.e. smallest) statistical uncertainty must be identified.

The performance of the algorithms was quantified in terms of the relative statistical uncer-
tainty per luminosity block (LB), and was investigated in the 2023 Pb+Pb dataset in LHC Fill
9212, where the CMS experiment performed van der Meer scans. During this time, the ATLAS
experiment recorded Pb+Pb collision events at around 25% of the maximum instantaneous lu-
minosity, which was achieved through a partial separation of the beams. The trigger rate was
approximately 67 kHz, which provided a large sample to investigate track-based luminosity
measurement.

In Fig. 4.2a, the impact of the Lumi (i.e. |dy/0q4,| < 7) selection was investigated for the
TC and EC algorithms. A negligible impact was observed in the relative statistical uncertainty
of the TC algorithm, while the EC algorithm is unaffected. The impact of the ModFullEta
(i.e. NEX < 1) selection was investigated in Fig. 4.2b. The relative statistical uncertainty
of the EC algorithm is once again unaffected, while the TC algorithm was observed to have

a slightly better precision without the ModFullEta requirement. This could be due to the
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Figure 4.2: Relative statistical uncertainty of y.,is for various track counting and event counting
algorithms, during 100 LBs in LHC Fill 9212. In Fig. (a), the Lumi selection is varied, and
in fig. (b) the ModFullEta selection is varied. The lower panel shows a ratio of the relative
statistical uncertainties to a reference algorithm, which is highlighted in the upper panel.

larger spread in the track multiplicity distribution when poor quality tracks are considered.

The impact of the different p%lin selections under consideration, i.e. 400, 500 and 900 MeV,
is shown in Fig. 4.3. The statistical precision of the EC algorithm is observed to improve with
decreasing p'™. This is attributed to an increase in the acceptance fraction f, which decreases
the relative statistical uncertainty, since f is O (1073) for Pb+Pb collisions. Interestingly, the

min

statistical precision of the TC algorithm is found to improve with increasing pr

The pr-dependence of the behavior of the TC algorithm can be explained as follows. In
a measurement of the centrality-dependence of the d N /dpr spectrum in Pb+Pb collisions
at \/snn = 5.02 TeV by the ALICE collaboration [196], the growth rate of d/Ny /dpr as
pr — 0 was found to monotonically decrease when going from central collisions to peripheral
collisions, particularly in the 0.5-2.0 GeV track pr region. This indicates that when the p®
threshold is reduced, the increase in number of tracks is predominantly from central collisions.
As a consequence, the spread of the track multiplicity distribution grows at a faster rate than

the mean track multiplicity, resulting in a decrease of the performance of the TC algorithm.

From these studies, it was concluded that best performing TC algorithm was based on the
TightModFullEta900Lumi working point, while the best performing EC algorithm was
based on the TightModFullEta400 working point. Overall, the statistical precision of the
EC algorithms is a factor of two better than the TC algorithms. Thus, the EC algorithm with the
TightModFullEta400 working point was chosen as the preferred track-based luminosity

algorithm.
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Figure 4.3: Same as in Fig. 4.2, but with varying p{'™".

4.3 Luminosity calibration of the 2023 Pb+Pb dataset

This section describes a preliminary calibration of the luminosity of the 2023 Pb+Pb dataset
recorded by ATLAS, through an analysis of van der Meer scans. The primary luminosity
algorithm under consideration is LUCID BiEvtOR, which has statistical uncertainties on the

vis determined per luminosity-block of typically below 0.1%.

4.3.1 Scan sequence

An overview of the 2023 Pb+Pb van der Meer scan program is shown in Fig. 4.4. Six on-axis
scans and one two-dimensional grid scan were performed over three separate LHC fills. In
Fill 9209, which had 374 bunches colliding in ATLAS, the on-axis Scans I, III, and IV were
performed, along with a two-dimensional grid scan called Scan II; in Fill 9217 the on-axis
Scan V was performed with 204 colliding bunches; in Fill 9218 the on-axis scans VI and VII
were performed with 506 colliding bunches.

The parameters of the beams in these fills were identical to those during normal physics
data taking. They had a minimum bunch spacing of 50 ns, a vertical half-crossing angle of
170 prad to reduce unwanted long-range collisions, and reached 8* = 50 cm at the ATLAS
interaction point. During the ATLAS vdM scans, the beams were partially separated at the
other interaction points so as to minimize the loss in beam intensity due to collisions.

In order to achieve the required crossing angle and beam separations for Pb+Pb van der
Meer scans, a closed orbit bump was activated at the ATLAS interaction point, which is a
perturbation of the beam orbit at a localized point that does not affect the orbit in the rest of the
ring. It can be achieved using four corrector or steering dipole magnets. For the purpose of

vdM scans, four dipoles are required per beam and separation direction [101].
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Online Luminosity [10%7 cm?/s™1] Online Luminosity [1027 cm?/s~1]

Online Luminosity [1027 cm?/s~1]

Figure 4.4: Sequence of the 2023 Pb+Pb van der Meer scans in LHC Fills 9209 (top), 9217
(middle) and 9218 (bottom). The online LUCID BiEvtOR luminosity is shown on the left side
of the figures. The DOROS beam positions are shown on the right side of the figures, and in the
legends, with “1” and “2” denoting the two beams, and “H” and “V” denoting the horizontal

w
5]

N
0

™
o

[
%

I
0

<
<)

2.5

2.0

1.5

1.0

0.5

0.0

4.0

3.5

2.0F

1.5

1.0

0.5

0.0

w
o

Iy
o

3.0f

25F

T ————— T T T
2023 Pb+Pb, \/Syy =5.36 TeV Beam position [um] E
[ ATLAS Run 461855, LHC Fill 9209 — BIH — B2H — BIV— B2V|E°
[ Scan | X ScanlY Scan Il (grid) Scan lll X Scan lll'Y Scan IV X ScanIVY f
o ES
L F
[ —'H X}-—*HXX'XK'KX'):XX}-‘-N X }-——4—” X }— E ol
S | | F s
g | | Y
I o
E3
- E ©
I
[ o
E ©
Eo
E |
ce st e e e s e s e F
12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30
CEST time on 30 Sept 2023
T T T T T T T T T T T
2023 Pb+Pb, \/Syy = 5.36 TeV Beam position [um] :
ATLAS Run 461914, LHC Fill 9217 — BI1H— B2H — BIV— B2V|E o
B Scan V X Scan VY
°
E ©
ER
E |
ES
<
El
ES
Eo
I
E ©
=]
E I
I I L I n I L E
13:00 13:10 13:20 13:30 13:40 13:50
CEST time on 2 Oct 2023
L sy s s e et e e s e et s s
2023 Pb+Pb, \syy =5.36 TeV Beam position [um] £
|- ATLAS Run 462016, LHC Fill 9218 — BIH — B2H — BI1V — B2V 70
Scan VI X Scan VI'Y Scan VII X Scan VII'Y E
F ©
ER
- E I
- > > .
E<
E I
o
Eo
F o
- E |
3 .
E
E |
e - oy = oy =y T Ty E
20:00 20:30 21:00 21:30 22:00 22:30

CEST time on 2 Oct 2023

and vertical positions respectively.

82

—800 -600 —400 -200

—1000

—-800 -600 —400 —200

—1000

—800 -600 —400 —200

—1000

400 600 800

200

400 600 800

200

0 200 400 600 800

-200

0 200 400 600

-200

0 200 400 600

—200

0 200 400 600

-200



4.3. Luminosity calibration of the 2023 Pb+Pb dataset
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Figure 4.5: Ghost and satellite fractions at the peak of Scan III Y for all colliding BCIDs.

4.3.2 Bunch population measurement

The first step of the vdM calibration is to determine the bunch population product nn, for
each colliding bunch. As mentioned in Sec. 3.1.3, the Fast Beam Current Transformer (FBCT),
Direct Current Current Transformer (DCCT) and Beam Pickup Timing system (BPTX) systems
are used to determine the bunch currents. The DCCT provides a measurement of the intensity
of the full beam, while the FBCT and BPTX provide per-bunch readings.

All of these systems are sensitive to ghost and satellite charges, which must be subtracted
from the bunch current measurements. During the 2023 Pb+Pb vdM scans, the ghost and
satellite fractions were found by the Longitudinal Density Monitor (LDM) to be O (1%), The
measured ghost and satellite fractions for Scan III Y are shown, as an example, in Fig. 4.5.

For a given beam ¢ and BCID (bunch crossing ID) j, the bunch population is given by

Vg NPT ghost satellite
S S, (1= 7)1 = ey, (4.28)
where N;; is the reading provided by the FBCT or BPTX, Zpy, = 82 converts the measured
bunch currents into bunch populations, f&'** is the fraction of ghost charge, and Jratellite g
the fraction of satellite charge at the given BCID. Since the DCCT measurement of the total
beam intensity is believed to be more reliable than the sum of FBCT readings over all colliding
bunches, the DCCT reading NP““T appears as an additional normalization to > ;i Nij.

The per-BCID bunch population measurements from the FBCT readings are treated as the
nominal ones; the BPTX readings are used to define a systematic uncertainty. However, it was
found that in Fill 92009, the o obtained through the BPTX and FBCT readings systematically
differed by roughly 4% for around one quarter of all colliding bunches. In particular, the
difference was found to be in almost every “fourth-in-sub-train” bunch, as shown in Fig. 4.6

For this reason, the BPTX readings are taken as the nominal ones in Scans I to I'V.
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Figure 4.6: Difference in the o obtained using the FBCT and BPTX systems, for the LUCID
BiEvtOR algorithm in Scan I [6]. The pattern of colliding bunches consisted of “trains” of 28
bunches, each consisting of seven “sub-trains” of four bunches separated by 50 ns. Ten bunches
separated by at least 100 ns from other colliding bunches were also present. Fig. (a) shows all
colliding bunches, while fig. (b) highlights a selection of three trains.

In the Run 2 luminosity calibrations, the uncertainty on the ghost and satellite fractions was
determined by comparing the LDM results to those obtained by the LHCb experiment [194].
In the LHCb method, an inert gas like neon is injected into a vacuum chamber around the
LHCD interaction point, such that the beam particles can collide with the gas nuclei. The
resulting beam-gas vertices are easily identified, since they are longitudinally well separated
from primary collision vertices. By comparing the rate of beam-gas vertices reconstructed in
empty and unpaired BCIDs, the ghost and satellite fractions can be determined. At the time of
preparing the preliminary 2023 Pb+Pb vdM calibration, the LHCb determination of the ghost
and satellite charges was not available. Thus, a conservative uncertainty of 1.0% was set on the
LDM determination of the ghost and satellite fractions, based on experience from proton-proton
vdM calibrations in Run 3 [197].

The uncertainty on the bunch charge fraction was evaluated by comparing the bunch-
averaged o values obtained using the FBCT and BPTX readings, the results of which are
shown in Tab. 4.2. No corrections are applied, besides ghost and satellite corrections, and
background subtraction. The largest absolute single-scan difference in the bunch-averaged o5
values is taken to be the uncertainty. In addition, an uncertainty of 0.28% on the calibration
of the absolute DCCT scale was also considered in the total uncertainty on the bunch charge

measurement [198].

Scanl ScanIll ScanlIV Scan V Scan VI ~ Scan VII
- - - +0.12%  +0.19% 40.27%

Table 4.2: Summary of bunch charge fraction comparison (FBCT vs BPTX) for all on-axis
scans, for the LUCID BIiEvtOR algorithm. The largest single-scan difference (Scan VII) is
highlighted. Due to the issues with the FBCT measurements in Fill 9209, the comparison was
not done for Scans I, IIT and I'V.
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4.3. Luminosity calibration of the 2023 Pb+Pb dataset

4.3.3 Background subtraction

The data recorded by luminometers contains signals from colliding bunches, as well as other
undesirable signals that are collectively called backgrounds. There are three sources of back-

grounds to consider:

* Noise: purely instrumental noise that contributes to the observed event rate. In low-
luminosity conditions, such as in heavy ion collisions, the LUCID bismuth calibration

source introduces a large noise floor to all LUCID algorithms.

* Beam-gas: due to imperfect vacuum conditions in the beampipe around the interaction
point, the bunches in the LHC may collide with residual gas particles, resulting in the

production of additional signals.

» Afterglow: refers to luminometer signals that originate in preceding bunch crossings.
In particular, the decays of long-lived particles and of radiologically activated detector

material contributes to afterglow.

The noise background is assumed to be independent of bunch intensity, and is defined
as the event rate in the BCID preceding a colliding BCID. This definition also includes the
contribution from the (smaller) afterglow background. Since the two are inseparable, they are
subtracted simultaneously.

The noise+afterglow background subtraction is applied for a colliding BCID N by a sub-
traction of the event rate in the (N — k)" BCID, before normalizing by the bunch population
product. Even though the noise+afterglow background is found to be independent of beam

separation, in practice is it subtracted in a separation-dependent manner, i.e.

[tvis (AT)] = [vis (AT)] = [ptvis (A7) - (4.29)

where Ar denotes Ax and Ay for the horizontal and vertical scans respectively. Here, the
bracket notation indicates the BCID. For the 2023 Pb+Pb calibration, ¥ = 1 is taken for the
nominal noise+afterglow background subtraction.

The method for subtracting the beam-gas background in proton-proton vdM calibrations in-
volves a per-scan step subtraction of the determined beam-gas collision rate. This can introduce
undesirable statistical fluctuations in the tails of the scan curves, especially in low luminosity
conditions like heavy ion collisions. Thus, an alternate procedure was considered, which is
specific to heavy ion vdM calibrations.

For a given beam ¢ and unpaired bunch j, the quantity

[:uvis (A/r)]_j - [,uViS (AT)]jfk

nij

(4.30)

(i (AT)]U =
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is calculated for every step in the vdM scans. Essentially, this is the specific visible event
rate for the unpaired bunch j, with a (j — k) noise+afterglow subtraction applied. In the 2023
Pb+Pb vdM fills, some paired BCIDs were immediately followed by unpaired BCIDs. In order
to avoid cross-contamination with the luminosity in the paired bunches, k& = 2 is chosen for the
beam-gas rate determination.

Ideally, the rate of beam-gas collisions should be independent of beam separation. This is
examined by fitting [fiyis (Ar)];; with constant functions. If the constant function describes the
data well, this results in a beam separation-averaged specific visible event rate <[,avis] ; j> for all
unpaired bunches in both beams.

The rate of beam-gas collisions should also be identical for all unpaired bunches. This
is tested by fitting <[ﬁvis] Z.j> versus BCID with a constant function for both beams. If the
fits describe the data well, the fit results then define the beam-gas rate I?; » for the two beams.
Finally, the beam-gas background can be subtracted using a bunch population-weighted average

of the two beam-gas rates, i.e. for a colliding BCID N,

nin Ry + nan R 431

7ViS — 7ViS -
[Fvis] v = [ivis] o

For the LUCID BiEvtOR algorithm, the noise+afterglow background is typically around
10% of the peak specific visible event rate. The beam-gas background is much smaller, typi-
cally less than 1% of the peak rate.

The systematic uncertainties on the two background sources are evaluated separately, re-
flecting the different subtraction methodologies. In both cases, the ghost and satellite fraction
corrections were applied before the uncertainties were determined.

The uncertainty on the noise+afterglow subtraction was determined by comparing the nom-
inal bunch-averaged o5, which used the (N — 1) subtraction procedure, to the result obtained
by using (N — 2) and (N — 3) background subtraction. The nominal beam-gas rates were used
for the beam-gas subtraction, which is left enabled in this determination. Tab. 4.3 summarizes
the obtained results for all six on-axis scans. As mentioned in Sec. 4.3.1, Scans VI and VII were
performed in a physics fill with 50 ns bunch spacing, so the evaluation of the noise+afterglow
subtraction systematic uncertainty cannot be performed in these scans. The largest absolute

single-scan difference in the bunch-averaged o is taken to be the uncertainty.

Subtraction  Scan 1 ScanIIl ScanIV ScanV Scan VI Scan VII

N -2 —0.01% —0.05% —0.03% +0.00% - -
N -3 —0.38% —0.38% —0.22% —0.23% - -

Table 4.3: Noise+afterglow background subtraction uncertainties for all on-axis scans, for the
LUCID BiEvtOR algorithm. The largest single-scan difference (Scan I) is highlighted.

The uncertainty on the beam-gas subtraction is determined by comparing the nominal
bunch-averaged o;s obtained using the GP 4 fit function, to the result obtained by disabling the
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4.3. Luminosity calibration of the 2023 Pb+Pb dataset

beam-gas subtraction and fitting the scan curves with a GP4+const fit function, i.e. including
a separation-independent offset term. The noise+afterglow subtraction is enabled during this
procedure. The largest absolute single-scan difference in the bunch-averaged o is taken to be

the uncertainty. Tab. 4.4 summarizes the obtained results for all six on-axis scans.

Scan | Scan I  Scan IV Scan V Scan VI  Scan VII
—-0.29% —-051% —-0.39% —-0.32% —0.38% —0.61%

Table 4.4: Beam-gas background subtraction uncertainties for all on-axis scans, for the LUCID
BiEvtOR algorithm. The largest single-scan difference (Scan VII) is highlighted.

4.3.4 Bunch current offset correction

The visible event rate observed by a luminometer is proportional to the bunch population prod-
uct nins. Thus, the specific visible event rate, and in turn o,; as defined by Eq. 4.19, should
be independent of nyn,. However, small dependencies of unknown origin of o.;s on nyn, have
been observed in Run 2 vdM calibrations [190]. This dependency could be attributed to poten-
tial non-linearities in the FBCT and BPTX readings, which are in general some function of the

true bunch populations.

The exact form of the non-linearity is not known, but a simplistic model can be defined,
which assumes that the FBCT readings are faithful around the average bunch population in the

fill. Then, the bunch population for given beam 7 and bunch j can be modified into

where b; are two offset parameters that create the non-linearity, and 7n; are the average bunch

population. The average of the modified bunch populations is simply 7;. Then, the corrected

per-bunch visible cross-sections, denoted by [o¢2"] j» are obtained by minimizing

corr] n1j+b1(n1;—n1) noj+ba(ngj—n2) | [O_upcorr] 2
7 nij ngj vis i

= Z <[O-Vis 2 ,
j (130

(4.33)

where the sum runs over all colliding bunches, and [0 2] ; are the uncorrected visible cross-

vis
sections with uncertainties [Ao 2] i

The bunch current offset correction was found to remove dependencies of o on ninsy
in the 2023 Pb+Pb vdM scans as expected. An example of the impact of the correction is
shown in Fig. 4.7, where the ghost and satellite fraction corrections were applied, along with
the background subtraction. The bunch current offset correction was also found to reduce the

RMS of the per-bunch o;s values in all on-axis scans by around 0.1%.
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Figure 4.7: 0,;; determined in Scan V for the LUCID BiEvtOR algorithm, versus nin, deter-
mined using the FBCT readings, (a) before and (b) after the bunch current offset correction.
Straight line fits show the impact of the correction.

4.3.5 Fit model

Ideally, the choice of fit function in the vdM calibration should not affect the extracted ov;s.
If a large deviation is observed between the results obtained from multiple fit functions, it
should be treated as a systematic uncertainty. This is tested by comparing the bunch-averaged
ois obtained with GP0O, GP2 and GP6 fit functions, to the nominal GP4 fit function. The
largest absolute single-scan difference in the bunch-averaged o,;s for the LUCID BiEvtOR
algorithm across all fit functions was taken to be the uncertainty. Tab. 4.5 summarizes the
obtained results for all six on-axis scans. The background subtraction, and ghost and satellite

fraction corrections were applied before the fit model uncertainty was determined.

Fit model Scan I ScanIll  ScanIV ~ ScanV ~ Scan VI  Scan VII
GPO +0.15%  4+0.20% +0.15% —0.16% +0.23%  +0.18%
GP2 +0.44%  +0.61% +0.63% +047% +0.56%  4+0.60%
GP6 +0.56% +0.70% 4+0.72% +0.52% —0.64% —0.82%

Table 4.5: Fit model comparisons for all on-axis scans, with respect to the nominal GP4 fit
model, for the LUCID BiEvtOR algorithm. The largest single-scan difference (Scan VII, GP6)
is highlighted.

4.3.6 Specific luminosity

The peak specific visible event rate observed by a luminometer depends on the efficiency and
acceptance of the detector and algorithm. However, every luminometer should, in principle,

measure the same convolved beam widths. In particular, the specific luminosity, defined by
L
21,5,
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4.3. Luminosity calibration of the 2023 Pb+Pb dataset

should be identical for every luminometer. Any deviations in Ly, between algorithms is then
treated as a systematic uncertainty. This was investigated by comparing the bunch-averaged
L, between LUCID BiEvtOR and all other algorithms described in Sec. 4.1.2. The nominal
Ly, for each algorithm was used in the comparison, which includes the background subtraction,
and the ghost and satellite fraction corrections. The beam-gas rates were determined for each
algorithm and scan separately.

Fig. 4.8 summarizes the results obtained in this comparison. The largest single-scan devia-

tion in the specific luminosity is used to define the systematic uncertainty.
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Figure 4.8: Summary of specific luminosity differences (in percent) between various algo-
rithms and LUCID BiEvtOR, for all on-axis scans. The shaded region denotes the uncertainty

on the specific luminosity.

4.3.7 Orbit drift correction

During vdM scans, it is critical that the beams are at the expected positions set by the corrector
magnets. Environmental effects like temperature and pressure variations can affect the magnet
performance, resulting in a change of the beam orbit. Ground movement and tidal effects can
change the alignment of the accelerator components, causing additional orbit perturbations.
Other machine-driven sources of orbit changes, like heating in the magnets, or misbehaving
cryogenics, can also cause issues during vdM scans.

Collectively, these effects are referred to as orbit drift. 1If the beams drift in the direc-
tion of the scanning plane, the scan curves either widen or narrow, depending on if the time-
dependence of the drift is positive or negative. If the beams drift in the direction of the non-
scanning plane, a pair of orthogonal scans are effectively taken at an angle tilted with respect
to the lab frame. Thus, both kinds of drifts affect the fits to the scan curves, and consequently

the extracted visible cross-sections.
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Chapter 4. Luminosity measurement

The beam positions during vdM scans are monitored using the DOROS and arc BPMs,
as explained in Sec. 3.1.3. The DOROS BPMs are placed within the ATLAS orbit bump, so
they can measure the beam displacements during the scans. The arc BPMs are placed outside
the orbit bump, so their beam position readings are obtained by extrapolating to the ATLAS

interaction point.

The effect of in-plane orbit drift is accounted for by a shift of the beam separation scale in

the scan curves. For the horizontal scan, this takes the form
AZcorr (1) = AZpominal (t) + dz1 (8) — do (8) (4.35)

where Ao and Azpomina are the corrected and uncorrected beam separations respectively,
and dx » are the deviations of the measured beam positions with respect to their set positions,
i.e. 0x12 = 0 when there is no orbit drift. This correction can be applied for every scan step,
but for simplicity, it is applied based on a linear interpolation between the (dx; — dx5) values
immediately before and after a scan. A definition similar to Eq. 4.35 exists for the vertical scan,

by replacing = with y.

Suppose the nominal vdM scan curves, fiyis (AZpominal) and fivis (AYnominal )» are fit with
functions f, (AZnomina) and f; (AYnominal) respectively, which are maximized at v, and v,

According to Eq. 4.19, the visible cross-section is

s fm (Vr) fy (Vy>
Oyis = 2 szy% (fo (Va) + £, (1)

(4.36)

where X, ,, are the widths of f,,. After applying the in-plane orbit drift correction, the scan
curves are fit again, resulting in functions f; (A%corr) and f; (Ayeorr). These “primed” func-
tions have widths 33 and are maximized at v, ,. The 3} now represent the convolved beam

widths corrected for in-plane orbit drift.

Since the horizontal and vertical scans in a vdM scan pair are not performed simultaneously,
the denominator of Eq. 4.36 is underestimated in the presence of out-of-plane orbit drifts. Sup-
pose the time at which the horizontal and vertical scans are at the midpoint scan steps are t,
and fy respectively. The quantities

AH = (621 (t,) — 6z2 (ty)) — (621 () — 622 (t2))
AV = (6y1 (t) — 0o (£2)) — (6w (£y) — 0y (&) (4.37)

are computed, which quantify the out-of-plane drift in between the peaks of the horizontal

and vertical scans. The o5 equation, including a correction for out-of-plane orbit drifts, then

o — 2 SV fx(Vx>fy<Vy>
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4.3. Luminosity calibration of the 2023 Pb+Pb dataset

It should be noted that in this equation, the convolved beam widths are primed, while the f-
functions are unprimed. This is done so that the cumulative effect of in-plane and out-of-plane
orbit drift corrections can be realized. This prescription differs from orbit drift corrections in
Run 2 ATLAS vdM calibrations, where the f-functions were also primed [190]. The choice of
primed versus unprimed f-functions has negligible effects on proton-proton vdM calibrations,
since the size of the orbit drift is typically much smaller than the convolved beam widths.
However, it can have a sizeable effect in heavy ion vdM calibrations.

The orbit drift correction was found to impact the bunch-averaged o values by < 0.4% in
Scans [ to V, and up to 0.5-0.7% in Scans VI and VII, as a consequence of large observed orbit
drifts in Fill 9218.

The systematic uncertainty on the orbit drift correction was evaluated by using the arcBPMs
instead of the DOROS BPMs. The largest absolute single-scan change in the bunch-averaged
0yis for the LUCID BiEvtOR algorithm was taken to be the uncertainty. Tab. 4.6 summarizes the
obtained results for all six on-axis scans. The background subtraction, and ghost and satellite

fraction corrections were applied before the orbit drift uncertainty was determined.

Scan | ScanIII  Scan IV Scan V Scan VI  Scan VII
+0.23% +0.17% +0.02% +0.14% —0.13%  +0.03%

Table 4.6: Summary of orbit drift uncertainties (DOROS vs arcBPM) for all on-axis scans, for
the LUCID BiEvtOR algorithm. The largest single-scan difference (Scan I) is highlighted.

4.3.8 Length scale calibration

Besides knowing the true positions of the beams during a vdM scan, it is also important to
know if the length scale of the corrector magnets is precise. Here, the length scale is essentially
the ratio of the real and requested beam separations. If this ratio differs from unity, the length
scale is mis-calibrated, and consequently, the vdM scan curves are biased.

The length scale is determined using a special set of scans, shown for the 2023 Pb+Pb
calibration in Fig. 4.9. Four length scale scans were performed, one in each direction of beam
motion during vdM scans. In the B1X scan, the vertical beam positions are in the nominal
position, while the beam 1 horizontal position is swept through nine scan points. At each
step, a three-point mini-scan is performed by varying the beam 2 horizontal position. Similar
mini-scans are performed for the other length scales, by replacing 1 <+ 2 and X<+Y wherever
appropriate.

While the corrector magnets may not be trusted, the reconstruction of the beamspot using
ID tracks is extremely reliable. Thus, the position of the beamspot is used to calibrate the
length scale. In each mini-scan, the specific luminosity versus beamspot position is fit with a
Gaussian function. The fitted mean of the Gaussian is taken to be the true beam position at
the given length scale scan step. Then, the true beam positions are calibrated to the set beam

positions using a linear fit. For beams 7 = 1, 2, this results in four calibration constants defined
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by

Ltrue,s (t) - foxset,i (t> 5 Ytrue,i (t> = Mfyyset,i (t> . (439)

Using these calibration constants, the true beam separation in the horizontal and vertical
planes are found to be

MY + MY
Axtrue (t) — 9 1 Axset (t) ) e

Aytrue (t) - 9

Ayset (1) . (4.40)

This modification implies that at each step in a vdM scan, the beams are actually sepa-
rated by AZ e (1) , AYirue (t) rather than Az (1), Ayget (2). By making this replacement in
Eq. 4.17 without a change of variables, the o,;s equation including the length scale calibration
is given by

uncorr
oy Oyvis

e M{T A+ M MY 4+ MY
ViS - 22 22

where L, is called the length scale product.

uncorr
vis =L

g

(4.41)

In the 2023 Pb+Pb vdM scans, the linear length scale calibration (LSC) constants were
found to be M!* = 0.9930 (10), M* = 0.9933(11), MY = 0.9930 (10), and MY =
0.9905 (11), from which L,, = 0.9849(11) was obtained. The errors are the statistical un-

certainties from the mini-scan and M, fits.

Three sources of systematic uncertainties were considered for the length scale calibration.
First, the statistical uncertainties of the M, parameters were propagated through to the length
scale product L,. This resulted in a 0.11% relative uncertainty. Then, the orbit drift correction
to the LSC was varied, where the DOROS and arc BPM readings before and after the LSC
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4.3. Luminosity calibration of the 2023 Pb+Pb dataset

scans were used instead of the beamspot positions. The largest difference to the nominal L,
was found to be 0.22%, which was used to define an uncertainty.

Finally, non-reproducibility and non-linearity effects were investigated, using fits where the
LSC results were combined with the DOROS BPM readings in on-axis vdM scans, taking into
account the beam-beam deflection seen by the DOROS BPMs (as they are positioned within
the closed orbit bump). Alternate L,, were derived, and the largest difference with respect to
the nominal L,, was found to be 0.36%, thereby defining a systematic uncertainty.

The total uncertainty on the 2023 Pb+Pb LSC was found to be 0.45%, which is the sum-in-
quadrature of the relative uncertainties due to the three sources described above.

In addition to the aforementioned uncertainties, the uncertainty on the Inner Detector align-
ment also need to be considered, as it affects the precision of the reconstructed beamspot po-
sition. The ID length scale was studied in Monte Carlo simulations of minimum bias proton-
proton collisions, by estimating the change in the reconstructed distance between two well sep-
arate beamspots after applying realistic variations of the ID geometry. A relative uncertainty of
0.12% was obtained [199], which is treated as an uncertainty on the length scale product, and

consequently on o;s.

4.3.9 Beam-beam effects

Since the colliding bunches travel at ultra-relativistic energies and are electrically charged,
the electromagnetic fields emitted by them are highly non-linear. If the two bunches are not
perfectly centered with respect to each other, the EM fields of one bunch (the source bunch) can
affect the shape and trajectory of the other bunch (the witness bunch). These effects, collectively
referred to as beam-beam effects, have a measurable impact on beam separation scans.

There are two beam-beam effects relevant to vdM scans [200]:

* Orbit shift: a collective deflection of the witness bunch due to the Lorentz force exerted
on it by the source bunch. As a consequence, the true beam separation is different from

the nominal beam separation.

* Optical distortion: a change in the optics of individual particles in the witness bunch,
due to the electromagnetic field of the source bunch. Here, optics refers to the parameters
of the betatron oscillations of the particles. Consequently, the transverse density of the

bunches changes in a separation-dependent manner.

Beam-beam effects are quantified in terms of the linear beam-beam parameter £, which can
be defined for both beams and both separation planes. For example, if beam 2 is the witness
beam, the beam-beam parameter in the horizontal plane is given by [201]

- 7117”021225;,2
27 Aion, 272012 (015 + 01,y)
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Here, n, is the bunch population of beam 1, 7y = €2 / 47reomp02 is the classical radius of the
proton, Z » are the atomic charge numbers of the particles in the two beams, f3; , is the value
of the horizontal betatron function for beam 2 at the interaction point, Ajq, o is the atomic mass
number of the particles in beam 2, ~y, is the Lorentz boost of beam 2, and 04 ,, and o ,, are the
horizontal and vertical sizes of the bunches in beam 1. Similar definitions of the beam-beam
parameter exist for the vertical plane, and for beam 1, by swapping 1 <+ 2 and = <> y wherever
appropriate.

Proton-proton vdM scans are typically performed with bunch intensities of around 10!
protons per bunch and with 5* = 19.2 m. At the Run 2 collision energy of /s = 13 TeV, the
beam-beam parameter is therefore in the O (10~3) range. In the Run 2 proton-proton luminosity
calibration, the orbit shift and optical distortion were found to affect the measured o with a
percent-level magnitude and with opposite signs, such that the total correction due to beam-
beam effects was around 0.5% [190].

The 2023 Pb+Pb vdM scans were taken with intensities of around 108 ions per bunch and
with f* = 0.5 m. Using the per-nucleon Lorentz factor, the beam-beam parameter is found
to be in the O (10~*) range. Based on the magnitude of beam-beam effects in proton-proton
vdM scans, the magnitude in Pb+Pb vdM scans can be safely assumed to be below 0.1%. Since
the beam-beam correction is small with respect to other corrections and systematic uncertain-
ties, it was not applied in the preliminary calibration. An uncertainty of 0.1% was therefore

considered, to account for any residual effects due to the neglected correction.

4.3.10 Emittance change

The visible cross-section defined by Eq. 4.19 implicitly assumes that the convolved beam
widths and peak specific visible event rates are determined simultaneously. However, in an
on-axis vdM scan pair, the horizontal and vertical scans are separated in time by around 30
minutes. In the presence of effects like intra-beam scattering and synchrotron radiation damp-
ing, the emittances of the colliding bunches (and consequently the convolved beam widths) can
evolve over time [202]. Thus, the separation in time between a horizontal and vertical vdM
scan can bias the o,;; determination.

The effect of emittance evolution is accounted for by introducing time-dependence into
Ovis- Suppose the horizontal vdM scan is performed at some reference time ¢;, which gives

—max,X

the horizontal convolved beam width X, and peak specific visible event rate ji ;. Similarly,
suppose the vertical vdM scan is performed at some reference time ¢o, giving X, and fiy;c
The visible cross-section can be written in a time-dependent manner, using a simplified version

of the o definition in Eq. 4.19, as

1 max.,x —max,Xx
Ouis (t1, t2) = 275, (t1) Xy (f2) 3 (Fig 7 (t1) + figyg 7 (L2)) - (4.43)

The functional forms of the time-dependent quantities appearing in this equation are deter-
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—max,X

mined from a linear fit to the ¥, ¥, i and fiy. > values for a set of consecutive vdM
scans in the same fill. In these fits, the reference timestamps are chosen as (¢1,t3) = (t}, fy),
i.e. when the horizontal and vertical vdM scans are at their midpoints. The reference visible
cross-section is then given by oy;s (fw, fy).

In general, Eq. 4.43 can be extrapolated to any common time ¢’ = ¢; = ¢, in order to
correct for emittance evolution effects. A natural choice is the midpoint between the horizontal
and vertical scans, t,,q = % (t} + fy), which is then used to define the nominal correction
for emittance evolution. In Run 2 proton-proton vdM calibrations, the extrapolation of all
quantities in Eq. 443 to t/ = {, and ¢/ = fy was used to define a systematic uncertainty on the
emittance evolution correction [190].

The emittance evolution correction factor ¢, is defined as the fractional difference between
the corrected and uncorrected visible cross-sections, 1.€.

vis tmi 7tmi
¢, = T Uit bia) (4.44)

Ovis (to, y)

In the 2023 Pb+Pb vdM calibration, the emittance evolution is estimated in Fill 9209 (be-
tween Scans I, III and IV) and in Fill 9218 (between Scans VI and VII). The results are shown
in Fig. 4.10. The correction factors c. were found to be on average < 0.1% and < 0.5% for
Fills 9209 and 9218 respectively. Although they appear to be sizeable, it should be noted that
the bunch-by-bunch linear evolution fits were performed with three and two data points re-
spectively in the two fills, so the computed correction factors may not be representative of the
true long-term emittance evolution. Additionally, the slopes of the >, ,, evolution were found
to be consistent with zero given the statistical uncertainties, both on a bunch-by-bunch and
bunch-averaged basis. This could be due to a genuine lack of emittance evolution, or simply a
statistical effect.

Based on these observations, it was concluded that there is no statistically significant impact
of emittance evolution on the 2023 Pb+Pb vdM calibration. The effect was not corrected for,
and the largest bunch-averaged correction for a single scan (0.49% in Scan VII), was taken as

a systematic uncertainty to cover any potential bias.

4.3.11 Non-factorization

One of the underlying assumptions of the vdM formalism is the fact that the observed event
rate is factorizable in the horizontal and vertical beam separation, as indicated in Eq. 4.16.
However, this need not always be true. The breakdown of the factorizability of [i.is (Ax, Ay)
is called non-factorization, and is a potential source of bias in the o;s determination using on-
axis vdM scan pairs. Non-factorization can be present if the bunch densities themselves are
non-factorizable, which can happen due to non-zero correlations in the covariance matrices of
the bunch densities. Such correlations can arise due to imperfections and non-linearities in the

beam dynamics, and due to electromagnetic interactions between particles in the bunches [203].
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Figure 4.10: Results of the emittance change estimation for (a) Scans I, IIT and IV in Fill 9209
and (b) Scans VI and VII in Fill 9218. The left, center, and right panels show for each colliding
bunch the >, evolution slope, X, evolution slope, and emittance change correction factor c..
The numbers quoted in the figures are the mean and RMS of the relevant quantities. The error
bars reflect the statistical uncertainties, and do not account for correlations.

Non-factorization can also be present if the bunch densities are non-Gaussian, such as in the
case of double Gaussian distributions. Yet another (trivial) source of non-factorization is a non-
zero crossing angle in both horizontal and vertical planes; this is fortunately never the case for

proton and ion collisions at the ATLAS interaction point.

In the presence of non-factorization, Eq. 4.19 is no longer a valid definition of the visible

cross-section. Instead, a generalized equation,

vis

oD = / dAzdAyfiys (Az, Ay) (4.45)

can be used, which is the two-dimensional integral of the specific visible event rate.

In order to determine o2 it is necessary to record the specific visible event rate for a set
of beam separations (Ax, Ay) that does not coincide with the ATLAS coordinate system in
some manner. This can be achieved, for example, through a combination of an on-axis and
off-axis scan pair, or using diagonal scans of the (Ax, Ay) plane. In the 2023 Pb+Pb vdM scan
procedure, a two-dimensional scan was taken by sampling a uniform grid of (Ax, Ay) values,

as shown in Fig. 4.11a.
The grid scan data was fit with a rotated two-dimensional version of the GP2 function,
called the GP2XY function. It is defined as
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Figure 4.11: (a) Scanning sequence for the grid scan. Luminosity data were recorded for
15 s or 30 s per scan step at small (orange squares) or large (blue circles) beam separation
respectively, to improve the statistical precision in the tails of the scan. (b) Specific visible
event rate (subtracted by noise+afterglow and beam-gas backgrounds) in the grid scan using the
LUCID BiEvtOR algorithm for one bunch. The error bars reflect only statistical uncertainties.
The surface shape shows a fit with the GP2XY function. Figures taken from Ref. [6].

1 1
GP2XY (Ax, Ay) = pgexp (_§ T (Az” + Ay” — 2,0Ax’Ay'))
- p
X (1 + oA + cpa Ay + CQQAw’sz'Q) (4.46)
where A A
A =287 and Ay =247 (4.47)
O oy

are used for brevity. The free parameters of the GP2XY function are p, po, Vg y, Oz y» Co2, C20
and cpo. After fitting the function to the grid scan, azg’j is determined for each bunch j via
numerical integration using Eq. 4.45. An example fit for one bunch is shown in Fig. 4.11b.
The GP2XY function was chosen to fit the grid scan data as it is one of the simplest non-
factorizable two-dimensional functions that can be constructed. A non-zero p can introduce
non-factorization in the ATLAS coordinate system, even if the c-parameters are set to zero.
On the other hand, non-zero c-parameters can introduce non-factorization even if p = 02,
Extensions of the GP2XY function with additional higher order polynomial terms, as well as
two-dimensional double Gaussian functions, were also investigated. However, these functions

suffered from fit convergence issues due to limited statistics, so they were not pursued further.

21t should be noted that the GP2XY function is factorizable in the ATLAS coordinate system under the special
condition of p = 0 and ces = c29 X cp2. This condition is fortunately never satisfied in the 2023 Pb+Pb grid scan
analysis, partly because the data supports p = —0.08.
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Figure 4.12: Non-factorization correction factor obtained using the GP2XY function, which is
fit to the LUCID BiEvtOR data in Scan II. The mean and RMS of the per-bunch R{;. values
are shown in the legend.

The fitted two-dimensional function can then be used to estimate the bias due to non-
factorization. First, one-dimensional functions f , are obtained by taking slices of the GP2XY

function at the fitted means, i.e.

fz (Azx) = GP2XY (Ax,v,),
fy (Ay) = GP2XY (v, Ay) . (4.48)

These functions can be treated as the fit functions obtained from the analysis of a simulated

on-axis vdM scan pair, and are used to determine the factorized visible cross-section o2t

Vi1s

according to Eq. 4.19. Then, the non-factorization correction factor Rf;IF is computed for each

bunch j, which is defined as

fact,j
Uvis

557 (4.49)
Uvis

J
Bxp =

The RJy results obtained in the analysis of the grid scan are shown in Fig. 4.12. Although
there is a large bunch-to-bunch spread, there is some indication of a statistically significant
non-factorization bias at the level of around 0.8%. Due to the preliminary nature of this result,
the statistical uncertainties on R{;IF, which can be obtained through pseudo-experiments, were
not estimated.

An alternate approach to the determination of R, is through the luminous region evolution
(LRE) analysis, which combines beamspot and luminometer data during beam separation scans
to determine the parameters (widths, correlations, tilts etc.) of the individual bunches. With
these parameters, it is possible to map the beam overlap §2; for each bunch as a function of Az
and Ay. Then, the non-factorization correction factor can be determined, which is defined as

the ratio of factorized and non-factorized convolved beam widths, i.e.
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RLRE; B \/Lz—ﬂfdAij (Az,0) \/%7 fdAij (0, Ay) (450)
B L [dAzdAyQ; (Az, Ay) ' '

The difference between Rf\IF and RLRE’J can be used to set a systematic uncertainty on the
non-factorization correction. However, due to the preliminary nature of the 2023 Pb+Pb vdM
calibration, the LRE analysis was not completed. Without a proper systematic uncertainty, the
non-factorization correction was not applied. Thus, a conservative uncertainty of 1.5% was
assigned to cover any potential bias due to the neglected correction. This uncertainty covers
the mean+RMS of the RJ; shown in Fig. 4.12.

4.3.12 Reproducibility and consistency

After all the corrections have been applied, the visible cross-section for a scan k, denoted by
Gk

VlS’

can be computed. It is defined as an error-weighted average over all bunches, i.e.

2
]w]k

_ 2
_k 1 [J\Ifis}j
vis = ; AG* vis |+ - 4.51)
sz (G - [akl,

In this equation, the sums run over all bunches in the scan, and [ VIS} is the visible cross-
section for the given bunch j, with an uncertainty of [Aaws} This uncertainty is statistical
in nature, and arises from the errors of the scan curve fits. Eq. 4.51 is essentially the maxi-
mum likelihood estimator of the bunch-averaged o5, assuming that all [ vls] are Gaussian-

distributed and have the same mean. The statistical uncertainty on 5% is given by

Ovis = ’ /Z 9 (452)

In the 2023 Pb+Pb vdM calibration, the relative statistical uncertainty of the ¥, was around
0.05% for each scan. This is not included in the final uncertainty of the calibration, as it is
negligible when compared to other systematic uncertainties.

The average visible cross-section over all scans, denoted by 7;, is defined by a simple
arithmetic mean, i.e.

—k

G = 2TV 4.53
7 Nscan ’ ( )

with the statistical uncertainty being

NGy = \/ L (0us — 0 V‘S) . (4.54)

scan -

In principle, each vdM scan should result in the same visible cross-section. Thus, Ady;s

is used as a measure of the scan-to-scan reproducibility. In the 2023 Pb+Pb vdM calibration,
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Adyis/Fvis = 0.21% was found, and was used to define a systematic uncertainty on the scan-
to-scan (non)reproducibility.

Every bunch in a given scan should result in the same o, within statistical uncertainties.
More generally, the average statistical uncertainty should resemble the RMS of the per-bunch
0vis values. This may not be satisfied if there are some other non-statistical effects that modify

the RMS with respect to the expectation. In order to quantify this effect, the bunch-by-bunch
k

consistency 0o, is computed for each scan k, which is defined as

5%, = 1/ (k)" — (0%,0)" 4.55)

k

avg

of the per-bunch visible cross-section values, which is taken as the width of a Gaussian fit to the

where o, is the average of per-bunch statistical errors [A&k

vis

L., and oF . is the overall spread

vis

[6’“ L_ distribution. The bunch-by-bunch consistency is shown for all on-axis scans in Tab. 4.7.

The largest inconsistency for a single scan is used to define a systematic uncertainty.

Scan | Scan III ScanIV  ScanV  Scan VI  Scan VII
0.73% +1.04% 0.89% 0.64% 0.37% 0.81%

Table 4.7: Bunch-by-bunch consistency for all on-axis scans, using the LUCID BiEvtOR al-
gorithm. The largest single-scan difference (Scan III) is highlighted.

4.3.13 Long term stability

After the vdM calibration has been applied to a given collision dataset, it is important to esti-
mate its stability over time. This can be achieved by checking ratios between the luminosities
determined by different algorithms as a function of time, over the entire dataset. Any deviation
can be used to define a systematic uncertainty on the long term stability of the luminosity cal-
ibration. In practice, the ratios are taken using integrated luminosities on a fill-by-fill basis in
order to improve the statistical uncertainties, and to investigate fill-to-fill variations.

The long term stability results for the 2023 Pb+Pb dataset are shown in Fig. 4.13. The
LUCID BiEvtOR luminosity is compared to luminometers from a diverse set of detector tech-
nologies. Preliminary data quality and cleaning selections were applied to remove luminosity
blocks with data that are not usable for physics measurements. The luminosity ratios are nor-
malized, or anchored, to LHC Fill 9223, which is a physics fill immediately after the vdM fills.
This is done to equalize the luminosity scales of all algorithms (calibrated or otherwise).

The LUCID algorithms are found to be very stable with each other, as expected due to the
correlated signals. The ZDC EvtOR algorithm is found to be remarkably stable with respect to
LUCID BiEvtOR. Among the track-based algorithms that offer the best statistical precision, the
EC algorithm has visibly better stability than the TC algorithm. The BCM VEvtOR algorithms
is found to vary dramatically with respect to LUCID BiEvtOR, due to a known charge trapping

effect in the diamond sensors that biases luminosity determination in short fills [204, 205].
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Figure 4.13: History of the fractional difference (in percent) between the fill-integrated lumi-
nosity determined with different algorithms and the LUCID BiEvtOR algorithm, in the 2023
Pb+Pb dataset. The error bars are statistical in nature.

As there are some observed deviations in the long term stability, a systematic uncertainty
must be defined. This could be done using a coverage band or RMS of the fill-by-fill inte-
grated luminosity ratios. These definitions, however, result in the systematic uncertainty being
sensitive to statistical fluctuations, particularly in short fills during the first few days of Pb+Pb
data taking. Moreover, they do not represent the stability of the luminosity calibration where it
matters, i.e. the latter half of the data-taking period, where the bulk of the data resides.

Thus, the long term stability uncertainty is evaluated using a weighting method, which
gives more importance to fills with a larger integrated luminosity. Each data point in Fig. 4.13
is weighted by the reference (LUCID BiEvtOR) integrated luminosity, and then projected onto
the y-axis to build a histogram. The statistical uncertainties are neglected in this procedure.
The histograms are shown in Fig. 4.14 along with their means and RMSs. Only the best per-
forming algorithms from each detector are included in this comparison. The BCM algorithms
are omitted due to the large fill-to-fill variations.

The means of the histograms were then used to accurately quantify the long term stability.
The ZDC EvtOR and LUCID BiEvtAND show stabilities at the 0.1% level. The largest mean,

0.38% for track-based event counting, defined the long term stability uncertainty.

4.3.14 Results of the preliminary 2023 Pb+Pb calibration

A summary of the corrections applied to the o;s of the LUCID BiEvtOR algorithm are pre-
sented in Tab. 4.8. The largest correction comes from the ghost and satellite fractions, which
is unsurprising given that they were observed to be very large. After the applied corrections,
the o5 is found to increase by 3-6%, and the scan-to-scan reproducibility is improved from

around 1.85% to 0.21%. The corrected central value 7 is 22.50 barns.

101



Chapter 4. Luminosity measurement

Fl'q_‘ T T 17T I L I L I L I L I L I L I L I L I LU
Qo - . . - —
= 1000 ATLAS Preliminary ]
o
(e} - = -
e |
@ eterence ! Track-based event counting
s 800/ WL Mean = 0.379, RMS = 0.403 |
3] B _
0 o ___ ZDCEVENT OR .
L Mean = 0.096, RMS = 0.09 -
600/~ ___ LUCID Bi Evt AND ]
i Mean =0.111, RMS =0.075 |
400 —
T J-LJ-LL‘ k
O............m-!'rl:l_T!r - |-|_|||

-2 -15 -1 -05 O 0.5 1 15 2 2.5
L.o/L

algo ' “LUCID BiEVtOR ~

= w

1%

Figure 4.14: Histogram of the fractional difference (in percent) between the fill-integrated
luminosity determined with different algorithms and the LUCID BiEvtOR algorithm, in the
2023 Pb+Pb dataset. Each entry in the histogram corresponds to one LHC fill, weighted by
the integrated luminosity determined by the LUCID BiEvtOR algorithm. The fill-by-fill ratios
for each algorithm are normalized to the integrated luminosity collected in LHC Fill 9223.
The mean and RMS of each histogram is given in the legend. The TightModFullEta400
selection was used for the track-based event counting algorithm. Figure taken from Ref. [6].

Scan I Scan III Scan IV Scan V Scan VI Scan VII
Uncorrected o;s (barns) 21.22 21.18 20.89 21.84 2173 21.78
Ghost & satellite fraction (%) 7.80  8.28 8.79 5.11 4.37 4.56
Bunch current offset (%) 0.04 0.01 -0.02 -0.28 -0.09 -0.19

Orbit drift (%) -0.06 -0.19 035 -022 0.54 0.73
Length scale (%) -1.51 -1.51  -1.51  -1.51  -1.51  -1.51
Corrected o5 (barns) 2252 2254 2245 2250 2244 2255

Table 4.8: Summary of all corrections applied to the visible cross-section of the LUCID BiEv-
tOR algorithm. The corrections are cumulative and shown in percent.

A summary of the systematic uncertainties on the LUCID BiEvtOR o is shown in Tab. 4.9.
The total uncertainty amounts to 2.71%. The largest individual component arises from non-
factorization effects, which were left uncorrected in the preliminary result. Other large sys-
tematic uncertainties include the uncertainties on the ghost and satellite charge fractions, the
bunch-by-bunch consistency, and the specific luminosity uncertainty. After applying the stan-
dard ATLAS data quality and cleaning selections [206], the usage of this preliminary luminos-
ity calibration results in an integrated luminosity of 1703.08 & 46.15 ub~! for the 2023 Pb+Pb
dataset.

The results of this preliminary calibration can be contextualized by comparing it to previ-
ous ATLAS calibrations. The uncertainty of the integrated luminosity of the Run 2 13 TeV p+p
dataset was 0.83%, determined using the same methodology described in this chapter [190].
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Source Uncertainty (%)
Bunch charge fraction 0.27
Ghost & satellite fraction 1.00
DCCT uncertainty 0.28
Beam-gas subtraction 0.61
Noise+afterglow subtraction 0.38
Orbit drift 0.23
Length scale calibration 0.45
Absolute ID length scale 0.12
Beam-beam effects 0.10
Emittance change 0.49
Non-factorization 1.50
Specific luminosity 0.99
Fit model 0.82
Scan-to-scan reproducibility 0.21
Bunch-by-bunch consistency 1.04
Long term stability 0.38
Total 2.71

Table 4.9: Breakdown of (relative) systematic uncertainties for the preliminary 2023 Pb+Pb
vdM calibration. The total uncertainty is a sum-in-quadrature of all individual sources.

Although the uncertainties for each data-taking year were larger than 1%, the uncertainty
was reduced in the combination of the years. The uncertainty of the Run 2 5.02 TeV Pb+Pb
dataset was 1.5%, determined using an alternate calibration approach that is manifestly two-
dimensional. For the individual Pb+Pb data-taking years, the 2015 and 2018 uncertainties were

1.5% and 2.0% respectively.
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Chapter 5

_|_

Measurement of vy — 777~ scattering

cross-sections and constraints on tau

lepton electromagnetic dipole moments

This chapter presents a measurement of differential fiducial cross-sections of vy — 777~
scattering in ultra-peripheral Pb+Pb collisions (UPCs), and constraints on the electromagnetic
dipole moments (EMDMs) of the tau lepton.

The general analysis strategy is outlined in Sec. 5.1. The data collection is described in
Sec. 5.2, together with the trigger calibration. The Monte Carlo samples used in the analysis,
and the relevant modeling aspects, are detailed in Sec. 5.3. The selection of objects and events
is discussed in Sec. 5.4, while the background estimation is described in Sec. 5.5. The details
of the unfolding procedure are discussed in Sec. 5.7. The systematic uncertainties considered
in the cross-section measurement are detailed in Sec. 5.8. The measured differential fiducial
cross-sections are presented in Sec. 5.9, which are then used to constrain the tau lepton EMDMs
in Sec. 5.10.

5.1 Analysis strategy

As the tau lepton is an unstable particle, with a mean lifetime of around 0.29 ps in the rest
frame [37], it decays before interacting with the ATLAS detector, even if boosted to GeV-scale
energies. Thus, the presence of pairs of tau leptons in the final states of Pb+Pb collisions must
be inferred from the presence of their decay products (see Fig. 2.5).

In principle, any final state containing the decay products of pairs of tau leptons could be
used for this purpose. However, certain decays are preferred over others for experimental rea-
sons. Fully hadronic final states suffer from large backgrounds due to photonuclear processes
(vP — X, where P is the pomeron') and meson production (yy,yP — M + X, where M

is a meson like p°, w, J/4 etc., and X represents additional soft particles). Final states with

'The pomeron is a concept from Regge theory, which is often interpreted as a collective excitation of the QCD
vacuum. It carries the same quantum numbers as the vacuum. See Ref. [207] for a pedagogical introduction.
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Figure 5.1: Schematic diagrams showing photon-induced tau lepton pair production in ultra-
peripheral Pb+Pb collisions, with representative tau lepton decays in the (a) pul1T-SR, (b)
13T-SR and (c) pe-SR regions. Effective vertices are denoted by black dots.

two same-flavor light leptons (i.e. electrons and muons) have very small branching ratios, and
suffer from large backgrounds due to vy — ete™, utu~ scattering. On the other hand, final
states where one tau lepton decays leptonically, while the other decays hadronically, do not
suffer from these backgrounds. At the same time, the hadronic backgrounds are brought under
control due to the presence of one light lepton. These final states, dubbed 7,7}, are therefore
the focus of this analysis.

Collision events with 7,75, final states can be triggered on by requiring the presence of at
least one light lepton in the final state. Triggers targeting low pr muons are used to identify 7,7,
events. Due to performance issues for low pr electron triggers in Run 2 Pb+Pb data-taking, the
7.7, final states are not considered.

The analysis defines three signal regions (SRs), i.e. areas in the final state phase space

where 7y — 777~ events are enhanced, as follows:

e p1T-SR: one muon and one track, which targets the 7¥ — p*v, v, decay on the leptonic

side, and the 7 — 7 n7v, decays on the hadronic side.

» 13T-SR: one muon and three tracks, which targets the 7+

+

— pFrrv, decay on the

leptonic side, and the 7+ — 77T r¥na%, decays on the hadronic side.

* 11e-SR: one muon and one electron, targeting the 7577 — p*eT4v final state.

Examples of the types of vy — 717~ final states that contribute to the signal regions are
shown in Fig. 5.1.

The goals of the analysis are two-fold. The first goal is to measure the differential cross-
section of 7y — 777 scattering in the OnOn phase space, i.e. when no forward neutrons
are emitted by the interacting Pb ions. The cross-sections are measured at the level of the

tau decay products, in three fiducial regions (FRs), i.e. reference phase space regions. Seven
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Region Variable Explanation
Ph Muon pr
pik Track pr

pr (1, trk) Muon+track system pr
plT-FR  my,, (i, trk)  Muon+track system invariant mass
n (i, trk) Muon+track system pseudorapidity
An (u, trk) Pseudorapidity difference between muon & track
Ay (1, trk) Acoplanarity between muon & track

P Muon pr
pigks Tracks system pr
pr (i, trks)  Muon+tracks system pr
u3T-FR  myy,, (u, trks) Muon+tracks system invariant mass
n (, trks) Muon-+tracks system pseudorapidity
An (u,trks)  Pseudorapidity difference between muon & tracks system

Ay (1, trks)  Acoplanarity between muon & tracks system

Ph Muon pr
= Electron pr
pr (1, €) Muon+electron system pr
pue-FR myyy (i, e) Muon+electron system invariant mass
n(u,e) Muon-+electron system pseudorapidity
An(u,e) Pseudorapidity difference between muon & electron
Ay (1, e) Acoplanarity between muon & electron

Table 5.1: List of variables in each of the defined fiducial regions, for which the differential
cross-section measurements are performed.

observables are measured in each fiducial region, in order to infer the 77 kinematics through as
many angles as possible. The measured variables are: the pr of the muon, the pr of the other
object(s); the pr, invariant mass and pseudorapidity of the system of all final state particles; the
pseudorapidity difference and acoplanarity’ between the muon and other object(s). The list of
all measured variables, along with the nomenclature that is used for them, is shown in Tab. 5.1.
In cases where systems of objects are considered, such as in ptTrks, the kinematics are defined
using the vector-sum of all constituent four-momenta.

The second goal of the analysis is to extract constraints on the tau lepton’s EMDMs, by
studying their impact on the measured 7y — 77~ scattering cross-sections. A statistical anal-
ysis using a Gaussian likelihood model is performed, which includes the statistical correlations
between the bins of the measured cross-sections. The expected constraints on the tau lepton
EMDMs obtained in this analysis are compared to the results of previous analyses, both by
ATLAS and by other experiments.

_ [A¢(Pa,pp)l

2The acoplanarity between two objects with four momenta p, p is given by Ay (pa,py) = 1 -

where A¢ is defined within [0, 7].
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5.2 Data collection

The analysis uses Pb+Pb collisions at \/sxy = 5.02 TeV recorded by the ATLAS experiment in
2015 and 2018. The standard ATLAS data quality selections were applied [206], which remove
data-taking periods with intolerable detector noise, non-functioning modules etc. that may
compromise the integrity of the data, or bias physics measurements. The toroid magnet was
not operational in the last days of 2018 data-taking, which affected the tracking and momentum
reconstruction capabilities of the Muon Spectrometer. As the analysis relies on muons in the
final state, the data affected by the toroid issues were removed from the dataset. The integrated
luminosities of the 2015 and 2018 datasets are 0.49 nb~' and 1.44 nb~! respectively, which
yields an integrated luminosity of 1.93 nb~! for the Run 2 dataset. The average (hadronic)
pileup was around p = 2 x 1073 for both datasets.

The triggers used for the analysis rely on the presence of at least one reconstructed muon
in the final state, and vetoes on large event activity, as a signature of UPC processes. As they
are unique triggers, compared to those commonly used in ATLAS physics measurements, they
were not calibrated by the ATLAS trigger performance groups. Instead, the efficiencies and
associated systematic uncertainties have been characterized using vy — u*p~ scattering in
the context of UPC analyses.

The efficiencies of the various trigger selections have been evaluated using two techniques:

* Bootstrapping: the efficiency of a trigger A is defined as the fraction of events passing
a reference trigger B that also pass the requirements of A, i.e. € = Nagp/Np. The
reference trigger is required to impose a looser version of the selections of the A trigger.

This method is applied to trigger items that look at global event data.

» Tag-and-probe: this method is used for estimating the efficiencies of object-based trig-
ger items. First, events are selected based on the presence of a well calibrated rag object.
In these events, probe objects which correspond to the trigger signature of interest, are
searched for. The efficiency of the trigger is then defined as the fraction of probes that

fire the trigger under investigation, i.e. € = Nprobe triggered/ NVprobeall-

5.2.1 Trigger in 2015

In 2015, the HLT_mb_sptrk_vetombts2in_L1MUO_VTESO trigger was used to select

+

vy — 777 events. Going from the Level-1 seed to HLT selections, this item applied the

following selections:

* VTE50: maximum FEr of 50 GeV in the entire calorimeter system (L.1).

* MUO: presence of at least one Level-1 muon object reconstructed in the MS with no pr

selections being applied (L.1).
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* vetombts2in: maximum of one hit in the Minimum Bias Trigger Scintillators (MBTS)
detectors on both A and C sides (HLT).

* mb_sptrk: at least one reconstructed HLT track with pr > 0.2 GeV (HLT).

The efficiency of the VTE50 item was determined to be 100% in the ATLAS UPC vy —
ete™ analysis [208], using a VTE200 seeded trigger as the reference. The efficiency of the
HLT_mb_sptrk selection was assumed to be 100%, as it applies a very loose tracking re-
quirement, and has often been used to measure the efficiency of other items. The efficiency
of the vetombts2in selection was also taken to be 100%, based on a study in the ATLAS
UPC vy — ptp analysis [209]. The fraction of events in unpaired BCIDs failing the MBTS
selection was found to be negligible, implying that no inefficiency due to detector noise would
transfer to paired BCIDs.

Thus, the total efficiency of the 2015 trigger is driven by the MUO item, whose efficiency was
estimated using the tag-and-probe method in vy — p ™ events. The events were required to
have exactly two ID tracks matched to two muons of opposite charge passing the LowPt WP
selection, with pr > 4 GeV, |n| < 2.4, and |dy| < 0.3 mm being imposed on the muons. The
dimuon system was required to have pr (up) < 2 GeV and A, (11, 1) < 0.01. The events were
also required to pass the 2015 trigger selection, with no ZDC selections being applied.

In these events, tag muons were defined as those which passed the Tight WP, and were
matched to a MUO region of interest (ROI) within AR < 0.3. The other muon was then iden-
tified as the probe muon, whose efficiency was estimated by a AR < 0.3 matching to another
MUO ROI. The efficiency was measured in bins of probe muon pt and ¢ X 7, where ¢ is the
muon charge. In the endcap region, 1.05 < |¢ x n| < 2.4, the efficiency was found to slowly
increase with pr, and saturate at values above 90% for pr = 10 GeV. In the barrel region,
0.1 < |g x n| < 1.05, the maximum efficiency was around 80%, while in the gap region of

lg x n| < 0.1 the maximum efficiency was 60%.

5.2.2 Trigger in 2018

In2018, the HLT_mu4_hi_upc_FgapAC3_L1MU4_VTESO trigger was used to select vy —
717~ events. Going from the Level-1 seed to HLT selections, this item applied the following

selections:
* VTES50: maximum FEr of 50 GeV in the entire calorimeter system (L.1).

* MU4: presence of at least one Level-1 muon object reconstructed in the MS with pr > 4
GeV (L1).

* FgapAC3: maximum of 3 GeV energy deposited on either side of the Forward Calorime-
ter, i.e. > FEO™A < 3GeV and 3 EXO™C < 3 GeV (HLI).

* mu4: presence of at least one HLT muon object in the final state with pr > 4 GeV (HLT).
109



Chapter 5. Measurement of vy — 717~ scattering cross-sections and constraints on tau
lepton electromagnetic dipole moments

The efficiency of this trigger was estimated in the previous ATLAS ~y — 777~ analy-
sis [3]. The efficiency of the VTE50 seed was determined to be 100%, based on the calorimeter
energy distribution in vy — u 1~ events where the 2018 trigger selection was not applied. The
efficiency of the FgapAC3 selection was determined to be 99.1% in the ATLAS vy — ete™
analysis [208], using a trigger without the FgapAC3 selection, and estimating the fraction of
vy — eTe~ events with FCal energy deposits less than 3 GeV. Thus, the total efficiency of the
2018 trigger is driven by the efficiencies of the MU4 and mu4 selections.

The efficiency of the MU4 selection was determined using the tag-and-probe method in
vy — pup~ events. The event selections applied were similar to those applied in the study
of the 2015 trigger efficiency, with the exception of a |dy/04,| < 3 requirement instead of
|do| < 0.3 mm, and myy, (12, ) > 10 GeV instead of Ay (i, 1) < 0.01. The behavior of the
MU4 efficiency as a function of probe muon p and g X 7 was observed to be similar to the 2015
MUO efficiency, i.e. the maximum efficiency was found to be above 90%, around 80%, and 60%
inthe 1.05 < |¢ x 17| < 2.4,0.1 < |¢ x n| < 1.05and 0.1 < |¢g x 7| regions respectively.

The efficiency of the mu4 selection was also studied in the same selected vy — pu* ™
events. Tag muons were defined as muons that pass the Tight WP selection and are matched
to aMU4 ROI within AR < 0.3, while the probe muons were only required to be MU4 matched.
Then, the efficiency was defined as the fraction of probe muons matched within AR < 0.01
to the mu4 trigger. The efficiency was estimated only in bins of the probe muon pr, and was

found to saturate at around 98% for pr > 10 GeV.

5.3 Monte Carlo simulations and modeling

5.3.1 Samples

Several Monte Carlo samples of v scattering processes in UPCs were produced for the anal-
ysis. The most relevant ones are samples of vy — (¢~ scattering, where { = e, u, 7. In
Ref. [3], additional background samples for vy — qq (where ¢ is a quark) and non-diffractive
photonuclear scattering were also created. As these backgrounds were found to be negligible
in that analysis, they are not re-used here.

The STAR1ight event generator [79] was used to sample the vy — (¢~ cross-section
(see Eq. 2.66 and Eq. 2.79) to produce the vy — £*T¢~ samples, which are inclusive in the
forward neutron topologies. The Pythia8 generator [88] was used to simulate photon radi-
ation from the leptons (before decay in case of the tau). The tau decay was performed by the
Tauola [86] and Pythia8 generators, for the nominal and alternate vy — 77~ samples,
respectively. For the vy — 777~ samples, the Photos generator [210] was used to simulate
low pr photon emission by the charged tau lepton decay products. An additional sample of
vy — ppu~ + v scattering was also prepared, in order to simulate hard photon radiation by
the muons that cannot be reliably modeled by Pythia8. As STAR1ight does not support
this final state, the sample was generated with the MadGraph5_aMC@NLO generator [84],
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using the photon flux of the proton. For all Monte Carlo samples, a sophisticated simulation
of the interaction of the generated particles with the ATLAS detector was performed using the
GEANT4 software [211].

Separate samples were produced for comparison to the 2015 and 2018 datasets, due to the
different detector conditions in both years. Since the yy — ¢T¢~ cross-section falls off as 1/s>
(see Eq. 2.79), the samples were produced in slices of the dilepton invariant mass, to improve
the statistical precision at high invariant masses. A particle-level filter requiring at least one
charged particle with pr > 3 GeV and || < 2.6 was considered in the generation of the
~vy — 77~ sample. The filter was applied before the detector simulation, in order to increase
the fraction of generated vy — 777~ events with at least one muon with pr > 4 GeV, for
which the expensive detector response was simulated.

The simulated events were weighted, so that the predictions of the Monte Carlo generators
agree better with the data. The weights can be written as

w = %ﬁﬁmwthwwdet, (3.1
gen

where o4, 1s the generated cross-section, egyeer 18 the efficiency of the charged particle filter
(= 1lif not applicable), Ly is the integrated luminosity of the corresponding data sample, Ny,
is the number of generated events, wy,e, 1S the modeling weight associated with theoretical
aspects, and wqet 1S the modeling weight associated with detector performance. Except for

Wiheo and wqet, all other quantities appearing in Eq. 5.1 are global weights.
A summary of the key parameters of the Monte Carlo samples generated for this analysis is

shown in App. A.1.

5.3.2 Theoretical modeling

The theoretical modeling weight for the simulated events is given by a product of three terms,

Wtheo = Wy—flux * Wonon * WMG5—SL; (52)

where w,_qux 18 the photon flux reweighting factor, wonon 18 the OnOn phase space reweighting
factor, and wyigs-gr, 1s the MadGraph5_aMC@NLO to STAR1ight reweighting factor, ap-
plicable only for the vy — p* = + v Monte Carlo sample. These terms are determined using

particle-level kinematics, and are described in more detail below.
Photon flux reweighting

It has been observed in previous ATLAS measurements of vy — ete™ and vy — ptpu~
scattering in UPCs, that the predictions of the SuperChic generator [77] agree better with
the data, when compared to the STAR1 ight generator. The two generators differ in the cross-
section normalization by around 10-15%, which is due to the restriction in the impact parameter

integration range imposed by STAR1ight, which essentially reduces the overall 4y — ¢4~
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Figure 5.2: Photon flux weights, defined as the ratio between vy — u* = cross-sections
predicted by SuperChic and STAR1ight.

cross-section prediction (see Sec. 2.3.1).

As this analysis relies on STAR1ight for the main Monte Carlo samples, it is necessary
to reweight them in order to improve the data-Monte Carlo agreement. This reweighting is
achieved by the factor w,_g., which is defined as the ratio between vy — 00~ cross-sections
predicted by SuperChic and STAR1ight, i.e. Wy_fux ~ % Since the vy — £T¢~
cross-section only depends on the invariant mass and rapidity of the dilepton system when
$ 3> mj, Wy_quy is derived using vy — p*u~ predictions, and applied universally for all
dilepton samples. The ratio is determined differentially, in the following bins of dimuon mass
and absolute rapidity: mi,, (1, ) € [0,5,7,10,15,20, 30,40, 50, 70, 100, 150, 200] GeV and
ly (1, )] € [0,0.5,1,1.5,2,5].

The photon flux reweighting factor is shown in Fig. 5.2. On average the factor is around
1.2, which is consistent with the previously observed data-STAR1 ight deviations. The factor

increases with myy,, (i, p) and |y (p, 11)|, which is the region with smaller impact parameters,

where the STAR1ight-SuperChic differences are expected to be larger.
On0On phase space reweighting

The cross-section measurement presented in this analysis is performed in the OnOn forward
neutron phase space, i.e. when no forward neutrons are emitted by both interacting Pb ions.
In the data, OnOn events are selected by imposing cuts on the energy deposited in the two
ZDC arms, i.e. Ejpe < 1 TeV and ESy. < 1 TeV. At a per-nucleon collision energy of
Vs = 5.02 TeV, each nucleon in the Pb ions is expected to carry on average 2.76 TeV of
energy. Thus, cutting on the ZDC energy distributions below 1 TeV safely isolates OnOn events.

However, the STAR1ight dilepton samples are inclusive in the forward neutron topolo-

gies. In order to obtain predictions in the OnOn phase space, the Monte Carlo samples are

112



5.3. Monte Carlo simulations and modeling

weighted using wgno,. The weights are determined at particle-level with vy — p™p~ events,
in bins of the particle-level dilepton mass and absolute rapidity.

The derivation of wy,, starts by computing the fraction of vy — p*u~ events in data
with ZDC energies less than 1 TeV in both arms, called wgg,. The fractions are derived dif-
ferentially in the following bins: miy,, (1, 1) € [8,10, 15,20, 30,40, 80] GeV and |y (i, p)| €

[0,0.5,1, 1.5, cc]. These wite, are converted into particle-level fractions wopg, using

(wonon) iy = Y (whiign) V)i (5.3)
OnOn 7;7 ) OnOn k‘7l reco\P:4 * '

Here, ¢ and j are bin indices in the particle-level my,, (1, i) and |y (u, p)| variables, and

)*“° variable; | and ¢ are the bin indices in the

k and p are the bin indices in the my,, (p, i
reconstruction-level |y (1, p)|. (N reco)fj is the number of simulated reconstruction-level vy —
puu~ events in the (k, 1) bin that also fall in the particle-level bin (7, j). A similar definition
applies for (V reco)ﬁ ’;.1. Essentially, this equation represents a pseudo-unfolding of wyg;,, into
the particle-level weights wgnop.

The average pileup of the Run 2 Pb+Pb dataset was around 1 = 2 x 1073, so the contam-
ination to the OnOn fractions defined in Eq. 5.3 due to multiple Pb+Pb collisions is negligible.
However, this number is actually the hadronic pileup py.q, as it is determined by the LUCID
detector, which primarily detects minimum bias Pb+Pb collisions. It is related to the total
inelastic hadronic cross-section of oy,,q4 = 7.7 b, as predicted by the Glauber model [212].

In contrast, the electromagnetic pileup due to single and mutual electromagnetic dissocia-
tion (EMD) is expected to be much larger. In these processes, the emission and absorption of
quasi-real photons by the Pb ions leads to nuclear dissociation, where the neutral fragments are
detected in the ZDCs, thus inducing pileup, which is not detected by LUCID.

Single EMD refers to dissociation of only one of the colliding ions, while mutual EMD
refers to the situation where both colliding ions dissociate. An extrapolation of the ALICE
measurement of ognele eMp and Omywalemp at y/snn = 2.76 TeV [213] up to /sxy = 5.02 TeV

using the RELDIS model [214] yields

Osingleemp = 201 = 0.3(stat.) {37 (syst) b,
Omutual EMD = 0.0 = 0.1(stat.) £ 0.4(syst) b. (5.4)

As these cross-sections are comparable to oyp,q4, the derived OnOn fractions suffer from con-
tamination due to electromagnetic pileup. When comparing data to predictions that do not
include a simulation of electromagnetic pileup, this must be corrected for.

The pileup due to single and mutual EMD cannot be determined using the ZDC data alone.
However, the figingte EMp and fimuuaiEMp Values can be extrapolated from fu,4, using the fact that

the ratio of cross-section and pileup is proportional to the integrated luminosity, i.e.
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o Osingle EMD o O mutual EMD
HsingleEMD = [had ) Hmutual EMD = [Hhad .
Ohad Ohad

(5.5

These pileup values are used to determine the probability of at least one single and mutual
EMD collision, called pgingle and pmutual, using the relation p = 1 — e™#, which arises from a
Poisson assumption. The probabilities are determined by averaging over their per-luminosity
block values (since py,q 1s determined per-LB), separately for both Pb+Pb data-taking years,

resulting in

5.67 x 1072 (2015) 174 x 1073 (2015)
Dsingle = y  Pmutual = . . (56)
6.07 x 102 (2018) 1.88 x 10%  (2018)

The OnOn fractions are finally corrected for electromagnetic pileup through

<w0n0n)i7]’

) 5.7
11— psingle) (1 - pmutual)

(w()nOn)i’j — (

The impact of the electromagnetic pileup correction increases the uncorrected OnOn frac-
tions by around 5%, which is primarily driven by the single EMD correction.
In practice, the wgyg, are implemented in this analysis by fitting the histograms of OnOn

fractions with continuous functions of my,, (u, i) for each |y (u, p)| bin. Two fit functions,

fnominal (minv (M? M)) = €Xp (pO + P1Miny (,uv /1’)) )
falternate (minv (M) /J“)) = Po + €xXp (pl + DaMiny (ﬂ? ,LL)) ) (58)

are used to determine a nominal and alternate version of the wg,on, Where the alternate results
are used to define a systematic uncertainty on the modeling of the OnOn weights. These func-
tions are chosen for the fits, as it is expected that the OnOn fractions smoothly fall off with
Miny (1, 1), and asymptotically approach zero at very large invariant masses.

The OnOn fractions after the EM pileup corrections, and the resulting fits, are shown in

Fig. 5.3. Both fit functions describe the data reasonably well.
MadGraph5_aMC@NLO to STAR1ight reweighting

The weight wyigs_gr, is only relevant for the vy — p* ™ + v sample, as it converts the photon
flux of the proton (used in the generation) into that of the Pb ion. It is defined as the ratio of
particle-level cross-sections of vy — u* ™ scattering in Pb+Pb and proton-proton collisions
simulated using STAR1ight and MadGraph5_aMC@NLO respectively. The weight is differ-
ential in the particle-level my,, (i, 1) and |y (p, i) |, and also accounts for the overlap between
the STAR1ight vy — p*p~ and MadGraph5_aMC@NLO vy — ut ™ + 7 samples, by re-
moving the vy — pt ™ + 7 events from STAR11ight events showered by Pythia8, which
have photons with pp < 2 GeV.
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Figure 5.3: Derived OnOn weights in the four |y (u, )| bins. The data (black squares) cor-
responds to the fraction of vy — p*u~ events with E%’)% < 1 TeV, and is corrected for
electromagnetic pileup. The shaded band corresponds to the 1o statistical uncertainty of the
nominal fit function (blue dashed line). The alternate fit is shown in orange.

5.3.3 Detector performance modeling

The detector performance modeling weights, wqet, reconcile any differences between the data
and Monte Carlo simulations, that are associated with the imperfect simulation of the detector

performance. The weight for an event ¢ is given by the product of the following factors:

* writigsr: The efficiencies of the L1 triggers in both data-taking years were measured

separately in data and Monte Carlo, according to the methods outlined in Sec. 5.2. Ob-

€L1 trig, data
€L1 trig, MC

tently applied to simulated events, so that the performance of the L1 triggers in simulation
matches that of the data.

served differences are captured in the ratio wy,i yrigsr = , which are then consis-

* WHLT trigSF: The same as wy,1 trig s, but for the HLT triggers in both data-taking years.

* Wrgapacasr: The efficiency of the FgapAC3 selection was found to be 99.1% in data and
100% in simulation. Thus, a global scale factor, wggapacszsr = 0.991, is used to account
for this difference in the 2018 Monte Carlo samples.

* Wiopocluster: The number of unmatched topoclusters in vy — pp~ events is found to be
larger in Monte Carlo simulations than in data by 2.5%. Thus, a global scale factor of

Wiopocluster = 0.975 1s introduced to address this mis-modeling.
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Figure 5.4: L1 trigger scale factors for (a) MUO in 2015 data and (b) MU4 in 2018 data, as a
function of the probe muon pr and ¢ X 7.

* Welectron recotid SF: Differences in the total reconstruction+identification efficiency of elec-
trons at the level of 5% are observed between data and Monte Carlo, for electrons
with pp > 4 GeV (see Sec. 5.4.3). These differences are captured in the scale factors

__ €electronr +id, dat . .
Welectron reco+id SF = o ;Zm e and are applied as a function of electron pr.

* Wmuonrecotid sF: Differences in the total reconstruction+identification efficiency of muons
at the level of 2% are observed between the data and Monte Carlo, for muons with pp >
4 GeV (see Sec. 5.4.5). These differences are captured in the scale factors wyyon reco+id SE =

Cmmonrecotid,data “and applied as a function of muon pr.

H
€muon reco+id, MC

Among the detector performance modeling weights, the L1 trigger scale factors have the

largest impact on the Monte Carlo simulations. They are shown in Fig. 5.4.

5.3.4 Spin correlation effects

Since the decay of the tau lepton proceeds via the chiral weak interaction, it is important to
properly model the effect of spin correlations in the tau production and decay (see Sec. 2.3.4).
The Monte Carlo samples of vy — 777~ scattering described in Sec. 5.3.1 somewhat mis-
model the spin correlation effects, as the Pythia8 and Tauola versions used in those sam-
ples included the 4* — 777~ spin correlations. It is not expected that the modeling of spin
correlation effects significantly impacts the measurement of the vy — 717~ fiducial cross-
sections performed in this analysis. The effect, if treated as a modeling uncertainty, largely
vanishes in the unfolding procedure. However, spin correlation effects can be relevant in the
interpretation of the measured cross-sections, particularly in the extraction of constraints on the
tau lepton’s EMDMs, which are quantities inherently related to spin.

In order to investigate the impact of full spin correlations in this analysis, a Monte Carlo
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study was performed using a sample of 45 million events generated with the following setup.
The gammaUPC generator [78] was used to simulate the photon flux from Pb ions, using
the Woods-Saxon charge distribution. The MadGraph5_aMC@NLO generator was used to
simulate the vy — 777~ hard scattering, and the taus were decayed using Tauola. The
TauSpinner [89] generator was then used to compute the spin weights wsi, on an event-
by-event basis. Unlike in the ATLAS samples, Pythia8 was not used to simulate photon
radiation before the tau decay. The current version of TauSpinner does not recognize final
states of tau decays that are not hard-coded into Tauola, so allowing for additional photon
radiation beyond what Tauola already simulates would result in a large fraction of generated
events not being considered in the study of spin correlation effects. A charged particle-level

filter identical to the one used in the ATLAS sample was included in the post-processing.

Following the event generation, the fiducial objects were constructed, and the fiducial se-
lections were applied (see Sec. 5.7.1). The raw yield of events in the p1T-FR, p3T-FR and
pe-FR regions was approximately 137.0k, 36.7k and 13.6k, respectively, which is about four
times larger than the raw yield of events in the ATLAS samples for either of the two data-taking
years. The particle-level differential cross-sections for the observables listed in Tab. 5.1 were
constructed, using the same binning as in Sec. 5.7.2. In the weighting, only the theoretical
modeling weights given in Eq. 5.2 were included. Two versions of the cross-sections, called
do?” 4" were created by

d
including and excluding the ws, 1n the event weights.

the polarized cross-sections and the un-polarized cross-sections

The ratio of the polarized and un-polarized cross-sections for each kinematic observable

was taken as a measure of the spin correlation effects. This follows from Eq. 2.82, which

dOpOl do_unpol
(5) ] (#) = 5

By construction, the average spin weight for a given process, denoted by (wspin), should

implies the relation

be unity. However, this is only true for inclusive processes, i.e. when no phase space cuts are
applied. In the presence of cuts, such as the fiducial selections applied in this study, (wgpin) can
differ from unity. Thus, the ratio of polarized to un-polarized cross-sections is normalized by

the (wypin) Of the given fiducial region, in order to restore the average.

The results of the study are shown in Fig. 5.5 for all kinematic observables in each of the
fiducial regions. In the pe-FR region, the presence of one light lepton and two (undetected)
neutrinos per tau decay, dilutes the available spin information in the fiducial cross-sections,
resulting in the ratio of polarized and un-polarized cross-sections being close to unity (within
statistical uncertainties). In the u3T-FR region, the presence of intermediate resonances in
the hadronic decay chains (such as 7= — v,a; — v, 't~ — v.ntnT ™ [215]) and the

undetected neutral pions also weakens the impact of spin correlations.
In contrast, distributions in the ;11 T-FR region exhibit strong sensitivity to spin correlation
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Figure 5.5: Ratio of polarized and un-polarized particle-level cross-sections, for all bins of the
kinematic observables of interest in the (a) u1T-FR, (b) u3T-FR and (c) pe-FR regions. Error
bars correspond to the statistical uncertainties.

effects. In particular, the p*, pr (11, trk) and Ay (u, trk) variables show deviations of up to 5-

10% in the tails. This can be understood as follows. The p1T-FR selection primarily contains
the 7~ — v,m and 7~ — v,p~ — v,7 7° decays on the hadronic side of the 77 decay, since
they have the largest branching ratios (see Fig. 2.5a). For the single pion decay, the polarimetric
vector is simply given by the direction of flight of the charged pion [216]. Thus, observables
that are related to the transverse direction of the charged hadrons, like pi*, pr (u, trk) and
Ay (u, trk), are more sensitive to spin correlation effects, compared to observables related to

the pseudo-rapidity and “energy” (i.e. pr and invariant mass) of the involved objects.

Based on these observations, the effect of spin correlations in the study of the vy — 77~

process is only considered for the p1T-FR region. Due to the presence of photon radiation
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before the tau decays in the ATLAS samples of vy — 777~ scattering, the results of the spin
correlation study cannot be included on an event-by-event basis. Instead, they are included as a
bin-by-bin correction factor, when the various available Monte Carlo predictions are compared

to the measured cross-sections in data.

5.4 Object and event selections

5.4.1 Tracks and vertices

Tracks are reconstructed using the procedure described in Sec. 3.3.1, and are selected for the
analysis using the LoosePrimary working point (WP), with additional kinematic require-
ments of pr > 0.1 GeV, |n| < 2.5 and |dy| < 1.5. Following the notation of track variables
introduced in Sec. 4.2.1, the LoosePrimary WP applies the following selections [195]:
NS > TH NS g = 0. N, = 10 NS0 = L Ngh, < 2, and NEi, < L The
tracking efficiency was studied in Monte Carlo simulations using charged pions produced in
vy — 777~ events. It was defined as the fraction of truth pions that are reconstructed and
identified as LoosePrimary tracks, and was estimated as a function of the truth pion pr. The
efficiency was observed to follow a sigmoid-like curve, being around 10% at pr = 0.1 GeV,
around 85% at pr = 0.6 GeV, and eventually saturating at 90% for pr > 2 GeV.

As this analysis uses Pb+Pb collision datasets with O (1072) pileup, and targets final states
with very low charged particle multiplicities, it is reasonable to not impose the presence of
at least one reconstructed primary vertex in the selected events. Nevertheless, requirements
on the transverse impact parameters (d’s) of track-based objects like electrons and muons are
imposed to suppress tracks that do not originate from Pb+Pb collisions. The difference between
the longitudinal impact parameters (z,’s) of the selected muons and other object(s) — namely the
track, tracks, and electron, in the ©1T-SR, pu3T-SR and pe-SR regions respectively — was also
investigated. The difference was found to be consistent with zero up to the 2, reconstruction
resolution, indicating that all final state particles originate from a single Pb+Pb collision vertex

at the interaction point.

5.4.2 Topoclusters

Topoclusters are reconstructed from the calorimeter energy deposits as outlined in Sec. 3.3.3.
They are required to have || < 4.9, with pr > 1 GeV for |n| < 2.5 and pr > 0.1 GeV for
2.5 < |n| < 4.9.

As this analysis focuses on very low pr objects, topoclusters and the objects reconstructed
from them (i.e. electrons and photons) are susceptible to low py calorimeter noise. Typically,
noisy calorimeter cells are masked during a quality assessment procedure immediately follow-
ing data-taking. However, the standard procedure focuses on topoclusters with pr > 10 GeV,
which exceeds the typical energy scale of the objects in this analysis.

Thus, a dedicated noise cleaning procedure was considered. The contribution of electronic
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noise to the topocluster formation was suppressed by an 7-dependent cell significance cut, as
outlined in Ref. [217]. Signals from large-scale coherent noise, called noise bursts, are known
to occur in the LAr calorimeters, possibly due to issues related to the high voltage supply [218].
Regions of the calorimeter layers containing topoclusters formed due to noise bursts, called
hotspots, were identified by selecting events simultaneously passing vy — ete™, vy — puTu~
and cosmic® selections. Only those topoclusters that passed the cell significance cuts and were
not matched to the selected leptons were considered for the hotspot finding procedure. In the
2018 data, one hotspot of width An x A¢ = 0.2 x 0.2 around (7, ¢) = (—2.3,0.1) was found
in the first HEC layer, along with other smaller (< 0.1 width in both 7 and ¢) hotspots in the
second HEC layer and first FCal layer. The topoclusters contained in these hotspot regions
were then excluded from the analysis.

The topocluster reconstruction efficiency was studied using the tag-and-probe method in
vy — ete” + v events, with exactly one identified electron and two tracks. One track is
required to pass the TightPrimary working point [195] with no matching requirements to
the electrons; the second track is matched to an electron, with no quality conditions being im-
posed. The identified electron is treated as the tag object. If the unidentified electron were to
emit a bremsstrahlung photon, a pr imbalance between the identified electron, called e, and un-
matched track, called “trk”, would be observed. Thus, the pr of the (assumed) bremsstrahlung
photon, given by pl. ~ E% — pii¥, serves as the probe object. The topocluster reconstruction
efficiency is then given by the fraction of all selected events that have a topocluster matched
within AR = 0.3 to the probe. The efficiency was found to be around 97% in both data and
Monte Carlo, with negligible dependence on p7. and 1™,

In the selected 7y — eTe™ + events, the pr of the identified electron and the cluster+track
system should be similar, due to the transverse momentum of the initial state being almost zero.
The (p?r — pCTlus”L“k) balance was therefore used to characterize the topocluster energy response
in both data and Monte Carlo. Small differences in the mean topocluster energy response in
data and Monte Carlo were observed, at the level of O (0.01) GeV for p$* € [2,4] GeV and
O (0.1) GeV for p$™ < 2 GeV and p"* > 4 GeV. These differences are treated as a systematic

uncertainty (see Sec. 5.8).

5.4.3 Electrons

The reconstruction of electrons follows the procedure described in Sec. 3.3.4. The electrons
are required to have pr > 4 GeV, |dy| < 0.5 mm and |n| < 2.47, excluding the crack region of
1.37 < |n| < 1.52.

The electron reconstruction and identification efficiency was studied in 7y — eTe™ events

in the ATLAS measurement of vy — ~y7y scattering using Run 2 Pb+Pb collisions [170]. Can-

3This selection used a dedicated trigger targeting low detector activity (E1 < 3 GeV in both sides of the FCal,
less than 15 pixel hits, total calorimeter energy between 4 and 200 GeV) in empty BCIDs. It was used in Ref. [170]
to study low pt backgrounds due to cosmic radiation.
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didate events were selected using a trigger targeting the presence of topoclusters, and minimal
activity in the Pixel detector and calorimeters. The efficiency was measured using the tag-
and-probe method, where the tag object was an electron passing the Tight selection, and the
probe objects were pixel-tracks*. Topoclusters were not chosen as the probe object due to the
low topocluster reconstruction efficiency as a function of pseudorapidity (around 40% on aver-
age), which was determined by comparison to particle-level electrons. Dielectron events were
then selected based on the presence of oppositely charged tag+probe pairs with invariant mass

greater than 5 GeV, and acoplanarities of less than 0.1.

The electron reconstruction efficiency €,.., was then defined as the fraction of pixel-tracks
that were reconstructed as good-quality electrons, and was determined as a function of the tag
electron pr. The efficiency was around 30% at pr = 3 GeV, and was found to rise slowly
until a plateau of 95% was reached around pr = 15 GeV. The electron identification efficiency
€iq wWas defined as the fraction of probes identified as good-quality electrons that were also
reconstructed as electrons passing the Loose selection, and was determined as a function
of the tag electron pr. The identification efficiency was found to be approximately flat at
around 90%, increasing only by a few percent with the tag electron pr. The total electron
reconstruction+identification efficiency is given by the product €., X €;4. Its shape as a function

of the tag electron pr follows that of €., scaled down by approximately 90%.

5.4.4 Photons

The reconstruction of photons follows the procedure described in Sec. 3.3.4. The reconstructed
photons are required to have Et > 1.5 GeV and |n| < 2.37, excluding the crack region of
1.37 < |n| < 1.52.

A neural network-based algorithm, developed in Ref. [170], was used to identify photons
originating from genuine hard scattering processes (i.e. signal photons), and reject photons
originating from other sources like calorimeter noise and cosmic muons (i.e. background pho-
tons). The neural network was based on the Keras framework [220], and used variables
related to the shape of the photon showers within the electromagnetic calorimeters to perform
the signal-background discrimination. At a reference signal efficiency of 95%, the background
rejection efficiency was 97% for photons with || < 1.37, and 87-90% for |n| > 1.52. The effi-
ciency in data and Monte Carlo as a function of photon pr and n were found to agree within 5%.
As this analysis only uses the reconstructed photons to reject vy — ptu~ + 7 backgrounds,
these differences were not included in the Monte Carlo modeling. Further, no additional studies

of the photon object performance were performed.

4Pixel-tracks are charged particle trajectories reconstructed using only the IBL and Pixel detectors, as op-
posed to the full Inner Detector. They have a very high (almost 100%) reconstruction efficiency in low density
environments, and are less susceptible to ID material budget uncertainties than full ID tracks [219].
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5.4.5 Muons

The reconstruction of muons using hits in the Inner Detector and Muon Spectrometer follows
the procedure described in Sec. 3.3.5. Muons are required to have pr > 4 GeV, |n| < 2.4,
|dy] < 0.3 mm (measured with respect to the beamline), and must pass the LowPt working

point selection. The total reconstruction efficiency of the LowPt WP is factorized as
€ (LowPt) = ¢ (LowPt|ID) e (ID|MS) , (5.10)

where ¢ (ID|MS) is the efficiency of a reconstructed MS track having a matched ID track, and
¢ (LowPt|ID) the efficiency of an ID track being identified as a LowPt muon.

Both components of the total efficiency were characterized using the tag-and-probe method
in vy — pup~ events, which were selected by requiring the presence of at most two opposite-
charge ID tracks, and at least one muon passing any quality selection. The tag objects were
defined as identified LowPt muons with pr > 4 GeV and || < 2.4. For evaluating the ID
efficiency, the probe objects were taken to be MS tracks extrapolated back to the ID. e (ID|MS)
was then defined as the fraction of probes with a matched ID track within AR < 0.1. For
evaluating the MS efficiency, probes were defined as ID tracks passing the Loose muon selec-
tion. € (LowPt|ID) was then taken to be the fraction of probes that were matched to identified
LowPt muons within AR < 0.01.

The muon reconstruction efficiencies were measured as a function of the probe pr and ¢ x 7.
In both data and Monte Carlo, and for both data-taking years, ¢ (ID|MS) is approximately 99%
at pl%ls’trk = 4 GeV and nearly 100% for higher pr, while it is flat at around 99% with ¢ x 7.
Further, € (LowPt|[ID) is 90% at pi” = 4 GeV and flat at around 94% for higher pr values; it
1s measured to be around 95% as a function of the probe g x 7, except for dips up to 85% for
lg x n| < 0.1 and up to 90% for 1 < |g x n| < 1.5. These low efficiency regions correspond

to regions of the MS coverage with limited coverage.

5.4.6 Event selections

The reconstruction-level selection of events in the three vy — 777~ signal regions was devel-
oped in Ref. [3], and is the same for this analysis. Events are required to pass the low pr muon
triggers described in Sec. 5.2. Data events are required to have energy deposits below 1 TeV
on both (i.e. A and C) sides of the ZDCs in order to select OnOn events. In the Monte Carlo
samples, this selection is replaced by the OnOn reweighting. Then, region-specific selections
are applied, which are detailed in Tab. 5.2.

These selections target exclusive final states with exactly one muon and either one track,
three tracks, or one electron. The tracks are required to be separated from the electrons and
muons by AR > 0.1, in order to remove events with overlapping objects. Events in the
11T-SR and p3T-SR regions are required to have zero unmatched topoclusters, to limit the

contamination from soft backgrounds. The sum of charges of the final state objects should
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u1T-SR u3T-SR pe-SR

Pass trigger True True True
Enc <1TeV <1TeV <1TeV
EShc <1TeV <1TeV <1TeV
N, = =1 =1
N, =0 =0 =1
Nux (AR > 0.1 from p) = = =0
Nux (AR > 0.1 from e) - - =0
Nt 0 0 -
Sum of charges = =0 =0
pr (i, trk) > 1GeV - —

pr (1, trk, ) > 1GeV - -

pr (i, trk, topocluster) > 1 GeV - —
Miny (trks) — < 1.7 GeV —

Ay (p, trk(s)) <04 < 0.2 -

Table 5.2: Selections applied for all three vy — 717~ signal regions. E%’D% are the recon-
structed ZDC energies on the A and C side. N, .« are the number of reconstructed muons,
electrons, and tracks. The tracks are required to be separated by AR > 0.1 from the light

leptons. N&‘E}gﬁﬁ is the number of unmatched topoclusters. miy, (trks) is the invariant mass

of the three-track system. The nomenclature of the remaining selections has been introduced
elsewhere in this chapter.

be zero, so that the oppositely charged tau leptons from vy — 777~ scattering are selected.
In the 1T-SR region, the pr (u, trk) > 1 GeV requirement reduces the contamination from
vy — wtp~ scattering, which is peaked towards lower values of pr (u, trk). Additionally,
the pr (i, trk,v) > 1 GeV and pr (u, trk, topocluster) > 1 GeV conditions suppress the
vy — wtpu~ + « background, by limiting the pr of the muon-+track+photon/topocluster sys-
tems, if a photon or topocluster within AR < 1 of the muon is reconstructed in the event. In the
13T-SR region, the m;,, (trks) < 1.7 GeV cut ensures that the three tracks originate from a tau
decay. The cuts on the acoplanarity of the muon+track(s) systems in the ;4 1T-SR and pu3T-SR
regions reduce the backgrounds from photonuclear processes, by requiring that the muon and

track(s) be roughly back-to-back in the transverse plane.

5.5 Background estimation

Scattering processes besides vy — 7777, which also contribute to the total number of events
observed in the signal regions, are collectively called background processes. The two largest
background contributions are due to exclusive muon pair production and diffractive photonu-
clear scattering. The background contribution due to other processes like vy — eTe™, vy —
qq, and non-diffractive photonuclear processes were found to be negligible in Ref. [3], and
are therefore not considered further. As an advancement of the background estimation stud-
ies performed in Ref. [3], this analysis also investigated the contribution of simultaneous UPC

scattering.
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b(*)
Pb /.P

(c)

Figure 5.6: Schematic diagrams of scattering processes in ultra-peripheral Pb+Pb collisions
that constitute the backgrounds in this analysis: (a) vy — pu*u~ (+7) scattering, (b) diffractive
photonuclear particle production, and (c) simultaneous vy — (¢~ (where ¢ = e, u,7) and
P — p° — 7F 7T scattering. Effective vertices are denoted by black dots and light-gray filled
circles.

5.5.1 Exclusive muon pair production

Exclusive muon pair production, shown in Fig. 5.6a, is the largest individual background source
in this analysis. If one of the muons from 7y — u* ™ scattering is not fully reconstructed as
a muon, but simply as an ID track, it can contribute to the ;1T-SR region. The process can
contribute to the u3T-SR region if additional tracks are reconstructed from the conversion of
bremsstrahlung photons into e*e™ pairs. If one of the converted electrons is fully reconstructed,
the process can also contribute to the pe-SR region. Such extra tracks and electrons can also
arise from the interaction of the muons with the detector material.

The contribution of vy — p* ™ scattering to the total background is modeled with Monte
Carlo simulations, using the samples described in Sec. 5.3.1. The quality of the simulations is
checked in a dedicated two-muon control region, called 2;-CR. Events in this control region
are required to pass the muon trigger selection (see Sec. 5.2), have E?b% < 1 TeV, exactly two
oppositely charged muons with pr > 4 GeV and with an invariant mass larger than 11 GeV
(to suppress the contribution of yIP — T — puu), and no tracks that are separated by AR >
0.1 from the muons. The weights defined in Eq. 5.1 are considered in the modeling of the

vy — up~ Monte Carlo sample. The contribution of vy — 777~ — pudv scattering to the
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Figure 5.7: Kinematic distributions in the 2u-CR region: (a) leading muon pr, (b) miny (14, )
i.e. dimuon invariant mass, (c) A (u, i) i.e. dimuon acoplanarity, and (d) An (4, 1) i.e. pseu-
dorapidity difference between the two muons.

24-CR region, determined using simulations, is at the level of 0.1%, and is therefore considered
negligible.

Kinematic distributions of the two muons in the 2-CR region are shown in Fig. 5.7. Over-
all, the Monte Carlo sample is able to describe the data reasonably well. The Monte Carlo
sample is about 5% above the data and is slightly mis-modeled in the A, (u, ;) variable (see
Fig. 5.7¢). However, since the fraction of background events relative to the total data yield in
the three vy — 777 signal region is only 5-15% (see Tab. 5.3), the observed mis-modeling
of vy — pt ™~ scattering in the 2u-CR region is considered acceptable.

5.5.2 Diffractive photonuclear processes

Diffractive photonuclear scattering processes also contribute to the total background in the
vy — 717~ signal regions. The term “diffractive” in this context is borrowed from wave
optics, where diffraction fringes are formed when the wavelength of a probe is larger than the
size of a target. In UPCs, the probes are typically low energy photons and pomerons, which

are emitted by the colliding ions. The exchanged particles can interact with the ions directly,
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or through resolved processes, where the particle fluctuates into a virtual hadronic state before
the hard scattering. In the case of resolved processes, the presence of the virtual hadronic state
can result in soft hadronic particles being produced in the forward direction, filling the rapidity
gap on one side of the detector [221]. An example of such a process is shown in Fig. 5.6b,
where a direct photon and a resolved pomeron create a central system X, with 2 being the soft
remnants of the resolved pomeron.

The contribution of diffractive photonuclear processes to the signal regions is estimated us-
ing a data-driven approach, exploiting the signature of a central system with additional soft par-
ticles being present in the final state. Two control regions are defined with respect to the ;1 1T-SR
and 3T-SR regions, called p2T-CR and p4T-CR respectively, by loosening the signal region
definitions to allow for more event activity. They are defined by relaxing the Nunmatched —

topocluster

requirement to Nmwatched < 8 by removing the E?b% < 1 TeV cuts, and by allov}z/ing for one
more track (not within AR < 0.1 of the muon) with pt < 0.5 GeV. To reduce the contribution
of vy — 777 events in the u2T-CR region, the invariant mass of the two tracks is required to
be larger than 1 GeV, and the acoplanarity between the muon and the leading track must be less
than 0.2. In the 4T-CR region, the sum of charges requirement is dropped. No control region
is defined for the pe-SR region, as the contribution of photonuclear backgrounds is negligible
due to the high signal purity.

The distributions of the kinematic observables in the control regions are used to define
templates for the photonuclear backgrounds. The templates are normalized to the total number
of data events in the 4 < N&%@gﬁﬁ‘;ﬂ < 8 region, where the contribution of 7y — pu~
and vy — 777 scattering events is found to be zero using simulation. Examples of the data
distributions in the 4 < N&%@gﬁﬁiﬂ < 8 region in the 2T-CR and p4T-CR regions are shown

in Fig. 5.8, together with the normalized photonuclear background templates. The shape of the

templates after normalization agrees with the data reasonably well.

5.5.3 Multiple UPC scattering

Due to the strong flux of electromagnetic fields surrounding heavy ions at ultra-relativistic en-
ergies, there is the possibility of multiple photon-induced scattering processes to occur between
the same pair of colliding ions (see Fig. 5.6¢). Recently, the ATLAS collaboration measured, for
the first time, the rate of coincident vy — pu*p~ and yIP — p° — 757T scattering using Run 2
and Run 3 Pb+Pb collisions [222]. The analysis identified events with two oppositely charged
muons, and a pair of low-pr tracks with an invariant mass close to mg = 0.77 GeV [37]. The
rate of such events relative to exclusive vy — p* ™ events was found to be around one percent
depending on the ZDC selection. In particular, the observed fraction for the OnOn selection was
around 0.2%-0.4% depending on myy (i, pt).

Simultaneous UPC processes alongside vy — 777~ production can potentially spoil the
exclusivity of the signal regions defined in this analysis. In addition, the observation of si-

multaneous vy — ptp~ and AP — p° — 7

126

7w+ scattering may merit a correction to the



5.5. Background estimation

@ A0 e @ T
§ E Pb+Pb, |5,,=5.02 TeV, 144 nb?  —e- Data 2018 E § gE Pb*Pb. (5,=5.02TeV, L44nb”  —e-Data 2018 E
I} 35; H2T-CR selection [ Photonuclear bkg 7 i1} F M4T-CR selection [JPhotonuclear bkg 7
F 8 Pred. stat. error 7= % Pred. stat. error —
30 = = E
250 E o E
E E 5 -
20— - E E
£ ] 41— -
15 = F E
E ] 3 E
o E 2
50, = E
F I I I IV I 2 ot Pl b b b T e
- - 4 =4 -2 -1 0 1 2 3 4
An(p,trk) An(p,trks)
(@) (b)
. . . . e unmatched
Figure 5.8: Photonuclear background estimate in 2018 data, after requiring 4 < Ntopocluster <

8, for the (a) An (u, trk) observable in the y2T-CR region, and (b) An (u, trks) observable in
the 14T-CR region. The shaded region corresponds to the statistical uncertainty of the back-
ground estimate.

vy — T p~ background modeling. Based on the results of Ref. [222], these corrections are
expected to be small, but it is nevertheless relevant to study them in this analysis.

Through Monte Carlo simulation alone, it is not easily possible to determine if simultane-
ous p° production accompanies vy — putu~ or vy — 777~ scattering. Thus, a more general
data-driven study was performed to probe the impact on this analysis. The strategy was to relax
the track vetoes in the signal region definitions to allow for additional soft tracks, which are as-
sumed to be pions, and to search for track pairs consistent with a p° signature, i.e. A¢ ~ 7 and
Miny ~ 0.77 GeV. Allowing for arbitrarily many tracks would lead to additional contamination
from photonuclear processes, so the ©1T-SR and 3T-SR regions were extended by up to two
additional tracks. The corresponding control regions are called y1T+nT-CR and pu3T+nT-CR,
with n = 1, 2. The pe-SR region was not investigated due to the limited statistics.

The signature of coincident YP — p — 7% ¥ scattering was searched for in the control
regions using only the 2018 data’>. Only two candidates for simultaneous p° mesons were
found: one in the p1T+1T-CR region combining the leading and sub-leading tracks, and one
in the 3T+1T-CR combining the sub-leading and sub-sub-leading tracks. The corresponding
A¢ — my,,. correlations are shown in Fig. 5.9. Several other p° candidates with nearby (i.e.
A¢ ~ 0) pions are also observed in the correlation plots. These are assumed to originate in the
decay chain of the tau lepton to three pions, e.g. in the 7= — v,a] — v 71~ — vyrtan
decay.

Based on the above observations, it was concluded that the background contribution of
simultaneous UPC scattering to the signal regions in this analysis is negligible. It was therefore

not considered in the subsequent studies.

SIncluding the 2015 data (25% of the total Run 2 dataset) does not change the conclusions of the study.
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Figure 5.9: A¢ and invariant mass correlation between (a) the leading (trky) and sub-leading
(trky) tracks in the p1T+1T-CR region, and (b) sub-leading (trk;) and sub-sub-leading (trks)
tracks in the ¢3T+1T-CR region.

It should be noted that a recent update to SuperChic included, for the first time, an
approach to modeling simultaneous vy — p*pu~ and yP — p® — 7577 scattering, albeit with
a normalization of the p° photo-production cross-section in UPCs to an ALICE measurement of
the same [223]. This update, which successfully explains the results of [222], was not available
the time of writing this thesis. Regardless, the impact of simultaneous UPC processes on this
analysis is negligible, so the studies do not have to be revisited with updated Monte Carlo

generators.

5.6 Reconstruction-level distributions

The distributions of the kinematic observables defined in Tab. 5.1 are shown at reconstruction-
level in Figs. 5.10 to 5.12 for the £ 1T-SR, ©3T-SR and pe-SR regions respectively. The com-
bined signal and background predictions are found to model the data reasonably well across
all of the observables. The number of signal, background and data events entering these his-

tograms is given in Tab. 5.3.

Table 5.3: Yields of signal, background and data events in the three vy — 77~ signal regions.

plT-SR - p3T-SR pe-SR
Signal vy — 7177 (5) 633.4 115.9 43.4
vy = pt T 100.0 10.1 4.4
Photonuclear background 15.6 32 -
Total background (3) 115.6 13.3 4.4
S+ B 749.0 129.2 47.8
Data 723 124 53
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Figure 5.10: Reconstruction-level distributions of the kinematic observables in the ;11 T-SR region: (a) pfy,

(®) Pk, (©) pr (p, trk), (d) miny (i, trk), (€) 7 (1, trk), (f) An (i, trk), and (g) A, (p, trk). Data points are
shown in black markers, while Monte Carlo predictions are shown as filled histograms. The shaded band

represents only the statistical uncertainty of the predictions.

129



Chapter 5. Measurement of vy — 717 scattering cross-sections and constraints on tau
lepton electromagnetic dipole moments

g A5 g 4B e e e e e e
£ E E < E 3
L 40F Pb+Pb, |5,=5.02 TeV, 1.93 nb™ - 2 40k Pb+Pb, {5,,=5.02 TeV, 1.93 nb*
w U3T-SR selection 3 w E W3T-SR selection 3
35} — 35 =
E E E —e— Data 2015+2018
30F —e— Data 2015+2018 30 Cyy-t't =
F Cw-1T B £ Cyy - Hu(+y) B
25 CO VY -HH(GY) 3 25 [CJ Photonuclear bkg 3
E [J Photonuclear bkg 3 E 8k Pred. stat. error E
205 i Pred. stat.error 3 20 -
15 = 15 -
10 = 10 + w’?’“@j -
5 b 55 -—\_| -
0::;__,_‘—| . ! —— o L1
4 6 8 10 12 14 0 2 4 6 8 10 12 14
ph [GeV] Py [GeV]
(a) (b)
o A0y 0 S0 0 Er T e
< < S 60 ]
Data 2015+2018 —
L 35 Pb+Pb, 5,,,=5.02 TeV, 1.93 nb* L 45 Pb+Pb, 5,=5.02 TeV, 1.93 nb* 2 Pb+Pb, (5,=5.02 Tev, 193 nb* ) MO0 ]
w U3T-SR selection w 40 H3T-SR selection w H3T-SR selection vy - i (+y)
30 50 [ Photonuclear bkg
—e— Data 2015+2018 —e— Data 2015+2018 386 Pred. stat. error
Cyy-tr Cyy-tT
25 vy - (Y) C vy - 1R (y) 40|

[ Photonuclear bkg

% Pred. stat. error [ Photonuclear bkg

55 Pred. stat. error

i

20

15

10

|

— e
b B b b b

TI T T T T TTT s = = !
% 05 1 15 2 25 3 35 4 20 25 30 %4 3 2 10 L 2 3 4 5
pT(u,trks) [GeV] m;. (K,trks) [GeV] n(y,trks)
(© (d) (e)

o B/ g o 60— LI B I I I
c C 1 c = 4
L% 30F PP*Pb. (5,=5.02 TeV, 103 nb* = ‘5)‘7 12201542018 3 L%’ g P+PD, (5,=5.02 TeV, 193"
[ H3T-SR selection vy - () ! r H3T-SR selection ]
r [ Photonuclear bkg - = ~
251 g Pred. stat. emor  —| L 1
L ] —e— Data 2015+2018 |
L ] Cyy-tr ]
201~ - r [ N ATTYE) ]
r b 30F [ Photonuclear bkg |
C | = basasbiossa %888 Pred. stat. error 1
15 C ]
P 20F 5
10— L + ___________ ]
5[~ 7 1°§—| E
Gi b i —— G: I L I I ]

=3 -2 -1 0 1 2 3 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

An(u,trks) Ayp,trks)
® (®

Figure 5.11: Reconstruction-level distributions of the kinematic observables in the pu3T-SR region: (a)

P (0) P, (©) pr (1, trks), (d) miuny (1, trks), (€) n (i, trks), (f) An (u, trks), and (g) Ay (u, trks). Data
points are shown in black markers, while Monte Carlo predictions are shown as filled histograms. The
shaded band represents only the statistical uncertainty of the predictions.
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Figure 5.12: Reconstruction-level distributions of the kinematic observables in the pe-SR region: (a) pfp,
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5.7 Unfolding

There are two ways in which the collision data recorded by an experiment can be compared
to the predictions of different theoretical models. First, the predictions can be convoluted, or
folded, with a simulation of the detector, so that they can be compared to the data. How-
ever, physics interpretations at high precision (both theoretically and experimentally) warrant a
complete and realistic detector simulation. This requires require a large amount of computing
resources, as well as detailed detector descriptions, that are often not available outside large
experimental collaborations.

The second approach to data-theory comparisons is the inverse process of unfolding [224].
Here, the data recorded by the experiment is corrected for detector effects, which cause the
smearing and migration of the measured quantities. The unfolding procedure results in dis-
tributions of particle kinematics that can then be directly compared to various theoretical pre-
dictions, and to the results obtained by other experiments, without the need of an accurate
detector simulation. Detector effects are inherently probabilistic, due to the quantum nature of
the physics behind particle-detector interactions. Thus, unfolding can only yield an estimate of
the true particle spectra before interaction with the detector.

Traditionally, unfolding is performed using binned techniques, where histograms of kine-
matic observables are corrected for detector effects. These methods transform histograms of the
kinematics of reconstruction-level objects, into histograms of the kinematics of fiducial objects.
In this thesis, fiducial objects are interchangeably referred to as particle-level and truth-level
objects. Recently, machine learning approaches to unfolding have started to gain traction, (see
Ref. [225]). These techniques can perform unbinned unfolding, i.e. on an event-by-event basis,
without having to define histograms. They can also be used to unfold complete events, rather
than individual kinematic distributions. One such method called OmniFold [226] has been
used recently by the ATLAS collaboration to simultaneously measure the differential cross-
sections of 24 kinematic observables related to Z+jets production in Run 2 proton-proton col-
lisions [227]. The core concept of the OmniFold technique is the event-by-event reweighting
of kinematic spectra, which is achieved using neural networks set up for classification prob-
lems. Naturally, this requires large training samples of both data and Monte Carlo simula-
tions. As this analysis uses less than 1,000 data events in all three signal regions combined, the
OmniFold technique was found to be impractical. Thus, this analysis only relies on binned

unfolding methods.

5.7.1 Fiducial object and region definitions

The kinematics of the reconstruction-level objects described in Sec. 5.4 are unfolded into the

kinematics of the following fiducial objects:

* Muons: truth muons with pr > 4 GeV and |n| < 2.5.

* Electrons: truth electrons with py > 4 GeV and |n| < 2.5.
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* Tracks: truth stable charged hadrons with pr > 0.1 GeV and || < 2.5. Here, stable
hadrons refers to pions and kaons. Truth muons and electrons with 0.1 < pr < 4 GeV
are also counted as tracks. The tracks are required to be separated from the muons and
electrons by AR > 0.1.

The muons and electrons in this analysis are not “dressed”, which is a procedure where
the four-momenta of radiated photons within AR < 0.1 of the leptons are added back to the
four-momenta of the leptons. Doing so would cause the results of this analysis to be dependent
on the modeling of photon radiation at low p, which is expected to be small.

The fiducial region definitions are similar to the signal region definitions shown in Tab. 5.2.
The selections are applied using the fiducial objects, rather than the reconstruction-level ob-
jects. The trigger, ZDC and topocluster selections are not applied as these are reconstruction-
level selections. The selections on the pr of the muon+track+photon/topocluster systems are
also neglected, as these cuts are primarily used to reduce the vy — ™~ + 7 background con-
tamination. A summary of the definitions of the three fiducial regions, called p1T-FR, 3T-FR
and pe-FR, is given in Tab. 5.4.

Variable pIT-FR  p3T-FR  pe-FR
N =1 =1 =1
Ne =0 —0 —1
Ny (AR > 0.1 from p) =1 —3 -0
Nux (AR > 0.1 from e) - _ -0
Sum of charges =0 —0 —0
pr (p, trk) > 1GeV _ _
Miny (trks) - <17GeV -
Ag (p, trk (s)) <04 <02 _

Table 5.4: Summary of selections applied for all three vy — 777~ fiducial regions.

5.7.2 Binning and weights

The choice of bin edges in the unfolding of each of the kinematic distributions, which was taken
to be identical at reconstruction- and truth-level, was determined as follows. At least ten vy —
777 events per reconstruction-level bin were required, which permits the modeling of the
unfolded bin contents as Gaussian random variables in the extraction of the tau lepton EMDMs.
The bin edges were chosen so that in a given distribution, the unfolded bins would have similar
statistical uncertainties. The bin edges used in this analysis are presented in Tab. 5.5.
The weights applied when filling the truth-level histograms are
W — UgenGﬁltEmt Wiheo, (5.11)
Nigen

which is the same as Eq. 5.1 except for the detector performance modeling weights not being

included. The relevant terms have been described in Sec. 5.3.
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Region Variable Binning
Ph 4,4.5,5,6,8,10,15]
P 0,0.5,1,1.5,2,3,4,8]
pr (1, trk) 1,1.5,2,2.5,3,3.5,4,4.5,5, 6, 10]

[
|
PIT-FR  miy (1, trk) [0,3 45 6 7,9,12,15,25]
[-3
[-3
[

7 (11, trk) ~1,-0.5,0,0.5,1,1.5, 3]
An (u, trk) : —1,-0.5,0,0.5,1, 1.5, 3]
A, (1, trk) 0,0 025 O 05,0.075,0.1,0.15,0.3]
P [4,4.5,5,6,8,10, 15|
plrks [0,2,4,5,6,8,10,15]
pr (i, trks)  [0,0.5,1,1.5,2,2.5,3, 4]

JUBT-FR iy (j1, trks) [75 10 12.5, 15, 20, 30]
n (u, trks) [—5 1, 1,3,5]
An (i, trks)  [=3,—1.5,—1,-0.5,0,0.5,1, 1.5, 3]
Ay (p,trks) 0,0 01 0 02 0.03,0.04, 0.05,0.08]
P [4,4.5,5,6,8,10, 15]
P [4,5,6,8, 15]
pr (1, e) [0,1,2,4]

pe-FR - myyy (i, e) [5,10,12.5, 15, 20, 30]
n (1 e) [— 4 —2,0,2,4]
An(u,e) [—2.5,—1,0,1,2.5]
Ay (1, e) 0, 001 0.02,0.04,0.07]

Table 5.5: Bin edges for each of the unfolded variables.

5.7.3 Unfolding methods

Several binned unfolding methods are described below. This analysis uses Iterative Bayesian
Unfolding implemented in RooUnfold [228] as the primary unfolding method. The other

methods have been used for cross-checks at various steps in the analysis.
Bin-by-bin unfolding
In this method, Uy, i.e. the contents of the £*® bin of the unfolded histogram, is given by

T,

Ui = (De = B) ;-

(5.12)
where Dy, By, T}, and Ry, are the content of the k'" bin of the Data, Background, signal Truth,
and signal Reconstructed histograms respectively.

Bin-by-bin unfolding is the simplest unfolding method, and while it is easy to implement,
it does not account for migration between reconstructed and truth bins. Thus, this method
is only used for cross-checks (both technical and conceptual), and not for performing real

measurements of differential cross-sections.
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Matrix inversion

Here, the effect of the detector response is modeled as a matrix M, called the migration matrix.
In vector notation, it connects the reconstructed histogram R and truth histogram 7' via the
equation

R=M-T. (5.13)

The unfolded histogram U is obtained by applying M~ to the data histogram D after
subtracting the background histogram B, i.e.

U=M"'"D-B). (5.14)

As the matrix inversion method can account for bin migrations, it is an improvement over
bin-by-bin unfolding. However, in the case of large smearing (i.e. large off-diagonal elements
in the migration matrix), /! can exhibit large entry-to-entry fluctuations, which can mani-
fest as large bin-to-bin fluctuations in U. Moreover, applying this method requires M to be
invertible, which may not be guaranteed. Thus, the matrix inversion method is not used as the
nominal unfolding method, but only for technical cross-checks.

The concept of the migration matrix can be used to define the following quantities:

* Response matrix: same as the migration matrix, but the entries are weighted by the
reconstruction-level weights while filling the matrix. The migration matrix has entries
that are numerically O (1) (at least along the main diagonal), while the response matrix

entries are numerically large, with units of reconstructed-events-per-bin.

» Acceptance: fraction of reconstructed events that also pass the truth-level selections. It is
computed as a ratio between the response matrix projected onto the reconstruction axis,

and the reconstructed histogram.

* Efficiency: fraction of truth events that also pass the reconstruction-level selections. It
is computed as a ratio between the response matrix projected onto the truth axis, and the

truth histogram.

Singular value decomposition

The singular value decomposition (SVD) method [229] attempts to address the inversion-
related issues in the matrix inversion method. It formulates the problem of unfolding as a

least-squares minimization problem of the form
(Mz —d)" B (Mx — d) + 7 (Cx)" (Cz) = min. (5.15)

Here, x is the unfolded histogram, d is the background-subtracted data histogram, B is the
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covariance matrix of &, C is the discrete curvature matrix®, and 7 is a regularization parameter.
In the original formulation, 7 is typically chosen as the second or third largest singular value of
the migration matrix, hence the name of the method.

While the issue of problematic inverse migration matrices is avoided in the SVD method,
it can result in large statistical bin-to-bin correlations in the unfolded distribution if the mini-
mization routine finds an unfavorable solution. Thus, the SVD method was also only used for

cross-checks in this work.
Iterative Bayesian unfolding

The iterative Bayesian unfolding (IBU) method, originally proposed by D’ Agostini [230, 231],
reformulates the matrix inversion method into a problem of probabilities, by identifying the
truth histogram 7" and reconstructed histogram R as being a cause and effect pair, C' and F,
in accordance with Bayesian principles. Then, Eq. 5.13 and Eq. 5.14 can be written using

conditional probabilities as

R=M-T — Ri=)» P(E|C)T,
J
U=M"'(D-B) — U=)Y P(C|E)(D;- B, (5.16)

J

The unknown quantities P (C;|E;) are determined using

P (Ci|E;) = Zfﬁgﬁgjgiék) (5.17)

where the P (£;|C}), i.e. the entries of the migration matrix, are known from simulation, and
Pr (C;) is the Bayesian prior for the cause C;.
The algorithm behind the IBU method proceeds as follows:

1. The firstiteration of the inverse migration matrix, Py (C;|E;), is calculated using Eq. 5.17,

where the self-normalized truth histogram is typically chosen to be the initial prior.

2. The first iteration of the unfolded histogram is computed using
1
U= — Py (Ci|E;) (D — Bj), 5.18
1 Ei;f] 0( | J)( J J) ( )

where ¢; and f; are the efficiency and acceptance factors, that account for possible flow

of events from outside the pre-defined fiducial and signal regions.

The discrete curvature matrix encodes the curvature of a histogram, constructed in a way following the first
principles definition of the second derivative f” (x). Effectively, it allows the minimization routine to penalize
large bin-by-bin fluctuations in the unfolded histogram, i.e. the unfolding favors smooth distributions. Further
details can be found in Section 6 of Ref. [229].
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3. The U;; histogram is self-normalized, and is taken as the prior for the next iteration of

computing the inverse migration matrix P (C;|E;) and unfolded histogram U, ».

4. The above three steps are repeated for a given number of iterations. The optimal choice
of the number of iterations is analysis dependent. The approach taken in this analysis is
described in Sec. 5.7.6.

5.7.4 Unfolding inputs

Regardless of the unfolding method, there are generally five sets of input histograms that are
required for the unfolding procedure: data, background, reconstructed signal, truth signal, and
the response matrix. The data and background histograms were shown in Figs. 5.10 to 5.12.
The reconstructed and truth signal histograms, and the response matrices, for the p4. observ-
able in all three fiducial regions are shown in Fig. 5.13. The corresponding inputs for the other
kinematic observables are shown in App. A.2. In addition, App A.2 also shows the acceptance
and efficiency factors for all kinematic observables of interest. Generally, the reconstructed
signal histograms are below the truth signal histograms by a factor of around two, indicating
that the efficiency factor is around 50%. The response matrices are found to be largely di-
agonal, showing that the detector effects do not dramatically distort the shapes of kinematic

observables.

5.7.5 Monte Carlo closure test

Before the kinematic observables in data are unfolded, it is important to check if the unfolding
procedure has been set up correctly. This is done using the Monte Carlo closure test, where the
reconstructed signal distribution is unfolded using the inputs set up for unfolding the data, and
compared to the truth signal distribution. By construction, the unfolded histogram produced in
the test should be identical to the truth histogram. Any observed deviation hints at the unfolding
procedure not being set up correctly.

The Monte Carlo closure test was performed for every kinematic observable of interest.
For the purpose of technical cross-checks, all of the unfolding methods described in Sec. 5.7.3
were investigated. For the IBU method, only one iteration was used. For the SVD method, the
second singular value was used for the regularization parameter 7.

The results of the closure test are shown in Fig. 5.14 for the pf. observable in all three fidu-
cial regions. For each of the unfolding methods, the unfolded reconstructed signal distribution
is identical to the truth signal distribution, as indicated by the ratios in the lower panels being at
unity. This implies that the procedure has been set up correctly. Perfect closure is also observed

for the other kinematic observables, which are shown in App. A.3

5.7.6 Number of iterations

The number of iterations (Vi) 1S the regularization parameter of the Iterative Bayesian Un-

folding method. Thus, it needs to be chosen appropriately. In this analysis, the optimal Ny,
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Figure 5.13: Reconstruction-level and truth-level distributions (left column) and migration
matrices (right column) for the p/. observable in the 1 T-FR, ©3T-FR and pe-FR regions (top,
middle, and bottom rows respectively).

was determined for each unfolded observable by scanning over Ny, = 1,2, ..., 10 and noting

the following at each step in the scan:

1. The relative statistical uncertainty per unfolded bin (as reported by RooUnfold). The
optimal number of iterations is one where going from Ny, — Nit; + 1 does not sig-
nificantly increase the relative statistical uncertainty. Additionally, it should not become

smaller than the relative statistical uncertainty per bin of the truth distribution.

2. Two types of uncorrelated x?’s between the unfolded distribution U and truth distribu-
tions T, defined as

Nbins 2 Nbins 2
U —T, U — T,
Xont = Z (W) ; Xeruth = Z <W> ; (5.19)
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Figure 5.14: Results of the Monte Carlo closure test for the p/. observable in the (a) 1 T-FR
region, (b) u3T-FR and (c) pe-FR regions. Several unfolding methods are shown. For the IBU
method, only one iteration is used. For the SVD method, the second singular value is used for
7. Ratios of the unfolded distributions to the signal truth are shown in the lower panels. The
shaded band shows the statistical uncertainty of the vy — 77~ truth sample.

where o™ and o!*"*" are the statistical errors of the unfolded distribution (as reported by
RooUnfold), and the truth distribution, respectively. The optimal number of iterations
is one where going from N, — Nier + 1 does not significantly change Xfruth’ even if
X2, 18 still evolving with increasing number of iterations. This implies that the numerator
of both x?’s (the sum of squared differences between the unfolded and truth distributions)
has stabilized, but the a;-‘nf is needlessly increasing with N, due to the iterative reuse

of the unfolding prior.

The results of the V., scans for all kinematic observables of interest are shown in App. A.4;
a summary of the optimal number of iterations is given in Table 5.6. The study was performed
using the combined 2015+2018 data, in order to limit potential statistical issues. Typically, two

iterations are sufficient to meet the constraints described above. Only four out of 21 observables
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Variable Niter Variable Niter Variable Niter
Pr 3 Pr 2 P 3
P 2 e 2 P 3
pr (i, trk) 2 pr (i, trks) 2 pr (1, €) 4
Miny (1, trk) 3 Miny (1, trks) 3 Miny (1L, €) 2
n (u, trk) 2 1 (u, trks) 2 n (1, €) 2
An(p,trk) 2 An (p, trks) 2 An (p, ) 1
Ay (p,trk) 2 Ay (p, trks) 2 Ay (pye) 2

(a) (b) (©

Table 5.6: Number of iterations used for the Iterative Bayesian Unfolding method, for the
kinematic observables in the (a) u1T-FR, (b) u3T-FR, and (c) pe-FR regions.

require three iterations, while one observable (pr (i, €)) requires four iterations. The An (u, e)
observable only requires one iteration, likely due to it having an almost perfectly diagonal

response matrix (see Fig. A.6e).

5.7.7 Statistical uncertainties and correlations

As this analysis is limited by data statistics, it is crucial to determine the statistical uncertainty
on the unfolded distributions appropriately. To propagate the statistical uncertainties of the data
through the unfolding procedure, a numerical technique called bootstrapping [232, 233] was
employed. The bootstrap procedure is commonly used to determine the statistical properties of
discrete and finite datasets. It makes use of replicas of the original dataset, which are created
through random sampling with replacement.

In this analysis, 10,000 bootstrap replicas of the data histograms were created using a Pois-
son reweighting approach. Here, events are filled into a copy of the data histogram with a
weight sampled from a Poisson distribution with a mean of unity, rather than the nominal
weights of unity for every event. In the large N limit, this is equivalent to random sampling
with replacement. While creating the bootstrap replicas, the seed used in the random sampling
is fixed to the recorded event number for every event, which ensures reproducibility.

The unfolding is repeated for each of the data histogram replicas, keeping the other in-
puts the same. Given N, replicas, the statistical covariance between two bins 7 and j in the

unfolded distributions is given by

Nrepl
1 - _
COVZ‘j = E (bzk - bz) (bjk - b]) s (520)
Nrepl k=1

where b;;, and b;;, are the content of bins ¢ and j in the k*® bootstrap replica, and b; and l_)j are

the average bin content of bins 7 and j over all bootstrap replicas. The statistical uncertainty on

o™ = y/Covy;. (5.21)
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The statistical correlation between two unfolded bins ¢ and j is defined as

COVi]’
\/ COVu‘COV]‘j

The above definitions do not impose that the bins 7 and j be from the same unfolded distribu-

COI'I"ij =

(5.22)

tion. Bootstrapping can therefore be used to determine the statistical covariance and correlation
between bins of different unfolded variables. This fact enables the proper statistical combina-
tion of multiple unfolded distributions when they are used to measure physical parameters of
interest. In this analysis, bins across different fiducial regions are uncorrelated by design.

The statistical covariance and correlation matrices for all unfolded bins in the three fiducial
regions are shown in Fig. 5.15. Solid black lines denote the boundaries between bins of different
kinematic observables. Generally, the correlation between bins of the same variable is close to
zero, except for a small anti-correlation (= —0.1) between neighboring bins along the main
diagonals. Strong correlations between bins of different variables can also be seen, following

the physical expectations. Some examples are:

* The pr (p, trk) and myy,, (i, trk) variables in the ©1T-FR region are anti-correlated due
to the relation m? = E? — p2 — p?. The same holds true, albeit to a weaker extent, for

the analogous system pr and mass variables in the ¢3T-FR and pe-FR regions.

e In the ;1 T-FR region, the p4 and pi* variables are correlated and anti-correlated with

pr (1, trk) respectively. This may be due to the imbalance in minimum pr in the object
definitions of the muon and track, biasing pr (u, trk) towards the muon. A similar (but
weaker) observation holds for the p3T-FR region, but not for the pe-FR region, where
the pr (p, €) variable is correlated with both pf. and p%. Since both electrons and muons
are defined with the same minimum pr threshold, the pe-FR selection may be biased
towards the vy — 777~ phase space regions where the muon and the electron are more
likely to be back-to-back in the transverse plane (|y (7,7)| = 0,i.e. E.+ ~ E,-). Asa
consequence, the pr (1, €) variable is (approximately) equal to the sum-in-quadrature of

ph and p5.

* In all fiducial regions, the m;,, variable is correlated with the pt of both the muon and the
other object(s). Since the initial state photons in vy — 777 scattering have almost zero
pr, the pr of the taus (and consequently their decay products) is limited by myy, (7, 7).
Thus, selecting events with a larger my,, (which is a proxy for my,, (7, 7)) automatically

selects events where the tau decay products have higher pr values.
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Figure 5.15: Statistical covariance (left) and statistical correlation (right) for all measured bins in the (a)
p1T-FR, (b) u3T-FR and (c) pe-FR regions. The solid black lines denote the boundaries between the bins
of separate kinematic observables, which are also labelled in the figures. The ordering of bins in each
observable is given in Tab. 5.5.
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5.8 Systematic uncertainties

5.8.1 Object calibration and performance

Tracks

The systematic uncertainty of the track reconstruction efficiency was determined by re-deriving
the efficiency (as outlined in Sec. 5.4.1) with alternate detector geometries in the Monte Carlo
simulation. The following variations were considered: +5% to the overall Inner Detector mate-
rial; +10% to the IBL material; +25% to the Patch Panel Zero (PPO) [94] material. Further, an
alternate list of particle-detector interaction processes included in the GEANT4 detector simu-
lation, was also considered. The systematic uncertainties were evaluated as a function of the pr
and 7 of particle-level pions, muons and electrons. For tracks with very low pr (0.1-0.2 GeV)
the efficiency variations are at the level of 5-10%. At higher p, the variations are around 1-2%
or lower. Generally, the variations are larger for || > 1.5, due to the limited tracking perfor-
mance at high pseudorapidity. The tracking efficiency systematics are propagated through the
analysis by randomly removing tracks in the nominal Monte Carlo samples, within a fraction

commensurate with the systematic uncertainty determined for the given track pr and 7 bin.
Topoclusters, electrons and photons

In the determination of the topocluster reconstruction efficiency (see Sec. 5.4.2), small differ-
ences of around 1% were observed between the efficiency in data and Monte Carlo. A con-
servative 2% systematic uncertainty was therefore assigned to the modeling of the topocluster
reconstruction efficiency. Similar to the tracking systematics, this uncertainty was applied by
randomly removing 2% of reconstructed topoclusters in the Monte Carlo samples. The dif-
ference in the mean topocluster energy response between data and Monte Carlo, described in
Sec. 5.4.2, was applied as a calibration factor to the Monte Carlo samples to improve the mod-
eling. The difference in the predictions between the uncorrected and corrected samples was
taken as the systematic uncertainty on the topocluster energy response.

Before reconstructed electrons and photons are included in the analysis, a calibration of
their energy scale and resolution is applied (see Sec. 3.3.4). The calibration is based on the
standard ATLAS procedure for calibration of low luminosity (and zero pileup) collision data. In
principle, this calibration has over 70 individual sources of systematic uncertainties associated
with it. However, as this analysis relies primarily on events with muons, a simplified uncertainty
scheme is considered, which provides a combined uncertainty for the energy response, and
energy resolution, of electrons and photons. The effect of these uncertainties is included in the
analysis by varying the reconstructed energy of the simulated objects. The impact is at the level
of 1% for kinematic observables in the pe-SR. Small impacts at the level of 0.1% are observed
in the ©1T-SR region, due to photons and topoclusters being included in the event selection
(see Tab. 5.2), while the u3T-SR is unaffected.

The uncertainties associated with the electron reconstruction+identification scale factors,
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described in Sec. 5.4.3, are also considered in the analysis. The statistical uncertainty of the
scale factors is included as a systematic uncertainty, while an additional uncertainty is de-
termined by quantifying the change in the scale factors due to variations in the selection of
vy — eTe” events. These uncertainties are at the level of 5-10% as a function of electron pr
and 7, and are only relevant for the pe-SR region.

The efficiency of the photon reconstruction+identification in data and Monte Carlo simula-
tions were found to differ by at most 5% as a function of photon pr (see Sec. 5.4.4). Thus, a
systematic uncertainty of 5% is considered due to the photon performance, which is applied to
all Monte Carlo samples by randomly removing 5% of the simulated photons. This uncertainty
has a negligible impact (< 0.1%) in the p1T-SR, due to photons being included in the event
selection, while the 3T-SR and pe-SR regions are unaffected.

Muons

Before reconstructed muons are included in the analysis, a calibration of their momentum scale
and resolution is applied (see Sec. 3.3.5). The calibration is based on the standard ATLAS
procedure. Five sources of systematic uncertainties are considered, by applying =10 variations
to the following aspects of the muon calibration: associated ID track resolution; associated MS
track resolution; momentum scale; charge-dependence of the momentum scale, based on the
combination of all corrections applied in the calibration; charge-dependence of the momentum
scale, based on the residual charge-dependent bias after corrections. Each source affects the
measured kinematic observables by at most 1%.

The uncertainties associated with the muon reconstruction+identification scale factors, de-
scribed in Sec. 5.4.5, are also included in the analysis by considering plain variations of the
scale factors. The statistical uncertainty of the scale factors is included as a systematic un-
certainty, while an additional uncertainty is determined by quantifying the change in the scale
factors due to variations in the selection of vy — u* ™ events. These uncertainties are at the
level of 1% for muons with pr between 4 and 15 GeV, and are in the 2-5% range for muons
with pr > 15 GeV.

5.8.2 Trigger

The systematic uncertainty of the MUO trigger efficiency was determined by applying alternate
event selections and tag muon definitions, and re-evaluating the efficiency. In particular, the
following variations were studied: probe muon |dy| < 1.1 mm instead of |dy| < 0.3 mm;
1 < Niyack < 3 instead of Ny = 2; tag muon passes Medium WP selection instead of
Tight selection. The uncertainty was defined as the largest difference in the trigger efficiency
due to these variations. The uncertainties were estimated to be in the O (1%) range, except for
the gap region where it was found to be in the 5%-25% range depending on the muon pr.

The systematic uncertainty of the MU4 trigger efficiency was estimated in a similar manner

as the 2015 trigger. The same variations as for the 2015 trigger were considered, along with
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an additional variation where the ZDC OnOn requirement was imposed in the vy — ptpu~
selection. The systematic uncertainty of the MU4 efficiency was found to be in the 2%-5%
range at low pr and |¢ X 7|, and in the 5%-20% range at high pr and |q x 7|.

Similar variations of the event selections and object definitions as for the MU4 efficiency
were used to determine the systematic uncertainty of the mu4 efficiency. An additional vari-
ation of the HLT matching condition was also considered, where the requirement was varied
to AR = 0.008 and AR = 0.012. The systematic uncertainties were found to be below 1%,
indicating that the mu4 selection was performant and robust.

In addition to the uncertainties described above, the statistical uncertainties of the L1 and
HLT trigger efficiencies are also considered as systematic uncertainties in the analysis. They
arise due to the limited vy — pt ™ statistics.

The effects of the trigger-related systematic uncertainties described above are included
in the analysis by considering the variations in the corresponding trigger scale factors, i.e.
€data/ €Mc»> Which are applied in the same bins of muon pr and |¢ x 7| as the original determi-

nation of the trigger efficiencies.

5.8.3 Monte Carlo modeling

Photon flux

In Ref. [3], the uncertainty on the modeling of the photon flux (or rather the two-photon lumi-
nosity) was defined as the full difference between the STAR1ight and SuperChic Monte
Carlo predictions. This was done by enabling and disabling the w,_q.x weights, which led to
an uncertainty of 15-20% on the normalization of the Monte Carlo predictions. Despite being
rather large, the size of the uncertainty was constrained by around a factor of 5 in the extraction
of the tau lepton’s AMDM, by including a vy — u* 1~ control region, which is affected by the
photon flux uncertainty in the same way as the signal regions. Further, the associated nuisance
parameter was pulled by around 0.25 units, indicating that the data favors a photon flux model
between the STAR1ight and SuperChic predictions. Since a pulled nuisance parameter
does not correspond to a physical model of nature, the result of the fit cannot truly be used
to constrain the photon flux. More generally, constraints on theoretical modeling parameters
should not be extracted at the same time as BSM parameters. For these reasons, the treatment
of the photon flux uncertainty was revisited in this analysis.

As mentioned in Sec. 2.3.1, the SuperChic generator uses the Woods-Saxon distribution
for the nuclear charge density (see Eq. 2.70). More precisely, it uses a weighted sum of Woods-

Saxon distributions for the proton and neutron densities, to define the nucleon density’

Z 1 A2 1

P (1) ) (5.23)

7 py, () is not normalized to unity in the form presented above.
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Figure 5.16: (a) Change in vy — u* ™ cross-section due to variations of the Woods-Saxon
parameters of the Pb ion nucleon density, as a function of my,, (p, ) for 1.5 < |y (i, 1)| < 2.0.
(b) Map of the determined photon flux uncertainty for all m;y,, (u, ¢t) and |y (p, i) | bins.

where Z = 82 and A = 208 for Pb, and R, = 6.68 £ 0.02 fm, R,, = 6.69 £+ 0.03 fm,
a, = 0.447 £+ 0.01 fm, and a,, = 0.560 £ 0.03 fm [212, 234, 235]. The proton density sources
the photon flux, while both the proton and neutron densities contribute to the nuclear opacity.

The experimental errors of 12, ,,,a,, are used to define a systematic uncertainty on the
modeling of the photon flux. It is computed as the maximum deviation in the vy — p*pu~
cross-section (inclusive in forward neutron topologies) predicted by SuperChic, due to the
variations in Rz, ,, a, , quoted above. The uncertainty is symmetrized in the largest (absolute)
up- and down-deviations, and is computed in bins of My, (1, 1) and |y (i, ;)| using the same
binning as the original w,_g,x definition. Since the photon flux depends only on the invariant
mass and rapidity of the centrally produced system (when s > m%), the uncertainty computed
using vy — ptp~ events is also valid for vy — 777~ events.

The vy — ptp~ cross-section deviations for the 1.5 < |y (i, 1)| < 2.0 bin are shown
in Fig. 5.16a as an example. The proton parameters have a larger impact on the vy — ptpu~
cross-section than the neutron parameters, as the former are responsible for the photon flux and
survival factor (through the nuclear opacity), while the latter affect the survival factor alone.

The cross-section decreases for +1o¢ variations of all parameters, while it increases for all —1o
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variations. This is likely due to the change in the extent of the nucleus affecting the available
impact parameter range for vy processes. In particular, a larger nucleus (+10) decreases the
available impact parameter range, resulting in a smaller cross-section, and vice versa.

A map of the symmetrized uncertainty on the photon flux for all m;,, (¢, 1) and |y (p, 1)
bins is shown in Fig. 5.16b. The uncertainty grows with both m;,, (1, ) and |y (u, p)|, also
due to the impact parameter dependence of the cross-section: a large miny (14, 1) or |y (p, 1)
is more likely to occur at small impact parameters, where variations in the nuclear density
have larger effects. The uncertainty is of the order of 0.5% in bins with the largest number of
observed 7y — 777 events (i.e. miyy (1, 1) < 50 GeV and |y (p, p)| < 2.0).

As mentioned already, the variations of the Woods-Saxon parameters also affect the survival
factor, as it depends on the nuclear opacity (see Sec. 2.3.2). Thus, the vy — 1~ cross-section
ratios also contain experimentally-motivated sources of uncertainties on the survival factor.
However, this does not address the question of the choice of survival factor model itself. In
Ref. [236], it was found that instead of using Eq. 2.75, defining P, (b) = © (b — 2Rpy,) leads
to the fiducial cross-section of vy — p* 1~ scattering in Pb+Pb collisions at \/sxy = 5.02 TeV
increasing by about 6.4%. Taking this difference as a theoretical uncertainty on the survival
factor model is not well motivated, as the alternate model neglects the finite range of the strong
interaction, and does not account for the non-zero nuclear density for b > Rpy,. Since it was
noted in Ref. [236] that this replacement of the survival factor is rather unphysical, only a
fraction of the quoted difference is considered as an uncertainty in this analysis. Thus, at both
reconstruction- and truth-level, a flat 2.5% uncertainty is assigned on the theoretical modeling

of the survival factor®.
OnOn weights

The statistical uncertainty of the OnOn weights, which arises due to the limited statistics avail-
able for the determination of the vy — ptu~ OnOn fractions, is included as a systematic
uncertainty. An alternate fit to the vy — p*p~ OnOn fractions is used to determine a variation
of the weights due to the choice of fit function (see Sec. 5.3.2). The effect of the 1% ZDC ineffi-
ciency [209], was also included by varying the normalization parameters of the fitted functions
by 1%. Finally, the variation in the OnOn weights due to the choice of alternate 1y, (1, i) and

ly (i, )| binning, was also included as a systematic uncertainty.
Tau decay

The uncertainty on the modeling of tau decays is taken as the full difference between the pre-
dictions of the Tauola and Pythia8 samples, both at reconstruction- and truth-level. The
uncertainty per unfolded bin is typically at the 5% level, but it is found to exceed 10% in a few

pe-FR bins, possibly due limited statistics.

8A comprehensive study of the survival factor modeling was recently performed within the gammaUPC
framework, resulting in uncertainties on the photon flux below 1% (unpublished work as of writing this thesis,
Ref. [237]). Thus, the quoted 2.5% uncertainty is most likely still conservative.
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5.8.4 Other

Photonuclear background estimate

Two systematic uncertainties related to the estimation of the photonuclear background are con-
sidered in the analysis. First, the statistical uncertainty from the normalization of the templates,
due to the limited statistics in the 4 < Nglogfggf;gf < 8region, is included as a systematic uncer-
tainty. Then, alternate templates are derived by varying the definitions of the control regions.
In the p2T-CR region, the two tracks are allowed to have the same charge sign, as opposed
to the opposite sign requirement in the nominal definition. In the ©4T-CR region, a variation
of the background template is constructed by only considering four-track combinations with a
non-zero net charge. The uncertainty per unfolded bin is then defined by the absolute change

in the photonuclear background estimate due to these selection variations.
Luminosity

The uncertainty on the integrated luminosity of the 2015 and 2018 Pb+Pb datasets was deter-
mined in a similar manner as the preliminary calibration of the 2023 Pb+Pb dataset presented in
Chapter 4. The fitting procedure that was used was manifestly two-dimensional, unlike the fac-
torized one-dimensional analysis described for the 2023 Pb+Pb dataset. The following sources
of systematic uncertainties were considered as correlated between the two data-taking years,
as they have similar/identical origins: DCCT calibration, ghost and satellite charge fractions,
beam-beam effects, absolute Inner Detector length scale, and fit model. The non-factorization
and emittance evolution uncertainties were considered as partially (20%) correlated between
the two years. The uncertainties on the 2015 and 2018 integrated luminosities are 1.5% and
1.9% respectively. Including correlations, the uncertainty on the combined Run 2 integrated

luminosity was determined to be 1.5% by the ATLAS luminosity group.
Signal Monte Carlo statistics

According to the basic unfolding equation, i.e. Eq. 5.12 for the bin-by-bin unfolding method,
the statistical uncertainties of each of the components that appear in the equation — data, back-
ground, signal truth, and signal reconstructed histograms — contribute to the statistical uncer-
tainty of the unfolded histogram. The effect of the data statistical uncertainty is treated as
genuinely statistical in nature, while the effects of statistical uncertainties in the remaining
components are treated as systematic uncertainties.

For a given unfolded bin k£, the signal Monte Carlo statistical uncertainty is evaluated as
the uncertainty Aw; on the bin-by-bin correction factor wy. To derive Awy, the following
quantities are defined: N;*°, the number of events passing the reconstruction selections of
the bin k; N, the number of events passing the truth selections of the bin k; N,zec’tr, the
number of events passing both reconstruction and truth selections for the bin k. The statistical
uncertainties of these quantities are AN, AN}, and AN, ;ec’tr respectively. N;° and N;*

. . tr . . . .
are not independent variables, as a non-zero N,““" implies a partial correlation between them.
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Thus, the quantities 7, = N;* — N;**" and t;, = N* — N;°*" are also defined, with which w,
can be written using three independent variables like
N]f;r tk + N]zec,tr

= = . 5.24
N;;ec T 4 N]zec,tr ( )

Wk

The (squared) uncertainties of 7, and #; are given by Ar? = (AN})* — (AN, ,ﬁec’tr)Q and
A = (ANM)? — (AN ,ﬁec’tr)Q since their defining variables are fully correlated.

The statistical uncertainty of wy, is then derived using Gaussian error propagation,

rec,tr 2
(ANPY = (AN (e

A= ey eyt (ANE" = (aN=)’)
ANrec,tr 2
M) ( N’fec>4) (Npe = N)* (5.25)
k

The ratio Awy, /wy, defines a systematic uncertainty on the unfolded distributions, due to the
statistical uncertainty of the signal Monte Carlo sample. It is at the level of a few percent for
the 11 1'T-FR distributions, while it is larger for the ©3T-FR and pe-FR variables due to the lower

statistics in the Monte Carlo samples for these final states.
Background statistics

For the same reason as the statistical uncertainty of the signal Monte Carlo sample, the statisti-
cal uncertainty of the total background estimate must also be propagated through the unfolding
procedure.

The derivation of the background statistical uncertainty uses a set of pseudo-experiments,
i.e. Gaussian fluctuations of the bin contents of the background histogram within their statistical
uncertainties. A total of N, = 10,000 pseudo-experiments were considered. The unfolding
procedure was repeated for each pseudo-experiment, yielding a set of unfolded histograms with
bin contents U; ;. The uncertainty on the unfolded histogram due to the background statistics,

oU is then defined as the standard deviation of the bin contents,

’bkg.stat. ’

N, 1/2
1
5Uk|bkg‘stat. = (N Z (Uz,k - F [Uz,k])2> (526)
PS =1

Generally, this uncertainty is at the level of a few percent for the ©1T-FR distributions,

while it is larger for the u3T-FR and pe-FR variables due to the lower statistics.
Unfolding data-driven closure

The result of the unfolding procedure using the IBU method may be biased, due to the choice of
Nier, bin edges, initial prior etc. Any bias, if present, is treated as a systematic uncertainty on

the unfolded distributions. The bias on the unfolded distributions due to the unfolding proce-
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dure is estimated using a stress test called the data-driven closure test. In the test, a reweighted
version of the reconstructed and truth signal Monte Carlo histograms are constructed, which
essentially makes the signal truth distribution resemble the data. The reweighted reconstructed
distribution is unfolded using the original (i.e. un-reweighted) prior and response matrix, and
compared to the reweighted truth distribution.

In the reweighting procedure, the truth signal histogram is multiplied by the factor m; =
D"%ﬁ“ for each bin k. Then, the reconstructed signal histogram and response matrix are
reweighted in a self-consistent manner, such that the acceptance and efficiency before and
after reweighting are identical. In order to study the impact of the reweighting on the estimated
unfolding bias, multiple versions of the reweighting factors are created by smoothing the my
using the TH1 : : Smooth () function in ROOT? using 1, 2 and 3 iterations. Additionally, three
more reweighting factors are created by performing Gaussian fluctuations of the m;, within their
statistical uncertainties before smoothing. The six smoothing strategies are called Smooth?Z
and SmoothZRandom respectively, where Z = 1,2, 3.

The uncertainty on the unfolded histogram due to the data-driven closure, 0Uy | is given

by the average bias over all smoothing strategies, i.e.

1
5Uk|DDC _ 8 Z <Nir7\;€vt,rec,unf . N;v]zt,tr) ’ (527)

Z.esmoothing
strategies

where for each strategy 1, N;Zt’“ is the k" bin content of the reweighted truth histogram, and

NIYereemnt i the k' bin content of the unfolded reweighted reconstructed histogram.

The results of the data-driven closure test for the p4 variable in the p1T-FR region are
shown in Fig. 5.17 as an example. The reweighting factors for all smoothing strategies, shown
in Fig. 5.17a, are within +20% of unity, indicating good Monte Carlo modeling. The data-
driven closure systematic, defined in Eq. 5.27, is shown in Fig. 5.17b, along with the unfolding
bias for each smoothing strategy. Due to the good unfolding closure, the data-driven closure
systematic is found to be < 0.1% for p4 in pl1T-FR region. The results of the closure test
for all other kinematic observables are shown in App. A.5. Across all unfolded variables, the
data-driven closure systematic uncertainty is found to be < 1% per bin, indicating that there is

minimal bias in the unfolding procedure implemented in this analysis.

5.8.5 Impact of systematic uncertainties

The impact of the systematic uncertainties on the measured particle-level cross-sections is de-
termined by re-running the unfolding procedure with the systematically varied set of inputs
wherever appropriate. The uncertainty per bin due to a single systematic source is defined as

the difference in the bin content between the nominal and varied unfolded distributions.

9The TH1: :Smooth () function uses a non-linear, robust smoother with running medians of adjacent bin
contents in the 3-5-3 sequence. See Sec. 4.2 of Ref. [238].
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Figure 5.17: Results of the data-driven closure test for the p/. variable in the p1T-FR region:
(a) reweighting factors per bin for all smoothing strategies, (b) unfolding bias (in percent) for
all smoothing strategies, and the average bias per bin.

The uncertainties on the unfolded cross-sections due to individual sources are symmetrized

using two procedures:

* Symm: refers to simple symmetrization of up and down systematic uncertainties. Here,
the average of the (absolute) up and down uncertainties (before symmetrization) is taken
as both the up and down uncertainty. This strategy is adopted for systematic uncertainties

that have up and down varied versions in their definitions at reconstruction-level.

* Envl: refers to the envelope. Here, the maximum of the (absolute) up or down uncertain-
ties (before symmetrization) is taken as both the up and down uncertainty. This strategy is
adopted for systematic uncertainties that are defined as one-sided at reconstruction-level,

i.e. not as a up- and down-varied pair.

The systematic uncertainties are grouped into the following categories: Track (for tracking
uncertainties), EGamma (for topocluster, electron and photon uncertainties), Muon uncertain-
ties, Trigger uncertainties, Modeling uncertainties, and Other uncertainties (for those that do
not fall into the previous groups). The combined uncertainty due to a group of sources is
computed as the sum-in-quadrature of the uncertainties due to the individual sources. A com-
plete list of the systematic uncertainties considered in the analysis, including the grouping and
symmetrization strategies considered, is shown in Tab. 5.7.

The per-bin impact of the grouped systematic uncertainties for all measured kinematic ob-
servables of interest is shown in Figs. 5.18 to 5.20. In general, each group results in an uncer-
tainty on the level of 5-10%.
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Group Systematic uncertainty Strategy Explanation
TRK_EFF_OverallIDmat Envl Overall ID material
TRK_EFF_IBLmat Envl IBL material

Track TRK_EFF_PPOmat Envl Patch Panel 0 material
TRK_EFF_QGSP_BIC Envl Alternate physics list
EG_RES Symm  Resolution
EG_SCALE Symm  Scale
EL_EFFO_STAT Symm Electron reco+id efficiency, stat

EGamma EL_EFFO0_SYS Symm  Electron reco+id efficiency, syst
PH_EFF Envl Photon efficiency
TC_EFF Envl Topocluster efficiency
TC_CALIB Envl Topocluster calibration
muon_1ID Symm  ID track resolution
muon_MS Symm  MS track resolution
muon_SCALE Symm  Momentum scale

Muon muon_SAGITTA_RESBIAS Symm  Momentum scale charge dependence
muon_SAGITTA_RHO Symm  Momentum scale charge dependence
MUON_EFFO_STAT Symm  Muon reco+id efficiency, stat
MUON_EFF0_SYS Symm  Muon reco+id efficiency, syst
L1MU4_STAT Symm LI trigger, stat

Trigger L1MU4_SYS Symm Ll trigfger, syst
HLTMU4_STAT Symm  HLT trigger, stat
HLTMU4_SYS Symm  HLT trigger, syst
photon_flux_syst_WS Symm Photon flux, Woods-Saxon params
photon_flux_syst_SurvFactor Envl Photon flux, survival factor
OnOn_flux Envl OnOn weights, alt fit

Modeling OnOn_bins_flux Envl OnOn weights, alt binning
OnOn_flux_stat Symm OnOn weights, stat
OnOn_flux_zdc_syst Symm  OnOn weights, ZDC efficiency
TAUOLA Envl Tau decay
LUMI Symm  Luminosity
photonuclear_stat Symm  Photonuclear bkg, stat
photonuclear_syst Envl Photonuclear bkg, syst

Other )

DDC Envl Data-driven closure
BkgStat Symm  Background statistics
MCStatErr Symm  Monte Carlo statistics

Table 5.7: List of systematic uncertainties considered in the analysis, grouped according to common ori-
gins. The symmetrization strategies are also listed for each source.

152



5.8. Systematic uncertainties

= 18— 71— 1 ] T T = 18— T
S TE ] S TE ]
= - 1 = . 1
> 16 PP VS = 5:02 TeV, 1.93 nb - EGamma - Modeling | > 161 PP*PP: (B =5.02TeV, 193 nb - EGamma - Modeling
_% [ M1T-FR selection | _% [ u1T-FR selection ]
r -+ Muon == Other B r ** Muon == Other B
§ 14 3 5 14 3
8 r Track -~ Trigger | 8 r Track -~ Trigger i
S = 4 S e -
2 12: | 2 12: |
£ 10f 3 £ 0= E
2 r ] e r ]
2 8k = 2 8f B
n Fes B o E ]
6 = E
4 4
2 2F ]
04 OO’HH\Hww\wHw\HH\HH\HH\HH\HH’
K
p" [GeV] P [GeV]
= 18 e e T = 18— T T T T = BT T
IS F T T T T T T T T a IS E T T T T ] IS E T T T T T ]
- C - 1 | = C - 1 ] = C - 1 |
> 16F Pb+Pb, |5, = 5.02 TeV, 1.93 nb -+ EGamma " Modeling —J > 16F Pb+Pb, {5 = 5.02 TeV, 1.93 nb - EGamma " Modeling —] > 16 Pb+Pb, S, = 5.02 TeV, 1.93 nb -+ EGamma  Modeling —]
c [ WIT-FR selection B c [ WiT-FR selection 1 c [ WIT-FR selection 1
8 14F -+ Muon --Other 8 140 -+ Muon --Other 4 g 1aF- ** Muon --Other 4
@ E m ) E B o} £ |
o I Track -~ Trigger < o I Track -~ Trigger — o = Track -~ Trigger —
c E 7 c ] c £ ]
s R 4 S wb E
% C | % | ‘% C |
£ 10~ = £ = £ 10 B
& 8F 4 & 4 2 4
n C | 2] ] [2) E
61 E = 6
4 = 4
2r 2 -
G bv b b b b b b 1w 49 Cov v b b v b v v b v B 09
0 0
1 2 3 4 5 6 7 8 9 10 -3 -2 -1 0 1 2 3
P (utrk) [GeV] M (K trk) [GeV] N, trk)
(c) (d) (e)
S e L A s s s s | < R e e L L e s o sy
S £ ] S £ ]
= L - 1 7 = L - 1 ]
> 16 PP*PD. (5 =502TeV, 193 b - EGamma - Modeling ] > 160 PP*Pb. 5 =502TeV, 193 b - EGamma - Modeling ]
£ [ MLT-FR selection ] £ [ MIT-FR selection i
8 F ** Muon -+= Other 7 g F ** Muon -+=Other q
o 14— - o 14 ) —
g r Track - = Trigger Il g r Track - -~ Trigger 1
S E 3 = E i
2 12: | L2 12: 4
g 100 4 £ or 4
2 £ B o E |
2 8 - &2 8 -
n C | n [ |

3 S R R A I B
-2 -1 0 1 2 3 00 0.05 0.1 0.15 0.2 0.25 0.3

An(,trk) Aw(u,lrk)

® (®

2
Cov v v b v b v b b e b0
%

Figure 5.18: Grouped systematic uncertainty per bin for all kinematic observables in the ;1 T-FR region:
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5.9 Measured differential fiducial cross-sections

The result of the unfolding procedure for a kinematic observable z, is the number of fiducial
events /V; for each fiducial bin i. Suppose Az; is the corresponding bin width. The differential

cross-section is then obtained using

do . Ni
dAIZ N 'CintAxi’

(5.28)

where Li,; = 1.93 nb~! is the central value of the luminosity of the 2015+2018 dataset.

The measured differential fiducial cross-sections for all kinematic observables of interest
are presented in Figs. 5.21 to 5.23. The statistical uncertainties on the data points correspond
to the square root of the diagonal entries of the statistical covariance matrices (see Sec. 5.7.7).
The total uncertainty per bin is given by the sum-in-quadrature of the statistical and total sys-
tematic uncertainties. The precision of the measured cross-sections is between 10% and 50%
depending on the observable and region, which is overwhelmingly dominated by the statistical

uncertainties. The measured cross-sections are compared to the following predictions:

* SL/SC+Py8+T, shown with blue up-facing triangle markers: Nominal vy — 717~
signal sample, where STAR11ight was used for the hard scattering (denoted by “SL”),
Pythia8 for photon radiation by the taus before decay (denoted by “Py8”), and Tauola
was used for the tau decays (denoted by “T”). The “/SC” indicates that the w.,_q.x Was
included in the Monte Carlo weights, to convert the STAR1ight photon flux into the

SuperChic (i.e. “SC”) version.

» SL/SC+Py8, shown with red down-facing triangle markers: Alternate vy — 717~ signal
sample, where Pythia8 is used for the tau decays as well as the pre-decay photon

radiation.

* SL/SC+Py8+T+S-corr, shown with green cross markers: Same as the SL/SC+Py8+T
prediction, but with the bin-by-bin corrections for spin correlation effects included, as
denoted by “S-corr”. This prediction is only shown for the ;1 1T-FR region, as the spin

correlation correction is neglected for the ©3T-FR and pe-FR regions (see Sec. 5.3.4).

e SL+Py8+T, shown with violet plus markers: Same as the SL/SC+Py8+T prediction,
but the w,_g.x reweighting is omitted, i.e. the photon flux corresponds to the native
STAR1ight version.

Overall, reasonable agreement is observed between the data and predictions. The agreement
is better for the SL/SC+Py8+T prediction than for the SL+Py8+T prediction, indicating that the
data favors the SuperChic photon flux over the STAR1ight photon flux. This observation
is in line with the trends observed in vy — e*e™ and vy — ptu~ scattering [208, 209]. There
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5.9. Measured differential fiducial cross-sections

p1T-SR p3T-SR  pe-SR Global

SL/SC+Py8+T 1.35 1.10  1.95 1.40
SL/SC+Py8 1.10 1.18 1.73 1.27
SL/SC+Py8+T+S-corr 1.10 1.10 195 1.30
SL+Py8+T 1.53 0.97  2.26 1.51

Table 5.8: Average x? per bin, obtained when comparing the measured differential cross-
sections to various theoretical predictions. The comparisons are done for the measured bins in
all three fiducial regions, as well as for a Global combination of all measured bins.

are small visible differences between the SL/SC+Py8+T and SL/SC+Py8 predictions. The
inclusion of the spin correlation corrections in the SL/SC+Py8+T+S-corr prediction slightly
improves the data-theory agreement in the pr (p, trk) observable, but it does not fully resolve
the observed differences.

The level of agreement between the data and predictions is quantified by the average x? per

unfolded bin, %2, which is defined as
N)ins
= ‘

Nbins i

Jj=1

(D; = T3) (V) (D; = T). (5.29)

Here, D and T are the data and prediction respectively, ¢ and j run over all Ny, bins, and V'
is the covariance matrix of the measured cross-sections. The diagonal entries of V' correspond
to the total uncertainty per bin (i.e. statistical and systematic uncertainties combined), while
the off-diagonal entries correspond to the statistical covariance alone.

The results of the y2-based comparisons are shown in Tab. 5.8 for all available truth pre-
dictions, when comparing to the measured cross-sections in the three fiducial regions. Addi-
tionally, a global comparison obtained by the sum of the y?’s of the individual fiducial regions
is also shown. Generally, the Y2 values are close to one, indicating that the predictions agree
well with the data. The SL/SC+Py8 prediction has the smallest > value for all comparisons,
but the results are comparable to the SL/SC+Py8+T+S-corr prediction. Notably, the ¥? for the
SL+Py8+T prediction is larger than for the other predictions by 0.2-0.5 units depending on the
combination of bins, which further confirms the qualitative observation that the data favors the

SuperChic photon flux.
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Figure 5.21: Differential fiducial cross-sections in units of nb, for all kinematic observables of interest
in the 1 T-FR region: (a) pf. (b) pi¥, (c) pr (1, trk), (d) muny (1, trk), () (1, t2k), (£) An (u, trk),
and (g) A, (1, trk). For the data points, the solid lines and shaded region correspond to the (uncorrelated)
statistical and total uncertainties respectively. For the predictions, the error bars correspond to the statistical
uncertainties only. The lower panels show the ratios of the predictions to the data. See Sec. 5.9 for the
nomenclature for Monte Carlo predictions.
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Figure 5.22: Differential fiducial cross-sections in units of nb, for all kinematic observables of interest
in the u3T-FR region: (a) pl, (b) pi*s, (¢) pr (i, trks), (d) Mminy (1, trks), (€) 1 (u, trks), (f) An (i, trks),
and (g) Ay (1, trks). For the data points, the solid lines and shaded region correspond to the (uncorrelated)
statistical and total uncertainties respectively. For the predictions, the error bars correspond to the statistical
uncertainties only. The lower panels show the ratios of the predictions to the data. See Sec. 5.9 for the
nomenclature for Monte Carlo predictions.
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Figure 5.23: Differential fiducial cross-sections in units of nb, for all kinematic observables of interest in
the p1e-FR region: (a) pfh, (b) p, (©) pr (11, €), () mimy (11, €), (@) 1 (1 €), () Anp (11, €), and (2) Ay (11, €).
For the data points, the solid lines and shaded region correspond to the (uncorrelated) statistical and total
uncertainties respectively. For the predictions, the error bars correspond to the statistical uncertainties only.
The lower panels show the ratios of the predictions to the data. See Sec. 5.9 for the nomenclature for Monte
Carlo predictions.
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5.10. Constraints on tau lepton electromagnetic dipole moments

5.10 Constraints on tau lepton electromagnetic dipole moments

5.10.1 Modeling of non-zero dipole moments

The effect of the tau lepton EMDMs on the vy — 777~ cross-section is captured in the y7 7~
vertex function defined in Eq. 2.41. Since the initial state photons in UPCs have virtualities
of O (1073) GeV?, it is reasonable to assume that the photons are on-shell. Thus, the ¢*’s in

Eq. 2.41 are set to zero, which results in the simplified vertex function,

1’0"y
2m

io""q,

F) + ). (5.30)

TH - "
il™ (p1, p2) ie |7+ =

Here, F; (0) = 1 is used, while F5 (0) = F} and F3 (0) = FY are introduced for brevity.

As described in Sec. 2.2, the anomalous magnetic dipole moment of the tau lepton is given by

a, = FJ, and the electric dipole moment of the tau lepton is given by d, = G FY.

Since the tau lepton EMDMs appear at the level of the hard scattering, their impact is
determined by computing the variation in the squared matrix element of vy — 7F7~ scattering
due to non-zero values of the EMDMs. The vy — 777~ matrix element (see Eq. 2.78), with
the simplified 77~ vertex function, was calculated using FeynCalc [239], which uses the
standard spin-polarization sums. The calculation was done in the center of mass frame of the
two tau leptons. The center of mass energy is 2£, and the photons are assumed to be on-shell.
The calculation was done with the following kinematics: p4 = (E, Ez), pi, = (E,-Ez),
. = (E,p),and p!_ = (E,—p). Here, p = (0, Esin 6, BE cos f) is the three-momentum
of the tau leptons with 8 = /1 — ”g—jr being the boost, and # being the polar angle.

Since the EMDMs appear in the 777~ vertex function as multiplicative constants, the

squared matrix element can be factorized in F20 and F?? ,1.e.
4 . .
M (3,0, F9, F9) [P = > (F9)' (F) Cy, (5.31)
i,j=0
where non-zero Cj; are
14 24%sin*6 — * (sin* 6 + 1)
(1 — [2cos?h)

00 —

Y

4

Cro = 1 — B2cos?0’

5 — 3832 — 2/3% cos 20
Coo = 2 2 2\

(1—5%) (1 — % cos6?)

2(1 — % cos20)

Cao = 2 2 032 0)’

(1—=752)(1 = 5%cos?0)

1—23%cos20 — B3*(2 — 2cos® 0 — cos* 9)
040: )

4(1—B2)%(1 — B2cos?h)
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3 — 3% —23%cos 20

Co = A=) (1= Peof)

Cia = Oy,

Cao = 2CYy,

Cos = Cyp. (5.32)

The first term Cyy corresponds to the Standard Model squared matrix element. There are
no Cj; with j = 1,3 due to the CP even-ness of |M|”. Thus, the squared matrix element is

sensitive only to the absolute value of FYY, and not its sign.

In this analysis, non-zero tau lepton EMDMs are included in the Monte Carlo predictions
using an event-by-event reweighting procedure [240], that is applied to the existing Standard
Model vy — 777~ Monte Carlo samples. For a given value of Fy and FY, the weight

_ M50 B )

w(B,0,F3, FY) = MB.0.0.0)] (5.33)

is included in the theoretical modeling. In the denominator, the tree-level Standard Model
values (i.e. zero) are used for FQ 5. The kinematic variables 5 and 6 are computed at truth-level

from the 2 — 2 scattering process (i.e. before tau lepton decay) in the center of mass frame.

As an example, the impact of non-zero Fy and FY on the predicted truth-level pf. cross-
section in the p1T-FR region is shown in Fig. 5.24. The same comparisons for all kinematic
observables of interest are shown in App. A.6. Generally, the effect of non-zero EMDMs is to
increase the overall cross-section. Certain observables like p. and the system pr and invariant
mass variables show enhanced sensitivity to the EMDMs, particularly towards higher values.
This is due to the fact that those phase space regions correspond to vy — 717~ events with

high my,,, (7, 7), where the sensitivity to the tau lepton EMDM s is expected to be higher.

The matrix elements presented above were computed with the standard spin-polarization
sums, and are therefore un-polarized. The impact of spin correlations on the Standard Model
cross-sections has already been investigated in Sec. 5.3.4, but it is important to investigate
the interplay between spin correlations and the modeling of non-zero EMDMs. In two recent
TauSpinner papers, the 7y — 777~ matrix element was computed with full spin correlation
and non-zero EMDM effects: in Ref. [90] the linear dependence of |/\/l|2 on FY and FY was
presented, while in Ref. [91], the full quartic dependence was shown. It is worth noting that

Eq. 5.32 appears in the results of Ref. [91], thereby validating the calculations shown here.

At the time of writing this thesis, only the calculations in Ref. [90] were publicly available,
so they were used in a spin correlation sensitivity study similar to Sec. 5.3.4. By investigating

the double ratio of cross-sections,
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Figure 5.24: Sensitivity of the p. observable in the 1 1T-FR region to (a) Fy and (b) F¥. The
SM prediction corresponding to the SL/SC+Py8+T sample is shown with brown markers, with
the total uncertainty of the measured cross-sections in the shaded bands. Predictions are shown
for FY = 40.02,£0.05 and FY = 40.01, +0.03, +0.05, along with the corresponding ratios
to the SM predictions in the lower panels. The predictions are shown together with the data
errors, as the analysis is blinded.

dgpol(Fg F ;to) PREE (FQO,ngéO)
dx dx
do_pol(Fg,ngo) do_unpol(Fg,Fg=O> ’
dx dx

it is possible to isolate the effect of the interplay between spin correlations and the tau lepton

(5.34)

EMDMs, on the fiducial cross-sections of interest. The quantities appearing in this equation
are the same as in Eq. 5.9, but with the dependence of the spin weights on F¥ and FY included.
It was found that this double ratio is consistent with unity for all kinematic observables of
interest. This does not imply that there is no interplay between spin correlations and the tau
lepton EMDMs. It is entirely possible that other observables not investigated in this analysis
(e.g. C’P-odd observables), will be sensitive to this interplay. Based on the results of this study,
it was concluded that the un-polarized matrix element calculations of Eq. 5.32 are sufficient for
the modeling of the tau lepton EMDMs.

5.10.2 Statistical framework

Likelihood model

The goal of a statistical analysis is to quantify the compatibility between the prediction of a the-
oretical model and measured experimental data. This is achieved using a likelihood function,

which gives the probability to measure the data, given a certain model. Typically, statistical
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analyses using LHC collision data employ likelihood functions which are constructed using
Poisson distributions, since the data entering the analyses (counts of reconstruction-level ob-
servables) are Poisson-distributed [241]. Such Poisson-based likelihood functions implicitly
assume that the data are statistically uncorrelated. In the case of the analysis presented in this
thesis, the data are the unfolded cross-sections measurements per fiducial bin, which have sig-
nificant statistical correlations, so a Poisson-based likelihood is not the optimal approach!®. The
likelihood function used in this analysis is inspired by those defined in the extraction of parton
distribution functions (PDFs) by ATLAS and by the H1 experiment [243], due to the fact that
those extractions [244, 245], and others like it, often use data that are statistically correlated
with each other.

The construction of the likelihood function proceeds as follows. Consider a cross-section
measurement performed over Ny, bins, where n = {ny,ny,...,ny,, } are the measured
values per bin, with V' be the statistical covariance between them. Suppose the analysis
includes Ny systematic uncertainties (modeling uncertainties, detector performance uncer-
tainties etc.), such that 7;; is the change of the cross-section in the " bin due to the j™
systematic uncertainty, with j = 1,2,..., Nyq. Let T; (u) be the cross-section predicted
by a given model, which depends on a set of physical parameters of interest (POls) p =
{11, p2, - .., inpo; - The predictions are assumed to be affected by modeling uncertainties,
whose impacts are quantified by 7;,,,, i.e. the change of the predicted cross-section in the *®
bin due to the m™ modeling uncertainty.

With these definitions, the likelihood function is given by

Nyins Niyst 2
1 _ Y
L (p,b) =exp —3 Z A; (V 1)ik Ay H e 2, (5.35)
ik=1 j=1
where b = {b1, s, ..., bn,,,, } are a set of nuisance parameters (NPs), which include the effect

b2
of systematic uncertainties in the likelihood. The product over e~ % constrains the nuisance

parameters to small values. The terms A; are the difference between the measurement and the

model prediction,

Nsyst Nsyst
Av=ni | 1=yl | =Ti(w) (1= D Fimbn | - (5.36)
j=1 m=1

Here, the terms in the brackets quantify the impact of the systematic uncertainties. The
same set of nuisance parameters appears in both brackets. The non-zero terms in Zzif imbm
are related to the modeling uncertainties only, since 7;,, = 0 otherwise.

To first order in b, the likelihood function given by Eq. 5.35 allows the systematic uncer-

10Technically, it is possible to constructed a correlated multi-dimensional Poisson-based likelihood (see Sec. 2.1
of Ref. [242]). However, such a likelihood function can only include one “global” correlation parameter, which is
not applicable in this analysis, since every measured bin is uniquely correlated with every other bin.
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5.10. Constraints on tau lepton electromagnetic dipole moments

tainties to be correlated between bins. Uncorrelated systematic uncertainties are summed-in-
quadrature into the diagonal entries of the covariance matrix V. In this analysis, the background
and response matrix statistical uncertainties are treated as uncorrelated. Additionally, the sta-

tistical uncertainty of the predictions 7; (p) are also treated as uncorrelated.

Best-fit values and constraints

The likelihood function can be maximized with respect to the free parameters p and b in a
statistical fit to the measurements n2. This, by definition, maximizes the compatibility of the
data and theoretical predictions. The values of p and b at which this occurs are denoted by [
and b, and are called the best-fit values. In practice, the best-fit values of the free parameters

are obtained by minimizing the (twice) negative log likelihood (NLL) function, i.e.

{fr,b} = argmin [-2NLL (p, b)] = argmin [-21n £ (p, b)] . (5.37)
H,b P’?b

Here, the factor of 2 ensures that —2NLL (g, b) for the likelihood function given by Eq. 5.35
takes the form of a x? function between the data and prediction, i.e.

X* (u,b) = —2In L (p, b). (5.38)

In this analysis, the y? minimization is performed using a framework based on the Minuit 2
library [246]. It makes use of the Migrad algorithm, which is based on the BFGS algo-
rithm [247]. The approach follows Newton’s method of minimization, where the inverse Hes-

sian matrix is approximated at each iteration, rather than being computed exactly.

The likelihood function can also be used to set constraints or limits on the POIs. This can

be achieved using the test statistic ¢ (i), also referred to as the profile likelihood ratio [241],

(5.39)

where b are the nuisance parameter values that maximize the likelihood at the given p. Using

the x? notation, the test statistic can also be written as

~
~

E() = A (1) = X2 (1.5) = X2 (1.B) . (5.40)

Confidence intervals on the parameters of interest are extracted when Ax? (u) crosses a
given threshold. The 68% confidence level (CL) intervals are given by the p values that satisfy
Ax? (u) = 1.0, while the 95% CL intervals are defined by Ax? () = 3.92. In this analysis,
the confidence intervals are obtained by fitting the Ax? () curves with 12" order polynomials,

and extracting the values of those polynomials at 1.0 and 3.92.
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Linear template morphing

Using the reweighting procedure described in Sec. 5.10.1, a total of 76 templates were created
for non-zero values of FY and FY. For each POI, the templates were created with the other
POI fixed to its tree-level Standard Model value of zero. The scan over Fy and FY values was
performed between —0.1 and +0.1, with a step size of 0.002 in the range [—0.06, 4+-0.06], and
with a step size of 0.005 in the ranges [—0.1, —0.6] and [+0.6, +0.1]. This scan was chosen as
it provides sufficient granularity in the POIs around the expected constraints.

During the y? minimization procedure, the minimizer can request the predicted cross-
sections for arbitrary POI values. The predictions for such cases are computed using a linear
template morphing approach. Suppose the minimizer requests the predicted cross-section in a
certain bin, for a POI value of 1/, which lies between two POI values y; 5 that are in the known
POI scan. Let y; 5 be the predicted cross-sections for 1i; 5. The predicted cross-section for /',
called ¢/, is given by
(2= )

. 5.41
(12 — p11) G4l

Yy =+ (1 =)

Fit diagnostics

The first diagnostic of the robustness of the statistical analysis is the pull of the nuisance pa-

rameters b;, defined as
b; — by

Pull; = : 542
ull; N (5.42)

where b; ( is the initial value of the nuisance parameter (set to zero by default), I;Z is the best-fit

-1
d2x?(p,b)
db?

the b; direction. The pulls are typically assigned an error bar of the size of Ab;.

value, and Ab; = is uncertainty of b;, obtained from the inverse Hessian along

Ideally, the pulls should be 0 + 1, since the pre-fit errors of b; are unity in Eq. 5.35. If the
pulls are non-zero, it could imply that the associated systematic uncertainty is overestimated,
and that the data favors a non-zero value of the nuisance parameter. If Ab; < 1, the size of the
associated systematic uncertainty is constrained by the data. On the other hand, if Ab; > 1, the
associated systematic uncertainty may be underestimated.

The second diagnostic of the statistical analysis is the impact of the nuisance parameters
on f1, which is defined as the change in £ when the nuisance parameters are fixed to certain

values. For each nuisance parameter in the fit, the following impacts are considered:

Pre—-fit__ lup, where b; = +1 is set.

Pre—-fit__ 1down, where b; = —1 is set.

Post—-fit__ lup, where b; = I;l + Ab; is set.

e Post—fit__ 1down, where b; = l;l — Ab; is set.
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If the post-fit impact is smaller than the pre-fit impact, the associated systematic uncertainty
is likely constrained in the fit. Conversely, a post-fit impact that is larger than the pre-fit impact
may imply that the systematic uncertainty was underestimated. Further, the sizes of the impacts
are related to the size of the coupling between p and b in x? (u, b), which gives a measure of
the “correlation” between the nuisance parameters and the POIs. In particular, large couplings

between p and b can result in large impacts, and vice versa.
Fit strategy

The parameter of interest for the anomalous magnetic dipole moment is F%, which is numer-
ically the same as a,. Since the electric dipole moment d, carries units of electric charge
times centimeter, current limits place it numerically in the 1071® — 107!" range. In order to
avoid numerical issues in the statistical analysis, the form factor F:,? is extracted rather than d...
The fit results for the electric dipole moment are presented in terms of d,, using the relation
d; = 5.5925 x 107 FJ ¢ - cm, which is obtained after converting 5~ to cm,

In principle, it is possible to perform a simultaneous extraction of FY and FY, by allow-
ing both dipole moments to be non-zero in the likelihood. Such a two-dimensional fit without
systematic uncertainties was performed as a preliminary check of this approach. The corre-
sponding error ellipses (two-dimensional generalizations of the one-dimensional confidence
intervals) had no discernable rotation, implying that the likelihood contains minimal coupling
between the two dipole moments. This is not surprising, since the couplings induced by C'5 and
Uy in Eq. 5.32 are highly suppressed with respect to the leading modifications to the squared
matrix element, i.e. Co and Cyy. Thus, the fits to the EMDMs are performed separately for £
and FY, by setting the dipole moment that is not being fitted to zero.

The fits presented in this thesis are blinded, i.e. they are performed without directly consid-
ering the measured vy — 777~ cross-section values. Instead, n are taken to be the Standard
Model predictions, i.e. T; (a, = 0, d, = 0). The statistical covariance matrix V" and the impacts
due to systematic uncertainties 7y;; and ;,,,, are used from the measured cross-sections. By con-
struction, the best-fit values of a., d. and all nuisance parameters are zero. The constraints on
a, and d obtained in this setup are called the expected constraints, as opposed to the observed

constraints that would be obtained if » were taken to be the measured cross-sections.

5.10.3 Effect of statistical combination

The effect of the statistical combination of unfolded bins from several distributions, in the ex-
traction of constraints on the tau lepton EMDMs, is demonstrated using a fit without systematic
uncertainties. In this setup, the nuisance parameters b are set to zero in Eq. 5.35, and are not

treated as free parameters in the fit. The 68% and 95% confidence intervals are obtained for:

* Single-variable fits: the bins from a single fiducial cross-section are combined in the
likelihood. Here, only the intra-variable statistical correlations are considered, i.e. the

relevant square matrix along the main block diagonal in Fig. 5.15.
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Figure 5.25: 68% and 95% confidence intervals (Cls) obtained for (a) a, and (b) d,, in a
blinded fit without systematic uncertainties. The CIs are shown for each observable in the three
fiducial regions, for combinations of all bins in a given region (last entry on the y-axis in each
section), and for a global combination of all measured bins (final entry).

 Full-region fits: all cross-section bins in a given fiducial region (i.e. bins from seven
kinematic observables) are combined in the likelihood. In this case, the entire covariance
matrices are considered in the likelihood.

* Global fits: all cross-section bins across the three fiducial regions (i.e. bins from 21 kine-
matic observables) are combined in the likelihood. Since the fiducial regions themselves

are uncorrelated, the global x? is obtained using

~—

X (1) Grobar = X () irer + X (1) zrer + X (e Jie-FR - (5.43)

The confidence intervals (Cls) for a, and d, obtained in these fits are shown in Fig. 5.25.
Within each fiducial region, the full-region fits yield CIs that are smaller than those obtained
using any single variable alone. Further, the global fits yields CIs that are smaller than those
obtained from both single-variable and full-region fits. These results highlight the benefit of

combining all measured cross-section bins in setting constraints on the tau lepton EMDMs.
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Figure 5.26: Ax? curves obtained in the blinded full region and global fits to Fy.

Region 68% CI 95% C1

pe-FR [—0.03302, +0.01909]  [—0.04402, +-0.02916]
u3T-FR  [-0.03020, 4-0.01747]  [—0.04166, +-0.02722]
plT-FR  [-0.02376, +0.01270]  [—0.03410, 4-0.02047]
Global  [—0.02058, +0.01136] [—0.03001, 4-0.01828]

Table 5.9: Expected 68% and 95% confidence intervals (Cls) obtained for a,, in the full region
and global fits to F3.

5.10.4 Constraints on anomalous magnetic dipole moment

The Ax? vs. F20 curves, i.e. likelihood curves, obtained in the fits to the differential cross-
sections are shown in Fig. 5.26. The fits include nuisance parameters associated with all sys-
tematics given in Tab. 5.7. The likelihood curves are found to be parabolic, smooth, and mini-
mized at ) = 0 as expected for the blinded fit setup. Further, the likelihood curves are slightly
“tilted” towards negative values of F, as the total 4y — 717~ cross-section is minimized at
a small negative value (Fy ~ —0.02) in the phase space of the selected fiducial regions. The
nuisance parameter impacts and pulls are given in App. A.7. All pulls are exactly at zero, and
with errors that are very close to the pre-fit errors of +1. The pre-fit and post-fit impacts are
very similar, indicating that the fit does not strongly constrain any of the nuisance parameters.
The expected confidence intervals for a, extracted from the likelihood curves are shown
in Tab. 5.9. They are compared to previously published results, and to the Standard Model
prediction, in Fig. 5.27. The expected statistical ordering, i.e. the length of the confidence

interval being inversely related to the available statistics, is preserved even after including all
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Figure 5.27: Expected 68% and 95% confidence intervals (CIs) for a, obtained in this analysis
(blue circles), compared to observed published results (green diamonds) and expected pub-
lished results (orange squares). The Cls are compared to the Standard Model prediction, shown
with a dash-dot line. The various collision systems are labelled.

systematic uncertainties. The current best constraint on a, obtained by the CMS experiment
in proton-proton collisions [63] is approximately one order of magnitude stricter than the ex-
pected global constraint obtained in this analysis. However, the expected global constraint is
better than both the previous ATLAS result [3], and a recent CMS result [248], both of which
performed the fits using 2018 Pb+Pb data at reconstruction-level. The ATLAS result used only
the p4. distribution in the three signal regions described in Sec. 5.4.6, while the CMS result used
the p4. observable in similar signal regions, as well as the p§. observable in an electron+3 track
signal region. Further, the results of this analysis are expected to be better than the DELPHI

measurement in e"e~ collisions [60].
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Figure 5.28: Ax? curves obtained in the blinded full region and global fits to Fy.

Region 68% CI

pue-FR [—1.445 x 10715, +1.445 x 10719]
p3T-FR  [—1.393 x 10716, +1.393 x 10716]
plT-FR  [—1.126 x 10716, +1.126 x 10719]
Global  [—1.009 x 1076, +1.009 x 10716]

95% CI

[—2.030 x 1071, 42.030 x 10~19]
[—1.957 x 10716, 41.957 x 10716]
[—1.583 x 10716, 4-1.583 x 10~16]
[—1.416 x 10716, +1.416 x 10719]

Table 5.10: Expected 68% and 95% confidence intervals (CIs) obtained for d; (units of e - cm),
in the full region and global fits to F.

5.10.5 Constraints on electric dipole moment

The Ax? vs. Fz? curves, i.e. likelihood curves, obtained in the fits to the differential cross-
sections are shown in Fig. 5.28. The fits include nuisance parameters associated with all
systematics given in Tab. 5.7. The likelihood curves are found to be parabolic, smooth, and
minimized at ) = 0 as expected for the blinded fit setup. Further, the likelihood curves are
symmetric in F, since the differential cross-sections are only sensitive to the magnitude of Fy.
The nuisance parameter impacts and pulls are given in App. A.8. All pulls are exactly at zero,
and with errors that are very close to the pre-fit errors of 4+-1. The pre-fit and post-fit impacts are
very similar, indicating that the fit does not strongly constrain any of the nuisance parameters.

The impacts are observed to be one-sided, which is a consequence of the vy — 777~ cross-

section being symmetric in F¥. Due to inconsequential numerical precision issues, the impacts
also sometimes carry the “wrong” sign, e.g. the down-variations of the nuisance parameters
have negative impacts, as opposed to the expectation of positive impacts.

The expected confidence intervals for d, extracted from the likelihood curves are shown
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Figure 5.29: Expected 68% and 95% confidence intervals (CIs) for d, (units of e-cm) obtained
in this analysis (blue circles), compared to published results (green diamonds). The Cls are
compared to the Standard Model prediction, shown with a dash-dot line. The various collision
systems are labelled.

in Tab. 5.10. They are compared to previously published results, and to the Standard Model
prediction, in Fig. 5.29. Like with the confidence intervals for a,, the expected statistical or-
dering is preserved in the d, confidence intervals as well. The current best constraints on d. by
the CMS experiment in proton-proton collisions [63] is approximately one order of magnitude
stricter than the expected global constraint obtained in this analysis. However, the results of
this analysis are expected to be better than the DELPHI result in e*e™ collisions [60].
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Chapter 6
Summary and outlook

The goal of this thesis is to study the interaction between the photon and the tau lepton. This
is achieved by investigating the vy — 777 scattering process in ultra-peripheral Pb+Pb colli-
sions recorded by the ATLAS detector in Run 2 of the Large Hadron Collider.

The differential cross-section of vy — 717~ scattering in Pb+Pb UPCs was measured
in three fiducial regions, defined based on the presence of one muon and either one track,
three tracks, or one electron, in the final state of the 77 decays. Within each fiducial region,
seven kinematic observables of the tau decay products, chosen so as to access the 77 kinematics
through various angles, were considered for the measurement. The iterative Bayesian unfolding
method was used to correct the data for detector effects like smearing and migration. The
effects of systematic uncertainties on the results of the unfolding were included. The statistical
correlations between the cross-section bins were evaluated using a bootstrap procedure.

Overall, good agreement was found between the measured cross-sections, and the predic-
tions of four different theoretical models. The data is seen to favor the photon flux (or two-
photon luminosity) predicted by the SuperChic generator over that of the STAR1ight gen-
erator. In the ;1 1T-FR region, the inclusion of spin correlation effects in the tau pair production
and decay improves the data-prediction agreement. The measurements are statistically limited,
with uncertainties of around 10-50%, depending on the fiducial region and bin.

The measured differential fiducial cross-sections were used to set constraints on the elec-
tromagnetic dipole moments of the tau lepton. A statistical analysis framework based on a
Gaussian likelihood model was developed for this purpose. The analysis was blinded, i.e. it
replaced the data with the predicted cross-sections, and used the measured statistical and sys-
tematic uncertainties of the data.

Through a global combination of the cross-sections, the expected confidence intervals (Cls)

obtained for a, are

68% CI : a, € [—0.02058, +0.01136]
95% CI : a, € [—0.03001, +0.01828] , (6.1)

173



Chapter 6. Summary and outlook

and the expected confidence intervals obtained for d, are

68% CI : d, € [~1.009 x 107'°,+1.009 x 107'%] e - cm
95%CI: d, € [-1.416 x 107'%, +1.416 x 107 ] e - cm. (6.2)

The a, and d, constraints obtained in this thesis are expected to be the best results using
Vs =3.02 TeV Pb+Pb collisions at the LHC. The expected a, results are an improvement
over the previous ATLAS extraction of a, using 2018 Pb+Pb collision data, as well as the legacy
results obtained by the DELPHI experiment using vy — 777~ scattering in e"e~ collisions.
Moreover, the expected d. constraints are the first ever obtained by the ATLAS experiment
using Pb+Pb collisions.

The results of this thesis are one order of magnitude away from the constraints obtained
by the CMS experiment using vy — 777~ scattering in proton-proton collisions, which are
currently the best available measurements of the tau lepton EMDMs. That being said, the
~vv — 777~ phase space regions covered by the two collision systems are complementary, i.e.
the Pb+Pb measurement lies in the my,, (7, 7) < 50 GeV region, while the proton-proton mea-
surement lies in the my,, (7, 7) 2 100 GeV. Thus, the two measurements could be combined
in a future cross-experiment and cross-collision system combination, to obtain even tighter
constraints on the tau lepton EMDMs, than those obtained from a single analysis alone.

Given that the results of this thesis are statistically limited, the measurements will ben-
efit from recording more Pb+Pb collision data. Since 2023, the LHC has delivered Pb+Pb
collisions at /sy = 5.36 TeV, as part of the LHC Run 3 (2022-2026). About 1.7 nb~! of
integrated luminosity was delivered to, and recorded by, ATLAS in both 2023 and 2024. It is
expected that the total Run 3 Pb+Pb dataset would correspond to about 6-7 nb~* of integrated
luminosity. Adding the vy — 777 scattering events from the Run 3 dataset to the fiducial
regions defined in this thesis, would effectively quadruple the available statistics, and would
significantly improve the constraints on the tau lepton EMDMs.

During Run 3 Pb+Pb data-taking, a new track-based trigger using signals in the Transition
Radiation Tracker was introduced, which has already been used to observe and measure coher-
ent exclusive J /1 production in UPCs [249]. This trigger could be used to select vy — 777~
events where the tau leptons decay to electrons and muons with 1 < pp < 4 GeV, 1.e. lower
than the minimum pr thresholds used in this thesis. In this pr range, the leptons are recon-
structed and identified only as Inner Detector tracks, rather than full electron and muon objects.

The TRT trigger could also be used to define new vy — 777~ signal regions with hadronic
decays of both taus. Measuring the differential fiducial vy — 77~ cross-sections in these
fully-hadronic final states is interesting in its own right, as there could be enhanced spin corre-
lation effects. The vy — 777 events that could be selected by the TRT trigger might provide
more statistics for the extraction of the tau lepton EMDMs.

This thesis also presented a preliminary calibration of the luminosity of the 2023 Pb+Pb
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dataset recorded by the ATLAS experiment. The calibration was performed for the LUCID
BiEvtOR luminosity algorithm through an analysis of van der Meer scans, using a factorized
one-dimensional approach. The effects of several systematic uncertainties were considered,
related to the bunch charge measurement, the performance of the LHC instrumentation used
in the calibration, and related to the calibration strategy itself. The visible cross-section of the
LUCID BiEvtOR algorithm was determined to be

0vis (LUCID BiEVIOR) = 22.50 + 0.61b (2.71%), (6.3)

where the dominant uncertainties are due to non-factorization effects, and due to the measure-
ment of the ghost and satellite charge fractions.

Although the 2023 Pb+Pb luminosity calibration is not at the same level of precision as
previous ATLAS results, future improvements to the analysis could close the gap between
them. In particular, there is scope for improving the study of non-factorization effects through
the luminous region evolution analysis. Additionally, the uncertainty on the ghost and satellite
fractions, assumed to be 1% for this preliminary result, can be expected to become available
in the future. Alternate fitting procedures, such as likelihood based techniques, may alleviate
the issues related to limited statistics that have afflicted this calibration. Optimistically, the
uncertainty of a future final luminosity calibration of the 2023 Pb+Pb dataset could be below
2%, which is comparable to the 2015 and 2018 Pb+Pb luminosity calibrations.
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Appendix A

Supplementary material for Chapter 5

A.1 Monte Carlo samples

A summary of the key parameters of the Monte Carlo samples generated for the analysis pre-

sented in Chapter 5 is given in Tab. A.1.
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Process Generator Mass slice (GeV) Ogen (nb) €It Ngen (2015)  Ngen (2018)

SL+Py8+Tauola+PHOTOS mun, (7,7) € [4,200] 244.869¢3 0.080539  921.2¢3  999.5¢3

+ —

T SL+Py8+PHOTOS Miny (7,7) € [4,200]  244.869¢3 0.079817  1.0e6 2.0e6
L SL+Py8 Mine (1, 1) € [7,20]  76.64¢3 - 1.1e6 4.1¢6

VY =t .
SL+Py8 Mine (11, 12) € [20,200]  7.12¢3 - 5.0e5 1.1e5
vy = T 4y MG5+Py8 (p + p) - 389.0e-6 - 2.0e4 2.0e4
SL+Py8 Mine (€,¢) € [4.5,7]  156.55¢3 - 1.0e6 4.0e6
vy — ete” SL+Py8 Mminy (e,€) € [7,15]  121.77e3 —~ 5.0e5 4.0e6
SL+Py8 Mine (€,€) € [15,200]  17.83¢3 - 5.0e5 1.0e6

Table A.1: Summary of Monte Carlo samples generated for 7y — ¢*{~ scattering, where ¢ = e, 1 7. Here, 0, is the generated cross-section,
€fiter 15 the efficiency of the charged particle filter, and Ny, is the number of generated events, shown for both the 2015 and 2018 samples. my,
refers to the dilepton invariant mass. The nomenclature for generators is: SL for STAR1ight v2.0, Py8 for Pythia8 v8.245, Tauola for
Tauola++ v1.1.6, PHOTOS for Photos++ v3.61, and MG5 for MadGraph5_aMC@NLO v2.9.2. The (p + p) for the vy — p™p~ +  sample
denotes that the photon flux associated with the proton was used, instead of the Pb ion as for the other samples.



A.2. Unfolding inputs

A.2 Unfolding inputs

The reconstructed and truth vy — 717~ signal histograms are shown for all kinematic ob-
servables (except for pf) in Figs. A.1 to A.3. The corresponding response matrices are shown
in Figs. A.4 to A.6. The acceptance and efficiency factors for all kinematic observables of
interest are shown in Figs. A.7 to A.9.
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Figure A.1: Reconstructed and truth vy — 7+7~ distributions for the following kinematic
observables in the 1 T-FR region: (a) pi¥, (b) pr (, trk), (¢) miny (1, trk), (d) 7 (i, trk), (e)

An (p, trk), and (f) Ay (p, trk).
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Figure A.2: Reconstructed and truth vy — 777~ distributions for the following kinematic
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Figure A.8: Acceptance and efficiency factors, for all kinematic observables in the 43T-FR region: (a) pfp,
(b) P, (¢) pr (11, trks), (d) miny (1, trks), () n (u, trks), () An (i, trks), and (g) Ay (p, trks).
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Figure A.9: Acceptance and efficiency factors, for all kinematic observables in the pe-FR region: (a) pfp,
(b) P, (©) pr (11, €), (d) Miuny (11, €), () 1 (1, €), (0 An (11, €), and (g) Ag (1, €).
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A.3 Monte Carlo closure test

The results of the Monte Carlo closure test are shown in Figs. A.10 to A.12 for all kinematic
observables (except for p4) in the three fiducial regions. The results for the p4 observable
are shown in Fig. 5.14. For each of the unfolding methods, the unfolded reconstructed signal
distribution is identical to the truth signal distribution, as indicated by the ratios in the lower

panels of the figures being at unity. This implies that the procedure has been set up correctly.
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Figure A.10: Results of the Monte Carlo closure test for the following kinematic observables
in the 1 T-FR region: (a) pt, (b) pr (i, trk), (¢) miny (, trk), (d) n (i, trk), () An (u, trk),
and (f) Ay (p, trk). Several unfolding methods are shown. For the Iterative Bayesian Unfold-
ing (IBU) method, only one iteration is used. For the Singular Value Decomposition (SVD)
method, the second singular value is used for 7. Ratios of the unfolded distributions to the
signal truth are shown in the lower panels. The shaded band shows the statistical uncertainty of
the vy — 777~ truth sample.
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Figure A.11: Results of the Monte Carlo closure test for the following kinematic observ-
ables in the u3T-FR region: u3T-SR region: (a) pi*s, (b) pr (u, trks), (¢) Miny (1, trks), (d)
n (u, trks), () An (u,trks), and (f) As (i, trks). Several unfolding methods are shown. For
the Iterative Bayesian Unfolding (IBU) method, only one iteration is used. For the Singular
Value Decomposition (SVD) method, the second singular value is used for 7. Ratios of the un-
folded distributions to the signal truth are shown in the lower panels. The shaded band shows
the statistical uncertainty of the vy — 777~ truth sample.
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Figure A.12: Results of the Monte Carlo closure test for the following kinematic observables in
the pe-FR region: pe-SR region: (a) pS., (b) pr (i, €), (€) miny (11, €), (d) 1 (1, €), (€) An (i, e),
and (f) Ag (i, e). Several unfolding methods are shown. For the Iterative Bayesian Unfold-
ing (IBU) method, only one iteration is used. For the Singular Value Decomposition (SVD)
method, the second singular value is used for 7. Ratios of the unfolded distributions to the
signal truth are shown in the lower panels. The shaded band shows the statistical uncertainty of

the vy — 777~

truth sample.
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A.4 Number of iterations for unfolding

The results of the test performed to determine the optimal number of iterations for the unfolding
of all kinematic observables of interest are shown in Figs. A.13 to A.15. The test is described
in Sec. 5.7.6. For ease of presentation, the two types of x?’s are normalized to their values for
Niter = 1. The optimal number of iterations for each kinematic observables is marked with an

arrow.
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Figure A.13: Results of the test performed to determine the optimal number of iterations required for
the IBU method, for all kinematic observables in the y1T-FR region: (a) pk., (b) ptX, (¢) pr (u, trk), (d)
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Figure A.14: Results of the test performed to determine the optimal number of iterations required for the
IBU method, for all kinematic observables in the u3T-FR region: (a) pk, (b) p, (¢) pr (i, trks), (d)
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Figure A.15: Results of the test performed to determine the optimal number of iterations required for the
IBU method, for all kinematic observables in the pe-FR region: (a) pfy., (b) p%, (¢) pr (1, €), (d) Miny (1, €),
(e)n (u,e), () An(u,e), and (g) Ay (11, €). The two types of x*’s are shown based on the errors they use,

i.e. o™ vs, o The optimal number of iterations is marked with an arrow.
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A.5 Data-driven closure test

The bin-by-bin reweighting factors used in the data-driven closure test, are shown for all kine-
matic observables in Figs. A.16 to A.18. The bin-by-bin unfolding bias for all kinematic ob-
servables are shown in Figs. A.19 to A.21.
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Figure A.16: Reweighting factor per unfolded bin, for all kinematic observables in the 1 T-FR region: (a)

Pl (0) PEX, (©) pr (1, trk), (d) miuny (1, trk), () 1 (1, trk), () An (i, trk), and (g) Ay (1, trk). The weights
are shown for all smoothing strategies.
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Figure A.17: Reweighting factor per unfolded bin, for all kinematic observables in the u3T-FR region: (a)

Py, (b) piks, () pr (p, trks), (d) miny (1, trks), (€) n (i, trks), (f) An (u, trks), and (g) Ay (i, trks). The
weights are shown for all smoothing strategies.
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Figure A.18: Reweighting factor per unfolded bin, for all kinematic observables in the pe-FR region: (a)

P, () P, (©) pr (1, €), (d) My (11, €), (€) 1 (11, €), (£) An (1, €), and (g) Ag (11, €). The weights are shown
for all smoothing strategies.
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Figure A.19: Unfolding bias (in percent) for all kinematic observables in the ©1T-FR region: (a) p., (b)
PEK, (©) pr (, trk), (d) miny (, trk), () n (u, trk), () An (u, trk), and (g) Ay (u, trk). The bias for all
smoothing strategies is shown, along with the average over all strategies.
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Figure A.20: Unfolding bias (in percent) for all kinematic observables in the ©3T-FR region: (a) p., (b)
PE, (©) pr (1, trks), (d) miny (1, trks), (e) 1 (p, trks), (f) An (p, trks), and (g) Ag (1, trks). The bias for
all smoothing strategies is shown, along with the average over all strategies.
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Figure A.21: Unfolding bias (in percent) for all kinematic observables in the pe-FR region: (a) pfy, (b)

P (©) pr (1s €), (d) Miny (1, €), (&) n (1, €), () An(u,€), and (g) Ag (1, €). The bias for all smoothing
strategies is shown, along with the average over all strategies.
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A.6 Impact of tau lepton EMDM’s on truth-level observables

The impact of FY (i.e. the tau lepton anomalous magnetic dipole moment) on the truth-level
cross-sections for all kinematic observables of interest are shown in Figs. A.22 to A.24. The
impact of F¥ (i.e. the tau lepton electric dipole moment) are shown in Figs. A.25 to A.27. In

these figures, the predictions are shown together with the data errors, as the analysis is blinded.
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Figure A.22: Sensitivity to I for all kinematic observables in the ;1T-FR region: (a) P, (b) ptTrk, (©)
pr (1, trk), (d) miny (1, trk), () n (u, trk), () An (p, trk), and (g) As (p, trk). The SM prediction corre-
sponding to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncertainty
of the measured cross-sections in the shaded bands. Predictions are shown for Fy = +0.02, +-0.05, along
with the corresponding ratios to the SM predictions in the lower panels.
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Figure A.23: Sensitivity to F¥ for all kinematic observables in the u3T-FR region: (a) P, (b) pfrrks, (©)
pr (1, trks), (d) miny (1, trks), (e) n (p, trks), (£) An (i, trks), and (g) Ay (1, trks). The SM prediction
corresponding to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncer-
tainty of the measured cross-sections in the shaded bands. Predictions are shown for FY = +0.02, 40.05,
along with the corresponding ratios to the SM predictions in the lower panels.
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Figure A.24: Sensitivity to F3 for all kinematic observables in the pe-FR region: (a) P, (b) p5, (c)
pr (1, €), (d) Miny (1, €), (€) n (1, €), () An(u,e), and (g) Ay (1, €). The SM prediction corresponding
to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncertainty of the
measured cross-sections in the shaded bands. Predictions are shown for Fy = +0.02, £0.05, along with
the corresponding ratios to the SM predictions in the lower panels.
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Figure A.25: Sensitivity to Fg for all kinematic observables in the ©1T-FR region: (a) pf, (b) ptTrk, (©)
pr (1, trk), (d) miny (1, trk), () n (u, trk), () An (p, trk), and (g) As (p, trk). The SM prediction corre-
sponding to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncertainty
of the measured cross-sections in the shaded bands. Predictions are shown for FY = 4-0.01, £0.03, 0.05,
along with the corresponding ratios to the SM predictions in the lower panels.
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Figure A.26: Sensitivity to F:? for all kinematic observables in the ©3T-FR region: (a) pf, (b) pfrrks, (©)
pr (1, trks), (d) miny (1, trks), (e) n (i, trks), () An (i, trks), and (g) Ay (1, trks). The SM prediction cor-
responding to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncertainty
of the measured cross-sections in the shaded bands. Predictions are shown for FY = 4-0.01, £0.03, 0.05,
along with the corresponding ratios to the SM predictions in the lower panels.
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Figure A.27: Sensitivity to Fz,? for all kinematic observables in the pe-FR region: (a) pf%, (b) p%, (c)
pr (1, €), (d) Miny (1, €), (€) n (1, €), () An(u,e), and (g) Ay (1, €). The SM prediction corresponding
to the SL/SC+Py8+T sample is shown with brown markers, with the total systematic uncertainty of the
measured cross-sections in the shaded bands. Predictions are shown for FY = 40.01, 0.03, £0.05, along
with the corresponding ratios to the SM predictions in the lower panels.
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A.7 Fit diagnostics for a, extraction

The nuisance parameter impacts and pulls obtained in the fits for Fy to the yy — 77~ fiducial
differential cross-sections are shown in Figs. A.28 to A.31 for the global, ;11T-FR, 43T-FR and
pne-FR fits respectively.

The composition of the figures is as follows. For each labelled nuisance parameter, the
pre-fit and post-fit impacts are shown in open and filled bars respectively. The up- and down-
variations of the impacts are shown in orange and blue respectively. The impacts correspond to
the lower horizontal axis. The pulls of the nuisance parameters are shown with black markers
and lines, and correspond to the upper horizontal axis. The grid lines are associated with the
pulls-axis, rather than the impacts-axis. The nuisance parameters are ordered by the decreasing

length of their post-fit impacts.
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Figure A.28: Nuisance parameter impacts and pulls, in the fit for £ using global data. The
composition of the figure is explained in App. A.7.
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Figure A.29: Nuisance parameter impacts and pulls, in the fit for F?y using 41 T-FR data. The
composition of the figure is explained in App. A.7.
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Figure A.30: Nuisance parameter impacts and pulls, in the fit for F?y using u3T-FR data. The
composition of the figure is explained in App. A.7.
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Figure A.31: Nuisance parameter impacts and pulls, in the fit for £} using pe-FR data. The
composition of the figure is explained in App. A.7.
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A.8 Fit diagnostics for d. extraction

The nuisance parameter impacts and pulls obtained in the fits for F¥ to the vy — 777~ fiducial
differential cross-sections are shown in Figs. A.32 to A.35 for the global, ;1 1T-FR, 43T-FR and
pne-FR fits respectively.
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Figure A.32: Nuisance parameter impacts and pulls, in the fit for Y using global data. The
composition of the figure is explained in App. A.7.
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Figure A.33: Nuisance parameter impacts and pulls, in the fit for Fy using 41 T-FR data. The
composition of the figure is explained in App. A.7.
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A.8. Fit diagnostics for d extraction
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Figure A.34: Nuisance parameter impacts and pulls, in the fit for F using u3T-FR data. The
composition of the figure is explained in App. A.7.
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Appendix A. Supplementary material for Chapter 5
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Figure A.35: Nuisance parameter impacts and pulls, in the fit for F¥ using pe-FR data. The
composition of the figure is explained in App. A.7.
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