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Abstract The Standard Model of particle physics is one of the most successful theories,
capable of describing a wide range of observed physical processes. However, some phenom-
ena cannot be explained within the Standard Model, necessitating a theoretical extension.
The Large Hadron Collider (LHC) at CERN aids in this effort through precision tests
and searches for Beyond Standard Model particles using dedicated analyses. Several well-
motivated extensions of the Standard Model include Axion-Like Particles (ALPs), which
can couple to photons. This thesis presents two searches for ALPs.

The first search, described in the thesis, uses ATLAS Run 2 proton-proton (pp) data
to constrain the exotic decay of the Higgs boson into a Z boson and an ALP, leading to a
final state of two leptons and two photons. This measurement focuses on long-lived ALPs,
which do not decay promptly, extending the excluded photon-ALP coupling phase space
and providing limits for a range of couplings not previously covered by ATLAS.

The second search, described in the thesis, utilizes ATLAS Run 3 lead-lead (PbPDb)
data to probe the resonant production of an ALP in photon-photon scattering within the
ATLAS detector. This is the first ALP measurement in ATLAS at a collision energy of
Vs =5.36 TeV.

Kurzzusammenfassung Das Standardmodell der Teilchenphysik ist eine der erfolgre-
ichsten Theorien, die in der Lage ist, ein breites Spektrum beobachteter physikalischer
Prozesse zu beschreiben. Finige Phénomene kénnen jedoch nicht mit dem Standard-
modell erklart werden, so dass eine theoretische Erweiterung erforderlich ist. Der Large
Hadron Collider (LHC) am CERN unterstiitzt diese Bemiithungen durch Prézisionstests
und die Suche nach Teilchen jenseits des Standardmodells mit Hilfe spezieller Analy-
sen. Mehrere gut begriindete Erweiterungen des Standardmodells umfassen Axion-ahnliche
Teilchen (ALPs), die an Photonen koppeln kénnen. In dieser Arbeit werden zwei Suchlaufe
nach ALPs vorgestellt.

Die erste Suche verwendet ATLAS Run 2 Proton-Proton (pp)-Daten, um den exotis-
chen Zerfall des Higgs-Bosons in ein Z-Boson und ein ALP einzugrenzen, was zu einem
Endzustand aus zwei Leptonen und zwei Photonen fiihrt. Diese Messung konzentriert sich
auf langlebige ALPs, die nicht sofort zerfallen. Dadurch wird der Phasenraum der aus-
geschlossenen Photon-ALP-Kopplung erweitert und es werden Grenzwerte fiir eine Reihe
von Kopplungen ermittelt, die bisher von ATLAS nicht erfasst wurden.

Die zweite Suche nutzt ATLAS Run 3 Blei-Blei (PbPb) Daten, um die resonante Pro-
duktion eines ALP in der Photonen-Photonen-Streuung innerhalb des ATLAS-Detektors
zu untersuchen. Dies ist die erste ALP-Messung in ATLAS bei einer Kollisionsenergie von
/s = 5.36 TeV.
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1 Introduction

Particle physics is the study of fundamental particles and forces that constitute matter
and radiation. The current prominent model for particle physics description is called the
Standard Model, born out of a combination of special relativity and quantum mechanics. It
is widely regarded as one of the most successful theories in the history of science. However,
there are some phenomena it can not explain, highlighting the need for an extension to
its particle and interaction content. This thesis explores one such extension with the
introduction of a pseudoscalar particle called the Axion-Like-Particle (ALP).

The axion was initially proposed by Steven Weinberg to address the strong CP problem
[1]. Axion-like particles (ALPs) are a broader class of particles with similar properties,
which do not necessarily resolve the CP problem [2]. In several theoretical models, ALPs
are light, long-lived, and couple to Standard Model photons. In recent years, ALPs have
become the focus of numerous experiments and searches.

This thesis investigates ALPs using data from the A Toroidal LHC Apparatus (ATLAS)
detector at the Large Hadron Collider (LHC), located at CERN. The LHC collides proton-
proton and lead-lead beams, and the resulting interactions are detected and recorded by
ATLAS. This thesis includes two separate ALP searches based on these data.

The first search, based on proton-proton (pp) collision data, investigates exotic Higgs
boson decays into a Z boson and an ALP, which subsequently produce a final state con-
taining two leptons and two photons. In this thesis, two selection methods are described:
one based on the ATLAS paper [3] and another developed by the author. These methods
constrain the ALP parameter space for masses in the range of 2-33 GeV. The analysis
employs the displaced photon origin vertices method, targeting non-prompt ALP decays,
which significantly extends the accessible phase space.

The second search, based on lead-lead (PbPb) collision data, focuses on light-by-light
(LbyL) scattering. For specific ALP masses (6-100 GeV), a significant enhancement in the
LbyL cross section is expected. This thesis details the current progress of the LbyL Run 3
analysis, with a particular emphasis on photon identification.

The thesis begins in chapter 2 with a brief description of the Standard Model and
the phenomenology of the Higgs boson at the LHC. In chapter 3 the Beyond Standard
Model extension involving ALPs is described using an Effective field theory to derive the
phenomenological ALPs characteristics. Finally, chapter 4 is a concise introduction to
CERN and its accelerator complex, including the LHC.

The main part of the thesis is divided into three parts. Chapter 5 describes the operation
and structure of the ATLAS experiment. Following that, chapter 6 focuses on the h — Za
analysis and presents the final results. Finally, chapter 7 offers a description of the LbyL

scattering run 3 analysis with an expansion of the photon identification derivation.



2 The Standard Model

2.1 Elementary particles

The Standard Model of particle physics (SM) is the quantum field theory that describes
the interactions of the known fundamental particles. It is the most successful model of
particle physics currently known as it is able to describe phenomena with an accuracy of
10~ '2[4]. Its particle content is split into three categories, the integer spin bosons, the 1/2
spin fermions, and the scalar Higgs boson. These particles are elementary, which means
they cannot be broken down to smaller particles. The particle content is shown in Figure

1 and is described in the following subsections.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass | =2.2 MeVic? =1.28 GeVic? =173.1 GeVic? 0 =124.97 GeVic?

charge | % % % 0 0
wn o (U » (& » @ @ |- H

up charm top gluon higgs
=4.7 MeVic? =96 MeVi/c? =4.18 GeVic? 0
@ IO |'® || @

down strange bottom photon

=0.511 MeVic? =105.66 MeV/c? =1.7768 GeVic? =91.19 GeVic?
-1 -1 -1 0
» (& v (H r . @
electron muon tau Z boson
—

<l.0eVicz <0.17 MeVic? <18.2 MeVic? =80.433 GeVic?

- I - ® @

electljon muon tau_ W boson
neutrino neutrino neutrino

Figure 1: The Standard Model particles [5].

2.1.1 Fermions

Fermions are the particles that combine to form visible matter in the universe. They are
split into two categories: quarks and leptons. In addition, each fermion has a corresponding
anti-particle, with exactly the same properties but opposite charge. Fermions exist in three
generations, each generation made up of two quarks or two leptons, as shown in Figure
1. Only the fermions in the first generation are stable, with the fermions of the other
generations having shorter lifetimes and decaying into particles of the first generation.
Quarks are the particles that combine to form composite particles called hadrons, the
most stable of which are protons and neutrons, the components of atomic nuclei. They
interact with all bosons as they possess colour, weak and electric charge. They are split

into two categories regarding the electric charge: up-type quarks and down-type quarks.
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The up-type quarks have charge +2/3 and they are the up, charm and top quarks. The
down-type quarks have charge -1/3 and they are the down, strange and bottom quarks.
Leptons are the particles that do not undergo strong interactions. They are comprised
of three pairs that include a heavier charged particle called electron, muon and tau and
a much lighter neutral particle called a neutrino (ve,v,,v;). The electron, muon and
tau carry an electric charge of -1 and interact both electromagnetically and weakly. The
neutrinos have no electric charge and only interact through the weak force. The neutrinos

have extremely low mass compared to the other Standard Model particles.

2.1.2 Bosons

Bosons are the particles that mediate the interactions in the standard model. The gluon
(g) is the mediator of the strong interaction, interacting with quarks to form baryons. The
gluons carry a colour charge and can interact with each other. The photons (v) are the
mediators of the electromagnetic interaction. They interact with all particles that possess
electric charge, including the W¥ bosons. Photons do not possess an electric charge and
do not interact with each other.

The three bosons associated with the weak interaction are W=+ and Z. The W bosons
carry an electric charge of -1 or +1, while the Z boson is electrically neutral. Both the W
and Z bosons couple to all fermions. The name weak interaction can be explained by the
limited range and weakness of the interaction which is due to the fact that W and Z are
massive at 80.38 and 91.19 GeV [6].

The last boson in the standard model is the Higgs boson. It is a scalar boson with spin
0 and mass of 125.1 GeV. It was the last particle of the standard model formalism to be
discovered, in 2012 in ATLAS [7] and CMS [8].

2.1.3 Symmetries

It is evident that the Standard Model encompasses various particle interactions and mass
ranges, presenting a complex picture of dynamics. In modern physics the concept of symme-
tries is instrumental to the understanding of the forces and the dynamic description of the
system. The Standard model is no exception as it is invariant under Lorentz transforma-
tions for fermions and bosons and three distinct local gauge symmetries for the fundamental
forces. The three distinct symmetries are U(1)y, SU(2)y and SU(3)¢c. These symmetries
correspond to the electroweak force (which is split into the electromagnetic force and the
weak force after symmetry breaking) and the strong nuclear force respectively. These are
three of the four fundamental forces of nature with the fourth being gravity, which is not
included in the Standard Model. The Standard Model Lagrangian is invariant under all
these symmetries at the same time.

These forces interact with the fundamental representations of the elementary particles.
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For example the strong nuclear force interacts with the (3) representation of the quarks
signifying the three different colors. The mediators of the fundamental forces are called

gauge bosons, which are described by Gauge field theories.

2.2 Gauge field theories

Gauge field theories are the culmination of the exploration of physics at the fundamen-
tal scale. Their predictions have been tested repeatedly by numerous experiments. The

simplest gauge field theory is Quantum Electrodynamics commonly known as QED.

2.2.1 QED

The QED gauge theory uses the group U(1). The equation of motion of a free electron can

be described by a Lagrangian which stems from the Dirac equation:
L = gy Oph — mypy) (1)
Here 1), are the fermion spinors, v are the Dirac matrices and m is the fermion mass.
The principle of gauge invariance allows the introduction of a local phase transformation
or U(1) symmetry:
Y() = P(2) = " Dy(a) (2)
with a(z) being a real scalar field. The Lagrangian itself is not gauge invariant but it can be
made so by the addition of a covariant derivative transformation D,,, with the fundamental

electric charge e of the electron:
Oy — D, =0, —ieA, (3)
where the A, is a vector field which transforms under a U(1) symmetry as:
A=A+ é@ua (4)
Then the Lagrangian is gauge invariant.
Lopp = W' Dyp — mpp = ipy 9u1p + ey p Ay — mapy) (5)

This additional vector field A, required to preserve the theory’s invariance under the
U(1) transformation, is called the gauge field. It is coupled to the fermion field ¢ via the
+epy*p A commonly known as the interaction term. This term is at the heart of QED as
the theory in its simplest form is the interaction of the current terms j* = 1)y*1) with the
EM field potentials given by A,,. This field can be linked with the electromagnetic field by

introducing a dynamical term in the Lagrangian:
1
La= _ZFWFW (6)
with the electromagnetic field tensor F},, :

F;UJ = 8[,LAV - 8I/Ap/ (7)
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2.2.2 QCD

Quantum Chromodynamics (QCD) is more complex than Electromagnetic (EM) theory
because, unlike EM, there are three distinct colors that define the quantum number of color.
This number is described by the non-Abelian gauge group SU(3)c. As a result, QCD is
formulated as a Yang-Mills theory, a more intricate mathematical framework. Specifically,
QCD is a Yang-Mills theory for the SU(3) which has 8 generators (since SU(N) has N2 -1
generators). These generators correspond to the 8 different types of gluons. To describe

the strong interaction of the dynamic field F one has the following Lagrangian:
1
Lyy = _ZFSVFMWX (8)
where F*”% is the tensor of the chromodynamic field which is defined as:
FS, = 0,G% — 0,G% + go f*GLGY (9)

where f®7 are the structure constants of the Lie algebra SU(3). As evident by the colour
factor term g; fo‘B'YGEGZ the local potential fields G have charge in QCD so they interact
with each other in combinations of 3 and 4 gluons. Two important effects of QCD are
asymptotic freedom and colour confinement [9]. Asymptotic freedom is a property of
Yang-Mills gauge theories in which the interactions between particles become progressively
weaker as the energy scale increases and the corresponding length scale decreases. Colour
confinement is caused by the opposite effect where the interactions become extremely strong
below a certain energy scale, Agcp = 200 MeV.

The covariant derivative D, is:
Dy =0y, —igs TG, (10)

where T% are the generators of SU(3). In a complete analogy with QED the following

equations of motion for the F field can be written.
(D, FH)™ = J* (D, F")* =0 (11)

where J"® is the vector current and F* is the dual-strength tensor:

- 1
S it (12)

Strong CP Problem In quantum physics an anomaly or quantum anomaly is the failure
of a symmetry of a theory’s classical action to be a symmetry of any regularization of the
full quantum theory. One such symmetry is the axial symmetry generated by the vector
current jH5 = 1)y~ , for which classically Ou j*® = 0. However, the existence of massive
fermions leads to the creation of an axial current from the Adler-Bell-Jackiw anomaly which
violates the symmetry [2].

9PN o 7

0u"® = 5 Fa " (13)
™




2. THE STANDARD MODEL 15

where N = 6 is the number of quarks. To regulate this term, preventing it from creating
divergences, and in recognition of the complex vacuum structure of QCD, a term has to
be added in the Lagrangian:

g2
3272

This term violates Parity(P) and Time(T) reversal invariance, but conserves Charge(C)

Lo=0_—F5Fme (14)

conjugation invariance, resulting in CP violation. The degree of CP violation is charac-
terized by the angle 6. The 6 term gives rise to a contribution to the neutron electric

0726 e cm. The

dipole moment, dy. According to the strongest existing bound [10], dy < 1
contribution of § on dy is dy = (5.2 x 10716)9 e cm, making the value of § approximately
close to zero at # < 1070, The 6 angle could take any value within the range [0, 27].
Therefore, it is desirable to have an explanation as to why this parameter must be so small
and fine tuned. This is called the strong CP problem. One possible solution to the strong

CP problem is given by axions, described in section A.4.2.

2.2.3 Electroweak force

The electroweak force is the unified description of two of the fundamental interactions
of nature: electromagnetism (electromagnetic interaction) and the weak interaction. The
electroweak force in the Standard Model is described by the Glashow-Salam-Weinberg
Model. The mediators of this force are the v, W—/* and Z° (Z) bosons and the local gauge
group of the theory is SU(2)r, x U(1)y where Y is the quantum number of hypercharge, a
quantum number relating the electric charge and the third component of weak isospin [9].
The coupling of the SU(2) group is g and of U(1) g’ as the two terms are independent of
each other in the unbroken symmetry. This leads to the following Lagrangian for the field
kinetic terms:

1 1
L= Wa, W — BB (15)

where W is the tensor field associated with the SU(2) symmetry and B is the tensor field
associated with the U(1) symmetry. The field strength tensor of the U(1) is defined like
the Electromagnetic theory while the field strength tensor of the SU(2) field is non-Abelian
and is defined like the QCD strength tensor only using the SU(2) structure elements. The
covariant derivative of the electroweak force is :

1
Dy =0, —igAyT" — ZEQIBM (16)

where A} and B, are the gauge fields of SU(2) and U(1) respectively, while 7 are the
Pauli matrices.

A unique feature of this theory is that it incorporates handedness or helicity as there
is interaction only of the left handed quarks and leptons, creating SU(2);, doublets. The

right handed quarks and leptons are singlets. So for each generation of quarks there are
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four fields: one right handed ug , one left handed uy, , one right handed dr and one left
handed d;,. The doublet @)y, is then defined as :

QL= (Zi) (17)

This creates a problem with the mass term in the Lagrangian. For example for the up

quark mass term one can not write:
AL = my(ugur + Upug) (18)

as the two fields uy, and ug belong to different representations. As such, a term that is a
doublet under SU(2) should be introduced to contract with the uy doublet, as discussed
in section A.2.2.

Furthermore, the Weak gauge bosons W~/ and Z have been experimentally confirmed
to have masses. The generation of masses for the weak bosons can occur via a symmetry

breaking mechanism, called the Higgs Mechanism.

2.2.4 Higgs Mechanism

Higgs Potential The Higgs mechanism was developed by Higgs, Kibble, Guralnik, Ha-
gen, Brout, and Englert [11, 12, 13]. The main feature of the Higgs mechanism is the Higgs
potential. The Higgs potential is described by the Lagrangian:

L=|Dud)* + 1* ' — Mo p)? (19)

This expression generates a potential with a local maximum at zero energy and a circular
minimum at the value where symmetry breaking occurs, as shown in Figure 2. The field
¢ is a complex scalar with four degrees of freedom. If y < 0 then the field has a total
minimum at the value u, so it acquires a vacuum expectation value (VEV). Then a new
field can be defined in the circle of value u which is the Higgs field with mass my. The
remaining three degrees of freedom are ’eaten’ by the weak bosons, which acquire mass, as
detailed in section A.2.2.

The values of the potential away from u are dominated by the constant A. This value can
be constrained by measurements of the 4-Higgs coupling at the LHC. The determination
of the shape of the Higgs potential can shed light into phenomena like dark matter [15],
Higgs inflation [16] and gravitational models [17].

The Higgs Boson The scalar field that causes spontaneous breaking of the gauge sym-
metry is an important ingredient in the structure of the Glashow-Weinberg-Salam (GWS)

theory. The scalar field ¢ can be parametrized in the following way:

| 0
o) =7 <u + h(x)) (20)
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Figure 2: An illustration of the Higgs potential in the case that u? < 0, in which case the
minimum is at ¢ = % Choosing any of the points at the minimum of the potential leads

to the symmetry breaking [14].

where h(x) is a fluctuating scalar field corresponding to a small perturbation around the
value of v.

An explicit renormalizable Lagrangian that leads to a vacuum expectation value for (¢)
is:

L= |Duo* + 1*¢T¢ — A(9'9)? (21)

The minimum of the potential energy is at:

v=1/"~— (22)

So the potential energy terms take the following form, in unitarity gauge ':

1 1 1
L= —ph? — \?h3 — ZA;# = —im%h2 — \/gmhh?’ — ZAh‘l (23)

the quantum of the field h(x) is a scalar particle with mass:
my = V2u = V2. (24)

This particle is known as the Higgs boson. As for the fermions in the GWS theory,
the Higgs boson has a mass whose general magnitude is controlled by the vacuum expecta-
tion value v, but whose precise value is determined by a new, unspecified, renormalizable
coupling constant, \.

Expanding the kinetic term of the scalar field Lagrangian with the covariant derivative

of the weak bosons for the broken symmetry, in unitarity gauge, yields the gauge boson

special frame of reference of bosons used to simplify the renormalization of the theory
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mass term and allows us to determine the couplings of the Higgs boson to the weak bosons.
1 ) SN B h\?
E}C = i(ﬁuh) —+ [mWW“ WH + imZZ”ZH] 1 —+ ; (25)

Finally, the fermion mass terms lead to direct couplings with the Higgs boson to fermions,
as described in section A.2.2. Evaluating these terms in unitarity gauge, we find that, for

any quark or lepton flavor, the Higgs boson couples according to:

£y = -myf7(1+7) (26)

Summarizing, the Higgs boson has the following couplings with various particles in the
Standard Model:

- ﬂmf
InfT = 4
2
m
ghww- =2—%
u
2
ghzz =22
u
2
m
Jhhw+w- = QT‘S/ (27)

2
m

z

9hhzz = 2—%5
u

2

m

h

9hhh = 3—
u

2

_ Smh

Ghhhh = 3—
U

Thus the Higgs boson interacts more strongly with heavier particles in the Standard Model.

Weak bosons decays The W and Z bosons decay to fermion pairs but neither the W
nor the Z bosons can decay to top quarks due to energy conservation. Neglecting phase

space effects and higher order corrections, simple estimates of their branching fractions can

be calculated.

W decays W bosons can decay to a lepton and an antilepton (one charged and one
neutral) or to a quark and antiquark of an allowed configuration. The decay width of the
W boson to a quark—antiquark pair is proportional to the corresponding squared CKM
matrix element times the number of quark colour charges, No = 3. The CKM matrix
elements contribution is close to two due to the diagonal elements and the CKM unitarity.
All leptonic decays are equiprobable due to lepton universality. Hence the relative factors
shown in Table 1 are produced.

Therefore the leptonic branching ratio are BR(W — ev.) = BR(W — pv,) = BR(W —
TV,) = % . The hadronic branching ratio is dominated by the modes ub and c5 due to the

CKM diagonal elements, with a tree level expectation of % . The sum of hadronic modes
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. . Branching ratio Experimental
Particles | Relative factor
expected (tree level) | measurements
hadrons | 2/3 66.67 % 67.41 £ 0.27 %
eve 1/9 11.11 % 10.71 £ 0.16 %
Hvy, 1/9 11.11 % 10.63 + 0.15%
TVr 1/9 11.11 % 11.38 + 0.21%

Table 1: W bosons decays [6].

Particles Relative factor Branching ratio Experimental
(gav + ga1) expected (tree level) | measurements
Neutrinos 3(1/2)? 20.00 % 20.00 + 0.06 %
Leptons 3(=1/2 + x)? + 322 10.10 % 10.097 + 0.003 %
Electron (=1/2 + x)% + 22 3.33 % 3.36340.004 %
Muon (=1/2 4 z)? + 2? 3.34 % 3.366+0.007 %
Tau (=1/2+ z)? + 22 3.36 % 3.367+0.008 %
Hadrons - 69.90 % 69.9140.06 %
Down type (=1/2+2/3)? + (z/3)* | 154 % 15.6+£0.4 %
Up type (no t) | (1/2 —2x/3)% + (22/3)% | 11.6 % 11.640.6 %

Table 2: Z bosons decays ( x = sinfw) [6].

has been experimentally measured to be 67.41 +0.27 % and the sum of the leptonic modes
as 32.58 + 0.27 %.

Z decays Z bosons decay into a fermion and its antiparticle. As the Z is a mixture of
the Wj and B fields each vertex contains a factor T3 — Qsinfw, as described in A.2.2. As
the right handed fermions and the left handed fermions have different quantum numbers
for the weak isospin T3 the coupling is also different, creating what is called a axial-vector
current and a vector current. Phenomenologically the width is given by:

G Fm3
=4——ZN(ghy + 9 28
N (9av + ga1) (28)
where N is 1 for leptons and 3 for quarks due to colour charge and G is the Fermi constant.
The axial-vector coupling g4y is given by gay = T3 + @ sin fw and the vector coupling g ;
is given by gay = @sinfw. The Z decay modes can be calculated from the strengths of

each coupling and they are shown in Table 2.
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2.3 Higgs boson phenomenology at the LHC

The Higgs boson is currently being exclusively researched experimentally by the Large
Hadron Collider (LHC) located at CERN.

2.3.1 Proton-Proton collisions and Higgs production

The Large Hadron Collider is a proton-proton collider that, during its second operation
run, achieved a center-of-mass energy of 13 TeV. At these energies, protons are composed
of three valence quarks (uud), which carry the majority of the proton’s momentum, along
with a set of virtual sea quarks and gluons, all of which can participate in the interaction.
The distributions of these particles, called parton distribution functions, depend on the so-
called Bjorken scale, which is the fraction x of the total proton energy carried by a particle
participating in the interaction compared to the energy Q2, the squared 4-momentum-
transfer vector q of the exchanged virtual boson. Two examples of parton distribution

functions are shown in Figure 3.

MSTW 2008 NLO PDFs (68% C.L.)

1.2 &\1_2_ T
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2z Et
% 1 ® 1
0.8\ 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 2 ol v v
10*  10° 10?2 10" 1 10*  10° 102 10" 1
X X

Figure 3: Parton distribution functions at Q% = 10 GeV? and Q2 = 10* GeV? [18].

Scattering processes at high energy hadron colliders can be classified as either hard or
soft. Quantum Chromodynamics (QCD) is the underlying theory for all such processes.
The cross section of a process is given by the calculation of a matrix element, which is
a quantum mechanical operator that describes the evolution from the initial to the final
state. For most processes, hard interactions are accompanied by additional underlying
interactions of the two particle beams at a collision point, away from the primary vertex,
beyond the main collision under study. To understand the rates and characteristics of

predictions for hard processes the underlying interactions should be taken into account.
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For an inelastic process, the cross-section o of a process p + p — X is given by:
! 2 ! b 2
Tk =3 [ da 2 @alui) [ doaf" wali ) o vapn ) (29)
TRAL 0

where a and b are the interacting partons inside protons, z; is the fraction of the total
momentum of the proton carried out by the corresponding parton and pgr(ur) is the
renormalization (factorisation) scale.

Hadronization is the process by which hadrons are formed from quarks and gluons.
This occurs after high energy collisions in which free quarks or gluons are produced. Due
to colour confinement, these particles cannot exist individually. They combine with quarks
and antiquarks, generated from the vacuum, to form hadrons. The resulting cascade of
particles is called a jet. The process of hadronization in hadronic colliders is complex and
not entirely well understood.

A small subset of these interactions produces Higgs bosons in multiple modes. The
Higgs boson in proton-proton collisions is produced by the following modes: ggF (gluon-
gluon fusion) , VBF (vector boson fusion), VH (associated production with a vector boson,
either W or Z), ttH or bbH (associated production with a pair of top quarks or b quarks)
and tH (production in association with one top quark). The Feynman diagrams of these

processes are shown below:

g Wz tb

Figure 4: Feynman diagrams for the Higgs production modes at the LHC (from left to
right): ggF, VBF, VH, ttH/bbH and tH/bH [19].

Iustration of the cross sections of these modes at the energy of 13 TeV:

Production mode | cross section
gegh 48.58 pb
VBF 3.78 pb

WH 1.37 pb

ZH 0.88 pb

ttH 0.51 pb

bbH 0.49 pb

Table 3: Higgs production cross sections at 13 TeV. The best-known measured value of the
mass is 125.11 + 0.11 [20],[21].
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2.3.2 Higgs decays

The Higgs boson couplings scale with the masses of the weak bosons and the fermions as
discussed in section 2.2.4. The mass of the Higgs influences the decay branching ratios.

The Higgs decay modes are shown in Figure 5 with the relative branching ratios in Figure

w/z Y Y b/c /U
W tbo/r_ T
P H == w H == Wb/t H< H =====n
w LAM t/b/x A
w/z vz vz b/c T/

Figure 5: Feynman diagrams for the Higgs decay modes(from left to right): VV (vector
boson), Zv or vy (both with fermion and weak boson loop), qq ( quark pair - mostly b or
c) and 1l (lepton pair -mostly 7 or p)[19].
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Figure 6: Higgs Branching ratios to various Standard model particles as a function of its
mass. The best-known measured value of the mass is 125.11 + 0.11 GeV [20], [19], [21].

As evident by Figure 6 the dominant Higgs decay mode is bb followed by WW. The Higgs
decays to gluons and photons are mediated by a loop process. This process, in the fermionic
loop is dominated by the top quark, due to the Yukawa coupling, while the bosonic loop
is only possible for W. It can be replaced with an effective coupling treating it as a point
interaction [22].

The H — vy and H — 4l channels are particularly interesting as they are the Higgs
discovery channels [7] due to fewer backgrounds and superior mass resolution. Currently,
they are used for precision mass measurements by ATLAS and CMS. The most recent and

most precise measurement is done with a combination of the channels for 139 fb~! data



2. THE STANDARD MODEL 23

[20], [19] and gives:

mpy = 125.11 4+ 0.11 = 125.11 & 0.09(stat) & 0.06(syst) GeV (30)

2.3.3 H— Zv

Measurements of the Higgs boson width by ATLAS [23], which compared the on-shell and
off-shell ZZ — 4l production, reached the following value:

Ty =4.5753 MeV (31)

As the value predicted for the Higgs boson width at 125 GeV is 4.07Jj8&g [6], it is evident
that BSM decays that can increase the Higgs width compared to the SM value are not
excluded yet. This makes the Higgs an excellent portal for the search of BSM effects.

In the SM, the h — Z~ decay is expected to have a relatively small branching fraction
of (1.54+0.1)x 1073 for a Higgs boson mass close to 125 GeV. The Feynman diagrams that
contribute in the process are shown in Figure 7. As the decay occurs via loop graphs it
is sensitive to modifications by BSM models that would cause the branching ratio to be
enhanced compared with the SM value. Example include models where the Higgs boson
is a composite state [24], a pseudo Nambu-Goldstone boson [25] or the Higgs decays to an
Axion-Like Particle [26]. The latest scenario underlines one of the main projects of the

thesis, the hZa analysis.

W

W

Figure 7: Examples of Feynman diagrams for H — Z~ decay [27].



3 Beyond the Standard Model theories

3.1 Introduction

There are many reasons to motivate an extension of the Standard Model. One shortcoming
of the Standard Model is its inability to explain dark matter and dark energy. Dark matter
and dark energy constitute 96% of the observable universe, so named due to their lack of
interaction with the electromagnetic force. None of the particles in the Standard Model
can explain dark matter, with the exception of neutrinos, which lack the necessary mass
and abundance to account for all of it.

In addition, in the observable universe there is a massive asymmetry between baryonic
matter and antibaryonic matter. The Standard Model does not have enough CP violation to
explain this baryon asymmetry as the big bang should have produced matter and antimatter
in equal quantities. This suggests the need for an ultraviolet (UV) complete theory, with
more CP violation compared to the Standard Model. However, there is still no consensus
on a theory to explain the phenomenon, as current theories, such as string theory [28], lack
experimental data.

Finally, there are various discrepancies between the Standard Model and precision
experiments. Examples include the muon g-2 magnetic moment [29] and the excess in
excited Beryllium decays Be* — Be+ete™ observed by the Atomki collaboration [30]. An
elegant solution to some of these discrepancies is the introduction of a light pseudoscalar
particle 2 with a mass less than the electroweak scale. This particle is called an axion. In
many models, the axion is a long-lived particle (LLP). Displaced vertices are associated
with LLPs, which creates a need for theoretical studies of displaced vertices.

The LLP is defined as a particle that travels a macroscopic distance inside the detector
before it decays to SM particles, which are subsequently detected. There are numerous
theoretical models that contain LLPs like supersymmetry [31], Models with dark photons
or ALPs [32] and models which naturally predict particles with low couplings, like weakly
interacting massive particles (WIMPs) [33]. WIMPs are particularly interesting because

they can explain dark matter and most models are motivated by this purpose.

3.2 ALPs(Axion Like Particles)

This section presents an EFT on ALPs and the phenomenology expected to be seen at
particle colliders. The relevant information is reproduced from the paper Collider Probes
of Axion-Like Particles [26]. This paper acts as the theoretical motivation of the ALP
searches in hadronic colliders. ALPs, in general, is an umbrella term used to describe light

pseudoscalar particles, compared to the electroweak bosons, that couple weakly to the

2Particles with spin 0 and odd parity, that is, a particle with no intrinsic spin with wave function that

changes sign under parity inversion
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Standard Model, beyond their initial relevance in the context of the strong CP problem,
described in section 2.2.2.

Various models that include ALPs are supersymmetric models or Higgs doublet models.
Pseudo Nambu-Goldstone bosons arise generically in models with spontaneous breaking of
a global symmetry. Due to an (approximate) shift symmetry [34] they can naturally be light
with respect to the electroweak or even the QCD scale [26], [35]. Low-energy observables,
cosmological constraints and ALP searches with helioscopes probe a significant region of
the parameter space in terms of the mass of the ALP and its couplings to photons and
electrons.

Collider experiments have searched directly and indirectly for ALPs [36]. Besides ALP
production in association with photons, jets and electroweak gauge bosons [37, 38, 39],
searches for decays of the Z boson into a pseudoscalar a and a photon at LEP and the
LHC provide limits for ALPs with up to electroweak scale masses [40]. Utilizing Higgs
decays to search for light pseudoscalars has been proposed in [41]. Several experimental
searches looking for the decay h — aa have been performed, constraining various final

states [42, 43, 44]. Fewer experimental searches exist for the state h — Za [45].

3.2.1 ALP decays to SM particles

The effective Lagrangian, described in A.4.3, leads to decays of the ALP to SM particles.
The decays can be split into three categories: decays to photons, decays to leptons and

decays to hadrons.

ALP decays to photons In many scenarios, the diphoton decay is the dominant decay
mode of a light ALP. On leading order it is mediated by a simple tree level diagram. The
decay rate has been calculated to loop-level [26]. The relevant Feynman loop diagrams are

shown in Figure 8. An effective coefficient C’%cf is defined so that

Figure 8: One loop-diagrams contributing to the decay a — 7. The internal boson lines

represent W bosons and the associated charged Goldstone fields in unitary gauge [26].

dra’m?

[(a— vy) = T’C%ffz- (32)

To an excellent approximation (with a slight difference due to mass-dependent loop
effects), the decay rate scales with the third power of the ALP mass. This is expected, as

it also occurs in the pion decay channel 70 — v+ and it is due to the properties and identical



3. BEYOND THE STANDARD MODEL THEORIES 26

quantum numbers of pseudoscalar particles [46]. For very light ALP masses m, < 2m,

this is the only decay mode and with decreasing mass the ALP will become long-lived.

Charged leptons If the ALP mass is larger than 2m,. ~ 1,022 MeV, the leptonic decay
a — eTe” or decays into heavier leptons (if kinematically allowed) can be the dominant
ALP decay modes in some regions of parameter space. The corresponding decay rates can
be written as follows with | = e, u, 7 [26]

4m?
etz 1= A (33)

2
mg

_ mem?
D(a—1T17) = WA;
which scales linearly with the ALP mass. The ALP-lepton coupling receives contributions
from loop effects by the operators C,,C,z,Czz and Cyw showing that even if the tree
level ALP-lepton coupling is zero it starts existing from the one loop-level. Due to the
different scaling with the ALP mass, if ALPs only decay leptonically they are more long-

lived compared to the decay into v~.

Charged hadrons The pseudoscalar a can decay into colored particles. At tree-level
the relevant modes are a — gg and a — gq. Hadronic decays are only allowed if the ALP
mass is larger than the pion mass m,. For the decay to two gluon jets the decay rate is as
follows

I'(a — hadrons) = A2 1

Compared to the a — ~~ this decay rate is much larger on tree level and in addition

32maZ(mq)ms 83 as(myg o
32ma; (ma)my [1 + ()} |C’Gfo|2. (34)

receives larger 1-loop corrections. For the a — qq decay, the decay rate is, very similar to

the a — [T1~ decay rate:

o 3mgmd(ma), [ 4m?
I'(a — qq) = T?\Q\CQ@Z 1 - mQQ (35)

where the strong running coupling is taken at the value of the ALP mass.

Summary of decay modes Combining all the above formulas, setting A = 1 TeV and
all the relevant decay coupling coefficients to 1, to enable comparisons, a range of decay
rates for different ALP masses can be generated which is shown in Figure 9.

From the Figure 9, taken from [26], it is evident that the a — 7 decay mode is the only
one which is available for every possible ALP mass motivating the search of ALP decays
to a photon pair. If the total decay rate of the ALP is too small, the ALP will leave the
detector before it decays. If the ALP is produced in the decays of heavier particles, the
Lorentz boost can significantly increase its lifetime, compensating for the ALP mass.

It is also a possibility that the ALP decays invisibly into light particles of a hidden
sector. In this case the decay products cannot be reconstructed, and hence the ALP

signature would be that of missing energy and momentum.
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Figure 9: ALP decay rates into pairs of SM particles obtained by setting the relevant
effective Wilson coefficients to 1 (top), or by setting the ALP-fermion couplings to 1 and
the ALP-boson couplings to 1/(472) (bottom). The gray area between 1 and 3 GeV shows
the region in which various exclusive hadronic (and difficult to calculate) decay channels
such as @ — pp open up. In this interval the rate I'(a — hadrons) is expected to interpolate

between the black and red lines, reproduced from [26].

3.2.2 Constraints on the ALP-photon coupling

The couplings of ALPs to photons have been constrained over vast regions of parameter
space using a variety of experiments in particle physics, astro-particle physics and cosmol-
ogy. The limits of ALP experiments can be reinterpreted to probe the couplings in the
range of the EFT, with more details on the limit estimation available on [26]. One par-
ticularly interesting element for this thesis is the Light-by-Light ALP searches in ATLAS
using Pb-Pb collisions which provide limits in the mass region 6-100 GeV [47].

The latest limits are shown in Figure 10. The Figure shows that above 30 MeV a
window opens for the effective ALP-photon coupling C’f;f;f /A =~ 1 TeV~! and above 400
MeV the ALP-photon coupling is unconstrained for 1076 TeV 1 < C%cf JA <1 TeV—l
The mass range m, > 30 MeV is thus well motivated to search for ALPs at high-energy
particle colliders. The coupling-mass phase that can be probed by the high-energy colliders

is fairly extensive and depends on the model and the detector sensitivity.
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Figure 10: Existing constraints on the ALP-photon coupling derived from a variety of
particle physics, astro-particle physics and cosmological observations, reproduced from [26].

Several of these bounds are model dependent.

3.2.3 Exotic decays of the Higgs boson into ALPs

The presence of ALP couplings to SM particles introduces the possibility of various exotic
decay modes for the Higgs boson. As mentioned earlier, the relevant decay modes are
h — aa and h — Za. These modes offer a variety of interesting search channels for ALPs,
depending on the specific decay modes of the ALP and the Z boson. In some regions of
the parameter spaces, when the ALPs are very light, the decay h — Za may produce an
enhancement in the h — Z~ search channel and appear as a new physics contribution. The
h — Z~ channel is currently constrained to o(pp — h — Zv) < 2.2 x SMp,cq. [27]. ALP
searches in these two decay modes can constrain the ALP-photon coupling in a currently
unexplored region of phase space.

The lifetime of ALPs and their Lorentz boost factor play a crucial role in determining
their detectability. For very light ALPs or very weak couplings, the decay length can
become macroscopic and hence only a small fraction of ALPs decay inside the detector.
The relevant boost factors in the Higgs rest frame for the ALPs are given by v, = (m% —
m% + m2)/(2mamy) for h — Za and v, = my/(2m,) for b — aa. As expected lighter
ALPs have bigger boost factors. This thesis will from now on focus on the h — Za decay.



3. BEYOND THE STANDARD MODEL THEORIES 29

3.2.4 ALP searches in h — Za decay

The h — Za decay proceeds via the following Feynman diagrams up to one-loop, shown in

Figure 11. The effective Lagrangian does not contain a dimension-5 operator at tree level.

Figure 11: Feynman diagrams contributing to the decay h — Za. [26]

The only contribution at this order comes from fermion loop graphs. Because both the
Higgs boson and the ALP coupling to fermions is proportional to the fermion mass, due
to the need to keep the diagonalization of the Higgs Yukawa couplings, the only relevant
effects comes from the top quark. A tree-level contribution to the h — Za decay amplitude

(third graph of Figure 11) arises first at dimension-7 order. Evaluating we obtain

m3 o . m% m2
P(h — Za) = 1t O P42 (ﬂé m,%) 30)

where \(z,y) = (1 — x — y)? — 4y and the effective coupling is defined as

P v
T3CttF+ WCZh (37)

£ _ A0 Ney
C;h - CZh - 8;’2

where y; and T% are the top Yukawa coupling and weak isospin and C'(Ziz = 0. After

evaluation of the F top loop element, numerically one obtains [26]

1T6V} 2 (38)

cl ~ ) —0.016¢, +0.030C7) [ 0

The decay h — Za is kinematically allowed provided m, < mp —myz = 33.9 GeV. The
LHC collaborations have reported the 95% CL upper limit BR(h — BSM) < 0.34 on decays
of the Higgs boson into non-SM final states, obtained from a combined analysis of the Higgs
boson production and decay rates [48]. This implies the bound BR(h — BSM) < 2.1, on
branching ratio, on any decay rate involving new particles. So the effective coupling of
]C?;f | < 0.72 /A TeV~! is obtained. Depending on the dominant branching ratio of the
ALP, the decay h — Za can give rise to various interesting experimental signatures. The
main focus of this thesis will be on ALP decays into photons in the h — Za — IT1™ + vy
final state.

However, for strongly boosted ALPs the two photons would be reconstructed as a
single photon jet and the decay h — Za could be comparable to the pp — h — Z~. This
interesting channel has been probed in an ATLAS analysis [3].
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3.2.5 Constraining the ALP-photon coupling via h — Za

Present and future searches for h — Za decays at the LHC can probe a wide range of
ALP-photon couplings. The following estimates focus on Run 2 of LHC with an estimated
luminosity of 300 fb~! at /s = 13 TeV. In the two photon channel it is required that the
ALPs decay before the electromagnetic calorimeter, which is typically located at a distance
of approximately 1.97 m from the beam axis. The candidate events are produced by
Higgs bosons which have been generated by gluon-gluon fusion with cross section o(pp —
h) = 48.58 pb [49]. The analysis reveals several distinct signatures. Light ALPs can
enhance the observed h — Z+y rate, while heavier ALPs produce a clear diphoton signature.
Additionally, ALPs with small couplings and longer lifetimes can result in displaced vertex
signatures. Experimental strategies to isolate the signal and suppress the background vary
significantly across these searches.

The parameter regions that can be constrained by h — Za are shown in Figure 12,
taken from [26].
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Figure 12: Constraints on the ALP mass and coupling to photons derived from various
experiments [50], along with the parameter regions that can be probed using the Higgs
decays h — Za — ITl” 4+ vy . The contours correspond to ]C?;Zf]/A = 0.72 TeV~!
(solid), 0.1 TeV~1 (dashed) and 0.015 TeV~1 (dotted). The red band shows the preferred
parameter space where the (g —2), anomaly can be explained at 95% CL, reproduced from
[26].



3. BEYOND THE STANDARD MODEL THEORIES 31

The triangular shape of the region of the projected reach is a consequence of the fact that
ALPs with either small masses or small couplings, which fall beyond the left boundary of
the region of sensitivity, live long enough (on average) to leave the detector. The line in the
mq - C517 plane where this happens depends on the width I'(a — vy) o< m3|C</ |2 /A2, The
region of parameter space accessible through exotic Higgs decays into ALPs complements
the regions covered by existing searches almost perfectly. While existing searches focus on
signatures of long-lived ALPs, our analysis targets ALPs that are so short-lived their decays
can be fully reconstructed within the detector [26]. The red band shows the parameter
space in which the anomalous magnetic moment of the muon can be explained in terms of
loop corrections involving a virtual ALP exchange, assuming \C%cf |A < |euu]A < 5 TeVT,
described in A.4.3.

While the graphical displays in Figure 12 accurately depict the parameter space, it is
important to note that they do not account for experimental effects. As a result, the predic-
tions are overly optimistic and likely unrealistic for LHC searches. In the h — Za channel,
omitted experimental effects include reduced photon and lepton reconstruction efficiencies,
limited luminosity, various systematic uncertainties, and challenges in background estima-
tion. Nonetheless, these plots are meant to act as phenomenology and feasibility studies
to motivate experimental searches, a goal they achieve successfully.

Finally, although the graphical displays in Figure 12 accurately depict the regions in the
ma-C’%f parameter space which can be probed using exotic Higgs decays, it is important
to emphasize that finding a signal in these search regions requires sufficiently large ALP-
Higgs couplings, as indicated by the solid, dashed and dotted contour lines in the plots.
Consequently, not finding a signal in any of these searches would not necessarily exclude the
existence of an ALP in this parameter space. The displays should be seen as the product

of the C’%cf * C?;Lf couplings for a range of ALP masses.



4 CERN

CERN is a research center located near Geneva, Switzerland, hosting the largest particle
physics laboratory in the world. It was established in 1954 by twelve countries near the
border of France and Switzerland. Currently it comprises of 23 member states and 12000
members [51] and provides the infrastructure and environment for high energy physics

experiments.

4.1 Accelerator complex

CERN maintains and operates a complex of nine accelerators and two decelerators. These
accelerators either supply experiments or serve as injectors, accelerating particles for larger
accelerators. Some, such as the Proton Synchrotron (PS) and the Super Proton Syn-
chrotron (SPS), perform both roles—supplying particles for experiments while also inject-
ing them into larger accelerators. Each accelerator is designed to operate at a specific
energy spectrum. Some of the older accelerators, such as the PS (the oldest one), were

used for landmark particle physics discoveries and are still in use today.
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Figure 13: Schematic overview of the CERN accelerator complex and a selection of exper-

iments using the accelerators.
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4.2 Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle ac-
celerator. It began operation on 10 September 2008 and remains the latest addition to
CERN'’s accelerator complex. The LHC consists of a 27-kilometre ring of superconducting
magnets, along with several accelerating structures that boost the energy of the particles
as they travel. Inside the accelerator, two high-energy particle beams travel at nearly the
speed of light before being made to collide. The beams travel in opposite directions within
separate beam pipes—two tubes maintained at ultrahigh vacuum. The beams can reach
an unprecedented energy of 6.8 TeV, leading to a collision energy of 13.6 TeV. The beams
collide at four different locations, which host the main experiments of the LHC: ATLAS,
CMS, LHCb, and ALICE.

The proton beams begin their journey as negative hydrogen ions. These ions are then
accelerated by the Linear Accelerator (LINAC) to 160 MeV, preparing them to enter the
Proton Synchrotron Booster (PSB). During injection from LINAC into the PSB, the ions
are stripped of their two electrons, leaving only protons. These protons are then accelerated
to 2 GeV before passing to the PS for further acceleration to 26 GeV, and finally to the
SPS for the final acceleration to 450 GeV before entering the LHC. The beams consist of
2808 bunches with 10! protons per bunch, specifically chosen for an optimal combination
of beam control and instantaneous luminosity delivered to the detectors.

The acceleration and control of the proton beams are managed by a state-of-the-art
computing and hardware system, operated from the CERN control room. This system
controls 1,232 dipole magnets, each 15 meters in length, which bend the beams, and 392
quadrupole magnets, each 57 meters long, which focus the beams. At the collision points,
insertion magnets—made from a combination of quadrupole magnets—focus the beams

2. During the beams’ revolutions, each beam gradually

into a volume of around 0.2 um
loses intensity due to proton collisions and radiation. When the intensity drops below a
certain threshold, the beams are dumped, and new protons are injected from the SPS.
The LHC has been in operation since 2008. Each long continuous period of operation
is called a run, with a short shutdown at the end of each year for detector maintenance.
After each run, there is a longer shutdown to replace problematic detector parts or enhance
the equipment. Currently, since 2022, the LHC is in Run 3, operating at a collision energy
of 13.6 TeV. The hZa analysis uses data from Run 2, which occurred between 2015 and
2018 with a collision energy of 13 TeV, while the LbyL analysis uses data from Run 3.
The LHC does not only accelerates protons, it also facilitates Lead-proton (p-Pb) and
Lead-Lead (PbPb) collisions. The PbPb collisions in Run 3 occur at a collision energy of

5.36 TeV. This is part of the heavy ion (HI) program.
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4.3 Luminosity

An important quantity in high-energy particle physics is the rate of interactions at any
specific point in time and space. When expressed in terms of unit area and time, in
cm 257! this is called instantaneous luminosity. The luminosity can be combined with
the cross section measured in barns (1b = 1072® m?), which represents the probability of
a given event occurring, to determine the total number of observed events. For Gaussian
shaped beam profiles instantaneous luminosity £ is calculated as
N NiN2fNy

Otot drooy

E:

(39)

with N; and Ny being the number of particles in each bunch, Ny the number of bunches,
f the particle revolution frequency and o, 0, are the transversal size of the bunch at the
Interaction Point, in axes x and y. For equal bunch size and circular beams the formula
L ~ fN?/4rc? is a simplification of 39. Considering revolution frequency f = 405 Hz,
particles in each bunch N = 10! and an interaction area S = 4wo? with ¢ = 16 microns,

2571 is derived. L is the integrated luminosity

the instantaneous luminosity of 1073* cm™
over a data period, defined as L= [ Ldt. Precise measurement of luminosity is very difficult
but essential for precision physics and the observation of rare BSM processes. Constant
measurements and calibrations of luminosity are carried out by the LHC and the major
detectors throughout operation. For ATLAS Run 2, the current best determination of the
integrated luminosity is 140.1 £1.2 fb~!, an uncertainty of 0.83% [52].

A second luminosity determination is provided by leptonically decaying Z bosons, which
are largely uncorrelated with the official luminosity measurements. This method involves
counting the number of Z decays to leptons per operation run, specifically focusing on

electron and muon final state decays.

4.4 Fiducial and total cross section

An important distinction in particle physics is between total and fiducial cross sections.
Since no detector can cover the entire volume around the interaction point, it can only
capture events within a subset of the phase space, known as the fiducial volume. This
volume must then be extrapolated to the total volume using the property of geometrical
acceptance A, defined as Nt cvents/Niotal events- Additionally, the detector cannot detect
all events within this volume, leading to a detector efficiency e. Combining, the general

cross section for a specific detector can be defined as

N,
O fiducial — ;—ZZZS (40)
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5 ATLAS

ATLAS (A Toroidal LHC Apparatus) is a general-purpose detector located at CERN. It
has a cylindrical geometry, with a height of 25 meters and a length of 44 meters. A
computer-generated view of the ATLAS detector is shown in Figure 14, with a cross-
section of the inner parts visible [53]. The detector consists of three main parts: the barrel
and two endcaps. The barrel is aligned parallel to the beam, while the two endcaps are

perpendicular, each featuring a small circular opening for the beam pipe.

44m

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 14: Overview of the ATLAS detector [53].

The origin of the ATLAS coordinate system is the Interaction Point (IP) at the center
of the detector. The z-axis runs along the beam pipe, pointing to the right-hand side
of the LHC’s circular tangent. The x-y plane is perpendicular to the beam line and is
referred to as the transverse plane. The x-axis points from the IP towards the center of the
LHC ring, while the y-axis points upwards. For particle vectors, a cylindrical coordinate
system is used, with r representing the radius, 6 the polar angle and ¢ the azimuthal angle.
For the energies of particles produced by collisions the pseudorapidity 1 has been used as
replacement for the polar angle, defined as n = -In(tanf/2), as pseudorapidity differences
are invariant under Lorentz transformations in the relativistic regime along the longitudinal
axis. Thus, particle production is constant as a function of pseudorapidity.

The ATLAS detector consists of many different subsystems which combine their perfor-
mances to reconstruct all relevant particles passing through the detector with the exception
of neutrinos. A detailed schematic cross section of the particle passage is shown in Figure
15.

The first system that particles encounter is the Inner Detector (ID), which is surrounded

by a solenoid magnet. The primary function of the Inner Detector is to measure the tra-
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Figure 15: Illustration of passage of various particles through the detector layers: Inner

Detector, Electromagnetic calorimeter, Hadronic calorimeter and Muon spectrometer [54].

jectory of charged particles. Next is the Electromagnetic Calorimeter, which is designed to
stop photons and electrons, while allowing hadrons, muons, and neutrinos to pass through.
Following that is the Hadronic Calorimeter, which fully stops hadrons—particles composed
of quarks. Finally, the Muon Spectrometer (MS) is the last system, responsible for recon-
structing muons. The MS is immersed in a toroidal magnetic field, which is used to measure
the muons’ trajectory. Neutrinos are the only particles invisible to the detector, as they
interact extremely weakly with matter and escape completely.

All subsystems of the detector and their basic working principles will be discussed in

the following sections in more detail.

5.1 Inner detector

The ATLAS Inner Detector (ID) is designed to provide hermetic and robust pattern recog-
nition, excellent momentum resolution, and both primary and secondary vertex measure-
ments [53] for charged tracks. It is a cylinder 6.2 m long with a diameter of 2.1 m, immersed
in a 2 T solenoidal magnetic field. A detailed view of the ID is shown in Figures 16 and
17. The detector consists of the following components, listed from innermost to outermost:
IBL, Pixel Detector, SCT, and TRT.
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Figure 16: Plan view of a quarter-section of the ATLAS Inner Detector showing each of

the major detector elements with its active dimensions and envelopes [55].

5.1.1 IBL

The first detector a particle produced by collisions encounters, outside the beam pipe, is
the Insertable B Layer (IBL). It is a layer of silicon pixel detectors, with each pixel having a
nominal size of 250 x 50 ym?. With a mean sensor radius of 33.5 mm, the IBL sensors and
front-end electronics are designed to cope with much higher hit rates and radiation doses
[55]. In total, the IBL contains 1,736 pixel sensors, each measuring 2 X 2 cm, segmented
in the r-¢ and z directions, with over 12 million readout channels. The smaller layer radius
and reduced pixel cell length are crucial parameters in defining the performance of the
Inner Detector (ID), particularly the track-extrapolation resolution. This is achieved by
providing an additional high-precision hit closer to the interaction point. Additionally, the
IBL enhances the robustness of the ID when the efficiency of other detectors deteriorates

due to radiation damage.

5.1.2 Pixel detector

The second detector a particle encounters, directly after the IBL, is the Pixel Detector,
which consists of three concentric layers of high-precision silicon pixel detectors. The
layers feature a pixel size of 50 x 400 um?. The purpose of the detector is the derivation
of particle tracks, measuring the trajectory from the interaction region. It also aids in the
determination of the interaction vertex position and the observation of secondary vertices.

The Pixel Detector plays a crucial role in identifying b-quark jets, as the mass of the b
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quark allows tracks to be reconstructed macroscopically in a process known as b-tagging.
In total, there are 1736 pixel sensors, of size 2 X 6 cm, in the pixel detector, segmented in

the r-¢ and z directions, with over 80 million readout channels.

5.1.3 SCT

The Semiconductor Tracker (SCT) is the next detector a particle encounters after the
Pixel Detector. In the barrel region, the SCT consists of four concentric cylindrical silicon
microstrip double-layers: one layer is axial (parallel to the beam line), and another is at a
stereo angle of 40 mrad (around 2°.), providing measurements in two dimensions. In the
endcap region, the SCT consists of nine disks with a set of radial and stereo strips. The
SCT contains 2,112 modules in the barrel and 1,976 modules in the endcap, for a total
of 4,088 modules (with 6.2 million readout channels). The pitch size of the strips is 80
pm, providing an intrinsic space resolution of 17 um in the r-¢ plane and 580 pm in the
z direction [53]. Typically, around eight space points per track are measured within the
SCT.

r R =1082mm

L R =554mm
R =514mm
R =443mm
R =371mm
R =299mm

R =122.5mm =
Pixels { R =88.5mm /—‘_/)/ =g
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Figure 17: Drawing of the Inner Detector showing the barrel section. The beam pipe, the
IBL, the Pixel layers, the four cylindrical layers of the SCT and the three layers of TRT
barrel modules [56].

5.1.4 TRT

The transition radiation tracker (TRT) is the outermost part of the Inner Detector, located
after the SCT. It consists of 4 mm diameter straw tubes filled with a Xe/CO2/02 gas
mixture (in the 70 : 27 : 3 proportion, respectively). In the barrel region, the TRT

consists of up to 73 layers of straw tubes, parallel to the beam axis. In the endcap, 768
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straw tubes fill 160 planes arranged radially in wheels. Charged particles traversing the
straw tubes ionize the gas, creating electron-ion pairs, which generate currents that allow
the determination of the minimum distance between the particle and the drift wire. Each
charged particle creates signals in approximately 30 tubes, contributing significantly to
the overall tracking performance. Another important function of the straw tubes is the
discrimination between different charged particles. This is achieved by constructing the
tube walls from materials with different refractive indices and including foam between
the tubes, which emits transition radiation. The most significant amount of radiation is
emitted during the passage of electrons.

Finally, the superconducting solenoid magnet system generates a magnetic field of 2 T,
parallel to the beam axis. It has a diameter of 2.46 m, a length of 5.8 m, and weighs a total
of 5.4 tons. Liquid helium ensures constant superconductivity by being pumped through

the magnetic coils by a cryogenic system.

5.2 Calorimeters

The measurement of the energy of relativistic particles is important for any particle physics
experiment. In ATLAS, for the majority of detected particles, with the exception of muons,
this is done by the calorimeter system, which is responsible for stopping the particles and
absorbing all their energy. Particles enter the calorimeter and initiate a particle shower, in
which their energy is deposited in the calorimeter. The particle shower consists of a cascade
of particles, with decreasing energy. Stopping a highly energetic particle requires a large
amount of dense material. To reduce the material cost and the physical size of calorimeters,
they are built as sampling calorimeters. Sampling calorimeters are constructed from alter-
nating layers of absorbers made from dense material and active detectors used to measure
the energies of particles. In ATLAS, there are two calorimeters: the electromagnetic (EM)
and the hadronic. The EM calorimeter is optimized to measure photons and electrons,
while the hadronic calorimeter is optimized to measure all hadrons. Both calorimeters
are designed to stop particles at the expected energies produced by the collisions and aid
in particle identification. A schematic drawing of the calorimeter structures is shown in

Figure 18.

5.2.1 Electromagnetic calorimeter

The electromagnetic calorimeter measures the electromagnetic cascade left by photons and
electrons. These two objects play a major role in the hZa and LbyL analyses, in particular
photons. To probe the resonances in these analyses, excellent photon energy resolution
and identification are required. The EM calorimeter uses a groundbreaking accordion
design for the absorbers, where the angles decrease with increasing radius, ensuring an

approximately constant gap of around 4.5 mm between two absorbers. This design allows
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Figure 18: Cut-away view of the ATLAS calorimeter system [53].

a crossing particle to interact with the same number of absorbers regardless of its impact
angle, maintaining a constant calorimeter thickness and full coverage in ¢ without any gaps
[57], permitting fast detector response. The accordion design is visible in Figure 19.

The EM calorimeter uses lead as the absorber material and liquid argon as the active
detector material. The readout electrodes are located in the gaps between the absorbers
and consist of three conductive copper layers separated by insulating polyimide sheets.
The segmentation of the calorimeter in 77 and in depth is obtained by etched patterns on
the different layers and ¢-segmentation is obtained by grouping together the appropriate
number of electrodes. The EM calorimeter is split in two barrel and endcap regions.

In the barrel the electromagnetic calorimeter consists of two half barrels split at n =
0 with each spanning a range up to |n| < 1.375. A half-barrel is made of 1024 accordion-
shaped absorbers, interleaved with readout electrodes. For ease of construction, each half-
barrel has been divided into 16 modules, each covering Af = 22.5°. The total thickness of
a module is at least 22 radiation lengths (Xj), increasing from 22 X to 30 Xy between n =
0 and n = 0.8 and from 24 X to 33 X between n = 0.8 and n = 1.3. The modules, shown
in figure 19, have 3424 readout channels. The end-cap electromagnetic calorimeters cover
a region of 1.375 < |n| < 3.2 made of a inner and outer wheel. The wheels are divided into
eight wedge shaped modules with 768 (256) absorbers in the outer (inner) wheel.

The electromagnetic calorimeter is segmented into four layers, longitudinal in shower
depth: the presampler, layer 1, layer 2, and layer 3. The presampler (PS) layer, covering
the pseudorapidity interval |n| < 1.8, is used to correct for energy loss upstream of the

calorimeter. The PS consists of an active LAr layer with a thickness of 1.1 cm (0.5 cm) in
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the barrel (endcap) and has a cell size of An x A¢ = 0.025 x 0.1, with an average Xy of
2. The first layer has a thickness of about 4.3 Xy at = 0 and it is segmented into high-
granularity strips in the n direction, with a typical cell size of An x A¢ = 0.003 x 0.01 in
the barrel. The granularity is sufficient to provide event-by-event discrimination between
single-photon showers and two overlapping showers originating from the decays of neutral
hadrons, mostly mg and 7 mesons in jets. The second layer has a thickness of about 16
Xo at 7 = 0, and a cell size of Ay x A¢ = 0.025 x 0.0245. It collects most of the energy
deposited in the calorimeter by photon and electron showers. Finally, the third layer has
a cell size of An x A¢p = 0.05 x 0.0245 and a depth of about 2 Xy at n = 0. It is used to
correct for leakage of high-energy showers into material beyond the EM calorimeter.

The interactions of photons and electrons with the ATLAS EM calorimeter produce
similar electromagnetic showers, depositing a significant amount of energy in a restricted
number of neighboring calorimeter cells, which can be organized as EM clusters. For
the recognition and reconstruction of photons and electrons, a sliding window approach
is utilized, with dimensions 3 X 5 in units of An x A¢ = 0.025 x 0.0245, to search for
electromagnetic cluster seeds as longitudinal towers with total cluster transverse energy
above 2.5 GeV. The minimum distance for the object resolution depends on the angle and
the reconstructed object pr and type. The energy resolution is measured with Z — ee
decays [58] and it is found to be around o E/E = 0.0005 or 0.05 %.

In the transition regions on both sides from the electromagnetic barrel calorimeter
to the electromagnetic end-cap calorimeter there is a large amount of material in front
of the first calorimeter layer. As this material can produce showers before the detector
it is detrimental to the overall object quality. This region, 1.37 < |n| < 1.52, is called

calorimeter crack and it is omitted for standard electron and photon analysis.
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Figure 19: Longitudinal composition of a barrel module [59].
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5.2.2 Hadronic calorimeter

The hadronic calorimeter surrounds the electromagnetic calorimeter and consists of the tile
calorimeter, the liquid-argon hadronic end-cap calorimeter (HEC) and the liquid-argon for-
ward calorimeter (FCAL). These detectors are responsible for the measurement of particle
jets, mesons and baryons.

The tile calorimeter is a sampling calorimeter using steel as the absorber and polystyrene
scintillators as the active medium [53]. It is located in the region |n| < 1.7, behind the
liquid argon electromagnetic calorimeter, and is subdivided into a central barrel, 5.8 m in
length, and two extended barrels, 2.6 m in length. The radial depth of the calorimeter is
7.4 (interaction lengths), with each barrel consisting of 64 modules of size A¢p ~ 0.1. The
granularity in the tiles is coarser than in the electromagnetic calorimeter, as the showers
are larger by nature.

The HEC calorimeter covers the two endcap zones of 1.5 < |n| < 3.2. It consists of
two cylindrical wheels and is made of copper and tungsten plates, using liquid argon as
the active material. The choice of copper is made to limit the depth of the jets, due to
space constraints. Each end-cap is composed of 32 wedge-shaped modules, longitudinally
divided into two sections, resulting in 4 layers per endcap.

The FCAL calorimeter provides coverage in the boosted region near the beam pipe,
where 3.1 < |n| < 4.9. The close vicinity and coupling between these systems result in a
highly hermetic design, which minimizes energy losses in cracks between the calorimeter
systems and limits the backgrounds that reach the muon system. It is made of copper
and tungsten, with liquid argon as the active material, similar to the HEC. The FCAL is
sensitive to both hadronic and electromagnetic showers, as the electromagnetic calorimeter
does not extend as close to the beam pipe.

The Zero degree calorimeter (ZDC) is important for the HI program. The primary
purpose of the ZDC [60] is to detect forward neutrons with |n| > 8.3 in heavy-ion collisions.
The ZDC plays a key role in determining the centrality of such collisions, which is strongly
correlated to the number of very forward (spectator) neutrons. The ZDC enhances the
acceptance of ATLAS central and forward detectors for diffractive processes and provides
an additional minimum-bias trigger for ATLAS. There are four ZDC modules installed
per arm: one electromagnetic (EM) module (about 29 radiation lengths, Xy, deep) and 3

hadronic modules (each about 1.14 interaction lengths, A, deep).

5.3 Muon Spectrometer

The Muon spectrometer forms the outer part of the ATLAS detector and is designed to
measure the momentum of charged particles exiting the barrel and endcap calorimeters. It
is immersed in a 2.5 T magnetic field produced by a toroidal magnet system, built from

eight superconducting magnet coils. It covers the pseudorapidity range of |n| < 2.7 and
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measures the transverse momentum of muons with resolution oy, /pr < 0.1, which requires
a sagitta measurement of 500 pm to be made with a precision of 50 ym. For this purpose,
the muon spectrometer consists of a plethora of subdetectors.

The spectrometer is made up of many different types of subdetectors, azimuthally
arranged in eight parts, each divided in two sectors overlapping in ¢. The detectors are
further split into chambers. The MDT (Monitored Drift Tubes) cover the region |n| < 2.7
consisting of three to eight layers of drift tubes. The tubes are filled with a gas mixture
of argon and COs and they have a range of shapes and sizes, due to the large number
of support structures and appliances in the vicinity. In total, it consists of around 1100
chambers, which provide a spatial resolution of o(z) = 0.35 pm. The CSC (Cathode-strip
chambers) are used in the endcap region of |n| > 2.0, as it experiences counting rates of
hits above the capability of the MDT. They combine high spatial, time, and double-track
resolution with high-rate capability and low neutron sensitivity. The CSCs are chambers
oriented in the radial direction, producing the position of the track by interpolation between
the charges induced on neighboring cathode strips.

For the purposes of triggering by muon transverse momentum and topology, the RPC
(Resistive plate chambers) and TGC (Thin gas chambers) are used. The former have lower
spatial resolution compared to TGC but improved time resolution, enabling their use as
fast triggers for the ATLAS detector. The RPC has a response time of 1.5 ns and the TGC
has a slightly slower response time of 5 ns. They are placed in both the barrel and the

endcaps.

5.4 Object reconstruction

The following section describes the interpretation of the sub-detector signals into objects

meaningful for physics analysis.

5.4.1 Charged particles tracks

Charged particles tracks with transverse momentum pr > 0.5 GeV and || < 2.5 are
reconstructed and measured in the inner detector. A reconstructed track is required to
have at least seven precision hits (from the pixel and SCT subdetectors). The track should
correspond to the primary vertex along the beam pipe. For track recognition, a suite
of track-fitting tools is utilized, including global x? and Kalman-filter techniques [61].
Charged-particle track reconstruction in the pixel and SCT detectors begins by assembling
clusters from the raw measurements and progresses to the TRT. Clusters are groups of
pixels or strips with energy exceeding a threshold.

Measurement of tracks is also performed in the muon spectrometer for muons with
transverse momentum ranging from 3 GeV to 3 TeV. The software used for the reconstruc-

tion of muon tracks is common to both the ID and the muon spectrometer. There are
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three distinct track reconstruction strategies: stand-alone (only the muon spectrometer),
combined (muon spectrometer and inner detector), and segment tag (inner detector with
part of the muon spectrometer). The combination of these strategies allows for optimal
acceptance and efficiency. The muon spectrometer track parameters are determined at the
inner stations, which provide the first set of measurements in the muon spectrometer. The
track is then propagated back to the interaction point, and the momentum is corrected for
energy loss in the calorimeters. The track recognition process follows several steps, starting
with the pre-processing of raw data to form drift circles in the MDT or clusters in the CSC
and trigger chambers (RPCs and TGCs), followed by pattern finding and segment making,
segment combining, and finally, track fitting. The efficiency of the muon performance is

validated using the tag and probe method [62], using Z — pp decays.

5.4.2 Electromagnetic objects

For the standard reconstruction of electrons and photons, a seed cluster is taken from
the electromagnetic calorimeter, and a loosely matching track is searched for among all
reconstructed tracks [63]. A seed is a localized area in the EM calorimeter with energy
deposition. Electron and photon candidates are separated by requiring electrons to have
an associated track but no associated conversion [64]. Conversion is the process in an
electromagnetic field where a photon converts into an electron-positron pair. In contrast,
photons are defined as having no matched track or being matched to a reconstructed
conversion.

The energy calibration of the detector is achieved via observation of Z — ee decays
[63], which also provides an estimate of the reconstruction efficiency and systematic un-
certainties. A validation of the photon calibration is also performed with Z — [l decays.
The latest calibration uncertainties are around 0.05% for electrons from resonant Z-boson
decays, 0.4% at Ep =~ 10 GeV (transverse energy) and for photons of Ep ~ 60 GeV
they are 0.2% on average [65]. For the determination of object quality and identification,
shower-shape variables (lateral and longitudinal shower profiles) are calculated using the
granularity of the calorimeter. These shower-shape variables are then used to define QCD
background rejection cuts, commonly known as working points (e.g. loose, tight), which
define the object reconstruction efficiency and purity. This is possible due to the differ-
ent shower-shapes between jets and electromagnetic objects. For the tight working point
the photon identification efficiency scales from 45-60 % for Ep = 10 GeV to 95-98 % for
Er > 100 GeV [59]. Misidentified photons can be attributed to electrons or jets that did
not leave a track in the ID. Finally, some form of isolation (e.g. loose, tight) is also applied
to the objects, which compares the energy of the deposits within an angular cone to the
energy of the object, both in tracks (prcone) and EM calorimeter (Ercone) [59]. This
mainly rejects the QCD jets, which tend to deposit energy into multiple tracks and/or
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calorimeter clusters.
The definitions of the shower-shape variables used in the photon working points are as

follows, shown in Figure 20, reproduced from [59]:

e f1 - the longitudinal shower-shape discriminant, ratio of the energy in the first layer
to the total energy of the EM cluster.

e wyy - lateral shower width, \/(XEn?)/(SE;) — (ZEim)/(XE;))2, where E; is the
energy and 7); the pseudorapidity of cell i and the sum is calculated within a window
of 3 x 5 cells.

o FE.qtio - ratio of the energy difference between the maximum energy deposit and the

energy deposit in the secondary maximum in the cluster to the sum of these energies.

o fracsy - shower-shape in the shower core, ( E(x 3) - E(£ 1))/E(£ 1), where E(+ n)
is the energy in + n strips around the strip with highest energy.

® ficore - a second longitudinal shower-shape discriminant, the fraction of energy re-
constructed in a £ 3 strip region (shower core) around the strip with higher energy
in the first layer of the EM calorimeter (strips) with respect to the total energy of

the cluster.
e Rj.q - ratio of Ep in the hadronic calorimeter to E7 of the EM cluster.

e R, - ratio of the energy in 3 x 3 n x ¢ cells over the energy in 3 x 7 cells centered

around the photon cluster position.

e Rpuq1 - ratio of Ep in the first sampling layer of the hadronic calorimeter to Er of
the EM cluster.

e R, - ratio of the energy in 3 x 7 1 x ¢ cells over the energy in 7 x 7 cells centered

around the photon cluster position.

e w3 - lateral shower width, \/(ZE;(i — imaz)?)/(SE;), where i runs over all strips in
a window of 3 X 2 n X ¢ calorimeter strips, and 4,45 is the index of the highest-energy

strip calculated from three strips around the strip with maximum energy deposit.

® Wt - total lateral width of the shower, \/(EEl(z — tmaz)?)/(2FE;), where i runs over
all strips in a window of 20 x 2 n X ¢ calorimeter strips, and #yq; is the is the index

of the highest-energy strip measured in the strip layer.

o fq4e - energy outside the core of the three central strips but within seven strips divided

by energy within the three central strips.
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e AF, - difference between the energy associated with the second maximum in the
strip layer and the energy reconstructed in the strip with the minimum value found

between the first and second maxima.
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Figure 20: Schematic representation of the photon identification discriminating variables
[59].

Photons are a central object in the ATLAS physics program, involved in landmark
results such as the Higgs mass measurement. To achieve these high-level results, excellent
signal sensitivity, energy resolution, and background rejection are required. Thus, fake
photon backgrounds, such as calorimeter noise and jets reconstructed as photons, must be
excluded. The ATLAS collaboration and the egamma group have created recommendations
for the usage of photons with pr > 10 GeV, fiducial 7 cuts, identification and isolation. In
this thesis photons are the central objects of the hZa and LbyL analyses.

5.4.3 Jets

The quarks produced at the LHC are not asymptotically free in this energy regime, under-
going hadronization and producing jets. It is possible to treat jets as particle-like objects.
They possess a cone-like structure and mainly deposit energy in the hadronic calorime-
ters. For jet reconstruction, clustering algorithms are utilized, two of which are the seeded
cone algorithm [66] and the anti-k; jet clustering algorithm [67]. Jet reconstruction is an
involved process in ATLAS, as jets can originate from a wide variety of processes and ener-
gies. In particular, b-jets are important, as the b-mesons have a macroscopic displacement
in the ID [68]. However, the exact determination of the initial jet quark or gluon remains

a serious challenge [69].

5.5 Trigger system

The ATLAS detector produces an extraordinarily large amount of data, which is impossible

to save and process. In addition, since most interesting processes have low cross sections,
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very few of these data are actually meaningful for physics analysis. To determine useful
data, a two-level trigger system is employed to record data at an average rate of 1 kHz
from physics collisions, starting from an initial bunch crossing rate of 40 MHz. The system
decides in real time whether to record data from a given collision [70]. The trigger system
must be flexible and reliable to match the ever-changing detector conditions.

The Level-1 (L1) trigger is a hardware-based system that uses custom electronics to
trigger on reduced granularity information from the calorimeter and muon detectors. The
analog detector signals are digitized, calibrated by the preprocessor, and sent in parallel to
the Cluster Processor (CP) and Jet/Energy-sum Processor (JEP). The CP system is able
to recognize photons, electrons and 7 candidates above a certain energy threshold. The
L1 muon trigger utilizes the RPC detector [71]. The JEP system is able to recognize jet
candidates and missing transverse energy. The L1 trigger can select events by considering
event-level quantities (e.g., the total energy in the calorimeter), the multiplicity of objects
above thresholds (e.g., the transverse momentum of a muon, etc.), or by applying topolog-
ical requirements (such as invariant masses or angular distances) to the objects found by
the electronics [70]. When an L1 trigger is observed, the rest of the detector is read out.

The second stage of the trigger, the HLT (High Level Trigger), is software-based. A
list of available triggers for every run, called the menu, is essential for standard physics
performance. CPUs use reconstruction algorithms to determine the final selection in a
matter of up to 3 seconds. In most cases, the reconstructed objects are used to test whether
the trigger is satisfied, utilizing information from the whole detector. The physics output
is, on average, 1 kHz, and the permanent data storage is done in the Tier-0 computing
facility located at CERN. For smooth detector operation, constant monitoring of the trigger

system is required to cope with changes in detector conditions or instantaneous luminosity.

5.6 Event simulation

In physics, it is important to predict the possible results of any specific experiment. In
ATLAS, there is a wide range of possible signatures due to the complexity of the SM.
The complexity of the detector should also be taken into account. To successfully predict
the experimental signatures of a process of interest, all elements of the process—from the
proton beam to the interaction of the particles with the detector—must be considered.
This should also be done for different detector conditions to minimize differences between
simulation and real data. This is achieved by simulating SM or BSM processes with a ded-
icated generation and reconstruction framework. This framework consumes the majority

of ATLAS computing resources. The flow of the simulation process is shown in Figure 21.
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Figure 21: The event simulation production chain in ATLAS, simplified version from [72].

5.6.1 Event generation

A physics process of interest, such as Higgs production or ALP production, begins the
event simulation with event generation. This is a complicated process, and there are many
parameters to consider. The files that contain the simulated event information are called
MC (Monte Carlo) files, as they are created from computational algorithms that rely on
repeated random sampling to obtain numerical results. The initial state for a hadronic
collider is proton collisions, which are simulated billions of times to produce events. The
simulation is performed by standard programs that use the latest theoretical results and
parton distribution functions to predict parton showers and fragmentation, leading to the
observed final-state objects. Some of these programs are Pythia [73], Herwig [74], and
Sherpa [75]. The event files produced are called truth files, describing the particles before
any detector interaction. These files are significant for complete physics analysis, as they
describe genuine signal or background events. In this thesis, the truth files are used for

ALP signal validation and systematic uncertainties calculations.

5.6.2 Detector simulation

The simulation of the interactions of particles with the detector is the most computationally
expensive part of event simulation. The path of ’stable’ particles is simulated as they
interact with the detector material and magnetic fields, produce new particles in those
interactions, or potentially decay. For this, a special software called Geant4 [76] is used,
which contains a realistic model of the detector at the pum level to identify every possible
hit within the detector volume. Geant4 is a toolkit for simulating the passage of particles
through matter. Every tiny change in the detector environment must be taken into account,
as it can lead to different observations. The calorimeters are the most difficult parts to
simulate due to the nature of the showers. The outcome of this step is a list of energy
deposits in the various subdetectors of ATLAS.

5.6.3 Digitization

The process of digitization uses special software to transform the hits predicted by the

simulation into actual digitized signals, matching those measured by the detector. These
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signals are low-level information, such as charges measured by the trackers or calorimeters.
This step is not as computationally expensive as the previous step, as the position of the
hits leads to predictable responses. From this step onward, the events are completely

indistinguishable from real events.

5.6.4 Reconstruction and Derivation

This step reconstructs the digital signals into physics objects (such as electrons and hadronic
jets), producing the same kind of files as actual data that can be used for analysis. The
only difference with real data is that a version of the truth record is stored, which can
be useful for cross-checks in analysis. The events after reconstruction are in AOD format
(Analysis Object Data). Most analyses in ATLAS utilize a subset of the recorded data
in relation to objects or triggers. For example, a fully leptonic Z analysis is probably not
interested in high-energy jets or photons. To limit the size of files used in physics analyses,
there is a final step called derivation, which filters the useful data for specific analyses from
the AOD files. Real data are also available in derivation formats. In addition, to cope with
changing detector conditions, there are different MC generation campaigns corresponding
to different data-taking periods. For example, mcl6e corresponds to real data from 2018.
Finally, only MC produced by the ATLAS central simulation process is allowed to be used
in approved ATLAS results.



6 Search for Higgs boson decays into a Z boson and an ALP

6.1 Introduction

This chapter presents a reinterpretation of a Run 2 analysis conducted by the ATLAS
experiment, which investigates the decays of a Higgs boson into a Z boson and an ALP
(axion-like particle) that promptly decays into a pair of photons [45], process Feynman
diagram is shown on Figure 22. The analysis is sensitive to ALP masses in the range of
2 GeV to 34 GeV, i.e. my < my —my, with a particular emphasis on scenarios involving
small ALP couplings. Such cases correspond to longer ALP lifetimes, leading to displaced
photon origin vertex signatures. Additionally, for consistency with the original analysis, a
dedicated search assuming promptly decaying ALPs is also performed.

In this thesis, an additional event selection proposed by the author is introduced, ad-
dressing shortcomings of the original selection and achieving competitive results. This new
event selection is a significantly simplified version of the original analysis selection. The
new selection utilizes the full ATLAS Run 2 dataset, along with the same background and
signal Monte Carlo (MC) samples as those used in the original event selection. Further-
more, displaced vertex signatures are explored for this selection, and constraints on the
ALP-photon coupling are derived across a range of masses.

This chapter is structured as follows: Section 6.2 describes the relevant MC and data
samples. Section 6.3 provides a concise overview of the experimental phenomenology of
displaced vertices. Section 6.4 summarizes the object selection. Section 6.5 details the
reinterpretation of the ATLAS hZa analysis and presents its results. Section 6.6 introduces
an optimized version of the ATLAS hZa analysis, including background estimation, sys-
tematic uncertainty treatment, and result comparisons. Finally, a summary is presented

in Section 6.7.
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Figure 22: Feynman diagram of Higgs— Za(a) — [T17~y. Higgs ggH production [77].
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6.2 Dataset and MC simulated events

6.2.1 MC Signal sets

The signal samples are generated under the assumption of a SM Higgs boson produced via
the gluon—gluon fusion mechanism. The gluon—gluon fusion Higgs (ggH) boson production
cross section in pp collisions at /s = 13 TeV, estimated at N3LO QCD and NLO EW, is
osy = 48.58 pb for my, = 125.09 GeV [49]. The SM Higgs then decays to a Z boson and a
neutral pseudo-scalar a, the ALP. The a particle is relatively light (2 - 34 GeV) compared
to electroweak bosons and is only allowed to decay to a pair of photons. The VBF set
was found to be subdominant as it has a 12 times smaller cross section than the ggH set.
There are 13 different mass points and 4 different ALP-photon couplings ( Cyy= 1072 -
prompt , 1073, 10~* and 107°) simulated for the ggH set. The samples used are listed in
Appendix A.1.

The ALP characteristics, like lifetime, were determined using the formulas of [26] which
also include displaced signatures phenomenology. In this sample production the h — Za —
[T1~ vy was simulated where | = (7, u,¢) and the 7 pair decays are subsequently being

rejected as the final state reconstructed dilepton (u,e) objects are outside the Z peak.

6.2.2 Monte Carlo backgrounds sets

The main source of background in this analysis comes from SM production of Z+jets and
Z~ events. Simulated samples are generated to study these backgrounds and to estimate
systematic uncertainties.

The production of Z+jets was simulated with the Sherpa 2.2.1 [75] generator using
next-to-leading-order (NLO) matrix elements (ME) for up to two partons, and leading-
order (LO) matrix elements for up to four partons calculated with the Comix [78] and
OpenLoops [79, 80, 81] libraries. They were matched with the Sherpa parton shower [82]
using the MEPSQNLO prescription [83, 84, 85, 86] using the set of tuned parameters
developed by the Sherpa authors. The NNPDF3.0 nnlo set of PDFs [87] was used and the
samples were normalised to a next-to-next-to-leading-order (NNLO) prediction [88].

The production of Zv final states was simulated with the Sherpa 2.2.2 [75] generator.
Matrix elements at NLO QCD accuracy for up to one additional parton and LO accuracy
for up to three additional parton emissions were matched and merged with the Sherpa par-
ton shower based on Catani-Seymour dipole factorisation [78, 82] using the MEPS@NLO
prescription [83, 84, 85, 86]. The virtual QCD corrections for matrix elements at NLO ac-
curacy were provided by the OpenLoops library [79, 80, 81]. Samples were generated using
the NNPDF3.0 nnlo PDF set [87], along with the dedicated set of tuned parton-shower
parameters developed by the Sherpa authors.

All generated signal MC events were processed through a full simulation of the ATLAS
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detector geometry and response using the Geant4 toolkit [76]. The simulation includes
multiple pp interactions per bunch crossing (pile-up), as well as the detector response to
interactions in bunch crossings before and after the one producing the hard interaction.
In order to model the effect of pile-up, simulated inclusive pp events are overlaid on each
generated event and reweighted to match the conditions of the 2015-2018 data sample. The
interactions were simulated with Pythia 8.186 using the A3 tune [73] and the NNPDF23LO
228 PDF set [89]. The samples used are listed in Appendix A.1.

6.2.3 Data

This analysis uses pp collision data collected by the ATLAS experiment from 2015 to 2018
with a centre-of-mass energy of \/s = 13 TeV. After applying data quality requirements [90]
the full data set corresponds to an integrated luminosity of 140.1+1.2 fb~! [52]. Only data

periods where all the relevant detector subsystems were operational are included [91].

6.3 Displaced Vertices in experimental analysis

The structure of the ATLAS detector plays a major role in the possible experimental
signatures it will be sensitive to. Decay length scales for macroscopic particles can be
derived from the position of the tracker, the EM calorimeter and the hadronic calorimeter
compared to the interaction point. The inner tracker or inner detector starts at around
3.3 ¢m from the beam pipe meaning that from that point onward one can determine the
position of the displaced origin vertex for electrons, muons or jets. The EM calorimeter
starts at around 1.97 meters meaning that one can be sensitive to displaced decays to
photons for decay lengths up to that. Finally, for decays to muons, one can use only the
muon spectrometer information and increase the distance up to 7 meters.

For a — 7, the photons originate from the position in the detector where the ALP
decays. This results in two distinct signature scenarios, as illustrated in Figure 23. For
ALPs with masses below 1.5 GeV, the photons are predominantly reconstructed as a merged
photon object or a photon jet in most events [92]. The likelihood of forming a merged
photon object increases with the displacement of the ALP decay vertex. In such cases, it
becomes impossible to calculate the ALP mass due to the absence of two distinct Lorentz
vectors. Thus it can enhance the measured hZ~ cross section. Conversely, in the exotic hZa
scenario, a very low-mass ALP, characterized by a longer lifetime, has a higher probability
of leaving the detector without decaying. For ALPs with mass higher than 1.5 GeV, it is
possible to detect both photons and subsequently calculate the ALP mass. In this thesis,
limits will be estimated for a range of ALP-y ., couplings focusing on scenarios where
both photons are reconstructed and the ALP decays before reaching the electromagnetic
calorimeter.

An especially intriguing scenario arises when both photons are successfully recon-
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Figure 23: ALP decays to photons compared to the EM calorimeter. In the left plot is the
scenario where a collimated photon jet reaches the EM calorimeter. In the right plot is the

scenario where the ALP decays close to the EM calorimeter [92].

structed. There are some experimental challenges associated with ALPs with macroscopic
decay lengths. The first challenge concerns the accurate reconstruction of the ALP mass.
In ATLAS, the angular variables of the photon objects following default reconstruction
are defined relative to the interaction point (IP). In this case, photons originate from a
decay point between the IP and the EM calorimeter. This displacement causes the Lorentz
vectors of the photons to shift slightly towards smaller ¢ and n angular values. As a result,
the reconstructed diphoton mass exhibits smearing compared to the true ALP mass.
Furthermore, the photon ID and isolation variables can be influenced. The photon ID
characterization is based on the shower-shape variables while also taking into consideration
the detector structure in different pseudorapidities. The displacement of photon origin can
result in the misidentification of photons if they reach the EM calorimeter at an angle
that deviates from the expected trajectory for a given pseudorapidity. This introduces a
systematic uncertainty, linked to the ALP decay length, which needs to be estimated. In
addition, for some ALP decays which are very close to the EM calorimeter or very light
ALPs, the reconstructed photons are close to each other, leading to failure of the standard
isolation working points. So for most ALP analyses with photons, special care has to be

given to the isolation, which is the case for the analyses described in this thesis.

6.4 Object selection

In the h — Za analysis events containing leptonically decaying Z bosons are selected. The

events have to be selected by the leptonic triggers to be recorded.

6.4.1 Triggers

Data events used for this analysis are selected using an OR of single electron, single muon,

di-electron and di-muon triggers with pr thresholds and object quality criteria that depend
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on the data-taking period. In more detail the triggers are shown in Tables 4 and 5.

o4

Single Lepton Triggers

Electron Triggers

Muon Triggers

mcl6e or data 2018

HLT _e26_lhtight_nod0_ivarloose
HLT _e60_lhmedium_nod0
HLT _e140_lhloose_nod0

HLT _mu26_ivarmedium

HLT _mub0

mcl6d or data 2017

HLT _e26_lhtight_nod0_ivarloose
HLT _e60_lhmedium_nod0
HLT _e140_lhloose_nod0

HLT mu26_ivarmedium
HLT _mub0

mcl6a or data 2016

HLT _e24 lhtight_nod0_ivarloose
HLT _e26_lhtight_nod0_ivarloose
HLT _e60_1hmedium_nod0

HLT _e60_medium

HLT _e140_lhloose_nod0

HLT mu26_ivarmedium
HLT _mub0

mcl6a or data 2015

HLT _e24_lhmedium_L1EM20VH
HLT _e60_lhmediumHLT _e120_lhloose

HLT _mu20_iloose_L1MU15
HLT _mub0

Table 4: Single lepton triggers used by ATLAS during Run 2 for different data taking

years.

Double Lepton Triggers

Electron Triggers

Muon Triggers

mcl6e or data 2018

HLT 2e17_lhvloose_nod0_L12EM15VHI
HLT _2e17_lhvloose_nod0
HLT 2e24_lhvloose_nod0

HLT mu22_mu8nol.1

mcl6d or data 2017

HLT 2e17_lhvloose_.nod0_L12EM15VHI
HLT 2e17_lhvloose_nod0
HLT _2e24_lhvloose_nod0

HLT mu22_mu8nol.1

mcl6a or data 2016

HLT _2el15_lhvloose_.nod0_L12EM13VHI
HLT 2e17_lhvloose_nod0

HLT mu22_mu8nolL1

mcl6a or data 2015

HLT _2e12_lhvloose L12EM10VH

HLT mul&8_mu&8nolL1

Table 5: Dilepton triggers used by ATLAS during Run 2 for different data taking years.

The triggers observe the deposited energy in the EM calorimeter and store the event

for further processing if the energy passes the trigger threshold. The HLT triggers operate

after a fast object reconstruction is finalized. Special attention should be given to the

slightly different triggers between periods. In the 2015 and part of 2016 data taking, lower

pr thresholds for triggering were used which would be ineffective for handling the higher
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Selection Criteria

Leading lepton pr > 27 GeV

Subleading lepton pr > 20 GeV

Lepton 7 |n| < 2.47 and not 1.37 < |n| < 1.52 (electron)
In| < 2.5 (muon)

Lepton identification Medium

Lepton isolation FixedCutLoose (electron) / FixedCutLoose FixedRad (muon)
Photon pr > 10 GeV
Photon 7 |n| < 2.47 and not 1.37 < |n| < 1.52

Photon identification Loose

Photon isolation FCLoose variation

Table 6: Summary of the object selection criteria.

instantaneous luminosity of the later years. For this reason higher pr thresholds were
implemented in subsequent years to ensure no loss of interesting events. Additionally,
events passing these triggers are required to include a lepton that geometrically matches

the object responsible for triggering the event.

6.4.2 Object reconstruction

The main objects used in the analysis are electrons, muons and photons. Jets can be
considered secondary objects as they are largely responsible for the Z-+jets background,
which is the most dominant background. A summary of the object selection criteria or
preselection (PS) is summarized in Table 6.

Electron objects are created from an energy deposit in the electromagnetic calorimeter
matched with a track in the inner detector. They are required to be within the fiducial
region of the detector, |n| < 2.37, excluding the transition region between the barrel and
end-cap calorimeters (1.37 < |n| < 1.52). A likelihood based identification requirement is
used to select electrons [64]. The reconstructed electrons are required to have pp > 20
GeV, most energetic pr > 27 GeV to match trigger requirement, and pass the “medium”
likelihood identification criterion. Electron candidates must fulfill quality requirements
based on the expected shower-shape and hardware condition. Additionally, a isolation
criterion (“FixedCutLoose”) is applied.

Muon objects are reconstructed by matching an inner detector track with a track in the
muon spectrometer [62]. Only candidates within |n| < 2.5 are considered. In addition, at
this stage all muon candidates are required to have a pp > 20 GeV, most energetic pp > 27
GeV to match trigger requirement, and pass a “medium” muon identification requirement.

In addition a isolation criterion (“FixedCutLoose FixedRad”) is applied.



6. SEARCH FOR HIGGS BOSON DECAYS INTO A Z BOSON AND AN ALP 56

Photons are reconstructed from energy clusters in the electromagnetic calorimeter.
Clusters without matching inner detector tracks are classified as unconverted photon can-
didates while clusters matched to inner detector tracks consistent with the hypothesis of
a photon conversion into ete” pair are classified as converted photon candidates [93].
Reconstructed photon candidates are required to have transverse momentum pr > 10
GeV, pseudorapidity |n| < 2.37, excluding the barrel /endcap calorimeter transition region
1.37 < |n| < 1.52 and must pass standard quality and cleaning cuts. Furthermore, photons
must pass photon identification criteria corresponding to the working point ”Loose”. The
hZa ATLAS analysis and the optimized selection analysis use slightly different isolation
criteria, which are variations of the isolation criterion working point ”FCLoose”.

Geometric overlap between objects passing the above selection criteria creates ambi-
guity in the identity of the objects. The following procedure is used to remove these
ambiguities. Photons within a cone of AR = 0.3 with electrons or muons are excluded.

Electrons within a cone of AR = 0.2 of muons are excluded.

6.4.3 Analysis tools and framework

The analyses described in this thesis utilize tools developed by the CERN collaboration
and ATLAS. The sample generation, in signal and background, was performed by the
ATLAS central (D)AOD production. The processing of the AODs into ntuples (simpler
object centered framework) was done using the NtupleMaker based on r21 AnalysisBase,
where all the CP tools are used, recommended by the physics object preparation groups of
ATLAS. The tools are stored in the ATLAS tool framework called Athena with release 21
of the framework used. Finally, for the actual analysis, i.e. production of histograms and

event selections our own C++ code was developed utilizing Athena EventLoop.

6.5 hZa ATLAS displaced event selection description and results

The selection criteria for the signal regions remain unchanged from the original Run 2
analysis [3]. The event selection is divided into two regions: the Z-reconstruction region
and the resolved diphoton category. In general, the ATLAS prompt analysis is based on
the premise that ALPs typically have low masses (ranging from 0.1 to 9 GeV) and are
produced with high Lorentz boost factors. In the merged photon scenario, an excess of

hZ~ events is expected compared to the SM predictions.

6.5.1 Z boson selection

After the candidate has been successfully detected by the leptonic triggers and the object
reconstruction has been completed, the Z boson has to be reconstructed. The following

requirements are applied to select events with Z boson candidates:
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e 2 leptons: events with more than two leptons are rejected.

e Leptonic angle: the angle between the two leptons must be ARy > 0.2 3.

e Opposite charge: the two leptons should have opposite electric charge.

e lepl,lep2 pr : Leading lepton pr > 27 GeV and subleading lepton pr > 20 GeV.
e Same flavour: the two leptons should have the same flavour.

e Dilepton mass cut: the reconstructed dilepton invariant mass must be between 81
GeV and 101 GeV.

e Dilepton pr cut: the reconstructed dilepton transverse momentum is py > 10 GeV.

The first cut, after the preselection (PS) of lepton objects, where more than two leptons
are rejected is designed to eliminate events involving photon pair conversions. The second
cut with ARy > 0.2, aims to suppress low-mass dilepton resonances, such as those arising
from neutral pions. The cut on the dilepton mass is chosen to maximize signal significance,
as studies have shown that the signal-to-background ratio is optimal within this specific
mass window [3]. Finally, the dilepton pr cut is motivated by the observation that signal
distributions peak at higher transverse momentum values compared to the dominant Z~
and Z+jets backgrounds [3]. This behaviour is driven by the recoil against the Higgs
boson. Using the ALP samples of 4, 5 and 15 GeV mass the original analysis selection
was reproduced. The comparison of results from the original analysis and this analysis are

shown in Tables 7 and 8.

Opposite . '
lepl ,lep2 lep same dilep mass dilep
Mass 2 lep. | Lep. charge
pr cut flavour cut pr
and lep. angle
4 GeV | 100 99.56 + 0.21 98.98 4+ 0.21 | 98.98 £+ 0.21 | 95.15 + 0.21 | 90.23 £ 0.20
5 GeV | 100 99.54 £+ 0.21 98.93 £ 0.21 | 98.93 £ 0.21 | 95.06 &+ 0.21 | 90.22 £ 0.20
15 GeV | 100 99.54 £+ 0.21 99.31 £ 0.21 | 99.31 £ 0.21 | 95.69 &+ 0.21 | 90.10 £ 0.20

Table 7: Original hZa event selection efficiency. All values in % [3].

6.5.2 Diphoton selection

After Z boson candidate selection is completed and the dilepton vector is created the
photon categorization starts for events with more than one photon. This selection matches
the resolved selection from the original hZa analysis [3]. In every event the photons are

sorted from highest to lowest pr and then every possible diphoton vector is generated with

3The AR variable for a 2 particle system is defined as: AR = \/(gbl —@2)2+ (m —n2)2.
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Opposite ) .
lepl ,lep2 lep same dilep mass dilep
Mass 2 lep. | Lep. charge
pr cut flavour cut pr
and lep. angle
4 GeV | 100 99.51 £+ 0.21 98.92 £+ 0.21 | 98.92 + 0.21 | 95.02 + 0.21 | 90.29 + 0.20
5 GeV | 100 99.55 £+ 0.21 98.93 £ 0.21 | 98.93 £ 0.21 | 94.94 £ 0.21 | 90.11 £ 0.20
15 GeV | 100 99.52 + 0.21 99.17 £ 0.21 | 99.17 £ 0.21 | 95.53 £ 0.21 | 90.02 £ 0.20

Table 8: hZa event selection efficiency from this analysis. All values in %

invariant mass m». and transverse momentum p7,.. These mass and momentum are then

used to construct the X variable which originates from the kinematic relation for boosted

objects AR, ~ o

2myy

The definition of X is

Y

pr
X =AR,, 2mw (41)

Y

Then the following cuts are applied:

Photon pr 4+ AR.,: For every diphoton the photons should have AR, < 1.5 and
pr > 10 GeV.

Diphoton selection: The event includes a diphoton. If the event contains more

than 2 photons the diphoton with X closest to one is selected.
X window: For the selected diphoton 0.96 < X < 1.2.

Four object vector: The diphoton vector is combined with the dilepton vector to

produce the dilepton+diphoton vector.

SR: The dilepton+diphoton vector should have invariant mass my;,~ within the Higgs
window, 110 GeV< my;,, < 140 GeV.

SR-ID: Loose ID is applied for both photons.

SR-ID-ISO: If the angular seperation AR, > 0.22, FCLoose isolation is applied.

Otherwise no isolation is applied.

The photon selection is also described in Table 9.

The signal region (SR) in this analysis corresponds to the diphoton SR of [3] and

it is the diphoton invariant mass distribution m., within the Higgs window, 110 GeV<
My < 140 GeV, where photon ID and isolation have been applied (SR-ID-ISO). For the

background estimation a control region (CR) is required referred as sideband (SB) region.

It is the diphoton invariant mass distribution m., in the region 80 GeV< my., < 380
GeV excluding the Higgs window of 110 GeV< my;,, < 140 GeV, where photon ID and

isolation have been applied.
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Requirements

hZa original analysis

Photon pr + AR,

pr > 10 GeV and AR, < 1.5, diphoton

Diphoton selection

X = ARy * pryy/2m~~, X closest to 1

X window

0.96 < X <1.20

Four object vector

Dilepton + diphoton vector

SR 110 < mypyy < 140 GeV
SR-1D Loose ID for both photons
SR-ID-ISO AR, > 0.22 FCLoose isolation

Table 9:

Original hZa event selection.

99

The my,, window was chosen by an optimization described in [3]. The results of the

diphoton selection from [3] are shown in the Table 10. The results of the diphoton selection

from this analysis are shown in Table 11.

Mass | O photon pr + X SR SR-ID SR-ID-ISO
preselection | AR~y cut Window

4 GeV | 90.23 + 0.20 | 14.88 £ 0.09 | 13.89 + 0.08 | 13.38 + 0.08 | 9.38 + 0.07 | 5.80 + 0.05

5GeV |90.22 +0.20 | 14.99 + 0.09 | 14.10 + 0.08 | 13.58 + 0.08 | 9.05 + 0.07 | 6.06 + 0.05

15 GeV | 90.10 + 0.20 | 14.37 + 0.08 | 7.50 + 0.06 | 7.03 + 0.06 | 5.32 + 0.05 | 3.40 + 0.03

Table 10: Original hZa event selection efficiency- diphoton category. All values in %.

Mass | O photon pr + | X SR SR-ID SR-ID-ISO
preselection | AR~y cut Window

4 GeV 90.29 £+ 0.20 | 14.81 = 0.09 | 13.82 + 0.08 | 13.44 £+ 0.08 | 9.41 £ 0.07 | 5.84 4+ 0.05

5 GeV 90.12 £ 0.20 | 15.09 £+ 0.09 | 14.15 + 0.08 | 13.67 £ 0.08 | 8.98 £ 0.07 | 6.01 &+ 0.05

15 GeV | 90.02 &+ 0.20 | 14.29 £ 0.08 | 7.47 & 0.06 7.08 4+ 0.06 5.29 + 0.05 | 3.38 £+ 0.03

Table 11: Reinterpretation hZa event selection efficiency - diphoton category. All values

in %.

Signal properties The diphoton invariant mass distribution m,, of the signal process

h — Za — llvy~ is shown for various combinations of ALP mass and ALP-photon coupling

Cy, in Figures 24-28. This corresponds to the analysis SR and is used to illustrate the

characteristics and sensitivity of the expected signal for different couplings. The results

are normalized to the Higgs production cross section for the gluon-gluon fusion channel to
align with the generated Monte Carlo (MC) samples. A bin width of 1 GeV is used for
these plots, with all data derived from the simulated MC samples.

The simulated masses are in the range of 2 - 33 GeV (2,3,4,5,6,7,9,12,15,20 25,30,33)
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Figure 24: Signal distributions for the reconstructed my~ for m, = 3 GeV for the couplings
C = C,y, =1072,1073,107%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to 1.
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Figure 25: Signal distributions for the reconstructed m.. for m, = 5 GeV for the couplings
C =0, = 1072,1073,10~%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to 1.

with photon-ALP couplings of C,, = 1072,1073,10~%. This allows the limit estimation for
couplings of this size for most of the parameter space of ALP masses. For low masses, 2
< myy <15 GeV, sensitivity decreases for the smaller couplings as ALPs become long-lived
and decay outside the detector. For higher masses, 15 < m., < 33 GeV, similar shapes to
the prompt analysis were observed, within statistical uncertainty. The behaviour of m.,

is consistent with expectations.

Study of broadening of displaced signatures mass peak In the low mass region,
2 < my,y <15 GeV, and coupling C,, = 10~* a phenomenon is observed where the ALP

peak is smeared towards lower masses, as seen in Figures 24,25. A hypothesis has been



6. SEARCH FOR HIGGS BOSON DECAYS INTO A Z BOSON AND AN ALP 61

ESOOO:HHHHHHHHHH‘H E| 2 1 — 3
© 4500 —Cc=10% - © o9 —Cc=10% -
2 4000F c=10° 3 Y c=10° 4
e —104 3 e —104 3
5 3500F- m =15 Gev —C=10 E 2 07- m=15Gev —C=10 3
30005 g E 065 gg E
2500 E 05F E
2000F = 0.4F =
1500F E 0.3 E
1000 = 0.2 =
500F ] = 0.1 — =
E P B L i Fo——— E E I L i T E
42 13 14 15 16 17 18 42 13 14 15 16 17 18
m, GeV m, GeV

(a) (b)

Figure 26: Signal distributions for the reconstructed m., for m, = 15 GeV for the couplings
C = C,y, =1072,1073,107%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to 1.
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Figure 27: Signal distributions for the reconstructed m., for m, = 20 GeV for the couplings
C =0C, =1072,1073, 10~%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to 1.

proposed that this effect is due to the shift in the decay vertex from prompt to displaced.
Since all ATLAS photons are assumed to originate from the interaction point, the displaced
decay vertex leads to a discrepancy in the photon momentum vectors, which is reflected in
the broadening of the diphoton invariant mass. Figure 29 supports this hypothesis, as an

increasing trend is observed between the mass shift and the decay length.

6.5.3 Background estimation

The main backgrounds of the hZa analysis are Z+jets and Zv processes. In the diphoton
region the Z+jets background dominates with around 90% of the total events in the SR, [3].

For Z+jets events, 80% of the reconstructed photons originate from 7° decays, with just
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Figure 28: Signal distributions for the reconstructed m., for m, = 30 GeV for the couplings
C = C,y, =1072,1073,107%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to 1.
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Figure 29: Plot of the absolute difference of the truth ALP mass with the reconstructed
ALP mass compared to the decay length of the ALP for mq = 3 GeV - C' = C,, = 1074
(left) and mg = 7 GeV - C' = C,y, = 107 (right). Outliers is the right plot are attributed
to ALPs where the wrong photon pair is selected.

under 20% arising from other light mesons. As a result, the majority of the background
consists of jets that are misidentified as photon pairs. For Z~v events the picture is more
complex, as this background includes both of both resonant and non-resonant Z boson
production plus photon radiation. In most cases, two photons have been radiated either
from the initial quark interaction (ISR) or from the final state lepton pairs (FSR). FSR is
strongly suppressed in the analysis due to the mass and transverse momentum cuts on the
leptons, so the photons in this case are more likely to originate from different underlying
charged particle interactions.

A point that should be made is that the two main backgrounds of the analysis are
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not exactly orthogonal and sometimes Z+jets events may be the same as the Zvy events
leading to overlap [94]. There is a special tool in the ATLAS software network called
VGammaORTool, built to discriminate between Z+jets and Z~. This tool was used in the

analysis to remove overlapping events.

Background parametrization The background parametrization used for this analysis
is identical to [3], with just the necessary characteristics mentioned in this thesis. The SR
is the invariant mass distribution m., within the Higgs window, 110 GeV < my;,, < 140
GeV, where photon ID and isolation have been applied (SR-ID-ISO). A background
parametrization has to be produced for this region to compare with data. The background
m.~ parametrization is extracted from data in the SB region, which is the region 80 GeV <
My < 380 GeV excluding the Higgs window of 110 GeV< my,, < 140 GeV. For all
photons in this region isolation and ID cuts have been applied [3].

The parametrization is performed on the falling part of the m., distribution starting
from 1.5 GeV, as collimated photons are dominating the lower diphoton masses. The
best fit function from the SB fit was determined to be the sum of a Fermi-Dirac and an
exponential, shown in Figure 30. The y?/ndf is 0.535 showing a good agreement between

data and fit. The function is described as follows:

a _ meyy—20

fbkg(m; a,b,c,d) = +(1—a)e T, (42)

m»y»yfb

14+e =

where the first part describes the bulk of the distribution and the second part the smoothly
falling tail. The function is used to predict the background on each mass bin of the SR.
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Figure 30: Data distribution m. in the sideband region (SB), along with the fitted Fermi-
Dirac function. The x2/ndf is 0.535 showing a good agreement between data and fit.
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The final data and background m,. distributions in SR are shown in Figure 31, for
0.2 and 1 GeV bin widths respectively. The x?/ndf is 0.794 showing a good agreement

between data and background parametrization.
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Figure 31: Background - Data m., distributions in SR for 0.2 GeV bin width (left) and
1 GeV bin width (right). The x?/ndf for the Fermi-Dirac background parametrization is
0.794.

Spurious signal uncertainty The spurious signal is a non-zero signal amplitude ob-
tained when fitting the sum of a background model plus a signal model to data that is
known to be signal-free, i.e. a pure background distribution.

Following the prescription of [3], signal-free templates are obtained by fitting two al-
ternative functions to observed data in the sideband region (SB), as shown in Figure 32.
Asimov data in the signal region is obtained by scaling these templates to the correspond-
ing number of observed events. The nominal fit procedure using the nominal background
template described in Section 6.5.3 is then performed on this Asimov data to extract the
signal yield for each ALP mass hypothesis. The resulting yield, called the spurious signal,
Ny, is shown for the full mass and ALP-photon coupling range in Figure 33. In particular,
the values for the promptly decaying samples are in very good agreement with those found
in [3], and there is no significant difference as a result of the signal shape smearing arising
from the increased displacement for smaller ALP-photon couplings. The same envelope
function covering the results from the two alternative background functions is used for
each coupling to provide a conservative estimate on the final spurious signal.

Following the description in reference [95], the spurious signal systematic is included in

the likelihood fit, more details in section 6.5.5, for each mass and coupling as an additional
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contribution consisting of the corresponding signal shape normalised to N, and controlled
by a Gaussian-constrained nuisance parameter, pss. As was the case for the prompt results
in [3], the effect on the final branching ratio limits by including this systematic is found
to be negligible for smaller displacements, and is on average around the percent level for

larger displacements.

6.5.4 Systematic Uncertainties

Experimental particle physics involves the investigation of both statistical and systematic
uncertainties. Statistical uncertainties arise from fluctuations in the data or MC samples.
Systematic uncertainties, on the other hand, can originate from a variety of sources and
are categorized into two types: theoretical and experimental.

Experimental systematic uncertainties stem from limited or incomplete knowledge of
various aspects of the experimental setup. This includes factors such as the efficiency
of the detector components, as well as energy calibration and resolution. Theoretical
uncertainties, meanwhile, arise from the physics models used for the measured process, as
well as potential background processes and cross sections.

To evaluate the systematic uncertainties in this analysis, the recommendations provided
by the ATLAS Collaboration Combined Performance (CP) group are followed, specifically
those from the egamma and muon subgroups. For all systematic uncertainties assessed
using the ATLAS analysis tools, included in the Athena framework, both up and down
variations are available. These variations shift the parameters used in the various recon-
struction or correction tools by one standard deviation in either direction for each of the
physics objects used. The use of certain working points for the analysis simplifies the
process further, as weights are available for use, provided that the objects meet specific
criteria. The influence of each systematic uncertainty variation is determined by calcu-
lating the difference between the weighted results (with up and down weights) and the
results obtained using the nominal weights applied in the final selection cut, SR. The next
section provides a comparison of each systematic uncertainty, with percentages relative to

the nominal signal efficiency.
Experimental systematic uncertainties from CP recommendations

Pileup uncertainty An assumption is made a priori on the p profile, which is the
distribution of the average number of interactions per bunch crossing, in order to simulate
the pileup interactions in the MC samples used in the analysis. This means that the p
distribution in the MC samples may not necessarily match the one observed in the data.
A more accurate pileup description is achieved by re-weighting the MC u distribution to
match the distribution in data. Systematic uncertainty variations are provided with the re-

weighting scale factors, as described in [64], and these are propagated through the analysis
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resulting in a small effect on the event yield of all the signal samples, + 2-4 %, uncertainty

depending on ALP mass.

Electron object uncertainties FElectrons in ATLAS are subject to multiple uncer-
tainties, which are calculated using scale factors. These scale factors correct the modeling
of electrons in MC simulations relative to data, as well as the trigger efficiencies. One
source of uncertainty arises from the electron energy calibration, for which scale factors
are provided by the specialized tool EgammaCalibrationAndSmearing. Additionally, the
AsgElectronEfficiencyCorrection tool, part of the ATLAS egamma suite, is used to mea-
sure electron identification efficiency in data. The simulated samples are then corrected by
applying scale factors to each simulated event. These scale factors are parameterized as a
function of the electron’s transverse momentum and rapidity. The uncertainties associated
with these scale factors are treated as systematic uncertainties on the final signal selection
efficiency. The sources of uncertainty include electron identification, electron isolation,
electron reconstruction, and electron trigger efficiencies. In this specific analysis, since the
electrons are produced by Z boson decays, they exhibit relatively small experimental uncer-
tainties. The most significant electron systematic uncertainty is the electron identification

efficiency, which has an uncertainty of less than + 1.5% across all signal samples.

Muon object uncertainties Muons in ATLAS are subject to multiple uncertain-
ties. Since muons are much heavier than electrons and interact with different parts of the
detector, their selection is performed using a specific ATLAS tool, the MuonSelection tool.
The uncertainties in reconstruction efficiency and identification efficiency are addressed
using scale factors provided by the ATLAS MuonEfficiencyCorrections tool. This tool also
provides scale factors for the muon isolation efficiency uncertainty. The muon trigger effi-
ciency uncertainty is handled by scale factors from the ATLAS MuonTriggerScaleFactors
tool, which are matched to the muon trigger chain. The muon momentum scale uncer-
tainty is addressed by scale factors from the ATLAS MuonCalibration AndSmearing tool.
The most significant muon systematic uncertainty is the muon reconstruction efficiency,

which has an uncertainty of less than &+ 0.5% across all signal samples.

Photon identification and isolation efficiency uncertainties Photon identifica-
tion and isolation efficiency systematic uncertainties are crucial for this analysis, as photon
identification and isolation are key discriminators between signal and background. Uncer-
tainties related to photon identification and isolation efficiencies are treated as systematic
uncertainties, following the recommendations of the egamma CP group and using the AT-
LAS PhotonEfficiencyCorrection tool. This tool applies corrections to the calorimeter
shower-shape variables and extracts identification scale factors as a function of the photon

rapidity and transverse momentum [64]. Similarly, the isolation momenta of ID tracks
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and the calorimeter isolation energy of photons in MC are adjusted to match the photon
isolation efficiency measured in data [59]. These scale factors are applied to the MC to
match the efficiency observed in data. The systematic variations of the scale factors are
propagated through the analysis. The resulting uncertainty on the photon identification
efficiency is at most + 0.3% across all signal samples, while the photon isolation efficiency

uncertainty is at most £+ 6.5% across all signal samples.

Photon scale and resolution Uncertainties due to the photon energy scale and
photon resolution are treated as systematic uncertainties, following the recommendations of
the egamma CP group. The most simple decorrelation model, with one nuisance parameter
each for energy scale and resolution, is used. The systematic variations of the photon
energies are propagated through the analysis. It was found that the energy resolution/scale

systematic uncertainty is negligible.

Luminosity The measurement of the integrated luminosity is performed by the AT-
LAS Luminosity Group. The uncertainty on the whole integrated luminosity for the com-
plete ATLAS Run 2 dataset with £ = 140.1 fb~! is 0.83%. This is derived using the ATLAS

luminosity calibration procedure [52, 96].

Displaced vertices systematic uncertainty This systematic uncertainty focuses on
the uncertainties of the detector response due to displaced photon origin vertices, up to 1.7
m in the x-y plane. The procedure used for the derivation of this systematic uncertainty
is adopted from [92]. In the [92] h — aa — 4~ analysis a novel data-driven approach
was developed, to estimate systematic uncertainties of the modeling of calorimeter shower-
shapes from photons with displaced production vertices. The main points of the approach
are summarized in this section. For the hZa analysis the resulting systematic uncertainties
histograms are used, shown in Figure 35.

The main challenge is that there is no way to identify whether photons are produced
at a secondary vertex or at the primary vertex interaction point, as photons do not leave
tracks in the ID. Long-lived baryons were used to quantify the difference in tracks between
prompt and long-lived particles, particularly kaons, which travel a significant distance
from the primary vertex before decaying into charged particles. The tracks of the decay
products, originating from a displaced vertex, can be matched to reconstructed clusters in
the electromagnetic calorimeter. In principle, this can be done in both data and MC, and
the associated shower-shapes can then be compared. However, the correct description of the
shower-shapes in MC depends not only on an accurate description of the detector response
but also on the proper characterization of the particle types and energies of the tracks.
To address this issue, three different regimes are tested: a near regime with tracks close

to the primary vertex, a medium regime with slightly displaced tracks, and a far regime
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containing all tracks up to a distance of 1.7 m from the primary vertex. The advantage
of this approach is that if the near regime disagrees with the MC due to differences in the
underlying nature of the charged particles, it can be used to reweight the results of the
other two regimes, correcting any discrepancies.

After the weights in each regime are calculated, they are applied to the shower-shape
variables. It is possible to determine both the mean and the RMS of each shower-shape
variable in the medium and far regimes, for both data and MC. The mean and RMS for each
regime are used to develop an interpolation for the shower-shape variables. The functions
used for the interpolation are a second-order polynomial function (1) and a linear function
g(l), where 1 is the decay length. After interpolating the shower-shape variables, the iden-
tification of each photon must be recalculated. The full difference between the unmodified
and modified shower-shape variables is then taken as the systematic uncertainty.

The change of the shower-shape variable, wy,; for Data and MC in the near, medium and
far regimes is shown in Figure 34, where also the corrected MC distributions are displayed.
The change of the mean-ratio as well as the RMS-ratio for the three different regimes is
interpolated by the functions (1) and g(1), which are shown in the lower center and lower

right plots in Figure 34. The overall differences in the mean and the RMS are below 1%.
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Figure 34: Shower-Shape Variable wy,: Upper Row: Data and MC distribution of the
shower-shape-variable for clusters which are associated to tracks originating in the near
region (left), in the medium regime of the detector (middle) and the far-regime (right).
Lower left: Ratio of Data to modified MC in the medium and far regime. Lower Middle:
Dependence of mean of data MC vs distance of tracks; lower right: Dependence of rms of
data MC vs distance of tracks [92].
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Impact on the nominal ATLAS photon identification The efficiency of the
photon identification at the loose working point is reevaluated w.r.t to the ALP decay

radius 1 in the r - ¢ plane after fudging the shower-shapes as described below:

Snew = Sorig * gmean(l) + (Som’g : gmean(l) - ,U/) - slopernrs - 1 (43)

where s;,¢, and s, are the corrected and original shower-shape values, respectively. gmean
is the constant term of the g(l) interpolation in the three regimes, slopegpss is the linear
slope of the g(l) interpolation in the three regimes, in respect to the decay length 1 while
i denotes the measured mean of the distribution. The observed difference between the
nominal and fudged efficiencies is taken as the systematic uncertainty. The measured
efficiencies and corresponding systematic uncertainty for the loose working point are shown
in Fig. 35. The nominal efficiency decreases slightly with respect to the ALP decay radius,
from 0.9 to 0.8. After fudging the shower-shapes, the efficiency becomes flat, remaining
around 0.98. The resulting systematic uncertainty increases with the ALP decay length,

rising from 0.07 to 0.23, with a maximum around [, = 1300 mm.
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Figure 35: Systematic uncertainty of the loose photon identification working point due to
the change of the photon shower-shapes with increasing ALP decay radius in the (r — ¢)
plane of the detector. Left: the identification efficiency before and after fudging the shower-
shapes. Right: The relative difference of the efficiencies which is taken as systematic
uncertainty. The difference rises with respect to the ALP decay radius and lies between
0.07 to 0.23 [92].

Then the results of the right plot of Figure 35 are used to reweight all the photons
depending on the ALP decay length for all the individual ALP samples with coupling
Cyy < 1072, The systematic uncertainty due to displaced photon origin is then calculated
by comparing the diphoton invariant mass distributions, in the final analysis cut, with
and without weights. This systematic uncertainty can be significant for highly displaced
samples, reaching up to 33%. Two of these calculations are shown in Figure 36. Detailed

Tables of the displaced systematic are shown in 12 and 13.
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Figure 36: Systematic uncertainty due to displaced photon origin variations comparison for
two different masses with C' = C,, = 1074, left is mq = 3 GeV and right is m, = 7 GeV.
Nominal corresponds to no weights applied, Syst_Up to weights added and Syst_Down to

weights subtracted.

Systematic uncertainty due to displaced photon origin - Up. Values in %
C Signal Signal Signal Signal Signal
i mg =2GeV | m,=3GeV | myg=4GeV | my=5GeV | my,=7GeV
1073 | 23.71 16.02 9.23 4.44 0.33
1074 | - 32.07 33.23 32.78 26.75
C Signal Signal Signal Signal Signal
W mg =9 GeV | mg =15 GeV | my, = 20 GeV | mg = 25 GeV | m, = 30 GeV
1073 | 0.00 0.00 0.00 0.00 0.00
1074 | 19.11 6.58 1.78 0.17 0.11
Table 12: Displaced systematic uncertainty - Up variation, values in %.
Systematic uncertainty due to displaced photon origin - Down. Values in %
C Signal Signal Signal Signal Signal
T me =2GeV | mg=3GeV | my=4GeV | my=5GeV |m,=7CeV
1073 | 20.79 14.51 8.48 4.10 0.30
1074 | - 27.26 28.06 27.77 23.08
C Signal Signal Signal Signal Signal
" me =9 GeV | mg =15 GeV | my = 20 GeV | my = 25 GeV | m, = 30 GeV
1073 | 0.00 0.00 0.00 0.00 0.00
1074 | 16.99 6.05 1.65 0.15 0.12

Table 13: Displaced systematic uncertainty - Down variation, values in %.
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6.5.5 Results

Fit strategy description To obtain an upper limit on the branching ratio for h — Za,
compared to the Higgs ggh production mode, a profile likelihood fit is performed on the
invariant photon mass spectrum for each mass-coupling pair. The fit inputs include the
signal, background estimation, real data, and systematic uncertainties. The ALP signal for
each mass and coupling corresponds to the values from the respective MC in the SR and is
normalized to the Higgs ggh cross section in order to produce a limit on the branching ratio.
Some of the fitted ALP signal distributions are shown in Figures 24-28. The background
estimation and real data correspond to the values shown in Figure 31 for each respective
ALP mass. Systematic uncertainties are included in the fit for each mass-coupling pair.
We distinguish systematic uncertainties by shape differences as well as normalization un-
certainties. Some systematic uncertainties yield no significant shape difference but affect
the signal normalization. In these cases, only the normalization uncertainty is treated in
the fit, while the shape difference is neglected. The fitting procedure is performed using
the Python Histfactory (pyhf) framework [97].

First, a freely floating signal parameter of interest (POI), denoted as p, is fitted, and
the most likely value for it (referred to as the best-fit) is calculated, with systematic un-
certainties being constrained in the process. A pull refers to the shift of the nuisance
parameter, such as the variable that describes each systematic uncertainty. The pulls of
those constrained uncertainties are shown as an example for one mass-coupling point in
Figure 37. To calculate upper limits on the production cross-section, the CLS method is
used. The confidence level CLS is computed for several fixed values of y. The upper limit
is defined as an exclusion of signal at 95% confidence level, which is depicted in Figure 38
as an intersection with the red horizontal line at CLS =0.05 for observed (solid line) values
and expected from simulation (dashed line) values with +1o (green) and +20 (yellow).

Finally, the limits are validated with a toy fit.

Limits results The fitting procedure described in the previous section yields a limit on
the BR of the H — Za — [T~~~ process at 95% C.L. The following limits are produced
for the three ALP-photon couplings C., = 1072 (prompt), C.,, = 1072 and C,, = 1074,
shown on Figures 39, 40 and 41 respectively.

The limit on the branching ratio can be converted into a limit on the coupling constant
of the ALPs to photons, C,,, following section 3.2.3. The expected branching ratio can
be calculated as detailed in [26], and depends on the C.,. We vary C,, in the calculation
until the expected branching ratio matches the observed limit on the BR, which yields the

corresponding limit on C.,:

BRayy

BR =I'yze=—"""7""—
theo hZa Fh T tha

(44)
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Figure 39: Upper limits, at the 95% C.L. on the branching ratio of the process H — Za —
I~y for Cyy = 1072 (prompt).
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Figure 40: Upper limits, at the 95% C.L. on the branching ratio of the process H — Za —
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Figure 41: Upper limits, at the 95% C.L. on the branching ratio of the process H — Za —
[Ty for Cyy = 1071,
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The symbol definitions for equations 44 - 48 are the following. 'y, = 4.1 MeV is the Higgs
SM width. Tpz, is the measured H — Za — [11~ v~ width, derived from the branching
ratio multiplied with BR(Z — [717) = 0.101. BRg,, is the branching ratio of a — v,
and it is equal to one, as all ALPs decay to photons in this hypothesis. A is the new
physics scale, set at 1 TeV. Czp, is the coupling of H — Za. The masses of the particles
are my = 125 GeV, mz = 91.187 GeV and the ALP mass corresponding to each branching
ratio. Finally 7, is the boost factor of the ALP and I'y,, is the ALP width, which is
calculated as the coupling C., is varied, with a = 1/128 the Electromagnetic coupling
constant at the energy of the Z boson. The limits in the ALP-photon coupling with this

method are shown in Figure 42.
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Figure 42: Limits on the ALP mass and coupling to photons at 95% C.L. The results from
this analysis are shown as blue lines assuming a Higgs to ALP coupling of Czp,/A = 0.72
TeV~! (solid) and Cz;/A = 0.1 TeV~! (dashed). This plot is produced by varying the Cs
coupling in the calculation until the expected branching ratio matches the observed limit

on the theoretical branching ratio.

For the hZa reinterpretation analysis a second method was also used to produce limits
on the ALP mass and coupling to photons. This is done for the different simulated values
of the ALP coupling to photons C.,, /A, resulting in a grid of upper limits on Cz;/A in
the (mq,C,4) plane. Different Cz; contours may then be extracted by interpolation. To
reduce uncertainties on the interpolation, additional signal points are generated between
the MC grid points using a lifetime reweighting approach. The resulting contour plot is
shown in Figure 43. Both methods agree to within an order of magnitude. This method

was ultimately used in the publication.
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Figure 43: Limits on the ALP mass and coupling to photons at 95% C.L. The results from
this analysis are shown as blue lines assuming a Higgs to ALP coupling Cz,/A = 0.72
TeV~! and Cz, /A = 0.1 TeV~! (dashed). This plot is produced using simulated values of
the ALP coupling to photons produced by signal MC samples.

6.6 Optimization of the existing hZa selection
6.6.1 Introduction

As evident by the prompt limits plot, shown in Figure 39, and also the diphoton invariant
mass distributions plots, shown in Figures 24-28, the hZa ATLAS analysis shows relatively
low sensitivity for ALP masses larger than 15 GeV compared to the (2-15 GeV) mass range.
This is also supported by a comparison with the CMS Run 2 hZa analysis [77] where the
sensitivity and limits are around one order of magnitude better than ATLAS, while they
should overall be comparable. This discrepancy prompted a re-evaluation of the analysis
event selection to explore avenues for improved results. The following pages present the

efforts to achieve results improvement using a remarkably simple selection strategy.

6.6.2 Event selection

The object selection and Z boson reconstruction follow the same procedure as in the original
hZa analysis. The lepton objects are fairly standard throughout electroweak analyses with
a transverse momentum (pr) threshold of 27 GeV applied to match the trigger requirement
on the leading lepton. Details on the Z selection have already been discussed on 6.5.1.
The primary difference with the hZa ATLAS analysis arises in the treatment of photons.
The recommended photon objects by the egamma group are photons with ppr > 10 GeV,

In| < 2.37 excluding calorimeter crack, at least passing the loose ID working point and
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some form of isolation. In this case tracked based isolation (prcone/pr < 0.05) is used, a
variation of the FCLoose working point. These are the photon objects used in this analysis,
which inherently provide substantial background rejection. Thus the photon selection is as

follows:

e 2 loose photons: 2 loose photons with pr > 10 GeV, |n| < 2.37 and tracked based
isolation (prcone/pr < 0.05). For events with more than 2 loose photons, the two

with the highest pr are chosen, creating the diphoton object.

e Low mass selection : If the reconstructed invariant diphoton mass m., < 2.5 GeV,

the event is selected. More details in section 6.6.2.

e High mass selection: If the reconstructed invariant diphoton mass m., > 2.5 GeV,
tight photon ID is applied. If both photons pass, the event is selected. More details

in section 6.6.2.

e Higgs window : In both cases the dilepton+diphoton vector should have invariant

mass My, in the Higgs window, 110 GeV< my;,, < 140 GeV.

e Sideband region : For background estimation a sideband region is made with the
dilepton+diphoton vector with invariant mass 1~ in the range 100 GeV< my,, <
110 GeV and 140 GeV< my,, < 180 GeV.

The optimized hZa selection photon cuts are shown in Table 14.

Optimized analysis selection photon cuts

Photon selection | 2 loose photons, pr > 10 GeV, |n| < 2.37, track isolation

Low mass My < 2.5 GeV

High mass My > 2.5 GeV, 2 tight photons

Higgs window 110 GeV< myyy < 140 GeV (Signal region)

Table 14: Optimized hZa selection.

A comparison between the two selections, original and optimized, is shown in Table
15. The photon selection process in the hZa original analysis [3], as described in 6.5.2,
differs significantly from the approach used in this analysis. In the original analysis, photon
identification and isolation are applied later in the selection process, after the Higgs window
cut, which can lead to spurious diphoton selections. Additionally, the AR, and X variable
cuts, employed in the original analysis, are not used in the optimized selection. Finally, the
photon isolation working points are different between the two analyses with the original
hZa analysis only applying FCLoose isolation when the opening angle of the diphoton is
AR,, > 0.22. In contrast, the optimized analysis adopts a more straightforward event

selection strategy, avoiding such specific conditions.
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Original hZa Optimized hZa

pr + ARy pr > 10 GeV & AR, < 1.5 | Photons: 2 loose ID, pr > 10 GeV, track iso.
diph.: X = ARy * 7y /2myy, X & 1 Low mass : my, < 2.5 GeV

X window : 0.96 < X < 1.20 High mass : my, > 2.5 GeV, tight ID

Four object vector : Dilepton + diphoton | Higgs Window : 110 < my, < 140 GeV

SR : 110 < mypyy < 140 GeV

SR-ID : Loose ID for both photons

SR-ID-ISO : AR, > 0.22 FCLoose iso

Table 15: hZa selections comparison-photon requirements.

Throughout the analysis the invariant mass distributions in three regions will be used.
These are the signal region (SR), sideband region (SB) and validation region (VR). The

definition of each invariant mass distribution is shown in Table 16.

Distribution Definition

SR (Signal region) My~ in range myy, (110,140) GeV
SB (Sideband region) | ms, in range my,~ (100,110)&(140,180) GeV.
VR (Validation region) | my, in range (100,110)&(140,180) GeV.

Table 16: Definitions of distributions in optimized hZa selection.

Low mass selection motivation From the MC samples for ALP mass of 1 GeV and 2
GeV, it was observed that their behavior differs slightly from that of higher mass samples.
Specifically, the opening angle between the two highest pyr photons on truth level is smaller
than DR, < 0.2. This leads to candidate events failing the tight photon ID criteria, as
the energy clusters produced by these photons are in close proximity in the calorimeter
and the shower-shapes overlap, as illustrated in Figure 44. To address this, a low-mass
selection was introduced, applying only loose photon identification. The definitions of the
signal region (SR) and sideband region (SB) in the diphoton + dilepton invariant mass are

standard between the low mass and high mass cases, as shown in Table 16.

High mass selection motivation For MC samples of ALPs with mass greater than 2
GeV, consistent behavior was observed regarding the opening angle between photons. The
angle is sufficiently large to ensure that the energy clusters produced by the photons are
well-separated, preventing failure of the tight identification criteria. In the analysis, tight
identification is preferred over loose identification as it improves rejection of the dominant
background, Z-+jets, as discussed in [59]. Consequently, the cut on the diphoton invariant
mass is set at 2.5 GeV. The definitions of the signal region (SR) and sideband region (SB)
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Figure 44: Opening angle DR, of diphoton pairs for 1 GeV, 2 GeV and 5 GeV ALPs.

Histograms normalized to unity.

in the diphoton + dilepton invariant mass remain standard for both low mass and high

mass cases, as shown in Table 16.

MC diphoton invariant mass distributions The determination of the signal diphoton
invariant mass distributions m. is derived from MC samples and it is important for the
optimization of the event selection. In particular the window in which the axion mass
hypothesis is defined is set to have at least 95% of the reconstructed ALP events in the SR.
The resulting ALP mass windows are shown in 17. The MC diphoton signal shapes of the

Mass (GeV) | Mass window (GeV) | Mass (GeV) | Mass window (GeV)
1 (0,2) 12 (11,13)
2 (1,3) 15 (13,17)
4 (3,5) 20 (18,22)
5 (4,6) 25 (23,27)
6 (5,7) 30 (28,32)
9 (8,10) 33 (31,35)

Table 17: ALP mass and mass window calculated from the MC of the signal sample.

invariant mass distributions for a range of masses and couplings is shown in Figures 46-50.
The results are normalized to the Higgs production cross section for the gluon-gluon fusion
channel, as only MC samples for this production mode were generated. A bin width of 1
GeV is used for these plots.

The diphoton signal region efficiencies of the original analysis are presented in Figures
24-28. A comparison can be made between the original ATLAS analysis and this analysis
in regards to signal efficiencies, shown in Figure 45. The original ATLAS selection demon-
strates higher efficiency for lower ALP masses in the range of 2-9 GeV, while the optimized

selection performs better for higher ALP masses. Notably, the optimized analysis selection
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efficiency increases with ALP mass, reaching a maximum of approximately 6% at m, =
33 GeV, compared to only about 0.4% for the original selection. However, it is important
to note that an improvement in signal selection efficiency does not necessarily translate to

improved sensitivity because of the background estimation.

—@-— Original selection

= —@- Optimized selection 3

Efficiency x Acceptance (%)

Figure 45: Selections signal efficiency x acceptance, original (red) and optimized (blue).

Acceptance = 0.48.
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Figure 46: Signal distributions for the reconstructed m.. for m, = 2 GeV for the couplings
C=0,= 1072,1073. On the left plot the signal is normalized to the ggh cross section.
On the right plot the signal of each coupling is normalized to unity.
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Figure 47: Signal distributions for the reconstructed my. for m, = 5 GeV for the couplings
C = C,y, =1072,1073,107%. On the left plot the signal is normalized to the ggh cross

section. On the right plot the signal of each coupling is normalized to unity.
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Figure 48: Signal distributions for the reconstructed m., for m, = 15 GeV for the couplings
C =0, = 1072,1072,1074,107°. On the left plot the signal is normalized to the ggh

cross section. On the right plot the signal of each coupling is normalized to unity.

6.6.3 Background estimation

The main backgrounds of the hZa analysis are Z+jets and Z~. The main conclusions re-
garding these backgrounds in the original hZa analysis remain valid. Background estima-
tion is performed using a combination of MC simulations and sideband plots, as described
in Section 6.6.2, to minimize the impact of MC uncertainties. Specifically the side band
(SB) plot for the diphoton invariant mass m~, distribution, defined in Table 16, is shown
in Figure 51. From this plot, the use of MC for background estimation in the low-mass
region is validated after applying a correction factor of n = 1.2120. This factor is derived by

comparing the (0-2.5) GeV mass range in the sideband (SB) histograms of MC and data,
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Figure 49: Signal distributions for the reconstructed m., for m, = 20 GeV for the couplings
C =0y, = 1072,1073,1074,107°. On the left plot the signal is normalized to the ggh

cross section. On the right plot the signal of each coupling is normalized to unity.
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Figure 50: Signal distributions for the reconstructed m., for m, = 30 GeV for the couplings
C=0Cy= 1072,1072,1074,107°,107%. On the left plot the signal is normalized to the

ggh cross section. On the right plot the signal of each coupling is normalized to unity.

where the shape agreement in the SB region was found to be satisfactory. Consequently,
the corrected MC background estimation for the low-mass region is shown in Figure 52.
An additional background validation is performed using the invariant mass of the diphoton
+ dilepton in the validation region (VR), also defined in Table 16, as shown in Figure 53.
This comparison demonstrates a roughly similar shape between data and MC, further sup-
porting the reliability of the background estimation. The validation is particularly relevant

because low-mass events dominate the VR, as illustrated in Figure 51.

High mass background estimation Since MC predictions are not reliable in the high-

mass region, an alternative method for background estimation is necessary, leveraging the
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Figure 52: Diphoton invariant mass distribution m.. in region (0,3) GeV - low mass signal

region showing the background estimation used. MC is in blue and data is black.

sideband (SB) and validation regions (VR). Three methods were tested for background
estimation. For the first method a linear function is fitted to the SB distribution. A
transfer function, derived from the VR distribution, is used to normalize the SB fit and
map it into the signal region (SR), providing a background estimation. The second method
involves fitting a function directly to the SR distribution while excluding the ALP mass
windows (listed in Table 17). This method provides a background estimation for each
mass point. Finally, the third method was the ABCD method which used both the SB and
SR distributions to produce a background estimation. The key distribution plots for the
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Figure 53: Diphoton+dilepton invariant mass distribution in the VR of mass range mj;~
(100,110) - (140,180) GeV. MC is in blue and data is in black.

background estimation are shown in Figures 53 and 54.
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Figure 54: Diphoton invariant mass distribution in mass range (3,40) GeV m.,. SB (left)
and SR (right).

Method 1: Background estimation with SB distribution fit The first method
for background estimation involves fitting a function to the SB distribution. This approach
is based on the hypothesis that the sideband region does not contain any signal and exhibits
kinematics very similar to those of the signal region. Consequently, the fitted function is
expected to approximate the background distribution in the signal region, allowing any
potential signal to be distinguishable. This method is commonly used in various ATLAS
analyses where the MC description of the background is inadequate. Additionally, it mit-

igates potential background uncertainties, such as those arising from energy resolution or
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normalization discrepancies, as both the SB and SR distributions are derived entirely from
data. The main problem of this method is that the two regions should have a similar
population of data and a transfer factor that maps the SB to the SR should be derived.
The fit to the SB region is shown in Figure 55. The fitted functions used are a linear (poll)
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= pol2 fit
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N
o

Figure 55: Diphoton invariant mass distribution in region (3,40) GeV for the SB region.
The fitted poll and pol2 functions are shown.

and a quadratic (pol2) function, with x?/ndf values of 0.73 and 0.74, respectively. The
two functions converge as the second-order term in the quadratic function is close to zero.
Therefore, the linear function provides an adequate description of the SB distribution.

To use this function for background estimation, a transfer factor must be derived from
the VR. The derivation of this factor is shown in Figure 56. In this plot, a Landau
distribution is fitted to the VR data, with a x?/ndf of 1.18. The fitted distribution predicts
1838 events in the SR for the my,, invariant mass range of (110, 140) GeV. The actual
observed number of events in this range is 1824. The transfer factor, which maps the
number of sideband events in the VR mass range (100, 110) and (140, 180) GeV to the
signal region, is then calculated as: 1838/1952 = 0.9416.

After the derivation of the transfer factor the fitted linear function of the SB can be
applied to the SR as background estimation, shown in Figure 57. This is the first method

for a data driven background estimation.

Method 2: Background estimation with SR fit with blinded ALP mass re-
gions This ALP analysis uses the narrow-width ALP approximation, which is based on
the assumption that ALPs only interact with photons and do not couple to other Standard
Model particles, resulting in a small decay width. As a result, an ALP signal is expected

to be localized around the ALP mass. From the right plot of Figure 54, it is clear that no
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Figure 56: VR Diphoton+dilepton invariant distribution. The fitted Landau distribution
is shown. The integral of the Landau distribution in the SR is 1838. The number of events
in the VR are 1952.
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Figure 57: SR Diphoton invariant mass distribution plot in mass region (3,40) GeV. The

normalized, by the transfer function from Figure 56, poll function is shown.

localized excess with greater than 20 significance is observed. Still, as the null hypothesis
for each ALP mass is to locate signal matching an ALP resonance the SR distributions
should be blinded in the regions corresponding to Table 17, using only the data around it
as fit inputs. Thus in this method the SR_method2 and SB_method2 regions are defined
as shown in Table 18. A table showing the new SB regions per ALP mass is Table 19.
Three polynomial functions—pol0, poll, and pol2—are fitted to the data, and then in-
tegrated within the blinded ALP mass region to estimate the background. The background
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Distributions definitions in background estimation method 2

Distribution Definition

SR_method2 (Signal region) ALP mass window in m., distribution, table 17.

SB_method2 (Sideband region) | Data out of ALP mass window in m. distribution, Table 19

Table 18: Definitions of distributions in method 2 of background estimation in hZa opti-

mization analysis.

Mass (GeV) | SB_method2 (GeV) | Mass (GeV) | SB_method2 (GeV)
4 (5,11) 15 (8,13)&(17,22)

5 (3,4)&(6,11) 20 (13,18)&(22,27)

6 (3,5)&(7,11) 25 (17,23)&(27,33)

9 (4,8)&(10,14) 30 (22,28)&(32,38)

12 (6,11)&(13,18) 33 (25,31)&(35,40)

Table 19: Background estimation method 2 SB regions from SR m.,, distribution.

modeling uncertainty in the blinded region is determined by subtracting the two functions
that yield the smallest x?/ndf values. This procedure is repeated for each ALP mass. Two
example plots for ALP masses of 6 and 20 GeV are shown in Figures 58 and 59.
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Figure 58: Background estimation fit for ALP of 6 GeV in the diphoton invariant mass
distribution using the method 2 SB region defined in Table 19. The three fits are pol0,
poll and pol2, with pol2 having the smallest x?/ndf value of 0.108. The subtraction of the

poll and pol2 fits is used as background modeling uncertainty.

From the two plots it is evident that the polynomial fits are capable of describing
the distributions in the SB_method2 regions and produce a background estimation in the

blinded signal region SR_method2. This method is the primary method of background
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Figure 59: Background estimation fit for ALP of 20 GeV in the diphoton invariant mass
distribution using the method 2 SB region defined in Table 19. The three fits are pol0,
poll and pol2, with pol2 having the smallest x?/ndf value of 0.788. The subtraction of the

poll and pol2 fits is used as background modeling uncertainty.

estimation employed in the analysis.

Method3: ABCD method The ABCD method is a background estimation method
used extensively in ATLAS analyses. It is a straightforward method which requires that
there are two selections that form part of the definition of the signal region, region A,
which can be inverted in order to define three further regions, region B, C, and D. These
control regions should ideally be rich in events produced from background processes that
the method is attempting to estimate. The regions should be able split via a continuous

variable. In our case the regions are as follows, defined per ALP mass point:

e Region A (Signal region) : The mass window of the ALP on the SR distribution,
which is blinded according to Table 17.

e Region B : The mass window of the ALP on the SB distribution, according to table
17.

e Region C : The sideband mass range outside the ALP mass window, which is also
used for method 2 shown in Table 19, on SR distribution.

e Region D: The identical mass range as region C on the SB distribution.

These regions are defined for each ALP mass point, shown in Tables 17 and 19. The goal of
the ABCD method is to produce a prediction for the number of background events in the
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signal region A. The assumption that underpins the ABCD method is that the following
statement is true: NTTE—
c _Na

This condition will be met if the observables defining the ABCD plane are sufficiently

(49)

uncorrelated for background events. The method will then calculate a transfer factor that
maps the number of events in region B to region A. The regions for a 6 GeV ALP and a
20 GeV ALP are shown in Figure 60. The results for a 6 GeV ALP and a 20 GeV ALP

are shown in Figures 61 and 62.

my,-GeV
m,,-GeV

©.7) B A(blinded) (18,22) B A(blinded)

(3,5)-(7,11) D C (13,18)-(22,27) D ©

m,,SB~(100,110)&(140,180) m,,SR-(110,140) m,,SB~(100,110)&(140,180) m,,SR-(110,140)

my,,-GeV my,-GeV
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Figure 60: A representation of the ABCD regions for a 6 GeV ALP (left) and a 20 GeV
ALP (right).

Overall, the background estimation is reasonable, as it agrees with the results from the
other two methods. However, the fluctuations in the bins of region B carry over to the
background estimation, which is undesirable. Additionally, the uncertainty of this method
is higher than that of methods 1 and 2 due to the data fluctuations. This method is
primarily suited for smooth backgrounds or singular binning, so this behavior is expected.
Nevertheless, it remains a simple and reliable approach, serving as the secondary method

for background estimation.

Methods comparison A comparison of all three methods for the 6 GeV and 20
GeV ALP is shown in Tables 20 and 21. A comparison is made with the original analysis
background estimation, to illustrate the background rejection of the two event selections.

The three methods produce compatible results validating the different approaches. The
results of the three methods for the high mass region are shown in Figure 63. Ultimately,

method 2 was used as background estimation.
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Figure 61: Background estimation for 6 GeV ALP using the ABCD method. The blue area
on region A is the background prediction. A transfer function is also calculated together

with a likelihood fit for the different signal region predictions.

Mass Range | Method 1 | Method 2 | Method 3 | Orig. back. est.
(5,6) 4.49+0.29 | 5.854+0.50 | 6.394+1.50 | 22.18+0.94
(6,7) 4.93+0.20 | 6.76+0.75 | 7.67+1.81 | 18.99£0.90

Mass Range | Method 1 | Method 2 | Method 3 | Orig. back. est.
(18,19) 10.17+0.37 | 9.4840.72 | 9.06+1.17 | 3.59+0.36
(19,20) 10.61£0.37 | 10.02+0.80 | 12.95£1.68 | 3.12+0.37
(20,21) 11.05£0.37 | 10.80+0.78 | 16.83£2.18 | 2.72+0.33
(21,22) 11.48+£0.36 | 11.824+0.65 | 11.65£1.51 | 2.36+0.31

background estimation of the original analysis in also shown.

Table 20: Comparison of the background estimation methods for a 6 GeV ALP. The

background estimation of the original analysis in also shown.

Table 21: Comparison of the background estimation methods for a 20 GeV ALP. The
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Figure 62: Background estimation for 20 GeV ALP using the ABCD method. The blue area
on region A is the background prediction. A transfer function is also calculated together

with a likelihood fit for the different signal region predictions.

6.6.4 Systematic uncertainties

The main systematic uncertainties are similar in both the reinterpretation and the opti-
mized analyses. However, due to the different event selection, the systematic uncertainties
have been recalculated. The average results for the prompt systematic uncertainties across

the full range of ALP masses are discussed.

e Photon identification efficiency uncertainty: In the case of the optimized analysis,
both tight and loose photon identification are used, compared to only loose photon
identification in the original analysis, which can influence the systematic uncertainty.
This systematic uncertainty is the second most important of the analysis contributing
+ 5-6 % on the final limit, depending on ALP mass.

e Photon isolation efficiency uncertainty: In the case of the optimized analysis, all
photons use track-based isolation, compared to a subset of photons in the original
analysis that use FCLoose. This, combined with the tight photon ID, leads to the

most important systematic uncertainty of the analysis contributing + 8-10% on the
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Figure 63: Background estimation results for the high mass region. Method 1 (red) -
fit in SB, method 2 (blue)- fit in SR, method 3 (green)- ABCD and data in SR (black).

Reasonable agreement is seen between the methods.

final limit, depending on ALP mass.

e Pile up uncertainty: In the case of the optimized analysis, slightly different signal
events may be selected compared to the original analysis. Thus, the pile-up uncer-
tainty must be taken into consideration and recalculated. This systematic uncertainty
is the third most important of the analysis contributing + 2-4 % on the final limit,
depending on ALP mass.

e Electron identification efficiency uncertainty: In the case of electrons the selection in
both analyses is identical. This systematic uncertainty contributes & 0.5 - 0.6 % on

the final limit, depending on ALP mass.

e Electron isolation efficiency uncertainty: This systematic uncertainty is negligible

contributing + 0.05 % on the final limit, as in the original analysis.

e Electron trigger efficiency uncertainty: This systematic uncertainty contributes £ 0.2

- 0.3 % on the final limit, depending on ALP mass.

e Muon identification/reconstruction efficiency uncertainty: In the case of muons the
selection in both analyses is identical. This systematic uncertainty contributes £ 0.2

- 0.4 % on the final limit, depending on ALP mass.
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e Muon isolation efficiency uncertainty: This systematic uncertainty contributes + 0.2

- 0.4 % on the final limit, depending on ALP mass.

e Muon trigger efficiency uncertainty: This systematic uncertainty contributes £ 0.9 -

1.2 % on the final limit, depending on ALP mass.

The background estimations also introduce the MC uncertainty and the background
modeling uncertainty. This leaves the systematic uncertainty due to displaced photon

origin, which, as in the hZa original analysis, requires a more involved analysis.

Displaced photon origin systematic uncertainty The optimized hZa event selection
uses slightly different ALP events than the original selection. Additionally, the photon ID
working point "Tight’ is applied, which has a different classification than the 'Loose’ working
point, with more shower-shape variables utilized [59]. The interpolation of the shower-shape
variables is identical, but afterward, the Tight ID of each photon needs to be recalculated.
The measured efficiencies and corresponding systematic uncertainty for the tight working
point are shown in Fig. 64, reproduced from [92]. The efficiencies decrease with respect to
the ALP decay radius both before and after fudging the shower-shapes, ranging from 0.8
to 0.3, with a minimum around [, = 1600 mm. The corresponding systematic uncertainty
behaves similarly to the systematic uncertainty of the loose photon identification, ranging
from 0.05 to 0.21.
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Figure 64: Systematic uncertainty of the tight photon identification working point due to
the change of the photon shower-shapes with increasing ALP decay radius in the (r — ¢)
plane of the detector. Left: the identification efficiency before and after fudging the shower-
shapes. Right: The relative difference of the efficiencies which is taken as systematic
uncertainty. The difference rises with respect to the ALP decay radius and lies between
0.06 to 0.21 [92].

Subsequently, the displaced photon vertices systematic uncertainty is calculated in the
same way as the original analysis, with weights applied to each photon on an event-by-event

basis. For the ALP masses of 1 and 2 GeV the loose ID displaced systematic uncertainty
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is used, with the loose ID weights shown in Figure 35. For the ALP masses exceeding 2.5

GeV the tight ID weights are used, shown in Figure 64. Some of these calculations are

shown in Figure 65. Results are shown in Tables 22 and 23.
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Figure 65: Systematic uncertainty due to displaced photon origin variations for two differ-
ent masses with C' = C,, = 1074, left is 5 GeV and right is 15 GeV. Nominal corresponds
to no weights applied, Syst_Up to weights added and Syst_Down to weights subtracted.

Systematic uncertainty due to displaced photon origin - Up. Values in %
Ciy\mq | 4 GeV | 5 GeV | 7GeV | 9 GeV | 15 GeV | 20 GeV | 25 GeV | 33 GeV
1073 7.73 3.39 0.34 0 0 0 0 0
1074 33.56 | 30.39 | 2354 | 16.24 | 4.87 0.78 0.15 0
1075 - - 30.36 | 34.72 | 33.06 15.96 15.96 9.48

Table 22: Displaced systematic uncertainty - Up variation.

Values in %

Systematic uncertainty due to displaced photon origin - Down. Values in %
Cyy\mq | 4 GeV | 5 GeV | 7GeV | 9 GeV | 15 GeV | 20 GeV | 25 GeV | 33 GeV
1073 7.16 3.16 0.33 0 0 0 0 0
104 28.16 | 25.76 | 20.57 | 14.61 | 4.53 0.73 0.13 0
107° - - 25.89 | 28.87 | 27.67 19.90 14.41 8.74

Table 23: Displaced systematic uncertainty - Down variation. Values in %.
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6.6.5 Results

To obtain an upper limit on the branching ratio for h — Za, compared to the Higgs
ggh production mode, a profile likelihood fit is performed on the invariant photon mass
spectrum for each mass-coupling pair, in an identical way to the reinterpretation of the
ATLAS hZa analysis. As the systematic variations are slightly different in this case the
pull plot and upper limit at 95% C.L. are shown in Figures 66 and 67 respectively. The
fitting procedure yields a limit on the BR of the H — Za — [1~~y process at 95% C.L.
The following limits are produced for the four couplings C., = 10~2 (prompt), Cyy = 1073,
Cyy = 10~* and C,, =107°, shown in Figure 68.
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Figure 66: Pulls for the nuisance parameters in the fit for m, = 9 GeV with C,, = 1074,

The limit on the branching ratio can be converted into a limit on the coupling constant
of the ALPs to photons C,,. The formulas and methodology used is identical to the
one used by the reinterpretation, in section 6.5.5, just with slightly different limits on the
branching ratios. The limits in the ALP-photon coupling are shown in Figure 69.

It can be seen that the limits of the ALP coupling to photons are very similar between
the two selections. This can be explained by considering that the limits depend on the
relative difference in the selection for the same mass. This is expected, as the prompt
selection efficiency represents the maximum number of events that can be observed, since
the detector is optimized to detect prompt photons. As the displaced couplings increase,
events can no longer be reconstructed, leading to smaller efficiencies. The only way to

increase the coupling sensitivity is by using a larger dataset.
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Figure 67: Observed (solid line) and expected (dashed line) CLS values for different 1 with
+10 (green) and +20 (yellow) for a fit with statistical variations and systematics applied
for mq =9 GeV with Cy, = 1072
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Figure 68: Upper limits, at the 95% C.L. on the branching ratio of the process H — Za —
I"177~. Upper row left: Limits for a coupling of C,, = 0.01 (prompt), right: C., = 1073,
Lower row left: C, = 10~4, right: Cyy = 10~°. Also shown are the 1 and 2 ¢ uncertainty

bands taking into account the statistical and systematic uncertainties.
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Figure 69: Limits on the ALP mass and coupling to photons at 95% C.L.. The results from
this analysis are shown as blue lines assuming a Higgs to ALP coupling of Cz;,/A? = 0.72
TeV~! (solid) and Cz, /A% = 0.1 TeV~! (dashed). The reinterpretation results are shown
as the black line. This plot can be directly compared to 42.

6.6.6 Comparison of prompt sensitivities in the two analyses

A short comparison of the prompt sensitivities for the two analyses is shown in Figure
70. Excluding the ALP mass of 2 GeV, the limits of the two analyses are similar, with
no major difference in sensitivity. For ALP masses greater than 20 GeV, the optimized
analysis shows improved sensitivity due to the higher signal selection efficiency, which
reaches a maximum of around 6% for m, = 33 GeV, compared to around 0.4% for the
original selection. Overall, the sensitivity of the two analyses is similar and worse than the
CMS analysis [77]. One possible improvement in sensitivity could be made with improved
background rejection, e.g. kinematic variable signal and background classification using
machine learning. Nonetheless, the hZa channel is an interesting channel, and multiple

analyses will probe it in the future.
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Figure 70: Upper limits, at the 95% C.L. on the branching ratio of the process H —
Za — 171~y for prompt coupling. Optimized analysis (left) and reinterpretation analysis
(right).

6.7 Summary of h — Za

Data recorded by the ATLAS experiment at the LHC, corresponding to an integrated
luminosity of 139 fb~! from proton-proton collisions at a center-of-mass energy 13 TeV,
are used to search for a rare decay of the 125 GeV Higgs boson to a Z boson and an axion-
like particle a, which is considered to have mass m, between 2 GeV and 34 GeV. The
particle a is considered to decay to a diphoton pair. Two selections were developed and
compared, yielding similar results. No significant discrepancies are observed with respect to
the expectation from Standard Model backgrounds and therefore upper limits are reported
ranging from 0.01 to 0.001 branching ratio. These limits are the first to take displaced

couplings into account in the h — Za channel.



7 Light-by-Light scattering

7.1 Introduction

Light-by-light (LbyL) scattering, vy — 77, is a quantum-mechanical process that is forbid-
den in the classical theory of electrodynamics as electromagnetic waves in vacuum obey the
principle of linear superposition [98]. In the Standard Model, which is a relativistic theory
incorporating quantum mechanics, the process becomes possible at higher orders. The
7y — 7 reaction proceeds at lowest possible order in the fine structure constant (ce) via
virtual one-loop box diagrams involving charged fermions (leptons and quarks) and the W=+
boson [47], shown in figure 71. The process involves four electromagnetic vertices, making
it extremely rare compared to electromagnetic tree-level processes, such as Compton scat-
tering. However, in various extensions of the Standard Model, additional contributions are
possible, rendering the measurement of LbyL scattering sensitive to potential new physics.
Relevant examples include axion-like particles (ALPs), spin-2 particles (commonly referred
to as gravitons), which couple indirectly to photons [39, 99], and higher-dimension oper-
ators [100]. These contributions would produce a resonance peak in the invariant mass
spectrum of the diphoton final state. These two features make the LbyL scattering a very

interesting channel.

Pb Pb Pb Pb

Pb Pb Pb Pb

(a) (b)

Figure 71: Schematic diagrams of (left) SM LbyL scattering and (right) ALP production
in Pb+Pb [47].

7.2 LbyL scattering in ATLAS

At the LHC, proton-proton (pp) collisions are not the only type of collisions studied, as
collisions involving ions of the heaviest stable element, lead (Pb), are also investigated.
These are particularly interesting because many physics processes are easier to detect in p-

Pb or Pb-Pb collisions. Examples include processes related to photon or gluon emissions.
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In Run 3 in 2023 PbPb collisions at a center-of-mass energy of /s = 5.36 TeV were
performed. Pb-Pb collisions at the LHC are typically studied in scenarios where the ions
interact hadronically, producing high multiplicities and creating a volume in which the
reaction participants form a domain of hot, dense quark-gluon matter. These are referred
to as central collisions. Additionally, it is of significant interest to study very peripheral
(or ultra-peripheral) collisions (UPCs), which are characterized by an impact parameter b
greater than the sum of the radii of the ions. In such cases, the ions do not interact directly
through the short-range nuclear force but instead primarily via their electromagnetic (EM)
fields.

In this regime the LHC, loosely speaking, behaves like a photon-photon collider. The
electric charges of the protons within the nucleus generate an electromagnetic field that
can be viewed as a cloud of photons surrounding the nucleus. This model is known as
the Weizsacker-Williams method or the equivalent photon approximation (EPA) and is
commonly used to simplify calculations of photon-induced interactions. The EM fields
produced by the colliding Pb nuclei can thus be treated as beams of quasi-real photons
with a small virtuality of Q?> < 1/R2, where R is the radius of the charge distribution
leading to Q% < 1073 GeV? [101]. Indeed, ultra-relativistic ions generate strong EM fields,
with magnitudes of E ~ 10%° V/m for PbPb collisions at the LHC with a center of mass
energy per nucleon pair of 5.02 TeV. In this regime, the electric and magnetic fields of each
ion are perpendicular and almost transverse to the direction of propagation [47].

The process of interest for this analysis is LbyL scattering, the reaction Pb+Pb (y7)
— Pb+Pb 7. The cross section for this reaction can be calculated by convolving the
respective photon flux with the elementary cross section for the process vy — 7. Since the
photon flux associated with each nucleus scales as Z2 (the nuclear number), the cross section
is significantly enhanced compared to proton-proton (pp) collisions, as each individual
proton within a nucleus can participate in the interaction. In this measurement, the final-
state signature of interest is the exclusive production of two photons. The diphoton final
state is measured in the detector surrounding the Pb+Pb interaction region, with the
incoming Pb ions surviving the electromagnetic interaction. Hence, one would expect the
detection of two low-energy photons with no additional activity in the central detector. In
particular, no reconstructed charged-particle tracks originating from the Pb+Pb interaction
point are anticipated.

A measurement of the LbyL scattering cross section was performed by ATLAS using the
2015 and 2018 PbPb dataset with a centre-of-mass energy of \/s= 5.02 TeV, corresponding
to an integrated luminosity of 2.2 nb~! [47]. This analysis follows the approach proposed in
[47] and the methodology used in the previous measurements, utilizing PbPb data recorded
in 2023 by the ATLAS detector at a centre-of-mass energy of v/s= 5.36 TeV corresponding

to a luminosity of 1.64 nb~!. The main advantages over the previous analysis are lower pr
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thresholds for the photons and higher collision energy.

As this analysis is still ongoing, only general elements and results will be presented,
without definitive conclusions. Key aspects of the analysis, such as event selection, triggers,
background estimation, and systematic variations, will be briefly discussed. The main focus
will be on the methods used for the determination of the photon identification working

point, as it was the primary contribution of the author.

7.3 Data and MC samples

The data used in this measurement is from PbPb collisions with a centre-of-mass energy
of v/s = 5.36 TeV, recorded in the 2023 HI runs at the LHC. The full data set corresponds
to an integrated luminosity of 1.64 nb~! of PbPb data, with a preliminary uncertainty of
3.5%. Only high-quality data with all detectors operating normally are analyzed.

LbyL signal events are generated using SuperChic v4.2 [102]. They take into account
box diagrams with leptons and quarks (such as the diagram in Figure 71), and W boson,
including interference effects. The W# contribution is only important for diphoton masses
m,~y > 2myy.

The exclusive diphoton final state can be also produced via the strong interaction
through a quark loop in the exchange of two gluons in a colour-singlet state. This central
exclusive production (CEP) process, gg — 77, is modeled using SuperChic v4.2 [102]. This
process has a large theoretical uncertainty, O(100%), mostly related to the modeling of the
rapidity gap survival probability [103]. Therefore, further constraints on the normalization
of this background process are estimated directly from data, using a dedicated control
region.

The vy — eTe™ process is a potential background, when both leptons are reconstructed
as photons, but it is also valuable for various calibration studies within the analysis. The
vy — ete” process is modeled with the Starlight + Pythia8 MC generators [104, 105],
in which the cross section is computed by convolving the Pb+Pb photon flux with the
leading-order formula for vy — eTe™.

Finally, ALPs are also generated using SuperChic v4.2 [102]. The ALP resonances
generated by the LbyL process will primarily be at rest, resulting in back-to-back energy
clusters in the transverse plane of the electromagnetic calorimeter, due to the photon
kinematics. This feature is also used as a selection criterion in the event selection.

All simulated events make use of a GEANT4 [76] based detector simulation [106] and

are reconstructed with the standard ATLAS reconstruction software.
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7.4 Event selection
7.4.1 Triggers

As with all ATLAS analyses, interesting events should be selected and stored to be ana-
lyzed, which is achieved through specified triggers. In the case of the LbyL analysis, this
process is more complex, as the signal photons have much lower transverse momentum than
those typically used in ATLAS, necessitating specific triggers for data collection. These
triggers are designed to be sensitive to events with moderate activity in the calorimeter
system and minimal signal in the rest of the detector. They are split into L1 (hardware)
and HLT (software) triggers. The triggers will be briefly presented below as it is a work in
progress.

The two L1 triggers used are: L1_TAU1_TE4_VTE200 and L1 2TAU1_VTE200. The
TAUI1 requirement means that at least one EM cluster has been registered with a minimum
pT = 1 GeV and similarly 2TAU1 means two EM clusters have been registered. The calori-
metric TE4 requires a minimum total transverse energy of 4 GeV and VTE200 vetoes events
with total transverse energy exceeding 200 GeV. The L1 trigger efficiency is calculated as a
ratio of events passing the logical OR of L1_ TAU1_TE4_VTE200 and L1_2TAU1_VTE200
triggers to all UPC events. Trigger efficiency is calculated as a function of the sum of the

transverse energy of two EM clusters and parametrized using an error function:
et = 0.5(exf((BF™" + E§™"? — p1)/pa) + 1, (50)

where the obtained values of parameters are: p1 = 5.71914 and py = 2.57668. Results are
compared with the fit to the 2018 data trigger efficiency [107], shown in figure 72. During
Run 2 data-taking a logical OR of two triggers L1_TAU1_TE4_VTE200 and L1 2TAU1_VTE50
was used. The efficiency value is about 50% for events with E§ustert 4 Egluster2 — 5 GeV
and about 95% for E‘%“terl + ECTluster2 = 10 GeV. The distribution reaches a plateau for
events where the sum of the transverse energy is equal to 15 GeV. The trigger efficiency
was found to have a higher energy threshold compared to the Run 2 reference, due to the
increased noise level.

In Run 3 there are also HLT triggers which were specifically created for the LbyL

analysis. These are:
e HLT mb_sp_vpix30_hi_FgapAC5_L1TAU1_TE4_VTE200
e HLT mb_sp_vpix30_hi_FgapAC5_2g0_etcut_L12TAU1_VTE200
e HLT mb_sp_vpix30_hi_FgapAC5_L12TAU1_VTE200

They include three sets of requirements:

e L1* e.g. LITAU1_VTE200 refers to the level one seed used, described in L1 above.
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Figure 72: L1 trigger efficiency as a function of the sum of the transverse energy of two EM

clusters with statistic uncertainties, error function fitted to data, and a fit to 2018 data.

e FCal veto, i.e. rejection of events with EE:,ECGZ > 5 GeV on any side of FCal (imposed
in hi_FgapAC5).

e Low activity in the ID, defined by a maximum number of 30 hits in the Pixel Detector

(imposed in mb_sp_vpix30).

For the calculation of the trigger systematic uncertainties various supporting triggers are
targeting the electron-positron channel. Particularly interesting are the following sources

of uncertainties:

e Track uncertainties - uncertainty on the hits used for the charged particle tracks

construction.

e Track acoplanarity - uncertainty introduced by the acoplanality of tracks compared

to reconstructed particle objects.

e Diphoton angle - uncertainty on the kinematics due to low photon pr on EM calorime-

ter clusters.

o 7ZDC calorimeter uncertainties - the ZDC detectors are used for the measurement of

the event hadronic activity.

7.4.2 Object reconstruction

Photons are reconstructed from EM clusters in the calorimeter and tracking information
provided by the ID, which allows for the identification of photon conversions [59]. Selection

requirements are applied to remove EM clusters with significant energy contributions from
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poorly functioning calorimeter cells, and a timing requirement is imposed to reject out-of-
time candidates. An energy calibration specifically optimized for photons [63] is applied
to the candidates, accounting for upstream energy loss and both lateral and longitudinal
shower leakage. The calibration is derived for nominal pp collisions, with dedicated factors
applied to account for the negligible contribution from multiple Pb+Pb collisions at the
same bunch crossing. The AOD format is used to store the selected events. The processing
of the AODs into ntuples (simpler object centered framework) was done using the Ntu-
pleMaker based on r24 AnalysisBase, where all the CP tools are used, recommended by
the physics object preparation groups of ATLAS. The tools are stored in the ATLAS tool

framework called Athena with release 24 of the framework used, for Run 3 analyses.

7.4.3 Analysis selection

The event selection is relatively simple as the LbyL scattering process is rare and clearly
defined. The main objective is the limitation of the two irreducible backgrounds vy —
ete™ (electron-positron) and central exclusive process gg — vy (CEP), which persist in a

standard two photon selection. The required cuts are as follows:

e Exactly 2 photons with pp > 2 GeV and |n| < 2.37, excluding crack region.
e Diphoton invariant mass m,, > 4 GeV.

e Diphoton transverse momentum pr., < 2 GeV.

e Diphoton Acoplanarity A < 0.01, described by equation 51.

e No standard tracks.

e No pixel tracks.

e Photon Identification, Run 3 working point.

e Any of the specified LbyL triggers detailed in 7.4.1.

The selection of these specific cuts is straightforward. The pr of the photons is the low-
est currently considered safe, before photon reconstruction uncertainties become dominant.
The diphoton kinematic cuts are motivated by the diphoton signal kinematics, aiming to
suppress irreducible backgrounds and fake photon sources. The photons are required to be
emitted in a back-to-back topology, which can be quantified using the reduced acoplanarity

A, a measure of the deviation of the two particles from being coplanar, defined as:
A
A=1-— M (51)
™

where A¢,, is the difference in the azimuthal angle of the two photons. It has been

found to be strongly correlated with the CEP and electron-positron backgrounds, which
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primarily occur at values A> 0.01. The two 'no tracks’ cuts are applied to suppress the
electron-positron and fake photon backgrounds. Photon identification, with a working

point developed by the author, is used to further reduce the fake photon background.

7.5 Backgrounds

Multiple backgrounds exist that produce a signature identical to LbyL scattering. There-
fore, the event number and characteristics of these backgrounds must be identified within
the signal region. The largest contribution arises from the production of an electron-
positron pair (yy — ete™). These events can fake signal signatures if the electrons are
misidentified as photons or in case a hard-bremsstrahlung photon is emitted. Another
contribution comes from the central exclusive process (CEP) gg — ~7 which produces an
identical final state to the signal. Finally, fake photons can be a source of background

mainly caused by calorimeter noise. The relevant backgrounds are shown in figure 73.
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Figure 73: Feynman diagrams of the 7y — e*e™ (left) and CEP background (right) [47].

7.5.1 Electron-Positron background

The electron-positron process vy — ete™ is an important source of background, as it is
a tree level process. In such cases, if the charged particle tracks are not reconstructed,
these electrons may be misidentified as photons. Suppressing this background is crucial for
ensuring the overall quality of the LbyL events.

The main way of suppression is via a tracks veto on two differently defined tracks,
pixel and charged particle. Charged particle tracks are defined as tracks with pr > 100
MeV, |n| < 2.5, at least one hit in the Pixel detector and at least six hits in the Pixel and
SCT detectors in total. Pixel tracks are reconstructed using only the information from
the Pixel detector, and are required to have pp > 50 MeV, |n| < 2.5 and at least three
hits in the Pixel detector. In order to suppress fake pixel tracks due to noise in the Pixel
detector, only pixel tracks with An < 0.5 from the photons are considered. Pixel tracks, in

particular, provide a more stringent cut, significantly reducing the number of background
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events. The contribution of this background to the signal selection is calculated using data
and simulated vy — eTe™ events. A control region C(Npy = 2) containing exactly two
charged particles tracks is defined which is expected to be dominated by this background
as the two electrons are expected to be reconstructed as two charged particle tracks. Each
electron can produce both a pixel track and a charged particle track. Mistag events are
those that have only a single reconstructed standard track. Npiyk—, corresponds to n
pixel tracks reconstructed in mistag events. The mistag probability is obtained by taking
the fraction of events in CR(Nmy = 1), where only one charged track is reconstructed.
NpixTik=1
NpixTik=1 + NVpixTrk=2

(52)

Pmistag =

The conditional probability of reconstructing both pixel tracks when only one stan-
dard track is reconstructed can be written as 1 — pmistag- A binomial distribution is then

constructed to determine the probability of different misidentification scenarios.

2
PNpixrek—2 = (1 - pmistag) (53)
PNpixtie1 = 2 * Pmistag * (1- pmistag) (54)
pNPixTrk:O = pmistag2 (55)

The derived conditional probabilities are then combined with two CR regions, where the
number of charged particle tracks is zero. These are Ncr(pixtrk = 1), VCR(PixTrk — 2) Where
1,2 are the numbers of reconstructed pixel tracks respectively. The expected contribution

of vy — eTe™ events in the signal regions is given by

pNPixTrk:O

As the analysis is not yet completed and numerical results for the background estimation

SRexpected = (Ner(pixtrk = 1) + Ner(PixTrk = 2)) -
PNpimik=o

are not available. However, the method is identical to the one used in the Run 2 analysis
leading to results shown in [47]. The number of vy — eTe™ events in the signal region of
the Run 2 analysis was estimated to be N ,_,c+.~ = 1547, where the uncertainty accounts

for the pmistag uncertainty and the limited event yield in NorpixTrk = 1,2) -

7.5.2 Central exclusive production

The Central exclusive production (CEP) process gg — 7 is an important background of
the analysis. The kinematics of the background are slightly different than the LbyL process
due to the emission of ISR gluons. This emission influences the acoplanality, described in
equation 51, of the diphoton events and provides a very powerful cut on the irreducible
backgrounds as the LbyL photons cannot emit ISR. This behaviour has been observed in
both data and MC as shown in figure 74, which presents the relevant plot for the Run 2
LbyL analysis.
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Figure 74: The diphoton acoplanarity distribution for events satisfying signal region selec-
tion, but before applying A < 0.01 requirement. The CEP background is normalized in
the A > 0.01 control region. Data are shown as points with statistical error bars, while the
histograms represent the expected signal and background levels. The shaded band repre-
sents the uncertainties on signal and background predictions, excluding the uncertainty on

the luminosity [47].

The background estimation of CEP is done with MC with a validation of the normal-
ization in the A > 0.01 control region, which is then used in the SR. The normalization is

constrained using the condition:
Ngata(A > 0.01) = n(Ngg (A > 0.01) + Ngig(A > 0.01) + N,y ete- (A > 0.01))  (57)

where n is the normalization factor, Ny, denotes the number of observed events, Ngg—~, is
the CEP expected events from MC simulation, Ny;, is the number of signal events from MC

simulation and N, _,.+.- is the electron-positron background yield. The electron-positron

Y=
background is derived by the method shown in 7.5.1.

As the analysis is not yet completed and numerical results for the CEP background
estimation are not available. However, the method is identical to the one used in the Run
2 analysis leading to results shown in [47]. The number of gg — ~7 events in the signal
region of the Run 2 analysis was estimated to be Ny, = 12 £ 3, where the uncertainty
accounts for shape uncertainties in the acoplanarity region, exact simulation of the ISR

gluon radiation and normalization uncertainty.
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7.5.3 Fake photons background

As the photons used in the analysis have a low transverse momentum threshold of pr >
2 GeV fake photon signatures can be produced by cosmic muons or noise in the EM
calorimeter. In the case of cosmic muons, if they do not cross the pixel detector, no charged
track is reconstructed. The background can be estimated by utilizing tracks reconstructed
using only the muon spectrometer. In the case of calorimeter noise, different shower-shapes
than those of real photons are expected. Thus, the shower-shapes can be used to distinguish
between real and fake photons. The methodology and framework used for this classification

will be discussed extensively in the next section.

7.6 Photon identification
7.6.1 Motivation

The main working points used by ATLAS for photon identification are called ’loose’ and
'tight’. These working points utilize EM calorimeter variables called shower-shapes to
produce a classification which discriminates between good quality photons and fake photons
[59]. As these working points are created for photons that have high enough pr to be
observed by a photon trigger they are optimized for photons with pr > 20 GeV. The
two ATLAS working points were tested for the Run 3 analysis using the LbyL signal MC
sample, shown in figure 75. The identifications were imposed on signal photons with pp > 2
GeV and |n| < 2.37 (excluding calorimeter crack). The efficiency is given by the ratio of
identified photons to the total number of reconstructed photons. The tight working point
includes more shower-shape variables than the loose working point, resulting in a stricter
selection and improved background rejection [59]. In the photon pr region of 2-5 GeV,
where the majority of the LbyL signal is expected according to the MC, the tight working
point achieves an efficiency of 18%, while the loose working point has an efficiency of 50%,
leading to a significant loss of signal.

Another issue with the default working points is their background rejection. The work-
ing points are optimized to reject jets reconstructed as photon backgrounds, where jets
deposit part of their energy in the EM calorimeter without associated charged particle
tracks. This differs slightly from the background in the LbyL selection, which is mainly
caused by calorimeter noise. Therefore, the option to tune the photon identification for
this new background should be considered. These issues were identical in the Run 2 anal-
ysis. However, the very loose photon working point developed then does not exhibit good
behavior for the Run 3 analysis photon pr threshold of 2 GeV, compared to 2.5 GeV for
Run 2.

To summarize a method of photon identification should be developed that optimizes

the efficiency for the LbyL vy — ~+ signal and achieves good background rejection. The
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Figure 75: Efficiency of the ATLAS photon identification working points loose and tight
for the LbyL signal in photon pp, with ppr > 2 GeV.

method uses machine learning methods to train classifiers that discriminate between photon

signal and background.

7.6.2 Signal and background photons

Signal photons are defined based on good-quality photons, according to ATLAS CP rec-

ommendations, from LbylL MC simulation. One photon per event is selected, and they are

required to pass photon pr > 2 GeV and |n| < 2.37, excluding the crack region, criteria.
Background photons are selected from a “fake-photon control region” in data. The

fake-photon control region is defined by imposing the following criteria:
e LbyL trigger requirement.
e Only one photon candidate per event.
e Photon pp > 2.0 GeV and || < 2.37 excluding the crack region.

e No tracks originating from a primary vertex in the event.

This region is produced using data from the 2023 PbPb UPC data period. Possible
LbyL candidate events with two photons are excluded. Events with one photon are selected
to compare the photon shower-shape variables between the background and signal. No cut
on acoplanarity is imposed on the background photons. This region is dominated by
fake-photon events, mostly originating from muons crossing the EM calorimeter and from
calorimetric noise.

The photon shower-shapes are variables calculated from measurements in the calorime-
ters that characterize the shape of the clusters and the detector response to incoming

particles [59]. The discriminating information of the classifiers comes from the following
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calorimeter shower-shape variables : f1, wy2, Eratio, fracsi, ficore, Rg and Rpqq. Their

definitions are given in section 5.4.2. Figures 7679 show a comparison of the shower-shapes

for signal (blue) and background photons (red).
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Figure 76: Photon shower-shape variables from background (red) and signal (blue).
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Figure 77: Photon shower-shape variables from background (red) and signal (blue).

Shower-shapes fracs; (left) and ficore (right).

The variables that according to the Figures 76-79 have the best discriminating value
are Erqtio, f1 and wy2. However, correlations in the variables can create a different image
during the classification. The discriminating power of f; variable is a property of low-energy
photons. Low-E7 photons deposit most of their energy in the strips and cannot penetrate
very far into the calorimeter. On the other hand, calorimeter noise tends to concentrate at
f1 = 0. Moreover, particles such as muons lose energy uniformly while propagating through

the calorimeter, producing clusters with a small energy fraction in the strip section of the
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Figure 78: Photon shower-shape variables from background (red) and signal (blue).
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Figure 79: Photon shower-shape variables from background (red) and signal (blue).
Shower-shapes Rpqq (left) and Rpqq1 (right).

calorimeter [108].
In contrast to common practices for classification using shower-shape variables, pr

reweighting was not applied. This decision was based on the distinct pp distributions of
the signal and background: the signal exhibited an exponential distribution, whereas the
background showed an approximately uniform distribution, as illustrated in Figure 80.
Applying pr reweighting would have required assigning large weights to the signal, which
was deemed impractical. Nevertheless, steps were taken to ensure that the classifiers did
not inadvertently learn to discriminate based on photon pp, achieved by using a subset of
the shower-shape variables. This was verified through checks using both MC signal and

data.
In the Run 3 LbyL analysis, two different classifiers were trained for photon identifica-
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Figure 80: Photon pr distributions in background (data) and signal photons.

tion (PID): a Boosted Decision Trees (BDT) classifier, described in Section A.5.3, and a
Neural Network (NN) classifier, as detailed in Section A.5.2, referred to as NN3 to distin-
guish it from the Run 2 NN classifier. The primary motivation for training two classifiers
was to facilitate comparisons between different classification methods and regions, ulti-
mately selecting the most effective classifier for the analysis. The selection of the most
important variables was carried out in two steps for each method. First, the classifier
for each eta region, as defined in Table 24, was trained and optimized using all available
shower-shape variables. During training, a ranking of the variables was generated based
on their separation power, which quantifies the classifier’s ability to discriminate using
only that variable, as described in [109]. By comparing the rankings across eta regions,
seven variables were identified as the most significant for both classification methods: fi,
wy2, Eratio, fracsi, ficore, Rg, and Rpqq. These variables were subsequently used to train
the classifiers. The performance of the classifiers trained with these seven variables was
compared to those trained with the full set of variables, and only a slight decrease in
performance was observed when using the reduced set.

The first method employs a BDT classifier, using all seven variables as initial inputs
for training. The second method, NN3, utilizes a neural network classifier trained on the
same input variables. Since the shower-shapes exhibit a dependence on the pseudorapidity
71, both methods are optimized within four n bins, motivated by the structure of the elec-
tromagnetic calorimeter. These bins are defined such that two cover the barrel calorimeter
and two cover the end-cap region, as shown in Table 24. Both methods are optimized by
maximizing the significance, defined as o = S/v/S + B. The signal efficiencies are around
93 % for both methods, when combining all eta regions. The event population in the etal
and eta2 regions is significantly larger than that in the etad and etad regions, consistent

with the expected photon pseudorapidity distributions. The original Run 2 NN is also
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utilized as an additional working point for validation purposes, with a signal efficiency of

approximately 88 %.

Region name | Pseudorapidity in region
etal In| < 0.6

eta2 0.6 <|n| <1.37

eta3 1.52 < |n| < 1.81

etad 1.81 < |n| < 2.37

Table 24: Eta regions

7.6.3 Training MC and data

To compare the two methods after optimization, the full dataset was divided into two
subsets: the training set and the testing set. The separate testing set is crucial for classifier
training, as it ensures the model is not overfitting—meaning it learns only from the training

data and fails to generalize well to new data. The two datasets are shown in Table 25.

Dataset | Data MC

Training | 9000 events of UPC - HI Run 2023 | 9000 events Superchic 3.0 2024 LbyL signal

Testing | 2000 events of UPC - HI Run 2023 | 2000 events Superchic 3.0 2024 LbyL signal

Table 25: Definition of the training and testing dataset

7.6.4 BDT PID

For training, the TMVA framework was used [109]. The inputs were derived from ntuples
of data and MC. Multiple architectures with varying numbers of trees, cuts, and bagging
were tested. The number of trees was set to 2000 for all regions. Bagging was set at 0.6,
representing the relative size of the bagged event sample compared to the original data
sample. Bagging is used to reduce statistical fluctuations. Finally, the number of cuts,
which determines the number of segments in each variable, was set to 50.

The output value is in between -1 and 1. When the output value is larger than a given
threshold a (y > a) the input is classified as a photon while for (y < a) it is considered
background. The single output parameter allows for selecting the desired signal efficiency
by adjusting the threshold above which an object is classified as a signal photon, while also
providing simple tuning. The threshold is optimized by maximizing o = S/v/S + B.

For the BDT network the input variables are directly taken from the shower-shape
variables, as no further preparation is needed for a BDT. Additionally, every set of input

variables is labeled with 1 for a signal photon and 0 for background.
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After the training the BDT is evaluated on the testing dataset to ensure that it is

neither over-fitted nor under-fitted. The results for the BDT for different eta regions are

shown on Table 26. There are only minor differences in the background rejection and

Dataset etal eta2 etad etad
Training background rejection | 97.8 +0.2% | 98.0 +£0.2% | 97.7 £ 0.5% | 97.8 +0.6%
Testing background rejection | 96.9 +0.6% | 97.3 +0.6% | 96.6 +1.4% | 98.1 +1.3%
Training signal efficiency 93.84+0.4 % | 92.3+0.5% | 94.0£0.8% | 94.7+0.7%
Testing signal efficiency 925+0.9% | 91.4+1.0% | 91.5 £2.2% | 91.7+£2.7%
Classifier cut off -0.4 -0.9 -0.7 -0.2

Table 26: BDT classifier background rejections and signal efficiencies for the different

selection methods and datasets.

signal efficiency between training and testing samples, which shows that the BDT is not

over-fitted. The differences are within the statistical uncertainties of the testing samples.

7.6.5 NN3 PID

For the DNN network, which is also trained on the TMVA framework, the input variables
are normalized using Gaussian-parameter normalization. For every input variable the mean
i and the standard deviation o are determined such that the mean of all transformed
training samples equals to 0 and the standard deviation is 1. Therefore, every input
variable has specific parameters for the transformation. Additionally, each set of input
variables is labeled with 1 for a signal photon and 0 for background.

A DNN, similar to the one used in Run 2, was trained using the same variables as
the BDT. Multiple network architectures were tested, and it was observed that simpler
architectures yielded better results. The selected network consists of three hidden layers
with 21, 14, and 7 neurons, respectively, and employs rectified linear unit (ReLU) activation
functions. The output layer contains a single node, with its value ranging between 0 and 1,
set by a sigmoid function. This single output parameter enables the selection of the desired
signal efficiency by adjusting the classification threshold for photons to be identified as
signal. The threshold is determined by maximizing the significance. To prevent overfitting,
dropout layers with a rate of 0.05 were included between the hidden layers during training.

For the training, a common configuration was chosen for all regions. The training
dataset is split into two subsets: 90% for the actual training and 10% for validating the
network’s performance after each iteration. The ADAM optimizer was used, and the mean
squared error was chosen as the loss function. The network weights were initialized using
the Xavier method, described in section A.5.2. Training was conducted over 200 epochs,
with validation accuracy evaluated after each epoch to identify the best configuration and

prevent overtraining. An early stopping mechanism was implemented, allowing training
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to terminate before completing all 200 epochs if no significant improvement in validation
accuracy was observed within 15 consecutive epochs. In most cases, training concluded
after approximately 150 epochs. The network optimization was further stabilized by the
inclusion of weight decay, which helped prevent erratic changes in the network weights.
After the training the network is evaluated on the testing dataset to ensure that it
is neither over-fitted nor under-fitted. The results for the NN3 network for different eta

regions are shown in Table 27. There are only minor differences in the background rejection

Dataset etal eta2 etad etad
Training background rejection | 95.5+0.3% | 94.1 +0.4% | 87.8 £ 1.1% | 91.0 £ 1.2%
Testing background rejection | 94.2 +0.8% | 94.9+0.7% | 90.2 +2.2% | 90.6 + 2.8%
Training signal efficiency 93.9+04% | 92.3+0.4% | 93.0+0.8% | 94.1 £ 1.0%
Testing signal efficiency 92.6 £0.9% | 91.9+0.9% | 94.3+1.8% | 91.6 £2.7%
Classifier cut off 0.75 0.75 0.55 0.50

Table 27: NN3 classifier background rejections and signal efficiencies for the different se-

lection methods and datasets.

and signal efficiency between training and testing samples, which shows that the network
is not over-fitted. The differences are within the statistical uncertainties of the testing

samples.

7.6.6 Classifiers comparison

The comparison of the three classifiers is useful for validation purposes. To facilitate this
comparison, the background rejection versus signal efficiency is plotted, commonly referred
to as a ROC curve. For each classifier, the efficiencies are derived from the training sample.
The results are shown in Figures 81 and 82 for the different eta regions, with the values of
the ROC curve intervals provided in Table 28. The results show that the BDT provides
the best background rejection and signal efficiency. The NN3 network achieves the second-
best performance on this dataset, while the NN2 network ranks third. However, the NN2
network demonstrates comparable performance when the photon transverse momentum
cut is adjusted to 2.5 GeV, as used in the Run 2 analysis. Thus, the BDT classifier will be
used for PID in the Run 3 LbyL analysis.

In most cases involving shower-shape variables, NN classifiers are considered optimal
for classification. However, in this instance, the BDT classifier outperforms the NN. The
exact reason for this is not entirely understood, but it may stem from a combination of
factors. Firstly, the size of the training samples may be insufficient for the NN to be fully
optimized, which is supported by the substantial improvement of the BDT over the NN
in the etad and etad regions, which have the lowest number of events. A second possible

cause could be the behavior of certain variables in the background and signal samples,
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Figure 81: Background rejection vs signal efficiency of the different photon identification
methods, for pseudorapidity regions etal and eta2. The results of the BDT network trained
for this analysis is shown in blue, while the red curve describes the results of the Run 3
neural network (NN3) and the black dot shows the result of using the Run 2 neural network
(NN2) on the new datasets.
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Figure 82: Background rejection vs signal efficiency of the different photon identification
methods, for pseudorapidity regions etad and etad4. The results of the BDT network trained
for this analysis is shown in blue, while the red curve describes the results of the Run 3
neural network (NN3) and the black dot shows the result of using the Run 2 neural network
(NN2) on the new datasets.

specifically the fi, ficore, and E,q, variables. For these variables, simple orthogonal
cuts can effectively discriminate between signal and background (e.g., fi < 0.1 exclusively
identifies background). The BDT classifier is able to identify these cuts quickly and then
optimize on the remaining events. In contrast, the NN classifier may struggle to find
these simple cuts, resulting in events being treated as noise, which negatively impacts the

optimization. A potential solution would be to apply the cuts before training begins, but
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ROC intervals/Eta region | BDT | NN3
etal 0.985 | 0.983
eta2 0.988 | 0.984
eta3 0.976 | 0.961
etad 0.977 | 0.963

Table 28: ROC curves intervals for the different eta regions and classifiers.

this would lead to prohibitively low statistics.

Another important factor to consider is the nature of the problem at hand. The goal of
the LbyL analysis is to measure the cross section, which requires a certain level of precision.
To achieve this precision, systematic uncertainties in the signal and background estimations
must be kept to a minimum. Given that the fake photons background is significant in this
analysis, improving its rejection is crucial for the accurate measurement and validation
of the analysis. While a slightly lower signal efficiency may introduce some uncertainty
in the calculation of the total cross section, this is outweighed by the effect of reducing

background uncertainties.

7.6.7 Signal efficiency and background rejection studies

To validate the photon PID efficiencies extracted from simulated samples, the efficiency is
also measured using data. This is done with two different methods: the first method eval-

uates the signal PID efficiency, while the second method assesses the background rejection.

Final-state radiation photons For the first method vy — eTe™ events where one of
the electrons is emitting an Final-State Radiation (FSR) photon are used. The selection
criteria for the FSR events were determined in the previous analysis [47]. The following

selection criteria are imposed to select such events with an FSR photon:
e Any of the specialized triggers mentioned in Section 7.4.1.
e Two-opposite charge tracks with pr > 0.5 GeV.
e Invariant mass of the two-track system with Moy.qers > 1.5 GeV.

e A photon candidate with a minimum energy of Er > 2.0 GeV and || < 2.37 exclud-

ing the crack region is required.

The photon candidate must be separated from both tracks with AR > 0.30 to ensure
the calorimeter clusters of the electron and the photon candidate are isolated, preventing
any energy leakage between them. From simulation, it was determined that a further cut
on the transverse momentum of the two track plus photon system pr_sirecksy < 1GeV is

required to suppress contamination from other processes.
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This selection yields 2636 photon candidates using the BDT classifier. In Figure 83 the
resulting single photon PID efficiencies in dependence of the photons transverse momentum
pr and pseudorapidity n are shown. A good agreement is observed for all the pr and n
regions. In addition, a validation is performed on the classifier signal efficiency.

For the BDT classifier, good agreement between data and the LbyL simulated sample
is observed at all pr regions. In regions with pr > 10 GeV, the statistical uncertainty
dominates. The efficiencies as a function of 7 show deviations of up to 4% in the very
forward region, but this is also not considered significant.

The ratio between data and simulation is used as MC-to-data scale factors (SFs) to
correct the simulation. For the nominal analysis the SFs parametrized by pJ. are used and

the SFs parametrized by n are taken as a systematic variation to derive uncertainties.
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Figure 83: Run3 BDT efficiency as a function of photon pr (left) and 7 (right) extracted
from FSR event candidates in 2023 PbPb data (Black full markers) and MC simula-

tion (Blue markers).

Background rejection As a second validation of the BDT working point, another data-
driven method was employed. Events that were detected with strictly one photon, with
pr > 2 GeV and |n| < 2.37 excluding calorimeter crack, and no quality cuts were used to
create a low quality dataset. This will help determine if there is any bias in the classifiers
towards certain pr or i values. If such bias is detected, it could impact the analysis results,
particularly the unfolded cross-section measurement. The measured property in question
is background rejection—namely, the fraction of events that pass the classifier compared
to total events (1 - Npgssed/Niotar). A comparison is made between the training dataset
and the low quality dataset. The results are shown in figure 84.

In Figure 84, no major bias is observed in the photon transverse momentum with respect
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Figure 84: Background rejection expressed in fractional form for the BDT. The expected
rejection is calculated using the training dataset, while the observed rejection is calculated
using the low quality dataset. The background rejection is shown in correlation with pr

and 7).

to background rejection. The average rejection rate is around 97% for the BDT classifier.
The slightly reduced rejection in the pr range of 2-5 GeV is attributed to the detector’s
smaller response at these lower energies, which is consistent with expectations based on
the calorimeter construction. This smaller response leads to more similar shower-shapes,
making background discrimination more challenging.

Similarly, in Figure 84, no significant bias is observed in photon pseudorapidity () with
respect to background rejection. A smoother trend is seen, largely due to the division into
the eta regions, which is the recommended practice by ATLAS for optimizing performance.

The background rejection in 7 is an average of around 97 % in all regions for BDT.

7.6.8 Conclusions

The development and validation of the Run 3 PID classification have been overall successful.
The BDT classifier achieves a signal efficiency of approximately 94%, which is comparable
to the 95% efficiency of the Run 2 analysis classifier. The background rejection of the BDT
classifier is around 97%, slightly lower than the 98% achieved by the Run 2 classifier. These
small differences can be attributed to varying detector conditions between Run 2 and Run
3. The conditions for Run 3 are not yet fully understood, leading to reduced photon object
quality and less precise luminosity measurements. Additionally, the inclusion of lower
photon pr thresholds introduced more electromagnetic calorimeter noise, which affected
classifier performance.

The decision to lower the photon pr cut is well justified. A comparison of diphoton

events in the signal MC indicates that this adjustment increases the number of events by
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a factor of 1.5, which compensates for the noise increase, compared to the Run 2 analysis,
pr > 2.5 GeV cut. Thus if the experimental challenges are surpassed the integrated fiducial
cross section of the Run 3 analysis is expected be higher than the Run 2 analysis.
Photon identification plays a crucial role in the LbyL analysis, as fake photons con-
tribute significantly to the background estimations for both electron-positron and CEP
irreducible backgrounds. Consequently, the photon identification working point must be
developed carefully and in advance of the background estimation. In comparison to Run 2,
the Run 3 photon classification has been optimized to better reject fake photons in control
background regions, resulting in smoother and more reliable background performance. Ad-
ditionally, the Run 3 classification demonstrates improved consistency when compared to
FSR photons, as shown in figure 83. This enhancement reduces the systematic uncertainty
associated with photon identification, even in the presence of increased calorimeter noise.
The implementation of the classification network using TMVA in Run 3 is also significantly
simpler and more intuitive than the network implementation used in Run 2. Overall, the
Run 3 photon classification is not only more robust but also more streamlined, effectively

addressing several shortcomings observed in the Run 2 classification.

7.7 Results

The Run 3 analysis of the LbyL signal will produce similar results to the Run 2 analysis [47].
The major differences is the lower photon pr threshold used in Run 3 and also the higher
energy of collisions in Run 3. The results will be given in plots of kinematic distributions
and integrated fiducial and differential cross section. The integrated fiducial cross section
of the Run 2 analysis was measured at oy = 120 £ 17(stat.) & 13(syst.) £ 4(lumi.) nb
compared to the theoretical 80 + 8 nb [110]. The Run 3 cross section is expected to be
higher due to the lower pr threshold and the higher collision energy. Regarding ALPs in
the Run 2 analysis, integrated cross sections above 2 to 70 nb were excluded at the 95 %
CL, depending on the diphoton invariant mass in the range 6-100 GeV. Slightly improved

performance depending on the ALP selection efficiency is expected in the Run 3 analysis.



8 Conclusion

The h — Za analysis uses ATLAS Run 2 pp collision data to search for the rare decay of the
125 GeV Higgs boson into a Z boson and an axion-like particle (ALP-a). The mass of ALP
is considered to be between 2 GeV and 33 GeV, with the ALP decaying into a diphoton
pair. This analysis reinterprets a previous h — Za analysis [3], extending its sensitivity to
ALPs with macroscopic lifetimes of up to 1.97 m by searching for displaced photon origin
vertices. Additionally, an optimized h — Za selection is introduced, providing higher signal
efficiency, and its performance is compared to the reinterpretation of the original ATLAS
h — Za analysis.

No significant discrepancies are observed relative to the expectations from Standard
Model backgrounds. Consequently, upper limits on the branching ratio are reported ranging
from 0.1 % to 1073 %. These are used to produce exclusion contours in the mgq-|Cy|/A
plane. The two h — Za analyses provide constraints across a range of ALP masses and
couplings, demonstrating good agreement overall.

The LbyL analysis concerns measurements of light-by-light scattering in lead-lead ultra-
peripheral collision events from the 2023 data-taking campaign. Although still ongoing, the
analysis aims to become the first to present a direct observation of light-by-light scattering
in Run 3 data upon publication. A key component of the study is the development of a
dedicated photon identification strategy utilizing advanced classification methods based on
machine learning. Thus, signal photons are selected with transverse momentum pp > 2

GeV, achieving high signal efficiency and background rejection.
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A Appendix

A.1 Filenames of MC samples

The signal samples used in this analysis are listed for a single campaign (mc16e) in Table 30.

The background samples are listed in table 29.

Full sample name

mcl6.13TeV.364502.Sherpa_222_ NNPDF30NNLO_eegamma_pty_-35_70.deriv.DAOD_STDM3.e5928_s3126_r10724_p3970

mc16-13TeV.364500.Sherpa-222_NNPDF30NNLO_eegamma-_pty-7-15.deriv.DAOD_STDM3.e5928_s3126_r10724_p397

mc16-13TeV.364501.Sherpa_222_NNPDF30NNLO_eegamma_pty_15_35.deriv.DAOD_STDM3.e5928_s3126_r10724_p3970

mcl6.13TeV.364505.Sherpa_222_ NNPDF30NNLO_mumugamma._pty_7_15.deriv.DAOD_STDM3.e5988_s312_r10724_p3970

mc16-13TeV.364506.Sherpa-222_NNPDF30NNLO_mumugamma_pty-15_35.deriv.DAOD_STDM3.e5988_s312_r10724_p3970

mcl6.13TeV.364507.Sherpa_222_ NNPDF30NNLO_mumugamma_pty_35_-70.deriv.DAOD_STDM3.e5988_s312_r10724_p3970

mcl6.13TeV.364114.Sherpa_-221_NNPDF30NNLO_Zee_ MAXHTPTV0.70_.CVetoBVeto.deriv.DAOD_STDM3.e5299_s3126_r10724_p3970

mc16-13TeV.364118.Sherpa_221_NNPDF30NNLO_Zee_ MAXHTPTV70.140_CVetoBVeto.deriv.DAOD_STDM3.e5299_s3126_r10724_p3970

mcl6.13TeV.364120.Sherpa_-221_NNPDF30NNLO_Zee_ MAXHTPTV140_280_-CVetoBVeto.deriv.DAOD_STDM3.e5299.s3126_r10724_p3970

mcl16.13TeV.364101.Sherpa_221_NNPDF30NNLO_Zmumu-MAXHTPTV0.70_CFilterBVeto.deriv.DAOD_STDM3.e5271_s3126_r10724_p3970

mcl6.13TeV.364104.Sherpa_221_NNPDF30NNLO_Zmumu-MAXHTPTV70.140_CFilterBVeto.deriv.DAOD_STDM3.e5271_s3126_r10724_p3970

mcl6-13TeV.364107.Sherpa_221 _NNPDF30NNLO_Zmumu-MAXHTPTV140_280_CFilterBVeto.deriv.DAOD_STDM3.e5271_s3126_r10724_p3970

Table 29: Overview of generated signal samples with full names of the MC background

sets.
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Full sample name

mcl6_13TeV.603899.PhPy8EG_AZNLO_ggH125_ mA2p0_Cyy0p001_Czh1lp0.merge.AOD.e8324_e8455_s3889_r10724_r10726
mcl16.13TeV.603842.PhPy8EG_AZNLO_ggH125_mA3p0_Cyy0p001_Czh1p0.merge. AOD.e8324 _e8455_s3889_r10724 r10726
mc16-13TeV.603843.PhPy8EG_AZNLO_ggH125_-mA4p0_Cyy0p001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6-13TeV.603844. PhPy8EG_AZNLO_ggH125_mA5p0_Cyy0p001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mc16-13TeV.603845.PhPy8EG_AZNLO_ggH125_-mA6p0_Cyy0p001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16.13TeV.603846.PhPy8EG_AZNLO_ggH125_mA7p0_Cyy0p001_Czh1p0.merge.AOD.e8324_e8455_s3889_r10724_r10726
mcl16-13TeV.603847.PhPy8EG_AZNLO_ggH125_-mA9p0_CyyO0p001_-Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16_13TeV.603848. PhPy8EG_AZNLO_ggH125_ mA12p0_Cyy0p001_-Czh1p0.merge. AOD.e8324_e8455_s3889_r10724 _r10726
mcl16.13TeV.603849.PhPy8EG_AZNLO_ggH125_-mA15p0_-Cyy0Op001_-Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16_13TeV.603850.PhPy8EG_AZNLO_ggH125_ mA20p0_Cyy0p001_-Czh1p0.merge. AOD.e8324_e8455_s3889_r10724 110726
mcl6-13TeV.603909. PhPy8EG_AZNLO_ggH125_-mA25p0_-Cyy0p001_Czh1p0.merge.AOD.e8324_e¢8455_s3889_r10724_r10726
mc16-13TeV.603910.PhPy8EG_AZNLO_ggH125_mA30p0_-Cyy0p001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6-13TeV.603911.PhPyS8EG_AZNLO_ggH125_-mA33p0_Cyy0p001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16-13TeV.603912.PhPy8EG_AZNLO_ggH125_mA3p0_-Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16_13TeV.603913.PhPy8EG_AZNLO_ggH125_ mA4p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724 _r10726
mcl16-13TeV.603914.PhPy8EG_AZNLO_ggH125_mA5p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6.13TeV.603915.PhPy8EG_AZNLO_ggH125_mA6p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724 110726
mcl6-13TeV.603916. PhPy8EG_AZNLO_ggH125_-mA7p0_-Cyy0p0001_Czh1p0.merge.AOD.e8324_e¢8455_s3889_r10724_r10726
mcl16-13TeV.603917.PhPy8EG_AZNLO_ggH125_mA9p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6-13TeV.603918.PhPy8EG_AZNLO_ggH125_-mA12p0_Cyy0p0001_-Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16-13TeV.603919.PhPy8EG_AZNLO_ggH125_mA15p0_-Cyy0p0001_Czh1p0.merge. AOD.e8324_¢8455_s3889_r10724_r10726
mcl16_13TeV.603920.PhPy8EG_AZNLO_ggH125_mA20p0_Cyy0p0001_Czh1p0.merge. AOD.e8324 _e8455_s3889_r10724_r10726
mcl6-13TeV.603921.PhPy8EG_AZNLO_ggH125_mA25p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6_13TeV.603922.PhPy8EG_AZNLO_ggH125_mA30p0_Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6-13TeV.603923. PhPy8EG_AZNLO_ggH125_mA33p0-Cyy0p0001_Czh1p0.merge. AOD.e8324_e8455_s3889._r10724_r10726
mc16-13TeV.603924. PhPy8EG_AZNLO_ggH125_mA7p0_Cyy0p00001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl6-13TeV.603925.PhPy8EG_AZNLO_ggH125_-mA9p0_Cyy0p00001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16-13TeV.603926.PhPy8EG_AZNLO_ggH125_mA12p0_Cyy0p00001_Czh1p0.merge. AOD.e8324_¢8455_s3889_r10724_r10726
mcl6_13TeV.603927.PhPy8EG_AZNLO_ggH125_mA15p0_Cyy0p00001_Czh1p0.merge. AOD.e8324 _e8455_s3889.r10724_r10726
mcl6_13TeV.603928. PhPy8EG_AZNLO_ggH125_mA20p0_-Cyy0p00001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mel6_13TeV.603929. PhPy8EG _AZNLO_ggH125_mA25p0_Cyy0p00001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mcl16-13TeV.603930.PhPy8EG_AZNLO_ggH125_-mA30p0_-Cyy0p00001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726
mc16-13TeV.603931.PhPy8EG_AZNLO_ggH125_mA33p0_-Cyy0p00001_Czh1p0.merge. AOD.e8324_¢8455_s3889_r10724_r10726
mcl6-13TeV.603932.PhPySEG_AZNLO_ggH125_mA30p0_Cyy0p000001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726

mcl6.13TeV.603933.PhPySEG_AZNLO_ggH125_-mA33p0_Cyy0p000001_Czh1p0.merge. AOD.e8324_e8455_s3889_r10724_r10726

Table 30: Overview of generated signal samples with full names of the MC signal sets.
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A.2 Higgs boson theoretical elements
A.2.1 Higgs symmetry breaking mechanism

The Higgs mechanism has an analogy in solid state physics and specifically the explanation
of the properties of superconductors. The Meissner effect is the observed exclusion of the
Electromagnetic fields from a superconductor. To explain this phenomenon Landau and
Ginzburg [111] used an external complex scalar field which is invariant under the abelian
U(1) symmetry. For a specific potential the field ¢ would acquire a Vacuum Expectation
Value (VEV) of (¢) = ¢ and break the U(1) symmetry. Then the Lagrangian would
acquire a term of the form:

AL = 2p3 A, AV (58)
which is a photon mass term , m% = 2e?¢2 . Then the Electromagnetic field can penetrate
the superconductor only to the depth m;‘l.

In the 1960s this mechanism, by which spontaneous symmetry breaking generates a
mass for a gauge boson, was explored and generalized to the non-Abelian case by Higgs,
Kibble, Guralnik, Hagen, Brout, and Englert, and is now known as the Higgs mechanism
[11, 12, 13]. The Higgs mechanism extends straightforwardly to systems with non-Abelian
gauge symmetry, and it is described in the following.

Consider a system of scalar fields ¢; that appear in a Lagrangian which is invariant

under a symmetry group G , which is represented by the following transformation:
¢i = (1 + iOéaTa)ij¢j (59)

It is convenient to write the ¢; as real-valued fields, for example, writing n complex fields
as 2n real fields. Then the group representation matrices 7%, with structure constants o,
must be pure imaginary and, since they are Hermitian, antisymmetric. So then one can
write 75 = iT;7 so that the T group representation matrices are real and antisymmetric.
Promoting the symmetry group G to a local gauge symmetry, the covariant derivative

of ¢; is:
Dy = (0 —igr™ A})¢ = (O + 9T AL) & (60)

Then the kinetic energy of ¢ is:
S (Db = SOun) + g AL (DuONT0) + S ATAM (TGP0 (61)
Now let ¢; acquire vacuum expectation values
(i) = (d0)i (62)

Then it is possible to expand ¢; around these values. The last term of the Lagrangian then

contains a form with the structure of a gauge boson mass:

1
AL = 5mgbAf;A‘w (63)
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with the mass matrix:
2 2
mey = g°(T60)i(T"po)s (64)
This matrix is positive semi-definite since any diagonal term, in any basis, acquires a

positive mass:
ma, = g*(T"0)* > 0 (65)

There might be some generator T“ which leaves the vacuum G invariant:
T =0 (66)

In that case there is no contribution to the mass matrix and the gauge boson remains
massless.

The generators which accompany spontaneous symmetry breaking are called Goldstone
bosons. They are spin zero and they share the quantum numbers of the spontaneously bro-
ken internal symmetry generators. The Goldstone theorem describes the phenomenon more
thoroughly, which is given as follows: Let a theory L be invariant under transformations of
a continuous group G with n generators. If there is a spontaneous symmetry breaking such
that the vacuum remains invariant under the action of a subgroup of G’ C G with m < n
generators, then, massless spin-0 particles will emerge in equal number to the generators

of G that do not leave the vacuum invariant [112].

A.2.2 Weak bosons and fermion masses

The concept of spontaneous symmetry breaking was introduced in order to solve the prob-
lem of the fermion and weak gauge boson masses. The starting point is a SU(2) x U(1)
symmetry with four massless generators which is invariant for the Lagrangian at high ener-
gies [9]. The theory at low energies should be a U(1)gas plus massive weak gauge bosons.

The way to achieve that is by introducing an additional doublet of scalar fields ¢ with

.
6= (‘ZO) (67)

If ¢ acquires a vacuum expectation value v, v = 246 GeV [6], calculated from muon decay,

hypercharge Y = +1:

then without loss of generality it can be considered real and in the lower component:

1 (0
() -

As the field possesses weak isospin and hypercharge its kinetic term can be given by the

Lagrangian:

1 oa 1 oa 1 0
AL = 5(0 U)(QAMT + ingu) (gAMT + ingu) <v> (69)
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The evaluation of the matrix product, using the Pauli matrices properties, leads to:

102
AL =S [g°(A)" + g% (AL + (—9A4), + 9'Bu)’] (70)

As the terms have the form mA, A" there are 3 massive bosons which can be written as:

1
+ 1 - 12
WN = 72 (AM + ZAM) (71)

_ 1 3 /
Iy = W(QA“ — 9 By) (72)

The fourth vector field, orthogonal to Z,, remains massless and is identified as the Electro-

magnetic vector potential:

— 1 3 /
A= 74_9,2(914# + 9 By) (73)

g, ma =0 (74)

mw = —, mz =\ g*+g"*
The masses of the gauge bosons are given by the equations above on tree level, as loop
corrections can change the W+ and Z masses slightly as they are not protected by any
symmetry. The photon remains massless as its mass is protected by the gauge invariance
of the U(1)gas group. This leads to a new covariant derivative for the broken symmetry
as the covariant derivative of the unbroken symmetry can be expressed with the mass

eigenstates of the weak bosons and photon:

1 I | g9 3
D,=0 —g—(W+T++W T7)—i——7 (92T3—g’2Y)—17A (T°+Y)
K K \/§ H H 92_|_g/2 H /92+g/2 K
(75)

Here T* = (T' +iT?) so that in the spinor representation of SU(2), T* = oF, where
o* are the Pauli matrices for ladder operators. The last term of the covariant derivative
shows that the field A, couples to a linear combination of the gauge generators of the
original SU(2) x U(1) theory, so it remains massless. The electric charge operator can be

identified as the sum of the weak isospin and the hypercharge operators:
Q=(T°+Y) (76)
Also the electric charge e of the electron can be identified as:

/
e=—299 (77)
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To further simplify the covariant derivative the weak mixing angle 0, is defined as the

angle appearing in the change of basis from (A3, B) to (Z,A):
Z _ [ cos O —sinby, A3 (78)
A sinf,, cosb, B

cos 0, =

where : /
w 9
/92 +g/2 /92 + gl2
Hence the covariant derivative for massive gauge bosons is:
1

V2

where g = e/sin6,,. This equation shows that the couplings of all of the weak bosons are

I 7,(T3 —sin®6,) —ieAd,Q  (80)

DuEﬁu—g mM

Wirt+w,T7)—i

described by two parameters: the well-measured electron charge e and a new parameter
O

Finally the weak bosons masses are related, on tree level, as:
mw = my cos Oy, (81)

The phenomenon of ElectroWeak Symmetry Breaking (EWSB) can also be described
in the following manner. In the original unbroken SU(2) symmetry the W and Z bosons
are massless. After the symmetry breaking the would be Goldstone bosons get absorbed
by the three gauge bosons of the broken symmetry generators. This gives the bosons mass
and a associated necessary third polarization degree of freedom. So initially the theory had
four massless bosons and three scalars so a total of 4 x2 + 3 % 1 = 11 degrees of freedom.
After symmetry breaking there are 3 massive bosons and 1 massless boson for a total of
3% 3+ 1%2 =11 degrees of freedom, meaning that the theory maintains the same number
of degrees of freedom.

When the Higgs mechanism is active the fermions can acquire mass by interacting with
the Higgs field. In the Standard Model the left handed leptons (e,ve,u,v,,7,v7) and the left
handed quarks (u,d,s,c,b,t) pair up to transform in the SU(2) representation. There are

three generations of doublet pairs of quarks and leptons:

@) (2) G
=) ) ()

Here i = 1,2, 3 corresponding to generations and each element transforms as a left handed

Weyl-spinor. The right handed quarks and leptons are organized as singlets:

e = (er, R, TR);, Vig = (VeR, VuRsVrR)s U = (UR,CR,tR), d% = (dR,SR,bR) (84)
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Here the right handed neutrino particles are included even though they have never been
observed and they are a singlet under the Standard Model symmetries. The charges of the
elementary particles in the electroweak symmetry are given in the table 31.

Using 67 for the complex Higgs doublet field ¢ it is possible to write the quark masses

as follows, with matrix elements Y:
Emass = _ng@édﬁ - Y@?Qléuﬁ + h.c (85)

Here i,j are indexes from 1 to 3 for the generations and ¢ = io2¢ using the SU(2) group
properties. Each term is SU(3) x SU(2) x U(1) invariant. This representation of quarks
is called the flavour basis. When the Higgs ¢ field acquires a VEV it is possible to rewrite

the Lagrangian as:

Fermion | Left chiral fermions Right chiral fermions
Family Electric | Weak Weak Electric | Weak Weak
Charge | Isospin | Hyper- Charge | Isospin | Hyper-
Q T3 charge Y Q T3 charge Y
VeVusVr | O 1/2 -1 VR 0 0 0
Leptons
€L\ML,TL -1 '1/2 -1 CRYURYTR -1 0 -2
uL,cL,tL 2/3 1/2 1/3 uR,cR,tR 2/3 0 4/3
Quarks
dr,sp,br | -1/3 -1/2 1/3 dgr,sg,br | -1/3 0 -2/3

Table 31: Electroweak charges of elementary particles

Using the U(1)g global symmetry of the Standard Model we can freely change basis
and replace the Yukawa terms with masses after diagonizing the Yukawa matrices. This

changes the flavour basis to the mass basis m;. Then the Lagrangian can be written as
Lonass = —m?d]Ldg% — mjupug + h.c (87)

Then the Yukawa coupling, the interaction of form L ~ g¢yn) stemming from a field
potential, of the interaction of each quark with the Higgs can be written as y = 2%,
which scales linearly with mass. This highlights that the Higgs field interacts more strongly
with heavier quarks. Particularly the Yukawa coupling between the top quark and the Higgs
is close to unity.

Another consequence of shifting from the flavour matrix to the mass matrix is a quark
mixing caused in the kinetic terms. This doesn’t influence the B, and Ai fields as the

flavour terms do not mix up-and down-type quarks meaning that terms of the form wgyuy,
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remain unchanged. The only things that are sensitive to the flavor rotations are the W/fc

couplings. Thus the Lagrangian can be expressed as follows:

Lmassbasis = oLyl + Ay J7M — mi{(dpdyy + dpd),) —mj (w)ul + whu) )
(88)

¢ ot A (1) — Ak (VYT

Jrﬂsin@w[wu up ' (V)dy + W, dpyt (V) ug ]

where JZ and JFM are the neutral and electromagnetic currents respectively and where
V is the CKM (Cabibbo-Kobayashi-Maskawa) matrix. In the CKM matrix [6] the objects
coupling to the up-type quarks via charged-current interactions, are a mixture of various

physical flavours of quarks, which can be written in matrix form.

Via Vus Vup 0.97373 £ 0.00031 0.2243 +0.0008 0.00382 £ 0.00020
V=|Vu Vs Vol = 0.221 £ 0.004 0.975 £ 0.006 0.0408 £ 0.0014
Via Vis Vi 0.0086 £ 0.0002  0.0415 £ 0.0009 1.014 £ 0.029
(89)

The CKM matrix is the main observed source of CP violation in the SM. As the matrix is
nearly diagonal fewer CP violation than excepted is found. The CP violation has a pivotal
role in baryongenesis, a physical process that is hypothesized to have taken place during
the early universe to produce baryonic asymmetry, the imbalance of matter (baryons)
and antimatter (antibaryons). Currently an overabundance of matter is observed in the
universe, compared to the SM CP violation.

A similar treatment is possible with the leptons, albeit with only the qg as the neutrino
mass mechanism is currently not explained with the Standard Model. This creates terms
of the following form in the Lagrangian:

U e i g W

[,mass - \/§ i]eLeR \/i

The charged leptons (i.e. the electron, muon, and tau) obtain an effective mass through

A%egeg (90)

interaction with the Higgs field, but the neutrinos remain massless. The zero mass of
neutrino is in close agreement with current direct experimental observations of the mass
which is around 2 eV [6]. Ultimately, the Yukawa couplings of the leptons with the Higgs
field are given by y = \/5% This extreme difference between the Yukawa coupling of an
electron and the coupling of a top quark is an example of fine tuning and it is one of the

biggest mysteries in particle physics.

A.2.3 Unitarity arguments for Higgs boson

Using the problem of weak gauge boson scattering an argument can be established for the
usefulness of the Higgs boson in the Standard Model as well as a limit on its mass. Begin-

ning from the Goldstone bosons equivalence theorem [113] which states that for sufficiently
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high energies the longitudinal polarization of the weak vector bosons dominates the trans-
verse and the vector boson behaves like the Goldstone boson it absorbed. Considering the

scattering of longitudinal W bosons off longitudinal Z bosons leads to the evaluation of:

o(Wi(p1)Zi(p2) = Wi (p3)ZL(pa)) (91)

The following Feynman diagrams contribute to this process:

w w w Z
w
w
Z Z Z w

w w W NN Y
|
|
|
I H
I
Z Z Z /\/\/\/‘J\/\/\/\/ Z

Figure 85: The following four diagrams contribute to the gauge boson scattering at tree
level. Top left: s channel W exchange, Top right: u channel W exchange, Bottom left: four
point vertex, Bottom right: t channel Higgs exchange [114].

Taking only the diagrams without taking the Higgs exchange into consideration, one

can reach the following expression for the matrix element:
my 5 t
Mot = —4méve cot Oy (s +u) +O(1) = ot O(1) (92)

where v is the value of the Higgs potential VEV as w is the Mandelstam variable. The cross
section is proportional to t so it diverges for high energies. Hence the electroweak force
becomes non-perturbative for the TeV energy regime and the force would exhibit similar
features like QCD for low energies. The way to regulate this behaviour is by considering

the Higgs diagram which contributes in the matrix element:
e? t2(t — 4mi,) (t — 4m?%) B t2

t
_ — " _tom=-Lton
4m? sin®Oy cos?y (t —m2)(t — 2mZ, ) (t — 2m?%) v2(t —m?) +0() 1(]2_: (1)
93

So the high energy behaviour of M, is completely canceled by My, leading to good ultra-

M, =

violet behaviour of the theory. However if my, is too large, the theory is non perturbative
until the Higgs diagram contribution starts to occur. Using partial wave unitarity a bound

on the Higgs mass is found [115]:

1671
<4/ ——=—=1T 4
mp, <4/ 3 5 eV (94)
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This is an interesting result as it motivates that the Higgs boson or something else that
serves its function will be discovered at less than the TeV scale, which is accessible by the

Large Hadron Collider.
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A.3 Standard Model Lagrangian

The combination of the three fundamental forces and the Higgs field is called the Standard
model of particle physics. It is a theory of SU(3)c x SU(2)r x U(1)y symmetry. A way
to formulate an invariant Lagrangian of the standard model is the following, reproduced
from [111]. Here the hyperchange field is written as B, the weak isospin field is written as

W and the chromodynamic field is written as G:

1 1 1
£ - _ZBMVB#V - ZWHVW/“/ - ZG'[“/GMV

(gauge U(1), SU(2), SU(3) self-interaction terms
+Ly0"iD, LY + ego*iDyer + (h.c

)
)
(Lepton Dynamical terms)
+Q% 0"iD,Q% + dro*iD,dg + urc*iD,ug + (h.c)

)

(Quark dynamical term (95)

+HDuol + 1?6"6 — AoT9)?
(Higgs dynamical and mass term)
~Y{jQ} d% — Y Q1d% + (h.c)
(Quarks mass terms)
~Y{jLj¢dpy — YLy ddp + (h.c)
(Leptons mass terms)

where h.c means hermitian conjugate of the preceding terms. In addition, the o symbolizes
the Pauli matrices and it is the Weyl part of the spinor. The derivative operators D,

describe the interactions of the fermions and the bosons.

/
D,Li = [0, — i%BM + z’%WM]LZL (96)
D,Q7 = [0u + ZgBM + Z§Wu +i9sGLlQT, (97)
D,vg = 0uvr (98)
D,er = [0, — ig'Buler (99)
24’
Dyur = [0, —HSB +19:G ur (100)
/
Dydp = [0 — 1% B, + ig:Gldr (101)
_ g g
D,¢ = [0, + Z§BM + ziwu]qﬁ (102)

The quarks form a triplet representation under the SU(3) group which consists of the three

colours red, green and blue. The Lagrangian shows a complete picture of the standard
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model interactions which is necessary for calculations as the couplings defer in magnitude
and a vast extent of possible interactions can originate from relatively simple terms. A

map of the possible Standard model interactions is shown below:

leptons

photon
Higgs boson

weak bosons

Figure 86: The interactions of the standard model
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A.4 Beyond the Standard Model theories
A.4.1 EFT essentials

To understand and explain the phenomenology and properties of extending the SM particle
content, a useful tool are Effective Field Theories (EFT). The basic idea underlying the
construction of an EFT is that, in a situation where one is faced with a quantum field
theory with two (or more) very different energy or length scales, one can construct a
simpler theory by performing a systematic expansion in the ratio of these scales [116]. In
view of the fact that the Standard Model leaves many questions unanswered, it is plausible
that there should exist some “physics beyond the Standard Model” involving new heavy
particles with masses M much above the scale of electroweak symmetry breaking or light
particles with masses below the electroweak scale that originate from an underlying BSM
theory that starts operating at a higher energy A.

This can be realized by extending the familiar Standard Model Lagrangian with higher-
dimensional local operators built out of Standard Model fields. It is also possible to in-
troduce an entire new field o which can be a scalar, a boson or a fermion and build all
the possible operators that include Standard Model fields and this new field. The new
operators O(n); with mass dimension D = 4 + n, where n is positive, must respect the
symmetries of the Standard Model, such as Lorentz invariance and gauge invariance. There
is of course an infinite set of such operators, but importantly there exists only a finite set
of operators for each dimension D, and the contributions of these operators to any given
observable are suppressed by powers of 1/ AP~ relative to the contributions of the oper-
ators of the Standard Model. The EFTs are full-fledged quantum field theories, and one
can compute measurable quantities such as cross sections without any reference or input

from an underlying UV theory.

Fermi theory of Weak Interactions The classic example of an EFT is the Fermi
theory of low-energy weak interactions [117]. The full (UV) theory is the SM, and we can
match on to the EFT by transitioning to a theory valid at momenta small compared to
My, z. Since the weak interactions are perturbative, the matching can be done order by
order in perturbation theory.

The W boson interacts with leptons with the weak current:

]Ile = Vl’y’uPLl (103)

where Py, = (1 —~%)/2 is the left handed projection operator. The tree level amplitude for

the muon decay u~ — vev e is

— (ZY9) (eymp TV P ) I 104
A= (T2) @ P Pu) ey (101
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where g/ V2 is the W coupling constant. For low momentum transfer p < My the propa-

gator can be expanded

1 1 p2 p4
= — 14+ — +— + .. 105
P2 — M2 N2 < V2 VA (105)

giving different orders in the EFT parameter p/Myy. Retaining only the first term gives

1 [—ig)? 1
A= —-| —= | (ev"Prve)(71" P, +O() 106
v (2) @ rwm )+ o 5 (106)
which is the same amplitude as that produced by the lowest order Lagrangian for muon

decay in the EFT. In terms of Feynman diagrams the process is shown in Figure 87. Finally,

vy

R

U,

Figure 87: Leading order muon decay in the Fermi theory (left) and the SM (right) [118].

the constant G is defined as
Gr_ ¢° _ 1
V2 T 8ME T 202

where v is the scale of electroweak symmetry breaking. So the muon decay Lagrangian is

(107)

4G
V2

The EFT Lagrangian equation is the low-energy limit of the SM. The EFT no longer

L=

(&Y Prve)@uy” Prp) (108)

has dynamical W bosons, and the effect of W exchange in the SM has been included via
dimension-six four-fermion operators. The procedure used here is referred to as “integrating
out” a heavy particle, the W boson. The mass of the W boson is treated as large compared
to the other scales of the problem. The Lagrangian can be used to calculate the muon

decay rate

G%mz
19272 °
Using the experimental value of the muon lifetime 2.197 x 1075 s, Gp ~ 1.16 x 10° GeV?2.
Using G ~ 1/A? gives A ~ 300 GeV. This indicates that the EFT has a scale of order A.

Historically, when the SM was developed, G was fixed from muon decay, but the values

I'(p~ = Tevye™ ) = (109)

of My and Mz were not known. Their values were not needed to apply the Fermi theory
to low-energy weak interactions or link it to pion decay. Thus an EFT expansion of the

SM doesn’t need to know the full UV theory to make accurate predictions.
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A.4.2 QCD Axion

The strong CP problem, discussed in 2.2.2, can be solved by introducing an additional
chiral symmetry which leads to a very natural solution, as one can effectively rotate the
6 QCD vacuum configuration away [2] and restore the axial symmetry. Two suggestions
were made for the new chiral symmetry, the u-quark could be massless or the Standard
Model has an additional global U(1) chiral symmetry.

The suggestion involving the u-quark is fairly simple as the zero mass will allow a
rotation of the quark basis with any phase # which can cancel out the angle, making an
exact chiral symmetry. However this has been disproved as the u-quark is confirmed to
have a finite mass.

The next suggestion is more promising as it involves introducing a new U(1)pq chiral
symmetry. This was first suggested by Peccei and Quinn in 1977 [119] and it is an elegant
solution of the strong CP problem. The introduced U(1)pg symmetry spontaneously breaks
and effectively replaces the static CP-violating angle 6 with a dynamical CP-conserving
field called the axion. The axion is the Nambu-Goldstone boson of the broken U(1)pg

symmetry [1]. Under a U(1)pq transformation, the axion field a(x) translates as

a(x) = a(x) + afa (110)

where f, is the energy scale of the symmetry breaking of U(1)pg. The axion is a pseu-
doscalar particle. To make the Lagrangian invariant the following axion interaction terms
have to be included:

g2

=1L 0
L sm + 3972

. 1 2
g, Fre — §8ua8“a + Lint[0"a; V] 4+ 62 g

Fo prva 111
fa32m2 K (111)

The last term ensures that the U(1)pg current has a chiral anomaly and represents the
axion potential [119]. Its minimum occurs at (a) = f,0/§ . Expanding around the minimum

gives the axion a mass
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In the original PQ theory the value of f, coincided with the value of the electroweak
symmetry breaking. However due to observed differences in the K — 7 + Ep branching
ratio found by the KEK experiment the model has been ruled out [119]. However, models
with f, > v, called invisible axion models, are still viable. Two kinds of models have
been proposed the KSVZ and the DFSZ model. The KSVZ model due to Kim, Shifman,
Vainshtein and Zakharov [120] introduces a scalar field o with f, = (o) > v and a super-
heavy quark Q with MQ =~ f, as the only fields carrying PQ charge. Thus, this model
doesn’t interact with leptons and interacts with the ordinary quarks only on higher orders
via the QCD and QED anomalies. The DFSZ model due to Dine, Fischler, Srednicki and
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Zhitnisky [121] adds to the original PQ model a scalar field ¢ which carries PQ charge and
fa = (¢) > v. In this case the quarks and leptons may have tree-level axion couplings.
All of these models contain at least one electroweak singlet scalar that acquires a vacuum
expectation value and thereby breaks the PQ symmetry [6]. The KSVZ and DFSZ mod-
els are frequently used as benchmark examples, but other models exist where both heavy
quarks and Higgs doublets carry PQ charges (see [122] for an extensive review).

In the majority of the axion models the axion mass is given by the following formula
which includes state of the art calculations in QED and chiral perturbation theory.
10°GeV
—m

a

Me = 5.691(51) ev. (113)

This value is also confirmed by QCD lattice simulations [6]. The axion mass in most models

is below the eV scale.

The axion’s two-photon interaction plays a key role for many searches

Layy = = QT aF, F" (114)

where F is the dual Electromagnetic tensor. The coupling constant is given by [123]

Jarry = %fa (ff - 1.92(4)) = <0.203(3)ff - 0.39(1)> G?;Q (115)

where E and N are the electromagnetic and color anomalies of the axial current associated

with the axion. In general, a broad range of axions masses and couplings is possible
motivating axion searches with multiple distinct experimental methods. The current axion-

photon coupling limits per mass are shown in 88.
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Figure 88: Exclusion plot for the Axion-photon coupling [124].

A.4.3 ALPs

Effective Lagrangian for ALPs The existence of a new spin-0 resonance ¢ is assumed,

which is a gauge-singlet under the SM gauge group. Its mass m, is assumed to be smaller
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than the electroweak scale v. A natural way to get such a light particle is by imposing a
shift symmetry, a — a + ¢, where c is a constant. The UV theory is assumed to be CP
invariant, and that CP is broken only by the SM Yukawa interactions. The reason for that
is that CP violation in the UV theory can lead to numerous flavour changing currents in
the SM [26]. The particle a is supposed to be odd under CP, a pseudoscalar. The most
general effective theory Lagrangian with operators up to dimension 5, in the unbroken

phase of the electroweak theory, reads [125]

m2 ol
LD = 30adta — =320 + 0 30 p rCrtbr (116)
+9:Caaf G, GM + g*Cww § W5, W + g2Cpp § By B

where the explicit shift-symmetry breaking mass term mq, is included. Gj,,, Wy, and B,
are the field strength tensors of SU(3)c, SU(2)r and U(1)y , and gs, g and g’ denote the
corresponding coupling constants. The dual field strength tensors are defined as B* =
%e’“’ ¥ Bag ete. (with €122 = 1). The sum in the first line extends over the chiral fermion
multiplets F of the SM. The quantities Cr are hermitian matrices in generation space.
The suppression of the dimension-5 operators is indicated with a new-physics scale A,
which is the characteristic scale of global symmetry breaking and the mass generation of
the ALP, assumed to be above the weak scale. In the literature on axion phenomenology
one often eliminates A in favor of the “axion decay constant” f,, defined here such that
A/|Caq| = 3272 f, [26], in a analogy with pion physics.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [1, 26].

In the case of explicit symmetry breaking QCD dynamics provide a mass term given by

10°GeV
Madyn = 5.691(51)f7€mev ~ 1.8MeV|Caq| {

a
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A

When an explicit symmetry-breaking mass term mg is included in the effective La-

2

andyn becomes a free parameter, with

grangian, the resulting mass squared m2 = mio +m
me < U.
In the dimension-5 effective Lagrangian there are no ALP couplings to the Higgs doublet

¢. The only candidate for such an interaction is

g 9a
2¢, A

where ¢, = cosf,, denotes the cosine of the weak mixing angle, and the last expression

Oz = %(qﬁTiDl@ + h.c) = — Z,(u+ h)? (118)

holds in unitary gauge. Despite appearance, this operator does not give rise to a tree-level
h — Za matrix element as the resulting tree-level graphs precisely cancel each other [126].

In addition, the equations of motion of the Higgs doublet and the SM fermions can be
used to express the operator as a fermionic operator [126], canceling it from the EFT basis

via field redefinitions.
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At dimension 6 and higher several additional operators with higgs-ALP coupling can

arise. They are [26]

! Sy o 0(7)
Aazhma,oa oo+ %(aﬂa)(wpw +he)+.. (119

ﬁDZﬁ = Cj;azh (8“@)(aua)¢T¢ +
The first two terms are the leading Higgs portal interactions, which give rise to the decay
h — aa. The second term is only allowed if the Lagrangian contains an explcit ALP mass
term, as it otherwise violates the shift symmetry. This explains its relative suppression by
mio / mi. The third term is the leading operator mediating the decay h — Za at tree level
[126]. These operators produce the tree level Higgs-ALP interactions at colliders.

After electroweak symmetry breaking (EWSB), the effective Lagrangian contains cou-
plings of the pseudoscalar a to vy , Zv and ZZ. Also, the flavour-diagonal currents can

couple to a. The relevant terms for ALP decays are shown below:
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where ¢, = cos6,, and s,, = sinf,, and
CVW = Cww + CBB; C’yZ = C?UCWW — S%UCBB, Cyzyz = C?UCWW -+ Sﬁ}CBB. (121)

All the relevant ALP - SM particle interactions are described by the Feynman rules created
by the effective Lagrangian. In addition, it allows the calculation of loop-order effects that
lead to subtle ALP phenomena. This creates a versatile and general framework that can

describe the behaviour of ALPs over a wide mass range.

Anomalous magnetic moment of the muon & ALPs The persistent deviation of
the measured value of the muon anomalous magnetic moment «,, = (g — 2),/2 [29] from
its SM value provides one of the most compelling hints for new physics. The difference
ap? — aEM = (29.3 £ 7.6) x 10719 which is a 4 sigma difference from zero *. Tt has
been emphasized recently that this discrepancy can be accounted for by an ALP with an
enhanced coupling to photons [128]. At one-loop order, the effective Lagrangian gives rise
to the contributions to a;, shown in Figure 89. The first diagram in which a ALP couples to
a muon gives the wrong sign [128], but this effect can be overcome by the contribution of the
second diagram which involves the photon-ALP or 7- Z coupling, if C,, is sufficiently large.
To briefly elaborate according to reference [26], if the Wilson coefficients ¢, and C,, are

of similar magnitude, then a logarithmically enhanced contribution is the parametrically

4By the time of the thesis publication on new theoretical result [127] was available which greatly reduced

the tension between theory and experiment, validating SM.
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IT

Figure 89: One-loop diagrams contributing to the anomalous magnetic moment of the

muon [26].

largest one-loop correction. It gives a positive shift of o, provided the product c,,Cy,
is negative. The correction proportional to C, 7 is suppressed by (1 — 452) and hence is
numerically subdominant. Finally the (c,,)? term is suppressed when m2 >> mz while the
remaining terms remain unsuppressed.

Figure 90 shows the regions in the parameter space of the couplings c,, and C,, in
which the experimental value of the muon anomalous magnetic moment can be explained
in terms of the ALP-induced loop corrections of the Lagrangian. The allowed parameter
space increases as the ALP mass increases compared to the muon mass. The explanation
of the anomaly is possible without fine tuning as long as the two couplings have the same

or similar magnitude.
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Figure 90: Regions in ALP parameter space where the g-2 anomaly is reproduced at 68/
(red) , 95 / (orange) and 99 / (yellow) CLs for m, = 1.5 and 3 GeV. The grey regions are
excluded by Babar dark-photon searches [26].
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A.5 Machine Learning

In this thesis Machine learning methods were used by the author to develop a classification
for photon identification in the LbyL analysis of chapter 7. The classifiers developed were
a Deep Neural Network and a Boosted Decision Tree. A brief description of their general

characteristics will be made.

A.5.1 Introduction

Machine learning (ML) is an area of study in computer science concerned with the develop-
ment and study of statistical algorithms that can learn from data and generalize to unseen
data and perform tasks without explicit instructions. Following the explosion of computer
performance and availability this area has seen a stupendous advancement in interest and
performance. The main advantages of current ML include adaptability to different condi-
tions, capacity of incorporating immense amounts of data and credibility. In modern day
particle physics there is a plethora of available data making ML attractive for background
estimations and classifications.

In this thesis two different schools of ML will be discussed, with major differences
in their philosophy and algorithms: Deep Neural Networks (DNN) and Boosted Decision
Trees (BDT). DNNs consist of a network of single computational units and originally were
inspired by the neurons and synapses in the human brain, with modern computing power
allowing to reach higher levels of complexity compared to older ML methods. BDT is
a collection of decision trees, a hierarchical model that uses a tree-like model of cuts or
decisions to discriminate between possible outcomes, with boosting being a method of
improving tree construction and performance. The architectures and algorithms of these
models are extremely different, nonetheless they can be used for the same problem.

In this thesis the ML problem at hand can be described as supervised learning. Su-
pervised means that for the creation of the classifiers datasets with labels were used (0,1).

The outcome is the classification of events between these two datasets, creating a classifier.

A.5.2 Deep neural networks

A Deep Neural Network (DNN) is characterized by an architecture of interconnected neu-
rons. The main algorithms that characterize the network is the description of neurons and
connections, leading to each neuron producing a certain response at a given set of input
signals. A neuron is a mathematical function conceived as a model of a biological neuron
and it is the elementary unit of a DNN. These neurons are stacked into layers, a structure in
the model’s architecture, which takes information from the previous layers and then passes
it to the next layer. The model architecture is the structure of the model and its features.

The layer where the inputs are introduced is called input layer, the information output
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is called output layer and the layers in between are called hidden layers. By applying an
external signal to some input neurons the network is put into a defined state that can be
measured from the response of one or several output neurons. These networks are capable
of learning complex, non-linear relations when trained on a sufficiently large amount of

training data [129]. An example of a DNN is shown in figure 91.

Deep Neural Network

Figure 91: Example of a DNN. Inputs (red) are linked via connections (black lines) through
the hidden layers (yellow) to the outputs (blue) [130].

Layers The number of layers is a key property of DNN architecture. The choice of layer
types depends on the problem for which the network is used. The simplest layer type is the
dense layer. It connects each output of the previous layer to each input of the dense layer.
Each neuron to neuron link is assigned a weight and values are passed along the neural
links that multiply each input x; by the weights associated with the corresponding links.
The mathematical relation of the weighted sum is given by S¥(w;z;) 4+ b which is then
passed to a activation function. The factor b is the bias and can be used in conjunction
with optimization methods. In the beginning all neurons are connected but throughout
the training the weights are updated and the weights of connections with zero sway to
the network are removed. The main disadvantages is that for each hidden layer added the
trainable weight parameters increase, requesting more computing resources and making
training harder. Other kinds of layers are also available but this thesis only deals with the

dense structure.

Dropout If the network has a sufficient size it starts learning the dataset and not gen-
eralizing. This is known as overtraining. To combat this an option is added to remove a
percentage of neurons randomly in each iteration during training, called dropout. Dropout
introduces noise into the network architecture during training, improving the performance.

The training becomes slower but the risk of overfitting is reduced substantially. Depending
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on the dataset size and complexity the dropout rate could be set between 0.05 and 0.3.

Activation functions An activation function is the function which is applied to the
weighted sum per neuron as shown in Figure 92. Functions like RELU (Rectified Linear

Unit) are commonly used, particularly for the hidden layers, given by

z, x>0
flz) = (122)
0, otherwise
This simple function is easy to implement and interpret algorithmically and the calculation
of outputs is straightforward. Functions like this are easily differentiable, allowing for error
propagation. Other common activation functions include identity, hyperbolic tangent and

Gaussian. When an output between 0 and 1 is preferred, a sigmoid function can be utilized.

Inputs Weights

X1

Activation
Function
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Figure 92: Example of neuron. The inputs x; are weighted and then combined. A bias b

can also be included. Then the sum is applied to the activation function to produce the

output.

Training of neural networks The training of the neural network is the optimization of
weights and biases of the network so that it describes the desired probability function. To
train a network four ingredients are needed: a defined model architecture, a dataset which

includes the expected outcomes, a optimizer and a way to evaluate the performance.

Training data The most involved step during the network training is the preparation
and optimization of the dataset used. The dataset should be diverse so that the network
can observe different patterns and conditions and generalize. It should be unbiased so that
it can be flexible but also maintain a degree of simplicity. The dataset should be uniform
in the parameter space. This can be implemented mathematically via a normalization or
functional method. Non-uniformities in the data tend to bias the network towards thinking

that certain parameter regions are more important than others. For variables that may



A. APPENDIX 145

not be by definition uniform the implementation of events weights can correct the relative
importance. Finally, the dataset should be large enough to allow proper training. A general
rule of thumb is that the number of the training examples should always significantly exceed
the number of trainable parameters, weights and biases. There is no applicable method to
predict the necessary size of the dataset to achieve training. Many times in classification
problems the size is limited by the number of events in one category to avoid duplicates.
Taking all these considerations into account a training dataset can be constructed.
Then to optimize and quantify the network performance the dataset is split into at least

three distinct parts. These are:

e Training dataset
e Validation dataset

e Test dataset

The largest fraction of the available data is used for the training dataset. It is used for
optimizing the networks parameters during training. The training is usually performed on
this dataset multiple times, to achieve gradual improvement. Each iteration over the full
set is called an epoch.

The validation dataset is a smaller dataset used to evaluate the network performance
after each training epoch. An epoch refers to one full passing of the training dataset
through the algorithm. The datasets are independent leading to an unbiased performance
measurement. The performances of the training and validation datasets should agree as
when the network becomes overtrained the performance of the training dataset tends to
be higher than the validation dataset.

Finally, after the network has been optimized and concluded its training, the perfor-
mance should be evaluated on a testing dataset. This is performed completely by the user
and special care should be taken to understand how the network may misbehave. For ex-
ample the network may use a biased variable during training and one way to observe that
is by implementing cuts in this variable and checking if the different segments have similar
behavior. The main point to keep in mind is that the testing dataset should be used by
the user to ask questions to the network and not as a flat performance metric.

In addition, the receiver operating characteristic (ROC) curve is a representation of the
capacity of a binary classifier to separate the two classes, as its discrimination threshold
is varied. It is plotting the true positive rate (or a measure of the proportion of actual
positives that are correctly identified as such) against the false positive rate (or fall-out,
actual negatives improperly identified as positive), obtained when scanning the classifier
output. In the context of signal and background, it shows signal efficiency versus back-

ground efficiency (or background rejection, defined as (1 - efficiency)).
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Performance evaluation For the assessment of the network performance some form
of metric is needed. This performance measurement is called loss function and it is used
during the training. For the classification networks developed in this thesis there are only
two possible outcomes, 0 (background) and 1 (signal). A probability p can be applied to
the 1 outcome, with 1-p corresponding to 0. The binary cross entropy function can be used

as loss function, defined as:

N
Z 7(yi,truel09(yi,pred) + (17yi,true)log(17yi,p7‘ed)) (123)

i

1
L(ytrueyypred) = N
where N is the total number of inputs, y-e is the real classification label of the event and
Ypred is the network prediction. This function measures the distance between the correct

value and the predicted value and the closer to zero it is, the better the network predictions.

Optimizer Optimizers are algorithms or methods used to minimize the loss function.
Optimizers are dependent on model’s learnable parameters i.e weights & biases. Optimizers
help to know how to change weights and the learning rate of the neural network to reduce

losses. One optimizer commonly used is ADAM which will be described in the next section.

Training procedure After the preparation of the four previous steps, the network
training can begin. The information is propagated through the network from the input to
the output.

The initialization of the weights can be done with multiple methods, with the Xavier
method [131] commonly being used where every weight is drawn by a Gaussian distribution

whose mean is zero and the standard deviation o is given by:

2
e 124
77\ Nin + Now (124)

where Ny, is number of each neuron inputs and N, is number of each neuron output.

The data are funneled through the network in batches with an output prediction y,cq
being produced after each batch. The optimal batch size depends on the problem at hand
but normally it is between 50 and 300. The batch size can also affect the convergence
of the model, meaning that it can influence the optimization process and the speed at
which the model learns. The loss score is calculated by the loss function and then given
to the optimizer which updates the weights, to minimize the loss function and the next
batch is processed. This process is repeated for the full dataset multiple times with the
dataset being shuffled after every epoch to prevent bias of the ordering on the update of
the weights. The flow of information is shown in figure 93.

There are many different optimizers available, to find the optimal weights and biases
which minimize the loss function. One of the most simple is gradient descent. Gradient

descent is based on a convex function and tweaks its parameters iteratively to minimize a
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Figure 93: Schematic drawing of the training process in DNN. The flow of information

through the network is denoted with arrows [132].

given function to its local minimum. Gradient descent iteratively reduces a loss function
by moving in the direction opposite to that of steepest ascent. It is dependent on the

derivatives of the loss function for finding minima. It can be written, in one dimension, as:

_ aaL(‘rbu yb)

12

Here L(xy,yp) is the value of the loss function corresponding to the randomly chosen input
batch x; and expected output y;. The indices i and j denote the neurons in the corre-
sponding set of layers, describing the weights W. The parameter a is called the learning
rate. It determines the magnitude in which the weights are updated after each iteration.
The effects of too small or too large learning rate are shown in figure 94. As the gradient
descent method may get stuck in local minima, a parameter can be added in the algorithm
called momentum. Momentum simulates the inertia of an object when it is moving, that
is, the direction of the previous update is retained to a certain extent during the update,
while the current update gradient is used to fine-tune the final update direction. In this

way, the network stability can be increased to a certain extent, so that it learns faster.

Small Learning Rate Large Learning Rate

Loss

Xy o 3

Value of weight Value of weight

Figure 94: Gradient descent with a small learning rate (left) and large learning rate (right).

The current state of the art optimizer is called adaptive moment estimation (Adam)

[133]. It is a method that computes adaptive learning rates for each parameter. It stores
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both the decaying average of the past gradients, similar to momentum and also the decaying
average of the past squared gradients. This can change the learning rates automatically
for each neuron and make the training process faster.

To finish the training a convergence has to be reached when the agreement between the
network and the true input can no longer be improved. This is called convergence steps
and it is the number of training epochs without improvement in test error to be performed
before ending the training phase. With all these customized parameters and algorithms

DNN frameworks are very adaptive and a keystone of modern particle physics research.

A.5.3 Boosted decision trees

Decision trees were first developed in 1984 by Breiman et al [134], who proposed the
CART algorithm (Classification And Regression Trees) with a complete and functional
implementation of decision trees. The concept of a decision tree is to use a sequence of
binary decisions to classify events. It can categorize events to many different classes but in

this thesis only binary trees will be considered with output 1 (signal) and 0 (background).

Root
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Figure 95: Schematic of a decision tree which discriminates between signal(S) and back-
ground(B) [109].

Algorithm Mathematically, decision trees (DT) are rooted binary trees as shown in
figure 95. The tree starts from a root node [135]. Each node can be recursively split into
two branches, until some stopping condition is reached. The stopping condition where
the tree is exited is called leaf. If there was only one variable the goal of the tree would
be to find the optimal cut to discriminate between signal and background. It can also
find segments inside the variable with sufficient depth. For two variables and more this

can be simply extended to a more complicated tree. The optimal cut can be found by
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utilizing the cross entropy formula, identically to the DNN, intending to maximize the
information gain after the cut is applied. The information concerning cuts is stored as a
tree hyperparameter, variables which describe the decision tree implementation.

This is a greedy algorithm, not guaranteed to find the optimal solution. At each node,
all variables can be considered, even if they have been used in a previous iteration: this
allows to find intervals of interest in a particular variable, instead of being limited to using
each variable only once. An advantage of DT over DNN is that they are humanly readable
and their cuts create a selection, similar to one a physicist would use. This makes them
intuitively much easier to understand and explain.

The tree performance can be very easily quantified. One way is to use the purity,
s/(s+b), where s (b) is the sum of weights of signal (background) events that ended up in
this leaf during training. Another similar way is via significance, s/v/s + b, very common
for physics processes. Finally, for binary classification purposes, signal or background
(mathematically typically +1 for signal and 0 or -1 for background) is assigned depending

on whether the purity is above or below a specified critical value.

Tree hyperparameters The number of hyperparameters of a DT is relatively limited
and they are mainly concerning the optimizations of the splits used by the DT. The choice
of discriminating variables for optimal separation is essential for the construction of a good
DT. Another point is the termination of the tree growing which can be done with many
methods. For the problems of particle physics discussed in this thesis the main termination
criteria are low statistics for further optimization of the node or an insufficient improvement
with a larger tree.

The core of a decision tree algorithm resides in how a node is split into two. For this
an impurity function i(t) should be developed for every node, which describes the extent
of the signal-background mix. It should have a maximum for no separation, equal mix
of signal and background and a minimum for perfect separation. In addition, it should
optimize both signal and background isolation while rewarding purer nodes. A figure of
merit can be constructed with this impurity function, as the decrease of impurity for a split

S of node t into two children ¢p (pass) and ¢tz (fail):
Ai(S,t) = i(t) — ppi(tp) — pri(tr) (126)

where pp, pr are probabilities of passing and failing the split. The goal of the split is to
maximize this function. The similarity to the cross entropy function is not accidental as
it is one of the widely used functions together with the error miscalculation function. The
Gini diversity index is currently the most popular in decision tree implementations [135].
Gini impurity measures how often a randomly chosen element of a set would be incorrectly
labeled if it were labeled randomly and independently according to the distribution of labels

in the set.
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Variable selection Overall, decision trees are very resilient to most factors affecting
variables. For decision trees the CPU consumption scales as nNlogN with n variables and
N training events. In physics most DTs use between 10-15 variables with as little noise
and systematic uncertainties as possible. Unlike DNNs, DTs don’t require any variable
transformation or normalization. An interesting problem is the selection of a subset of
variables to train the decision tree as variables are often correlated, they come in large
numbers, and can be more or less discriminating in various regions of the input-feature
phase space. A solution is starting with all the given variables and removing sets of
variables and comparing the network performance, which will usually be best with all the
possible variables but the DT could be overtrained. The user should try to find a set of
variables that creates a simple but efficient tree, taking into consideration the problem at

hand and technical features the tree should possess.

Pruning Pruning is the process of cutting back a tree from the bottom up after it has
been built to its maximum size. Its purpose is to remove statistically insignificant nodes
and thus reduce the overtraining of the tree. For simple decision trees it has been found
to be beneficial to first grow the tree to its maximum size and then cut back, rather than
interrupting the node splitting at an earlier stage. This is because apparently insignificant
splits can nevertheless lead to good splits further down the tree. Pruning tends to decrease
the performance but increase generalization. For boosted decision trees pruning is not so

essential due to the method of boosting.

Boosted decision trees A disadvantage of decision trees is their instability with respect
to statistical fluctuations in the training sample from which the tree structure is derived.
This can cause the wrong selection of variables to be cut as the statistical fluctuations
make one variable look better than the one that should be used, altering the tree structure
drastically. This problem is overcome by training a forest of decision trees and classifying
the events on a majority vote of the classifications done by each tree in the forest. The trees
are derived from the same training sample with the events subjected to a process known
as boosting which assigns weights to them. Boosting increases the statistical stability of
the classifier and is able to drastically improve the separation performance compared to a
single decision tree.

This process prevents the straightforward interpretation of individual trees in the clas-
sifier but creates a stronger classification. The key to this method are the weak classifiers,
which are small trees with small depth and taken individually low classification power.
By limiting the tree depth during the tree building process (training), the tendency of
overtraining for simple decision trees which are typically grown to a large depth and then
pruned, is almost completely eliminated.

There are several different boosting algorithms with the most popular for BDTs being



A. APPENDIX 151

Adaboost and Gradient boost [109]. The Adaboost alogrithm is relatively simple. Firstly,
one low depth tree is built which misclassifies some events. These events are assigned higher
weights than the events that were properly classified, with the weights been calculated from
the misclassification rate of the previous tree. Then events are normalized to have the same
number of total events. Following this, after a number of trees is trained, the result of the

classifier comes from the majority vote of the trees given by :

1 N
y(x) = N Zln(ai)h(:v) (127)

where x is an event input, h(x) the output of a single classifier, N is the number of clas-
sifiers and a; the weight of each classifier. Thus, the algorithm performance is augmented
significantly. The algorithm can also utilize adaptable learning rate to alter the weights.
The gradient boost algorithm works by minimizing the difference true value y and model
response F(x) obtained from the training sample. A slightly different loss function is used
and then the weights are calculated using the current gradient of the loss function and then
growing a classification tree whose leaf values are adjusted to match the mean value of the
gradient [109]. The learning rate can also be reduced by using a shrinkage parameter,
which controls the weight of the individual trees. A small shrinkage (0.1-0.3) demands
more trees to be grown but can significantly improve the accuracy of the prediction in

difficult settings making more robust trees.

BDT conclusions Overall the BDT classification is extremely powerful for physics prob-
lems as it can automatically cope for some of the shortcomings the data have. The main
problem it faces is that it is naturally limited by the amount of available data, while also
being sensitive to micro-differences in the data quality. Nonetheless, it is a very powerful

method and a cornerstone of modern particle physics.

A.5.4 DNNs and BDTs in ATLAS

ATLAS has achieved some remarkable results in the last 15 years and a major reason is
the implementation of machine learning in many ATLAS analyses. In particular, DNN
and BDT classifiers are widely used for various problems that arise during the analysis
that require data driven approaches to be resolved. In this thesis ML is used to develop
a photon identification classification for the LbyL analysis of chapter 7. A DNN and
a BDT classification was developed. Other networks tested, like MLP, had suboptimal
performance. This methodology was used to combat uncertainties from the classification
performance. In this analysis for the creation of the classifiers the TMVA framework
was used [109]. A more thorough discussion of the classifiers characteristics, training and

validation will be made in chapter 7.
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