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Abstract

The ATLAS and CMS experiments at the Large Hadron Collider, located in
CERN in Geneva, Switzerland announced the discovery of the Higgs boson on
the 4th of July, 2012. Measurements of the Higgs boson properties provide
stringent consistency tests for the Standard Model, and offer critical input
parameters for theoretical models both within and beyond the Standard Model.
Such measurements therefore require a precise understanding of the underlying
detector throughout its operation. This thesis contributes to both aspects:
measurements of the Higgs boson mass and cross-section, and studies of ATLAS
detector performance through muon momentum calibration.

As the Higgs can decay to muons, improvements to the muon detector
performance directly translate to the corresponding systematic uncertainties
in the measurement of Higgs properties. This motivates the inclusion of new
techniques in muon momentum calibration, including the addition of negative
log-likelithood scans and generator reweighting. The calibration procedure
is performed for both 2015-2018 and 2022 datasets, and reduces the leading
systematic uncertainty in the Higgs mass measurement by 50%.

The measurements of Higgs boson properties are performed for the Higgs
decaying into a pair of Z bosons, and subsequently decaying into two pairs of
electrons or muons. This is a fully reconstructible final state with a high signal-to-
background ratio, thus an ideal final state for precision measurements. The Higgs
boson mass measurement utilises proton-proton collision data collected between
2015 - 2018 at the centre-of-mass energy /s = 13 TeV. A number of techniques,
including per-event mass uncertainty, Z-mass constraint, and kernel estimation
for background modelling, are included to reduce the statistical uncertainty of the
measurement. The measured Higgs mass is 124.99 £ 0.18 (stat.) = 0.04 (sys.) GeV
using the 2015-2018 data. The Higgs boson fiducial cross-section measurement
utilises proton-proton collision data collected in 2022 at the centre-of-mass
energy /s = 13.6 TeV. The fiducial cross-section for its decay into a pair of
Z bosons is measured to be oy = 2.80 £ 0.74 fb, and o4,y = 46 £ 12 pb once
extrapolated to the full phase-space.






Statement of originality

Experimental particle physics is a collaborative and inter-disciplinary science.
Taking the ATLAS collaboration as an example, with its approximately 6000
active members and 3000 scientific authors, it is one of the largest collaborative
scientific efforts in history. It requires inputs from engineering (to build, maintain
and operate the detector), statistics (to analyse the streams of data), and particle
theory (to understand the underlying physical reality). This thesis benefits from
such collaborative efforts, with Chapter @ reviewing the theoretical framework,
Chapter [3] and Section describing the experimental setup of the ATLAS
detector. The author’s original contributions are summariesed below.

Muons in the ATLAS experiment Chapter [4| starts with an overview of muon
reconstruction, identification and isolation in the ATLAS experiment, which are
performed by collaborators. My contributions are on the development and
derivation of scale and resolution calibration, and | derived the precision muon
momentum calibration for the 2015-2018 dataset, which is implemented for all
Run 2 ATLAS analyses involving muons. My specific contributions include:

e Development and implementation of a novel x? in the fit procedure for
faster convergence by targeting the mean and standard deviation of the
dimuon mass spectrum.

e Development of a strategy to evaluate the systematic uncertainties of the
fit procedure on the calibration parameters. This reduces systematics by a
factor of four.

e Derivation of calibration parameters and systematic fits for each year of
data taking - this is now the standard recommendation for muon momentum
calibration in the ATLAS experiment.

e Updating and simplification of the software framework used for physics
validation, thereby improving its stability and intuitiveness for future
members of the calibration group.



Higgs mass measurement in H — ZZ* — 4 | was a main contributor to

the Higgs mass analysis in H — ZZ* — 4¢ channel, and it is the subject of

Chapter My main contributions include:

Validated numerous kinematic parameters associated with the four-lepton
final state, and identification of the to source of mismodelling in the Z-mass
constrain to be the mismodelling of muon track errors.

Development of the kinematic reweighting method for the muon track errors,
which is used as a basis for the quantile mapping method.

Implementation of the continuous 2D background model. This reduces the
systematic uncertainties associated with the background model compared
to the previous iteration of this analysis.

Performed simultaneous fits on the normalisation parameters for all back-
ground processes.

Utilised bootstrapped simulation samples to study the impact of systematic
uncertainties. Subsequently developed a strategy for combining systematic
uncertainties in this analysis.

Performed the final fit for both the bootstrapped simulation samples and
the collected data, thus obtaining the expected and measured value of the
Higgs mass.

Run 3 physics Chapter [f] begins with an overview of the upgrade activities to

the ATLAS detector during the period between 2018 - 2022, which are performed

by numerous engineers and scientists in the ATLAS collaboration. This is followed

by two highlights of my contributions to the physics programs for the ATLAS

collaboration after the upgrade, including muon calibration and the trigger studies

for the Higgs fiducial cross-section measurement. My main contributions include:

Developed the strategy for deriving Run 3 muon calibration parameters,
and deriving and finalised muon calibration using the preliminary Run 3
data. This is used for all early Run 3 analyses involving muons.

Investigated the muon resolution in Run 3 as a function of detector regions.

Studied the trigger efficiency for H — ZZ* — 4¢ channel in Run 3, and
finalising a trigger menu for this analysis.

Implemented the Run 3 trigger scale factors into the H — Z7* — 4/
analysis framework.
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Chapter 1

Introduction

Experimental particle physics is a discipline across energy scales and layers
of complexity. Physics at the sub—Me scale is required for understanding
multi-TeV collisions, as in the case for silicon detectors and collisions at the
Large Hadron Collider. In a different layer of complexity, studies of the detector
mechanical structure and its stability contribute to our knowledge of particle
physics. This thesis depicts these layers, and bridges detector performance
and physics analysis.

Modern particle physics is defined by the highly successful Standard Model
(SM), a theoretical framework based on quantum field theory and the principle of
symmetry. It describes three out of the four fundamental interactions, and through
the introduction of spontaneous symmetry breaking and the Higgs mechanism,
explains the origin of mass for massive gauge bosons and fermions. The SM
has withstood stringent experimental tests, and most experimental results have
shown good agreement with predicted parameters and theoretical modelling. The
most recent triumph of the SM is the discovery of the Higgs boson in 2012, and
the following decade saw the precise measurement of the Higgs boson properties.

One of the collaborations that first announced the Higgs boson discovery is
the ATLAS collaboration at the Large Hadron Collider. The ATLAS detector is
a general-purpose detector, with the design goal of detecting as many physics

signatures as possible. As disassembling a 25 m detector can prove challenging,

"This thesis adopts natural units ¢ = h = 1.



2 1. Introduction

especially once the detector is operational, other methods and studies are
required to ensure the long-term operation and understanding of detector
performance across time. One example of such studies is the calibration of
muon momentum, which is specifically relevant to all physics processes involving
muons as final states.

This thesis focuses on both the challenge of Higgs boson properties mea-
surements, and muon performance for two periods of ATLAS operation: the
data-taking period between 2015 and 2018 (colloquially known as Run 2), and
the full dataset from 2022 (known as early Run 3 data). The thesis is structured
as follows: Chapter [2] presents a brief overview of the theoretical framework of
the SM, and phenomenology relevant to the measurement of the Higgs boson at
the LHC. Chapter 3] provides a short description of the Large Hadron Collider, the
ATLAS detector and its sub-components. Chapter [4 delves into the intricacies
of muon reconstruction, with a sharp focus on the muon momentum calibration.
Chapter 5| describes the measurement of the Higgs mass in the H — ZZ* — 4l
decay channel using Run 2 proton-proton collision at the centre-of-mass energy
of 13 TeV. Chapter [6] includes preliminary muon momentum calibration, and trigger
studies that contribute to the measurement of the Higgs fiducial cross section
using the early Run 3 dataset. Finally, chapter[7] provides a conclusion, and a

discussion of the future outlook for these measurements.



Chapter 2

Standard Model of Particle Physics

Currently, we do not have a unified theory of nature, but we can understand nature
at vastly different scales of distance and energy. At the scale of the solar system,
general relativity governs by its description of spacetime. General relativity
explains that gravity originates from the motions of matter along geodesics of
the spacetime curvature, and is substantiated through the observation of the
perihelion precession of Mercury's orbit around the sun, the orbits of binary
pulsars, and the direct observation of gravitational waves. On the other extreme,
the Standard Model (SM) describes the subatomic scale, where the interaction
strength of gravity becomes negligible compared to the other three fundamental
interactions: electromagnetic, weak and strong interactions. The most successful
quantum theory to date, the SM also offers descriptions of matter interactions
and explanations for the origin of mass.

Section @ provides an overview of the SM, its mathematical formulations and
the resultant particles. Section describes the discovery of the Higgs boson,
and its production and decays at the LHC. Together, these sections establish

the motivation and the notation used in the rest of this thesis.

2.1 Standard Model as a field theory

The Standard Model (SM) of particle physics describes the basic constituents
of matter and their interactions through the language of quantum field theory

(QFT). Fundamentally a field theory, QFT for particle physics combines quantum
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mechanics and special relativity, and describes fundamental objects as fields with
discrete (or quantised) energy, and obeys Lorentz transformation. Thus in the SM,
both matter particles and fundamental force carriers are quantised excitations of

quantum fields, and their evolution obeys the Euler-Lagrange equation:

oL oL

0 Gy~ 5 =

20,07) 0, (2.1)

where L is the Lagrangian and ¢; is a continuous quantum field in m“ﬂ The dynam-
ics of a system is therefore encapsulated by the Lagrangian, and transformations
that leaves the system unchanged (commonly referred to as symmetries) result
in conserved quantities in accordance with Noether's theorem [1]. In addition
to Poincaré symmetries (translation, rotation and Lorentz boost), the SM is a

non-abelian gauge field theory that obeys the following symmetry structureﬂ [2] :

The SU(3)c symmetry (with C referring to the colour charge) is the underlying
symmetry for quantum chromodynamics (QCD), which describes the strong
interaction between coloured objects, quarks and gluons. The SU(2);, x U(1)y
is the underlying symmetry of an unified interaction between electromagnetism
and the weak interaction, the electroweak (EW) interaction. Here, L refers to the
weak isospin coupling to the left-handed particles only. A left-handed particle
refers to the chirality eigenstate meaning that the particle transforms in a left-
handed representation of the Poincaré group. Y refers to the weak hypercharge,
a single charge operator relating the electric charge and the third component
of the weak isospin. The SM is locally gauge invariant by construction, namely

that the theory is invariant under the following transformation:

b = eo)g, (2.3)

"Here, the p indices run over the spacetime dimensions. Einstein notation is used for the rest
of this thesis, where repeated indices are summed over for all values of the index.

2Here we follow the group theory notion, where U(N) is a set of N x N unitary matrices,
and SU(N) is a subset of U(N) with unitary determinant.
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where the transformation term, a(x) can be arbitrarily different at all points of
spacetime. However, naive mass terms associated with the gauge fields are not
locally invariant, thus preventing fundamental particles from acquiring mass. This
sharply contrasts with our experimental measurements and experience of reality,
and is resolved by the introduction of the Higgs mechanism. By interacting with
the non-zero Higgs field, particles acquire mass, while maintaining the local
gauge symmetry structure [2]. Further detail on the Higgs mechanism and its

phenomenology at the LHC is discussed in Section 2.2

211 Elementary particles

In quantum mechanics, the Pauli exclusion principle states that two or more
identical particles, with half integer spins (fermions) cannot occupy the same
quantum state within a quantum system simultaneously. This gives rise to
the electronic structure of electron orbital in atoms. Fermions obey Fermi-
Dirac statistics.

Particles with integer spin, bosons, are not subject to the Pauli exclusion
principle. Any number can occupy the same quantum state, such as photons
produced by a laser, or atoms in a Bose-Einstein condensate. Bosons obey
Bose-Einstein statistics.

In the SM, all ‘matter particles’ are spin-1/2 fermions, and all ‘force carriers’
are bosons. Fermions are further divided into quarks and leptons. The former
carry colour charge, and the latter are colourless, and thus not affected by
strong interaction. Quarks are divided into two types based on their electrical
charge (all quarks have fractional electrical charges with respect to that of an
electron, which is denoted as e. The up-type quark has charge of +2/3 e and
down-type quark has -1/3 e), and three generations based on their masses,
making a total of six quark flavours. Similarly, leptons are categorised into
charged leptons and neutral leptons (neutrinos), and three generations bhased

on the mass of the charged leptons. Neutrinos possess non-zero mass, but
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only upper limits on neutrino masses exist [3]. Additionally, the mass ordering
of neutrinos is currently unknown [4].

The SM bosons are either vector bosons (spin 1) or a scalar boson (spin 0).
All bosons are force mediators: the photon for electromagnetism, the W and
Z bosons for weak interaction, and gluons for strong interaction. Only the W
boson is charged with two variants: the W+ and W~, and all other bosons are
electrically neutral. Both photons and gluons are massless, while the W and Z
bosons are massive. Corresponding to the number of generators in SU(3), gluons
have 8 distinct variants. The Higgs boson, at the mass of 125 GeV, is the only
known scalar boson, and is the result of spontaneous symmetry breaking [2].

Three of the twelve fermions (electron, up and down quarks) make up atoms.
Protons and neutrons make up the atomic nucleus, and both are composite,
colourless states of quarks and gluons. Electrons are bound at distinct energy
levels around the nucleus, thus completing a electrically-neutral atom. Protons
consist of two up quarks, one down quark and a sea of virtual quark-antiquark
pairs, created by splitting of gluons. Each component in a proton, be it quarks
or gluons, is referred to as parton, and each carries a fraction of the proton
momentum. The probability of interacting with a specific parton is parameterised
by parton distribution functions (PDF), for which an extensive literature [5]

and parametrisations [0, 7| exist.

2.1.2 Electroweak theory

Quantum electrodynamics (QED) describes the interaction between charged
fermions with the photon as its mediator, and is the precursor of the unified
electroweak theory. It follows the U(1) gauge symmetry described by Equation

and is described by the Dirac Lagrangian [2]:

£ = 8(ir* D, — m)s, (2.4)
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where ¢ is the fermionic field for the charged leptons, and D, is the covariant

derivative with the photon field A,:
D, =0, +iqA,, (2.5)
where A, is the photon field and transforms with the local gauge choice :
Ay = A, =0, — Oux. (2.6)

The formulation of the weak interaction follows closely to that of QED, but with
the addition of chirality, which relates to the relative direction between particle
spin and momentum. The need for a chiral theory arises from the experimental
observation of ®Co decay, for which chirality of the emitted electron is maximally
violated [8]. This requires the SU(2) symmetry structure, and thus a different
set of transformations. The fermionic field, ¢, now encapsulates the left-handed
weak isospin doublets of charged lepton and its corresponding neutrino, and

infinitesimally transforms as:

VelX / .
o) = ( ot ) = ¢ () = o)L+ igwal() - T), 27)
where I is the two dimensional identity matrix, gy is the weak coupling constant,
a(x) is the local choice of gauge, and T = %a, with o as the Pauli spin-matrices,

which are the three generators of the SU(2) group. Similar to QED, the covariant

derivative takes up the following form to preserve the gauge invariance of SU(2):
D, =0,+igwT -W,, (2.8)

where W, refers to the three gauge fields of the weak interaction. These
three gauge fields can be constructed into two fields with electrically-charged
current, and one with neutral current, all of which only couple to left-handed
particles or right-handed antiparticles. This theoretical assumption contrasts to
the experimental observation that the weak neutral current couples to both
chiral states [9].

This discrepancy was predicted by the unified model between electromag-

netism and the weak interaction, which proposed by Glashow, Salam and
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Weinberg (GSW) [10H12]. Starting from the observation that both the photon and
Z boson field (4, and Z, respectively) carry neutral current, it is then possible to
express the two bosons as a mixed state between the two fields. This gives rise
to a new U(1)y local gauge symmetry, with a new gauge field B, which couples
to a new weak hypercharge Y, with coupling strength ¢'. The GSW model thus

describes the four bosons: photons, Z and W+ as the following fields:

A, = +B,cosfy + W Psinby, (2.9)
Z, = —Bysinty + WP costy, (2.10)
1
+ 1 . 2
Wt = — W i), (2.11)

V2

with Oy, as the weak mixing angle defined as follows:

sinfy = __w
[ 2 9
9w T4
/ (2.12)
costy = g

In this unified model, the couplings strength of the photon, the W and the

Z boson are related by:
e = gwsinfy = gzsinfy cosbyy, (2.13)

and with the weak hypercharge Y relating to the electric charge and weak
isospin I‘(,S) by Y =2(Q — é[?})) The bosonic fields in Equation are
without naive mass terms, and for fermions, only the kinetic terms are included,
resulting in a theory with massless particles. This is due to the fact that
naive mass terms, —meo¢ are not gauge invariant, and another mechanism is

required to retrieve particle mass.

2.1.3 The Higgs mechanism

The SU(2) x U(1) symmetry considered in Section is an exact one, and one
that does not include an intrinsic mass term for gauge bosons and fermions. The

Higgs mechanism recovers gauge boson and fermion masses through spontaneous
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symmetry breaking by introducing a scalar field, such that the local gauge
symmetry is broken, and mass terms are recovered through interacting with

the field [13-15]. This is generated through the following isospin doublet

= ( ?}) 219

with Yy = 1 [2]:

with the following Lagrangian:

L= 5(0,0)(@"0) ~ V(6), 2.15)

where the first term on the left hand side corresponds to the kinetic energy of the
scalar field, with potential energy described by V(z) = %,qubQ — %)«b“. The first
term in the potential energy corresponds to the mass of the scalar boson, while
the second term corresponds to the four-point self-interaction of the scalar boson.

Additionally, to preserve the SU(2) x U(1) gauge invariance of the Lagrangian

in Equation the following covariant derivative is used:
. Y
Oy — D, =0, +1igwT-W,+1ig EB‘” (2.16)

where ¢ is the coupling strength of the gauge field B, to weak hypercharge Y.

The vacuum expectation value (VEV) refers to the value of the minimum of

v (z)
992

V(z), and can be obtained by setting = 0. The sign of u* determines
the shape of V(z) and its minima. For p? > 0, the minimum occurs only at

¢ = 0. If u> < 0, a set of minima emerges:

2

2
2 _ —H v

— = —. 217

== (2.17)

The physical vacuum, or ground state, can therefore be on any point along this
curve, and introduces the spontaneous symmetry breaking. A schematic diagram
for the Higgs potential for u* < 0 is shown in Figure [16].

Under the SU(2) x U(1) unitary gauge transformation, we can choose the

Higgs doublet to be:

¢:\}§<2+h(:ﬁ))’ (2.18)
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Re(¢)

Figure 2.1: The shape of the SM Higgs potential and an illustration of electroweak
symmetry breaking. The unstable minimum at |¢|?> = 0, and the degenerate minima at

2 . .
|p|* = —£; are indicated by the blue spheres. Reproduced from ||

where h(z) is explicitly the Higgs field, and is entirely real. The kinetic term

in the SM Lagrangian then takes the form:
1
D*¢D,¢ 25(3“@ (0"h)+

;g?y(Wle) +iW )W — W) (v + h(z))*+ (2.19)

1 ! /
g(waf) — g B)(gwW®" — ¢’ B*)(v + h(z))?,

For a gauge boson with mass m and field A,, its mass term appears in the

kinematic term with the following form: $m?A,A*. Thus, the mass of W= bosons

can be obtained from Equation [2.79

1
mw = Sow. (220)

The mass terms of the photon and Z boson field can be obtained from the purely
_ . _ 3 . . . . .

quadratic term of W;E ) and B,, with mixing described by Equation and

With the proper transformation, the photon and Z mass are:

mA:O,

1 ;
mz = S0\ g +97%,

with the definition of the weak mixing angle in Equation [2.72] the ratio of the

(2.21)

mass of the W and the Z boson is cosfy, and has been experimentally verified.
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By measuring gy and my, the VEV of the Higgs field is estimated at 246 GeV,
leaving A, the self-interaction term of the Higgs boson, to be constrained from

the measurement of Higgs mass:
my = V22, (2.22)

Fermion masses can similarly be recovered using the Higgs mechanism through
the Yukawa interaction, and the coupling strength between the Higgs boson and
the fermions are proportional to the fermion masses. The relation between Higgs

coupling strength and fermion masses can be seen in Figure [2.2]

2.1.4 Quantum chromodynamics

Quantum chromodynamics (QCD) describes the interaction between particles with
colour charges with the gluon, which is the mediator for the strong interaction.

It follows a SU(3) symmetry transformation:

A

Y(x) = ' (x) = explig,a(z) - (T)(x)], (2.23)

where g; is the strong coupling, a(z) is the function of spacetime coordinate,
and T(m) = T* are the eight generators of SU(3) group, and are related to the
Gell-Mann matrices, \%, by T = %)\a. The dimensionality of the wavefunction v
therefore follows that of the SU(3) generators (3 x 3 matrices), and corresponds
to the three colour charges: red, blue, and green. The generators satisfy the
commutator relation: [T“,T”] =i fu ¢, where fu. is the structure constant.
Following SU(3) symmetry, the partial derivative is replaced by the co-

variant derivative:
D,=0,+ igSGZT“, (2.24)

where the G is the gluon field, and transforms under the SU(3) symmetry as:

GZ — GZ/ = GZ - 8,&0[(1 - gsfcbaachu (225)
with the resulting QCD Lagrangian:
1 -
L=—GLG" + YD —m)y, (2.26)
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Figure 2.2: Reduced coupling-strength modifiers xr for fermions (F = t,b, 7, 1) and for
weak gauge bosons (V = W, Z) as a function of their masses mr and my, respectively,
and the vacuum expectation value of the Higgs field v = 246 GeV. The SM prediction for
both cases is also shown (dotted line). The black error bars represent 68% CL intervals
for the measured parameters. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes such as
ggF and H — ~v. The lower inset shows the ratios of the values to their SM predictions.
Reproduced from [17]

where the first term corresponds to the kinetic term for the gluon fields, and the
second term corresponds to the Dirac Lagrangian. The gluon field strength

in the first term, G4, is:
GH = O'GY — 0"G* — g, f"GIGY, (2.27)

As the generators of SU(3), T' does not have a trivial commutation relation, QCD is
known as a non-Abelian gauge theory, and the presence in the gluon field strength

tensor gives rise to the gluon self-interaction, in the form of triple and quartic
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gluon vertices (shown in Figure[2.3). This results in a phenomenon specific to QCD,
the colour confinement, which states that the coloured objects are always confined
to colour-less states, and no particles with non-zero colour charge can propagate
as free particles. Combined with the running coupling of the strong force, the
energy required to separate a coloured object increases rapidly to infinity:

12
=9 _ . (2.28)
dm (33 — 2n)In(5E-5)

o (11?)

where p is the energy scale, ns is the number of quark flavours, and Agep =~
200 MeV is the energy scale of divergence for the perturbative method. The
potential energy required to separate a coloured object from a bound state
increases until it is enough to spontaneously emit a gluon, which subsequently
cascades into pairs of quarks and gluons to form new colour-less bound states,
collectively known as hadrons. Such cascades of hadrons are referred to as
a jet, and represents the kinematics of the initial hadron. The measurements
of jet properties permits studies of non-perturbative QCD, and is an important

aspect of the LHC physics program.

Figure 2.3: Feynman diagrams for triple and quartic gluon self-interaction.
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2.2 The Higgs phenomenology at the LHC

The discovery of a scalar boson was announced by the ATLAS and CMS
collaborations in July 2012 [18, 19]. At the time of discovery, its measured
mass combining the ATLAS and CMS results was 125.0940.21 (stat.) & 0.11 (syst.)
GeV [20], and initial measurements of it CP and spin properties were consistent
with the expectation of the SM Higgs boson. Since its discovery, further studies
of the Higgs boson spin, parity, production channels and decay rates have found
no deviation from the SM Higgs boson [21-23].

The four main Higgs boson production modes at the Large Hadron Collider
(LHC) are gluon-gluon fusion (ggH), vector boson fusion (V BF), associated
production with a vector boson (VH), and the associated production with a
pair of top quarks (ttH). The Feynman diagrams for these production modes
are shown in Figure and the production cross sections as a function of the
centre-of-mass energy are shown in Figure Other production modes, such
as associated production with a pair of bottom quarks (bbH) and with a single
top quark (tH), are more difficult to detect experimentally.

The Higgs boson is an unstable particle, and decays to bosons and fermions
if kinematically feasible. As discussed in Section the Higgs boson preferen-
tially decays to heavier particles. As the Higgs boson mass is smaller than twice
that of the W and Z boson mass, its decay into di-vector boson results in at least
one of the vector bosons being produced off mass shell. Figure [2.6/shows the Higgs

boson decay branching ratio as a function of the Higgs mass for each final state.

2.3 Limitations of the Standard Model

So far we have examined the Standard Model as a gauge theory, and its
predictions for the Higgs boson phenomenology at the LHC. Experimentally, the
SM has been one of the most successful theoretical frameworks to date, and it has
been tested to unprecedented numerical precision. However, it is not a complete

description of nature, with a number of limitations hinting at new physics.
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q “H t

Figure 2.4: Leading order diagrams for the four main production modes (ggH top left,
V BF top right, VH bottom left, and ttH bottom right) for the SM Higgs boson at the
LHC.

The SM misses descriptions for both the extra matter and energy content and
one fundamental interaction. The existence of dark matter is firmly established
through cosmological observations, including the galactic rotation curves [25],
the distribution of visible and total mass densities of the Bullet cluster [26], and
the cosmic microwave background [27]. An additional source of mass-energy with
unknown origin is the dark energy, supported by the observations of Type 1a
supernovae [28], and the cosmological survey of the cosmic microwave background
[27]. Neither dark matter nor dark energy has a corresponding candidate particle
in the SM. There have been many experimental searches for potential dark
matter candidates [29]. Similarly, gravity is not yet incorporated into the SM
with a bosonic candidate, the graviton, as the force carrier [30]. Nor does
the SM offer an explanation for the weakness of gravity compared to other

fundamental forces of nature.
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Figure 2.5: The SM Higgs boson production cross-section as a function of the centre-
of-mass energy for proton-proton collisions for a Higgs boson with mass at 125 GeV.
ggH production is shown in blue, denoted as pp — H, VBF' is shown in red, denoted
as pp — qqH, ttH is in dark purple, denoted as pp — ttH, bbH is in pink, denoted as
pp — bbH, and tH is in light purple, denoted as pp — tH. The two V H processes (WH
and ZH) are shown separately in green and gray respectively. Reproduced from [24]

The SM also cannot account for the observed matter-antimatter asymmetry
of the Universe, as matter and antimatter are created in equal parts in the
early universe in the SM. While the SM does incorporate CP violation as
measured experimentally [24, 31], it is not enough to produce the matter-
antimatter asymmetry we observe in the universe today. This hints at new
physics that can generate large CP-violation at energy scales that are beyond
the current experimental reach.

The observation of neutrino oscillations [32] implies that neutrinos are massive
particles, contrary to the SM prediction. This suggests the existence of another

mass generation mechanism, such as neutrinos being their own antiparticles.



2. Standard Model of Particle Physics

—

—
e

Branching Ratio

—t
<
n

10

Ll

o
o
1

LHC HIGGS XS WG 2016

|
Q
Q
|

LI
a
a
1

N
N

-~
-

m

-4
120 121 122 123 124 125 126 127 128 129 130

My [GeV]

17

Figure 2.6: The SM Higgs boson decay branching ratio as a function of Higgs mass
for each final state. The branching ratio to a Z boson pair is shown in light blue. The
theoretical uncertainties are indicated as bands. Reproduced from [24].

Another striking puzzle is the fact that the Higgs is such a light particle. Being

a scalar particle, the mass term of the Higgs receives corrections from self-

interactions, bosonic and fermionic loops which are quadratically divergent. If

there is no new physics until the Planck scale, and if Planck scale physics

couples to the Higgs boson, it would receive enormous, fine-tuned quantum

corrections for every single interaction, such that the Higgs mass remains the

observed 125 GeV. This opens up the possibility that there exists new physics

at higher energy scales [33], and a number of theoretical solutions (including

supersymmetry, composite Higgs models, and extra dimensions) are explored

both theoretically and experimentally. The measurement of the properties of the

Higgs boson, including its mass, couplings, CP and width, is therefore crucial

to further our

understanding of the universe.
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Chapter 3

The LHC and the ATLAS detector

The Large Hadron Collider (LHC) is located at the European Organization
for Nuclear Research in Geneva, Switzerland. It is installed in the existing
underground 26.7 km circumference tunnel which housed the Large Electron-
Positron Collider. It is a hadron accelerator with and collider designed to operate
at an energy of up to /s =14 TeV, operating at an instantaneous luminosity
of ~ 103*cm~2s~! for proton-proton collisions. The high centre-of-mass energy
provides a probe for heavy particle production, and the high instantaneous
luminosity allows for the measurements of low cross-section processes.

Hadrons are accelerated within the two beamlines in the LHC ring, and
collide at four interaction points. The ATLAS experiment is located at one of
these interaction points. A general-purpose detector, the ATLAS detector is able
to withstand the harsh radiation environment of the LHC, and is designed to
measure as many physics signatures as possible. The radiation hardness ensures
the ATLAS detector’s performance does not degrade (to the extent possible)
over the lifetime of the LHC, and this enables the vast variety of physics, and
the ability to perform internal cross-checks across different physics processes
over the lifetime of the LHC.

This chapter is organised as follows: section|3.1|starts with a brief description
of the LHC accelerators and the principles of proton-proton (pp) collisions. An

overview of the design choices of the ATLAS detector is provided in Section 3.2}
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with further details on the tracking, calorimetry, muon spectrometry, triggers

and simulation in the subsequent sections.

3.1 Large Hadron Collider

The LHC inherits the underground tunnel and the existing injector chain from
the LEP experiment, and is able to accelerate and collide protons and lead
ions. For the proton-proton (pp) collisions, the LHC is designed to reach a
centre-of-mass energy of 14 TeV, and an instantaneous luminosity of 103*cm=2s~1,
In practice, the LHC reached 13 TeV between the 2015-2018 data-taking period,
and 13.6 TeV in 2022.

The protons are produced by stripping electrons from hydrogen atoms using
a duoplasmatron source [34]. The proton bunch is then accelerated by a linear
accelerator (Linac 2 before 2020, which has since been upgraded to Linac4), and
then a sequence of three magnet synchrotrons (Proton Synchrotron Booster,
Proton Synchrotron, and Super Proton Synchrotron) which increase the proton
energy to 450 GeV before they are injected into the main LHC ring [35] A
schematic diagram for the LHC accelerator complex is provided in Figure 3.1]
The protons then circulate in two beams in opposite directions in separate
beam pipes, limited by the space available from the LEP tunnel. The proton
beams are bunched and accelerated by the radio-frequency (RF) cavities to a
design energy of up to 7 TeV. The protons are guided by the superconducting
NbTi magnet system, which is capable of reaching the current required (>11
kA) to maintain the protons in their orbits at these energies [36]. Around the
four interaction points, superconducting quadrupole triplets are used to focus
the beam prior to collision [37].

The two circulating proton beams each contain a maximum of 2808 bunches,
with each bunch containing around 10*! protons. The spacing between each bunch
in the beam is determined by the RF system, and at the interaction points, the two
beams cross each other every 25 ns, a frequency of 40 MHz. Within each crossing,

multiple proton-proton collisions occur, with the majority of these collisions being
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Figure 3.1: A schematic diagram of the full LHC accelerator complex. Reproduced from

58]

QCD interactions involving low momentum transfer, which are referred to as
soft-scattering processes [37]. The total number of particle interactions per bunch-
crossing is referred to as pile-up, and it increases the complexity of identifying
and reconstructing hard-scattering processes involving high momentum transfer
between partons. The increase in pile-up is an unavoidable consequence of
increasing the LHC luminosity £, as shown by the following equation:

o Nanbfrev/YF

L=—ts (3.1)

where N, is the number of particles per bunch, n, is the number of bunches
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per beam, f,., is the frequency for the beam revolution, v is the Lorentz factor,
F is the reduction factor due to the angle between two colliding bunches, e,
is the normalized transverse beam emittance, and 5* is the beta function at
the collision point [2]. The increase in luminosity is however required to probe
processes with cross-section o, as the rate for these processes are

Ny _

L = Loy, (3.2)

where N, is the number of events for a given process. As a result, high luminosity
is essential for probing rarer processes such as the production of the Higgs boson.
The performance deterioration in a high pile-up environment is compensated
by increasingly sophisticated hardware and software tools, such that hard-
scattering collisions can be identified [39)].

The LHC operated at /s = 13 TeV between 2015-2018 (known as Run 2), and
the total delivered integrated luminosity for Run 2 was [ Ldt ~ 156 fb~!. The
centre-of-mass energy was then upgraded to 13.6 TeV after numerous upgrades
to the LHC injector system and individual LHC experiments. These upgrade
activities are collectively referred to as the Phase-I upgrade, and is described in
Chapter [6] After restarting the LHC in 2022 (known as Run 3), the integrated
luminosity for 2022 was ~ 30 fb~!. As a result, the average pile-up was 13 in
2015, 36 in 2018, and 42.5 in 2022. The integrated luminosity as a function of
time can be seen in Figure and the pileup profile is shown in Figure

After the completion of Run 3 at the end of 2026, the LHC will undergo three
years of Phase-Il upgrade to sustain its discovery potential, and to withstand
higher luminosity. The LHC will then re-emerge as the High-Luminosity LHC, or
HL-LHC, and continue to deliver a total of 3000 fb~! over ten years. From the
machine point of view, this involves upgrades to the superconducting magnets,
the RF system and other infrastructure [40]. For individual experiments, this
translates to an increase in pileup and radiation damage to detector systems. As
the result, the ATLAS experiment is actively anticipating its Phase-Il upgrade,

which includes the installation of a new Inner Tracker, implementation of new
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Figure 3.2: The delivered integrated luminosity recorded by the ATLAS experiment as
a function of month in the year for each year of LHC operation. The operation period
between 2011 and 2023 is displayed, with each year indicated by a different colour.
Reproduced from [42].

trigger systems in the calorimeter and muon systems, and a new subsystem

known as High Granularity Timing Detector in the forward region [41].

3.2 The ATLAS detector

ATLAS is an abbreviation for A Toroidal LHC ApparatuS, and is the largest
volume detector ever built for accelerator-based particle physics. It is a general-
purpose detector with the design goal of recording as many physics signatures
as possible. The detector components are roughly cylindrical around the LHC
beam pipe, and are longitudinally centred on the interaction point. Additionally,
the detector components are immersed in magnetic fields generated by a central
superconducting solenoid, and three superconducting toroids. A schematic of

the detector apparatus is shown in Figure
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bunch crossing for Run 2 (2015-2018) and Run 3 (2022) of ATLAS data-taking campaigns.
Reproduced from .
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Figure 3.4: A schematic illustration of the ATLAS detector. Reproduced from .
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Figure 3.5: The ATLAS coordinate system in relation to the LHC beam line. The origin
is the centre of the ATLAS detector. The x-axis points to the centre of the LHC ring,
the y-axis vertically upwards, and the z-axis points to the beamline, completing the
right-handed coordinate system. The side where z>0 is referred to as the A-side, and
the C-side otherwise.

The ATLAS coordinate system

The ATLAS coordinate system in relation to the LHC beamline is shown in Figure
B5l In this coordinate system, the azimuthal angle ¢ and polar angle ¢ are
defined with respect to the z-axis. In the relativistic limit, pseudorapidity n

is preferred over 6,
o
n= —ln(tan(§)), (3.3)

Incorporating these angular definitions, the separation between two particles

can then be defined by their pseudorapidity-azimuthal separation AR:

AR = \/(An)? + (Ad)?, (3.4)

In the R-z plane, two additional impact parameters can be defined to describe

how close a particle track is to the nominal beamline:
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e dy: transverse impact parameter, the radial distance between the point of

the closest approach to the beam axis.

e 2. longitudinal impact parameter, the z position of the track at the point

of closest approach.

The ATLAS sub-detector systems

The main design criteria for the ATLAS detector are:

e High geometric coverage in 17 and full ¢ coverage, ensure the identification

of different physics processes with varied kinematic topology.

e Efficient, high-precision tracking across particle momentum and energy.
This is critical for the identification of charged particles in a high pile-
up environment with multiple overlapping tracks, in addition to their full
reconstruction at low luminosity. Track measurements can also be used in
conjunction with measurements in the calorimeter for the identification of

long-lived particles.

e Excellent calorimetry for measuring electromagnetic and hadronic activity
for neutral and charged particles and for jet identification and reconstruction.
Calorimetry also contributes to the measurement of transverse missing
energy (E7$%), an important indicator for neutrinos and other weakly

interacting particles.

e Ability to trigger and measure events at low-prt thresholds, thus offering

high precision and statistics for most physics processes of interest.

These design goals are addressed by the ATLAS sub-detectors: the Inner
Detector (ID), the Electromagnetic calorimeter (ECAL), the Hadronic calorimeter
(HCAL), and the muon spectrometer (MS). The detector coverage for each sub-
detector, and its trigger system (where available) is shown in Figure [3.6]

The ATLAS system of magnets consists of a solenoid outside the tracker,

providing a near uniform 2 T magnetic field along the z-axis for momentum
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Figure 3.6: The ATLAS detector coverage in 7 for all sub-detectors. The three main
sub-detectors (ID, calorimeters and MS) are separated by black dashed lines. The
geometric coverage for each sub-detector is shown in coloured solid lines, while the
trigger coverage for each sub-detector system is shown in coloured dashed lines (where
applicable). The inner detector components (Pixel, SCT and TRT) are highlighted in red,
the calorimeter components (EM, Tile, HEC and FCAL) are highlighted in green, and the
muon spectrometer components (RPC, TGC, MDT and CSC) are highlighted in blue.

determinations, and a toroidal magnetic system outside the calorimeters which

produces a magnetic field in the azimuthal direction for the muon spectrometer.

3.2.1 The Inner Detector

The Inner Detector (ID) is the closest sub-detector to the LHC beam pipe, and
withstands the highest density of particle tracks as a result. Therefore excellent
temporal and spatial resolution throughout the detector volume is critical for
momentum measurement and vertex identification.

The ID registers the trajectories of charged particles in the solenoidal magnetic
field. Charged particles travel in a helical trajectory under the near-uniform
solenoidal field at 2 T. The ID registers the particle trajectory through layers
of distinct detector modules, and records a series of 'hits’ along the track of
the particle. The particle charge can be inferred through the direction of track

curvature, while the momentum can be measured from the following equation:

0.3BL?
br = T Rs (3.5)
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Figure 3.7: A schematic showing the ID components. Reproduced from ||

In the limit where L << R, where L is the length of the tracker, R is the radius
of the track, B is the magnetic field strength, and s is sagitta, the maximum
perpendicular length between the curvature and the chord [44].

The ID combines three distinct detector technologies to ensure the high-
granularity and high number of hits for track reconstruction and particle identifica-
tion. At the smallest radius, the silicon pixel detector (Pixel) and surrounding it the
semiconductor tracker (SCT) provide high precision space points and granularity
for vertex reconstruction and precision measurement of the trajectories, while
the transition radiation tracker (TRT) offers a large number of hits at larger
radius with lower granularity, and hence lower spatial resolution. A schematic

diagram of the ID can be seen in Figure [3.7] and 3.8

e The Pixel detector is the inner-most layer of ID, and consists of three
layers of silicon pixel detectors with a minimum pixel size of 50 um x 400
pm in r¢ X z over the range of |n| < 2.5. As charged particles traverse

a pixel detector, which is a reverse-biased silicon sensor, electron-hole
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Figure 3.8: A schematic, cross-sectional view of the ATLAS ID barrel. Particle track
crossing the ID is shown in red line. Reproduced from .

pairs are created. The subsequent collection of these pairs creates an
electric signal, indicating the position at a given radius along the trajectory
of a charged particle. In the barrel region, the sensors are arranged on
concentric cylinders around the beam axis at radii between 50.5 mm and
122.5 mm, and on disks perpendicular to the beamline in the end-cap region,
consisting of a total of around 80.4 million readout channels. During the
long shutdown of LHC between 2013-2015, an insertible B-layer (IBL) was
installed at 33 mm from the IP, the closest layer to the beam line [46]. The
typical size of the silicon sensor is 50 um x 250 pum in r¢ x z, thereby

providing the highest spatial resolution in the tracking system.

e The SCT is the intermediate layer of the ID, and consists of eight concentric
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layers of silicon-strip detectors that surround the Pixel detector over the
range |n| < 2.5, providing four space points for each track. The strips have
a mean pitch of 80 um, and are arranged perpendicular to the beamline
in the barrel, and radially perpendicular to the beamline in the endcap.
To measure both coordinates, the neighbouring strips are arranged at a
stereo angle of 40 mrad. This results in the intrinsic resolution of 17 pum in
r¢, and 580 pum in z. The total number of readout channels in the SCT is

approximately 6 million, and provides the second-best spatial resolution.

The TRT is the largest and outer-most layer of the ID, providing a large
number of hits (typically 36 per track) using 4 mm straw tubes, with gold
plated anode wires at their centre, covering || < 2.0. The straw tubes are
filled with a gas mixture of Xenon, carbon dioxide and oxygen, to maximise
the capture rate of transition radiation photons, which are emitted from
charged particles traversing media with distinct dielectric constants. The
straws are parallel to the beamline in the barrel region, and radially
in wheels in the endcap. The total number of TRT readout channels is
approximately 351,000. Unlike the other sub-detectors of the ID, the TRT
does not record the z-position of the hit, and the position resolution is 130
um in r¢, sufficient to contribute to the momentum resolution. Additionally,
the straws are interspersed with hydrocarbon fibres, thus the TRT is able
to contribute to electron identification performance through the detection

of transition radiation from relativistic charged particles.

3.2.2 Calorimeters

While the Inner Detector aims to measure particle momentum with minimum

disruption to the trajectory of the particle, the calorimeter system is designed to

measure particle energy by absorbing the energy deposited from all particles that

traverse it. With the exception of muons and neutrinos, the calorimeter system

provides good containment for all traversed particles. This is crucial for energy
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Figure 3.9: A schematic overview of the ATLAS calorimeters. Reproduced from .

measurement, while the large detector coverage allows for the measurement
of missing transverse momentum.

As a particle interacts with the calorimeter material, it creates a cascade of
secondary particles (typically referred to as a shower). As a particle showers,
its energy decreases. The distance that a high-energy electron traverses in
matter before its energy decreases to 1/e of its initial energy is referred to as
radiation length, Xy. This occurs through photon conversion and bremsstrahlung.
Similarly, the nuclear interaction length (1)) is the mean distance traversed by
a hadron before an inelastic nuclear interaction.

Based on the characteristics of showers, the calorimeter system has two sub-
detectors: the electromagnetic (ECAL) and the hadronic calorimeter (HCAL). Both
calorimeters are sampling calorimeters, meaning that they utilise alternating
layers of dense materials (producing showers) and active detecting materials

(measuring energy deposits). A schematic diagram is shown in Figure [3.9]

e The ECAL is the inner layer of the calorimeter system, covering regions
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up to |n| < 3.2. It consists of the barrel and two endcaps, with a small
gap at z = 0. It uses lead as the passive material (thanks to its short
radiation length), and liquid argon (LAr) cooled to 88 K as the active
material. Particles traversing the LAr ionise it, and under the action of an
electric field drift towards the electrodes. The collected charge is amplified
and is proportional to the initial energy of the charged particles. Overall,

a particle traverses 22 X in the barrel, and 24 X, in the endcap.

The HCAL is the outer layer of the calorimeter system, covering regions
up to |n| < 4.9. The central region is covered by the tile calorimeter, which
uses steel and plastic scintillator tiles as the passive and active materials
respectively. As a charged particle traverses the plastic scintillator, it
produces excitations in the atoms, and results in scintillation photons when
the atoms de-excite. This signal is proportional to the initial energy of
the charged particle. Wavelength shifting fibers, which are attached to
either cell edge, transmit the collected light to the photomultiplier tubes
where the signal is amplified and readout. The hadronic end cap (HEC)
covers high 7 regions, and uses copper and tungsten as passive material
(for hadronic shower), and liquid argon as the active material. Furthermost
out in 7, the forward calorimeter (FCAL) extends the calorimeter coverage
to |n| = 4.9. Similarly, FCAL utilises liquid argon as active material, and
the first layer of passive material is copper (efficient heat dissipation),
followed by two layers of tungsten. The HCAL provides approximately 11

interaction lengths of hadronic depth.

3.2.3 Muon spectrometer

Similar to the tracker, the muon spectrometer (MS) measures the momentum

of muon tracks by measuring their sagitta in a toroidal magnetic field. With

most other particles absorbed by the calorimeter system, the MS is capable of

identifying and measuring muons in a low-noise environment, while providing
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signatures for the underlying physics process of interest. By measuring muon
track momentum, MS also completes the measurement of missing energy.
The MS consists of a barrel sector and two endcaps, each immersed in the
magnetic field provided by toroidal magnets. In both barrel and endcaps, the MS
is arranged in a 16-fold azimuthal segmentation, to follow the 8-fold azimuthal
symmetry of the toroidal magnet structure. The segments that are encased in
the toroidal magnets are colloquially referred to as the Large Sectors, and Small
Sectors otherwise. Unlike the solenoidal field for the ID, the toroidal magnet
system bends the particle trajectory in the R — z plane. At |n| < 2.7, monitored
drift tubes (MDTs) and cathode strip chambers (CSCs) provide at least three
precision positional measurements. The very central region |n| < 0.1, is reserved
for cooling and service cables, for which complementary measurements from
the calorimeter systems are required to identify and reconstruct muons. Within
In| < 2.4, the trackers are also complemented with resistive plate chambers
(RPCs) in the barrel and thin-gap chambers (TGCs) in the endcaps for triggering

events of interest. An overview of the MS is shown in Figure

e The MDT chambers consist of several layers of aluminium drift tubes for
positional reconstruction covering |n| < 2.7. The drift tubes in the MDT
operate on the same principle as the drift tubes in the TRT, ionised electrons
are collected at a central tungsten-rhenium wire operating at a 3080 V. The
tubes are filled with an argon-carbon dioxide gas mixture at high pressure.
Each drift tube in the MDT is able to achieve a spatial resolution of 80 pm,
corresponding to 16% accuracy for a muon with pr = 1 TeV. Additionally,
as each MDT chamber consists of 3-8 layers of drift tubes, it is possible
to register multiple hit information for the transversed particle, and this
enables an axial position resolution of 35 yum. Spatial accuracy for the
MDT is therefore crucial for track reconstruction, and an optical system is
installed in place to measure and account for the change in muon chamber

positions in real-time. Due to the long drift time compared to the 25 ns
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Figure 3.10: A schematic overview of the ATLAS muon spectrometers. Reproduced from

[43]

interval between bunch crossings, the CSCs and the trigger chambers are

used to resolve ambiguities.

e The CSCs are multi-wire proportional chambers that cover 2.0 < |n| < 2.7
to account for the high particle flux in the forward region. They use an
array of wires (anodes) operating at 1900 V that are arranged in the radial
direction, and two sets of cathode strips, one running parallel to, and
the other one perpendicular to the anodes to provide a two-dimensional
coordinate. Each CSC is filled with an argon-carbon dioxide gas mixture,
and a transversing ionising particle emits ionising radiation, which results
in a cascade in ionisation particles (commonly referred to as an avalanche)
due to the high electric field across the chamber. The position of the

track is obtained by interpolating the charges induced on neighbouring



3. The LHC and the ATLAS detector 35

cathode strips. It provides an excellent time resolution of 7 ns, and a spatial

resolution of 60 um in the bending plane and 4 mm in ¢.

e The RPC is a three-layer gaseous detector covering |n| < 1.05. It is a
gaseous parallel electrode-plate detector, and two resistive plates are
kept parallel to each other at a distance of 2 mm, which is filled with an
insulating gas mixture. lonising tracks traversing the RPC form avalanches
in the high electric field (4.9 kV/mm) between the two resistive plates,
and the signals are read out on the outer faces of the resistive plates.
The signal response is produced within 25 ns, but with a reduced spatial

resolution of 10 mm in the z direction, and an ¢ resolution of 10 mm.

e The TGCs are multi-wire proportional chambers used in the endcaps for
1.05 > |n| > 2.4 and have a similar signal response time to the RPCs. The
TGCs operate under the same principle as the CSCs, but with a different
geometry (smaller wire-to-cathode distance than wire-to-wire distance),
a different gas mixture and a higher operating voltage (2900 V) than the
CSC. These factors suppress the formation of secondary avalanches (which
is crucial for high-rate environments), and provide a better time resolution.
They achieve a spatial resolution of 2-6 mm in the R direction and a ¢

resolution of 7 mm.

3.2.4 Trigger system

As discussed in Section the proton-proton bunches cross each other at an
interval of 25 ns, translating to a frequency of 40 MHz. This sharply contrasts
with the target event record rate of ~1 kHz, which is limited by the available
computational resources. The trigger and data acquisition system is therefore
crucial for the operation and physics analyses of the ATLAS experiment. It makes
real-time decisions on whether a given collision should be recorded, reduces

event rate, and preserves events that may contain physics of interest.
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A two-tiered approach is adopted for the ATLAS trigger system: the Level
1 (L1) trigger and the High-Level Trigger (HLT) system. The L1 trigger system
is a hardware-based trigger system, and the relevant detector sub-system and
detector coverage are seen in Figure [3.6] It utilises custom electronics and
information with reduced granularity to first identify candidates for photon,
electron, jet and muon, and to select events based on event-level quantities, such
as total energy in the calorimeter and the multiplicity of a certain object. The
L1 trigger system reduces the event rate from 40 MHz to 100 kHz [47].

The HLT system is a software-based system, which utilises fast trigger
algorithms for early rejection. This is followed by full reconstruction algorithms,
similar to those used for offline analysis for the final selection. Partial, or full
information from the detector is used to reconstruct physics objects. This further
reduces the event rate to an average of 1 kHz, and the events that pass the HLT
selection criteria are sent to permanent storage for offline reconstruction [48].

Trigger chains are developed to select events with physics of interest. Each
chain is designed to select a set of physics signatures, such as leptons, photons,
jets, particle lifetimes, total energy and missing energy. To control the rate of
accepted events, a prescale value is applied to reduce the number of accepted
events. The value of the prescale corresponds to the inverse of the probability
that an event is accepted. In the case when the prescale for a trigger chain
is 1, all events passing the trigger chain are stored, and this trigger chain is
referred to as an unprescaled trigger [49].

Trigger chains are separated into two groups, or streams. The main physics
stream covers all signatures relevant to ATLAS physics analyses, and occupies
the bulk of the trigger rate at an average of 1.0 kHz. A separate dedicated
stream covers muons with lower transverse momentum, which is essential for

the B-physics program [49].
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3.2.5 The ATLAS Monte Carlo simulation

The Monte Carlo simulation is a crucial part of both the ATLAS experiment and its
physics programs. It is used widely for the design, development, implementation
and validation of identification, reconstruction and calibration algorithms, and
to evaluate their performance. For physics programs, the MC simulations are
widely used to evaluate experimental sensitivity, and to estimate the impact
of statistical and systematic uncertainties.

The MC events are first generated with the calculation of matrix element
amplitudes and scattering processes. A plethora of external software and
libraries are available, and examples include PowHeG [50-52] and SHERPA
[53]. Parton showering, hadronisation, and the simulation of the underlying
event are simulated by PyTHIA [54]. The simulation of interaction of particles
with the ATLAS detector, the digitisation of the detector response, and any
changes in detector condition are handled by the Athena framework [55, 56|,
and utilises GEANT4 simulation [57-59).

To simulate pile-up in normal ATLAS operation, randomised events are read-in,
and their hits are overlaid to simulate detector response in a busy environment.
As the pile-up profile is not generally known at the time of MC generation, the

MC events are subsequently reweighted to match the pile-up distribution.
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Chapter 4

Muons in the ATLAS experiment

Upon the discovery of muons in 1936, Isidor Isaac Rabi famously remarked:
‘Who ordered that?’, echoing the surprise that he, as well as his contemporaries,
experienced on the seemingly ad-hoc nature of this new particle. Decades
later, while a flourishing theoretical framework seeks to address the origin of
lepton flavours [60, 61], experimental particle physicists of today offer a set of
pragmatic answers. Muons are ingrained in many facets of ATLAS operations
and studies: as signatures for event triggers, as backgrounds to be vetoed, or
as final states for many ATLAS analyses.

Unlike the cloud chamber observation that led to Rabi's exclamation, the
ATLAS experiment cannot observe the entire muon trajectory within the fiducial
volume. Instead, it combines hit and energy deposit information that is spatially
well-separated from the trackers, calorimeters, and the muon spectrometer to
reconstruct the muon trajectory. These muons then satisfy a set of identification
criteria, which define different levels of purity, and systematic uncertainty, for
a wide range of ATLAS physics analyses. To satisfy the level of precision
required by physics measurements and beyond SM searches, it is critical
to calibrate the reconstructed muon kinematics (most notably the transverse
momentum) in simulation to that in data. This agreement between data and
simulation is also necessary for muon reconstruction efficiency, vertex association
efficiency, and isolation variables, and relevant calibrations are derived for

these quantities as well.
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This chapter offers an overview of muon combined performance in the ATLAS
experiment, with a strong focus on the muon momentum calibration for ATLAS Run
2 data. Section 41l offers a technical overview of how muons are reconstructed
from measurements in ATLAS sub-detectors, and introduces the quantities used
for the rest of this thesis. Section [4.2) describes the process of identifying muons
produced at the interaction point, and differentiating against fake muons from
secondary decays. Lastly, Section [4.3]focuses on muon momentum calibration

including charge-dependent and charge-independent effects.

41 Reconstruction

As a minimum-ionising particle, muons leave the following signatures in the
ATLAS detector: the presence of ID and MS tracks, and characteristic energy
deposits in the calorimeters. Due to modest energy resolution in the calorimeters,
tracks from the ID and MS detectors (wherever available) are used for muon
reconstruction. Due to the high interaction lengths of the calorimeters (minimum
of 26.9 X, for ECAL and approximately 10 X, for HCAL), the hadronic punch-
through in the muon system is negligible.

In the ID, all charged particle tracks are reconstructed indiscriminately. First,
information from the Pixel and SCT are converted into 3-dimensional space points.
A set of space points form a ‘seed’, with varying requirements on the silicon
layers [62]. These seeds are then used to build ‘roads’, for which additional
hits are found by moving towards the outer edge of the ID. This provides a
crude estimate of track parameters (explained below). Additional steps, including
extrapolating hits to the TRT using a Kalman filter |'} and a final fit with all
hits are required to obtain the final track parameters [64].

Track qualities are then evaluated using a number of criteria, such as x? of

the track fit, and if the track is measured at every layer of the detector at the

"The Kalman filter processes a series of discrete measurements subjected to statistical
uncertainties. By combining the hits measured from the Pixel sub-detector and subsequent
measurements in the TRT, the Kalman filter minimises the statistical uncertainties on the
trajectory [63]
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location it is expected to traverse. High-quality tracks with pr > 400 MeV and
other additional requirements [39] are used to reconstruct the primary vertex.
This is divided into two stages: vertex finding and fitting. Once the primary
vertex of the event is determined, it is then associated to tracks, allowing for
the computation of five track parameters and their covariance matrices. These
track parameters include two impact parameters (dy and zy, the shortest distance
between track and beamline, and the difference in z coordinate between track
and primary vertex), two angular parameters (6 and ¢, the polar angle and the
azimuthal angle respectively), and measurement of charge over momentum (q/p).

A schematic illustration of dy and 2 is shown in Figure

Track

Point of closest
approach

-
-="
-
-

Primary vertex ATLAS
beamline

Figure 4.1: A schematic illustration of the two impact parameters, dy and zy. The
transverse impact parameter, dy, is the shortest distance between the track and the
beamline. The longitudinal impact parameter, zy, is the difference in z coordinate between
the primary vertex and the point of closest approach.

In the MS, hits in each station are identified as ‘segments’ through a Hough
transform [65]. Combining measurements orthogonal to the bending plane (from
the RPC and TGC), segments in different MDT and CSC stations are then
constructed into three-dimensional track candidates, for which loose constraints
on the IP and magnetic field bending are imposed. An iterative global x? fit is
then performed in three steps. First, the muon trajectory is constrained by the
magnetic field, material interaction, and the misalignment of all detector chambers.

Hits with a large contribution to global x? are then removed from the following
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fits, and the second iteration is performed to remove overlaps between tracks. A
final iteration is performed for backward extrapolation to the beamline, such that
a loose IP constraint and energy loss in the calorimeters can be accounted for.

With information from each sub-detector, five reconstruction strategies are
developed, leading to the corresponding muon types. A schematic of these muon

types is shown in Figure and they are described in the following:

e Combined (CB) muons are reconstructed by associating MS tracks to
associated ID tracks, then performing a combined track fit using ID and
MS hits, with constraints on the energy loss in the calorimeters. This is
the most common type of muons used in most ATLAS analyses. At |n| > 2.5,
MS tracks can also be combined with segments reconstructed in the pixel
and SCT endcap detectors to increase ID coverage. These are referred to

as Silicon-Forward (SiF) muons.

e Inside-out (I0) combined muons are reconstructed using an inside-out
algorithm. For 10 muons, ID tracks are extrapolated to the MS to search
for at least three hits that are loosely aligned. The ID track, calorimeter
energy deposit, and the MS hits are then combined into 10 muons. Since
this type of muon does not rely on the presence of a reconstructed MS
track, IO muons recover some efficiency in regions of low MS coverage, and

for low pr muons.

e Muon-spectrometer Extrapolated (ME) muons use a complementary ap-
proach to the 10 muons, it extrapolates the MS track to the beamline.
These muons are used in cases where MS tracks cannot be matched to an

ID track, thus fully exploiting the MS coverage up to |n| = 2.7.

e Segment-tagged (ST) muons are similar to IO muons, but impose a looser
constraint on the number of MS segments. ST muons extrapolate ID tracks
to the MS, and impose tight angular matching requirements to at least one
MS segment. The ST muon type provides sensitivity for muons in regions

with limited MS coverage, such as |n| < 0.1.
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e Lastly, the calorimeter-tagged (CT) muons are identified by extrapolating
the ID tracks to the calorimeter to search for energy deposits that are
consistent with a muon. Similar to ST muon, the CT muon type is mainly
used for regions with limited MS coverage, such as the wiring and service

region at |n| < 0.1.

Overlaps between different muons are defined by the available MS segments,
and the order of precedence starts with CB muons, followed by |0 muons, then
ST muons, and finally CT muons. The overlap with ME muons is resolved by
selecting tracks with better fit quality and a larger number of hits.

A schematic representation of these muon types is shown in Figure

4.2 ldentification

Defining muon types ensures that muons can be reconstructed throughout the
detector acceptance. However, they are not indicators of the origin of these
muons, such as whether they originated from a short-lived SM or BSM particle
(prompt), or a secondary decay of a hadron or a long-lived BSM particle (non-
prompt). Therefore a set of requirements, referred to as a working point (WP), is
defined to suit the requirements of a wide variety of ATLAS physics analyses.
Two sets of separate WP definitions are used to distinguish prompt muons:
the selection WPs target the rejection of non-prompt muons from light hadron
decays by analysing the quality of muon tracks, while the isolation WPs target
the rejection of non-prompt muons from b and ¢ quark decays, which produces
good quality muon tracks, but can be distinguished using information from the

calorimeter and location of the primary vertex.

4.2.1 Selection working points

The selection working points (WPs) are optimised for two metrics: maximising
prompt muon efficiency and minimising the light-hadron misidentification rate.

The former refers to the probability that a prompt muon is reconstructed as a
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Figure 4.2: Schematic diagram for the different types of muon reconstruction chains.
This illustrates a cross-section along the beamline for the ATLAS detector, with the Inner
Detector (light red), Calorimeters (light green) and Muon Spectrometers (blue) labelled
in the diagram. The solenoid and toroid systems are omitted from the diagram. The solid
lines represent the muon tracks reconstructed in the sub-detector, the red segments
represent the hits (or energy deposits in the case of calorimeter) being registered in
the sub-detector, and dotted lines in a sub-detector represent that this particular muon
type does not rely on the information in that sub-detector.

muon and passes the WP selection criteria, while the latter is the fraction of
light hadrons reconstructed as muons that pass the WP selection criteria. Light
hadron decays generally lead to lower-quality muon tracks due to in-flight decay,
therefore a number of variables are defined to exploit this feature to maximise
the prompt muon efficiency. These include detector level quantities (the number
of precision stations, defined as the number of MS stations that a muon has at
least three hits in the MDT or CSC; the number of precision hole stations EI the

number of stations that a muon has less than three hits, and is missing at least

2Here, a hole refers to an active sensor traversed by the track that contains no hit and is
between two layers with hits assigned to the track.
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three expected hits), as well as track variables reconstructed from the 1D and

MS sub-detectors. One such quantity is the ¢/p compatibility:

\q/pib — q/pms] 41
Vo*(a/po) — o (a/pws) ()

where ¢/pp and ¢/puvs are the measurements of charge over momentum in the

q/p compatibility =

ID and MS respectively, and o(q/pip) and o(q/pus) are their corresponding
uncertainties. For CB and IO muons, ¢/p compatibility is useful as it corresponds
to the compatibility between the ID and MS measurements. Similarly, another
quantity p’, is defined as follows:

/ |pT,|D - pT,MS’
p =", (4.2)
P1.cB

where prp, prms and prep correspond to the muon pr measured in the ID, MS, and
from the combined track fit respectively. The energy loss when muon traverses
the calorimeter systems is accounted for in prpms. Based on these quantities, three
cut-based WPs are defined in order of least to most stringent: Loose, Medium
and Tight. The Loose WP has the highest prompt muon efficiency with less
purity and larger systematic uncertainties (hereinafter denoted by systematics),
and is optimal for the reconstruction of Higgs boson decays into four-leptons.
The Medium WP balances prompt muon efficiency and purity while keeping
systematics small, and is suitable for a wide range of ATLAS analyses. Finally,
the Tight WP provides the highest purity at the cost of prompt muon efficiency,
and is therefore used for analyses that are limited by backgrounds from non-

prompt muons. The selection criteria for these WPs are summarised as follows:

e Medium WP: within |n| < 2.5 (ID acceptance region), only CB and |0 muons
are included. They are required to have a ¢/p compatibility smaller than
seven for a loose agreement between ID and MS measurements. In addition,
these muons are required to have at least two precision stations, except for
the very central region with cabling and limited MS coverage (|n| < 0.1).

For these central muons, a looser requirement is imposed (one precision
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station, and at most one precision hole station). For muons outside of the
ID coverage, ME and SiF muons are used, and are required to have at

least three precision layers.

e [oose WP: all muons passing the Medium WP are accepted. Additionally,
CT and ST muons are used within || < 0.1 to recover the efficiency in the
MS gap region. The loose WP also aims to recover lost efficiency for low-py
muons (pr < 7 GeV), which lose most of their energy when traversing the
calorimeter, therefore significantly reducing their likelihood of having two
precision stations. This loss of efficiency for low-pr muons is recovered by
loosening the requirement for the number of precision stations to one for
IO muons within |n| < 1.3, provided they are independently reconstructed

as ST muons to increase their purity.

e Tight WP: all CB and 10 muons are required to have at least two precision
stations. The normalised x? is required to be less than eight to reject in-
flight hadronic decays. Further requirements are placed on ¢/p compatibility

and p’ to reject low-pr muons.

Two WPs are defined for analyses targeting extreme py ranges: the High-pr
and Low-pr WP. As the name suggests, the High-pr WP is optimised for muons
with pr > 100 GeV, and provides the best momentum resolution and rejection
of tracks with large track uncertainties. The Low-pr WP targets muons with
pr down to 3 GeV, which are less likely to be reconstructed as full tracks in
the MS. It uses a set of detector and track-based variables that provides good
separation between prompt muons and light-hadron decays.

The fraction of prompt muons that are reconstructed and identified is referred
to as the reconstruction efficiency, and it varies in pr and detector regions for
both data and simulation. The efficiencies for Loose, Medium, and Tight as a
function of pt and n can be found in Figure The reconstruction efficiency is
generally different between data and simulation due to the simulated detector

geometry not perfectly describing the real detector geometry, inaccuracies in
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magnetic field modelling and energy loss. These discrepancies are resolved by
applying correction weights, or scale factors (SF) to simulation, such that the
efficiencies match up between simulation and data in regions of pr, n and ¢.
With the application of SF, the muons are suitable to be used in ATLAS physics

analyses. The efficiency SF for a particular algorithm X is defined as:

EData (X)

SF(X) = eMCi(XV

(4.3)

where €P7%(X) and eM“(X) corresponds to the efficiencies in data and simulation
for reconstruction algorithm X. As the efficiency in data cannot be measured
directly, an alternative method utilises the high purity of Z — puu and J/¢ — uu
decays, and estimates the reconstruction efficiency in both data and simulation
within an ID coverage of || < 2.5. This is referred to as the tag-and-probe
method. The tag, referring to one leg of the muon pair, is required to satisfy
stringent identification criteria. This is done such that the second muon, the
probe, can be reliably identified as another muon candidate (since the invariant
mass between the tag and probe is consistent with originating from a Z — up
or J/v — pp decay), and can be used to test the efficiency of a reconstruction
algorithm. At regions outside of ID acceptance, a separate double-ratio method

is used to estimate reconstruction SF [66].

4.2.2 Isolation working points

Isolation WPs target the separation between prompt and non-prompt muons from
in-flight decays from hadrons, 7 leptons, or heavy quarks. This is performed by
measuring the hadronic activity in the vicinity of muons. This can be measured
either in the ID (using ID track related variables), in the calorimeter (using
topological cell clusters), or through the combination of the two (using a particle
flow algorithm).

Track-based isolation is defined as the scalar sum of pr inside a cone of

radius AR around the muon, excluding the muon track itself, where AR =

min(R, 10 GeV/ph), R = /on* + 042, and én and d¢ are the magnitudes of the
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Figure 4.3: Muon identification efficiency for Loose (yellow), Medium (red) and Tight
(blue) WPs. The identification efficiency is measured for events passing trigger
requirements. The measured efficiency in data is plotted in solid markers, and in
hollow markers for simulated efficiency. The upper plot shows the muon identification
efficiencies measured in Z — pp events as a function of 0, using muons with pt > 10
GeV. The lower plot shows the muon identification efficiencies measured in J/v — uu
events as a function of p. Each plot displays a ratio plot at the bottom, which shows the
ratio between measured and simulated efficiencies for each WP, and the corresponding
statistical and systematic uncertainties. Reproduced from [66].
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the differences of pseudorapidity and azimuthal angle between the reconstructed
muon and the ID track. Depending on the WPs, AR is either 0.2 (referred to
as p$"2%), or min(10 GeV/p4., 0.3) (labelled as pyrene3d). In the latter case, the
cone size is chosen to vary with pi for highly boosted systems. The minimum
track pr used in the isolation WP is either 500 MeV or 1 GeV.

topocone20y . .
E7 ") is defined as the transverse

Similarly, calorimeter-based isolation (
energy of topological cell clusters in a cone of size AR = 0.2, after subtracting
muon energy deposits in the calorimeter and pileup effects. While track-based
variables are constrained by the track constraint on its primary vertex, calorimeter-
based isolation is much more sensitive to pile-up, and results in degraded energy
resolution. Therefore, combining track-based and calorimeter-based isolation is
often used, such that the former provides reduced pileup dependency and better
momentum resolution, and the latter offers sensitivity to neutral particles and
low pr muons. For this purpose, a particle-flow-based algorithm is introduced to
remove overlaps between track-based and calorimeter-based isolation.

The particle-flow-based isolation variable is defined as the sum of track-
based isolation (using pie™°"*3030 for pf < 50 GeV and pP"** for pf > 50 GeV), in
addition to the transverse energy of a neutral particle-flow object in a AR = 0.2
cone, which is labelled as E%G“OWZO. The distributions for these variables for
prompt and non-prompt muons are shown in Figure

A multivariate discriminant, prompt lepton BDT, is also developed to achieve
the highest rejection rate of non-prompt muons. It utilises track and calorimeter
information, as well as computed likelihoods of a muon originating from a b-
hadron decay [67]. The definitions of the isolation WPs are summarised in Table

and the efficiencies of the loose WPs are shown in Figure 4.5

4.3 Muon pt correction

The ATLAS simulation provides an accurate but idealised description of the
geometry and material distribution for the detector and the toroids. The

simulation does not account for detector deformations, local inhomogeneity
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Figure 4.4: Distribution of track-based (p%7°"¢30, in blue square markers), calorimeter-

topocoe20 . . . -
based (E , in green circular markers) and particle-flow-based (pyireone30 4

0.4E%eﬂ°""20, in purple diamond markers) variables, after dividing their value by the
muon pt. The prompt muon isolation distribution is shown in closed markers, and the
non-prompt muon isolation distribution is shown in open markers. These distributions
are measured from simulated tf events, and each is normalised to unit area. Reproduced
from [60].

of the magnetic field and differences in the amount of detector material in
the simulation and detector, and inaccuracies in physics modelling. Therefore,
additional calibrations are needed to achieve per-mille level precision for the
muon momentum scale, and percent level precision for muon momentum resolution.

Such calibration is derived in a two-fold process. The charge-dependent
bias, known as sagitta bias, is derived and corrected for in data events. Sub-
sequently, charge-independent corrections for scale and resolution are derived

with simulated events.
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Isolation WP

Definition

Pflowloose* (pPne20 + 0.4 - BRetow20) < 0.16 - pf
PflowTight* (pPne0 4 0.4 - Epefow20) < 0.045 - pht
Loose* prarcones0 () 15 pkt | fiopocone0 g 3.
Tight* prereenes0 (.04 . pht, FIoPocene 15 ph
HighPtTrackOnly pPne < 1.25 GeV
TightTrackOnly* ppreenes? < 0.06 GeV

51

PLBDTLoose (PLBDTTight) piareenesd — max(1.8 GeV, 0.15 - pk)

BDT cut to mimic TightTrackOnly efficiency

Table 4.1: Definitions of the muon isolation WPs. The name of the WP is listed in the
first column, and the isolation criteria are listed in the second column. The minimum
pt required for all WPs are 1 GeV except for PflowlLoose and PflowTight WP, for which
the minimum pt requirement is 500 MeV. WPs marked with * have two variations in the
definition of AR: one with constant AR = 0.2 for pi > 50 GeV, and the other with AR
decreasing with pr as min(10 GeV/p., 0.3).
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Figure 4.5: Muon isolation efficiency for Loose (top left), PflowlLoose (top right) and
PLBDTLoose (bottom) WPs as a function of muon pr. The identification efficiency
measured in data is represented by black markers, and the simulated efficiency is
represented by hollow red markers. These efficiencies are measured in Z — up events,
using muons with pt > 3 GeV and || < 2.7. The bottom panel shows the ratio between
measured efficiency and simulated efficiency, with statistical and systematic uncertainties
indicated by the error bars. Reproduced from [66].
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4.3.1 Data and simulation samples

The sagitta bias correction utilises the Z — uu decay to measure the charge-
dependent momentum bias, while the scale and resolution correction uses both
Z — pp and J/v — pp peaks to study behaviour across ranges of pr. Both types
of corrections are validated on Z — pup, J/v — pp and T — pp peaks. This

section describes the data and simulation sample used to derive these calibrations.

Data sample

This analysis utilises the pp collision sample collected between 2015-2018. Only
events collected under stable beam conditions, with all relevant ATLAS sub-
systems fully operational are used in this analysis. A combination of single-muon
triggers (dedicated to Z — pu collection) and specialised triggers for J/v¥ — pp
and T — pp are used. A dedicated stream for B-physics was deployed in
2016 due to the increased LHC instantaneous luminosity, such that abundant
low-pt events can be reconstructed at a later time after reconstructing the
main physics stream. This additional stream greatly increased the J/v — uu
and T — pu statistics available for 2016-2018. The integrated luminosity is
139 fb~! after trigger and data quality requirements, with an average pile-up

per bunch crossing of 33.7.

Simulated samples

For the signal samples, the following resonances are considered: Z — uu,
J/p — pp, U(2S) — pp, and T — pp (where Y represents YT(15), Y(25)
and Y(35)). To increase the number of events, additional selection criteria
are imposed. J/i¢ — puu events require at least one muon to have pr > 6
GeV and |n| < 2.5, while Y — pp events require both muons to have pr >
4 GeV and |n| < 2.7. Alternative samples of Z — pu are used to evaluate
the impact of generator mismodelling. The generators used for the simulated

backgrounds are listed in Table
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Table 4.2: Description of the simulated resonances. The resonance process is defined
in the first column, with the Monte Carlo generators, the parton distribution functions
(PDFs) and the accuracy for the calculations listed in the following columns.

Process Generator PDF Fixed order
accuracy
Z = POWHEG-BOX v1 [50~ CT10nNLo [70] NLO

52, 68] , interfaced
to PytHIA 8.186 with

AZNLO [69]
Z — pu (alter- SHERPA 2.2.1 |53] NNPDF3.0nn0 NNLO
native) [71]
J/p — pp PyTHIA 8.186 CTEQ6LT with LO
A14 generator
parameters [72]
U(25) — pp PyTHIA 8.186 CTEQG6L1 LO

T — pp

The main background for the low-pt resonances is the combinatorial back-
ground from other physics processes. This is challenging to simulate and is
therefore estimated from an exponential fit to the data. For Z — puu decays,
the main backgrounds are a Z boson decaying to a 7 (Z — 77), fakes from
muonic decay of the W boson (W — pv), Drell-Yan production (Z*/v*(— up)),
diboson productions (VV), and top-pair production (t¢). The generators used
for the simulated backgrounds are listed in Table

Specific to the scale and resolution corrections, a large data/simulation
discrepancy in the reconstructed kinematics of the Z pr is observed. As the
effect of single muon pr mismodelling is at the per-mille level, the dimuon py
discrepancies are the results of theoretical and PDF modelling uncertainty.

The effects of Z pr mismodelling also differ for each generator. To correct
for this effect, 2D maps of Z n and pr are derived for PYTHIA+-POWHEG, SHERPA
and MadGraph. Additional weights are interpolated from 2D maps and assigned

for each event. The effect of Z pr mismodelling on kinematic distributions, and

the effect of applying Z pr corrections are shown in Figure
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Table 4.3: Description of the background processes for Z — pp. The process is defined
in the first column, with the Monte Carlo generators and parton distribution functions
(PDFs) listed in the following columns. Note that the ¢t background has the hgam,
parameter set to 1.5 myp [73]. The hgemp parameter is a re-summation damping factor
and one of the parameters that effectively requlates high-pt radiation against which the
tt system recoils.

Process Generator PDF
7 =TT, POWHEG-BOX v1, interfaced to CT10NLO
PytHia 8.186 with AZNLO

W — uv,

Z v (= pp)

A — 77, POWHEG-BOX v1, interfaced to CT10NLO
W — pr, PytHiA 8.186 with AZNLO

Z |y (= pp)

4% POWHEG-BOX v2 [74], inter- CT10NLO
faced to PytHiA 8210 with
AZNLO

tt POWHEG-BOX v2 [50552, [75], NNPDF3.0nL0
interfaced to PyTHIA 8.210 with [71]
A14

4.3.2 Sagitta bias correction

Dedicated detector alignment by the ATLAS experiment removes the bulk of
charge-dependent bias, but a residual bias persists. This residual effect results
in biases in the worsened pr resolution, leading to a degradation of the invariant
mass resolution in the Higgs to four-lepton final state. Therefore, an additional
correction is developed for muon tracks to capture such charge-dependent effects,

and is referred to as the sagitta bias correction.

Sub-detector alignment

Accurate knowledge of detector geometry is critical to improving the resolution
of reconstructed track parameters, and by extension, physical observables.
Systematic and periodic detector alignment studies are therefore performed
to ensure its mechanical and temporal stability.

The ID alignment is based on global x? minimisation of the track-hit residuals

[76]. Additional constraints on the IP and track parameters measured from external
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Figure 4.6: Distributions of data and simulated Z — pu pair pt (first row) and invariant
mass distributions (second row) before (first column) and after (second column) kinematic
reweighting for three generators. Samples generated with POWHEG-BOX interfaced
with PYTHIA are represented by red lines. Samples generated with SHERPA and MADGRAPH
are shown in green and purple respectively. The kinematic weight is derived from the
pair pt ratio between data and each simulated sample, and interpolated based on the
pair pt of each event.

sub-detectors are imposed to reduce systematic biases. However, this procedure
is insensitive to a number of biases, including radial detector deformation and
ill-defined alignment solutions in the alignment software. These effects are
collectively referred to as weak modes, which leaves the global y? invariant.
The MS alignment utilises its optical monitoring system to correct for the 3D
movements of muon chambers relative to other muon chambers and reference

markers. The accuracy of the optical alignment is limited by operational accuracy
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and construction precision. Additional dedicated data collection runs are also
used to improve the MS alignment, including cosmic-ray events, and proton-
proton collision events with the toroidal field off. This leads to precision at the

O(10 pm) for the bulk of the detector, and O(100 um) in specific detector regions.

Deriving sagitta bias

These detector effects are largely independent, therefore sagitta bias corrections
are derived separately for ID, CB and MS muon tracks. Additionally, sagitta bias
is derived for each ATLAS data-taking period to be combined with the yearly

released alignment parameters. The sagitta bias is approximated as:

=91 g%, (4.4)
P

D 1

where ¢ is the charge of the muon, p and p are the corrected and uncorrected
muon momentum respectively, and &5 (shorthand for é5(n, ¢)) is the impact of
sagitta mismodelling on track momentum, measured in units of TeV~!. To estimate
this bias, Z — pup events are used for its precise modelling. The invariant mass,

m,, of the dimuon system is expressed as the following:
mfw = 2ptp7(cosh(An) — cos(Ag)), (4.5)

where p} and p; refer to the transverse momenta of positively and negatively
charged muons respectively, and An and A¢ are the differences between the
pseudorapidity and the azimuthal angle of the two muons. Ignoring second order
terms in d,, the biased invariant mass, 7, can obtained by combining Equation

and yielding the following parametrisation:

miu = M (1 4 8spT — dsp7). (4.6)

As the number of positive muons equates to the number of negative muons in
Z decays, the overall effect of §; cancels out, leaving < m,, > unaffected, but
broadens the resolution of the Z — pu mass peak. Therefore, the variance of

the Z — pp mass peak is sensitive to the sagitta bias.
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Figure 4.7: Sagitta bias on the CB muon pt measured in bins of  and ¢ before applying
sagitta bias correction. The biases are shown separately for the three data-taking
periods: years 2015 and 2016 (upper left), 2017 (upper right), and 2018 (bottom). Large
bias is observed in the region of n ~ 2.5 and 0 < ¢ < 2.0. The distribution of measured
sagitta bias is similar in different years of data-taking. The bias is defined in Equation

(4-4).

The sagitta bias is evaluated by minimising the variance of the Z — ppu mass
peak in a grid of 24 x 24 n — ¢ detector regions. An iterative method is used, and
the sagitta bias correction ¢, derived from the previous iterations is applied to
the muon py for the next iteration. The residual sagitta bias before and after
correction for different data-taking campaigns are shown in Figure and

The typical values of sagitta bias are around O(0.1) TeV™' in the barrel
region. The iterative method terminates after the residual sagitta bias in each
region is less than O(1073) TeV ™.

The systematic uncertainties associated with the non-closure of the fit
procedure are estimated by two methods. The first method injects the residual
Jds in the last iteration back to simulation, which has perfectly aligned geometry.
The difference in py before and after the bias is then taken as a systematic

uncertainty. In the second method, the systematic related to the fit procedure is
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Figure 4.8: Residual sagitta bias on the CB muon pr measured in bins of n and ¢
after applying sagitta bias correction. The biases are shown separately for the three
data-taking periods: years 2015 and 2016 (upper left), 2017 (upper right), and 2018
(bottom). The bias is defined in Equation (4.4). The average residual bias are O(10~%)
Tev—1.

estimated by injecting a known set of sagitta bias to perfectly aligned simulated
events. The fitted sagitta bias from the biased events is then compared to the
injected bias, and the difference is then taken as the source of systematic bias.
The two methods are consistent for a full range of injected biases, and the larger
systematic between the two methods is taken as the fit uncertainty. These non-
closures are of the order of ¥(0.02) TeV ™!, with precise values region dependent.

The second source of uncertainty originates from extrapolating from the Z
peak decay muons to the high pr (up to 450 GeV) and high 7 (up to |n| < 2.7)
regions due to a lack of sufficient Z — pu decays in data. To account for this
effect, the difference between measured sagitta bias in data and simulation in
bins of pr and 7 are assigned as systematic uncertainties. Additionally, sagitta
bias is not extrapolated for events with dimuon mass above 450 GeV, and a

non-closure uncertainty (similar to the one described above) is applied, resulting
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in an uncertainty of up to O(0.4) TeV—.

4.3.3 Scale and resolution calibration

After the charge-dependent bias correction is applied to data, the muon momen-
tum scale and resolution calibration is determined in simulation. This is the
procedure to correct the pr of the MC simulated events to precisely reproduce
the characteristics of the muon momentum reconstructed in experimental data,
specifically from the di-muon decays of the Z — pp and J/v — uu resonances.

Z — pup decays are used for the pr scale and resolution extraction as they
provide an abundant source of muons at intermediate momenta, i.e. pr ~20-100
GeV. As discussed in Section generator-level Z pr mismodelling, which
is the result of theoretical and PDF modelling uncertainty is corrected in the
simulation. Z py mismodelling is irrelevant to the detector deformities and
physics mismodelling in muon reconstruction.

The J/¢ — pu decay events are also used to derive the scale and resolution
corrections for several reasons. First, J/i) mesons are abundantly produced at
the LHC, leading to more than 1.3 billion reconstructed J/v¥ — uu events with
muons of transverse momentum above 5 GeV in 2015-2018 data. These events
represent a very clean sample of muons with a relatively low background, and with
momentum in the region complementary to the one covered by Z — pu decays.
Furthermore, J/1¢ mesons are boosted, and consequently the distance between
the muons in the n—¢ plane is small. The invariant mass of these pairs can be used
to detect local imperfections such as magnetic field mismodelling, as well as the
mismodelling of the intrinsic resolution of the ATLAS sub-detectors. Independent
calibrations are derived for ID and MS muons and their combination (CB muons),
as they are sensitive to distinct detector and magnetic field mismodelling.

The following parametrisation for the corrected transverse momentum, p$?",
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is used to derive correction parameters:

1
pé\gC,Det + Z Asget(n7¢>(p¥C,Det)n

Cor,De n=
Pr ' = 2 ¢ ) (47)

L > Arp(n, ) (g 7)™ g

m=1

where the AsP<(n, ¢) and ArPe(n, ¢) are scale and resolution correction terms
with different py dependencies, and g,, is a normally distributed random variable
with zero mean and unit width. Each calibration parameter is derived in specific
n — ¢ regions, where detector types and material are comparatively homogeneous.
All corrections are divided into 18 7 regions. Additionally, two ¢ bins are divided
for CB and MS calibration to separate the small and large sectors.

The numerator of Equation describes the mismodelling of the muon
momentum scales. The As{*!(n, ¢) term accounts for the inaccuracy in energy
loss modelling between the IP and the material traversed by the muon. Due
to the negligible energy loss between the IP and the ID, AsiP(n, ¢) is set to
zero. The AsPe(n, ¢) term then accounts for the inaccuracy in the magnetic field
integral and the dimension of the detector in the direction perpendicular to
the magnetic field.

The denominator of Equation describes mismodelling of the muon pr reso-

a(pr)

lution, ===. This is parameterized by the quadratic sum of three terms [77,|78]:

a(pr)
pr

=7ro/pr B r1 Bra - pr, (4.8)

with each term accounting for a physics effect influencing the experimental

resolution as follows:
ro: fluctuations of the energy loss in the traversed material,

r1:  multiple scattering and any other effects of angular deviation along the

muon trajectory,

ro:  intrinsic resolution mismodelling caused by the spatial resolution of the hit

measurements and by any residual misalignment between sub-detectors.
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Equation is expected to be valid in a wide range of pr, from O(1) GeV
to O(1) TeV. Similar to the scale correction terms, ArlP(n, ¢) is set to zero
due to the negligible impact of energy loss in the traversed material. For the
MS correction, Ar}5(n, ¢) is set to the alignment parameters determined from
dedicated runs, such as the cosmic-ray, toroid-off [79] and alignment [80] data,

as no charge-dependent effects were included in the simulation.

Derivation of calibration parameters

When extracting calibration parameters, muons are assigned to 1n—¢ regions of

fit (ROFs). The calibration parameters are then obtained from the dimuon mass

spectrum through a x? minimisation fit. In addition, dimuon mass spectra are

divided based on muon momenta to increase the sensitivity to pr dependent

correction effects. For J/¢¥ — pp decays, the fit is performed in two categories

defined by the subleading muon transverse momentum: 6.25 < pRetstbead < 9 GeV
Det,sublead

and py > 9 GeV. Similarly for the Z, the two categories are defined by the

leading muon transverse momentum: 20 < p?*ed < 50 GeV and pPe***d > 50 GeV.

Det

o for J/i — ppand Z — pyu are built using simulated

The templates for m
samples. Firstly, the background contribution in each template is estimated.
For Z — pp templates, a small background component (approximately 0.1%) is
extracted from simulation and added to the templates. A much larger (up
to 15%) non-resonant background from decays of light and heavy hadrons
and from continuum Drell-Yan production is present for events selected in
the J/¢¥ — up channel, which is estimated with a data-driven approach due
to the difficulty in simulating a large number of processes with the correct
weights. The dimuon invariant mass distribution in data is fit in each ROF
using a Crystal Ball function [81] convolved with an exponential background
distribution. This background model is then combined with the simulated signal
templates used in the fit.

A multi-iteration fitting procedure is performed to estimate the scale and

resolution parameters. The fitting procedure begins with a coarse detector region
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definition for six |n| regions, and uses increasingly granular region definitions
at later iterations. The finest region definition includes 18 7 regions for ID fits.
For CB and MS calibrations, the small and large sectors of the MS are studied
separately to isolate any effects in overlaps between different sectors. This
results in a splitting in ¢, referred to as the two-fold ¢ splitting. To estimate the
scale and smearing parameters, a multi-stage procedure is used. A two-step
random walk minimisation is first performed where the parameters are sampled
within a specified range. The parameter configuration that leads to the best
agreement for the invariant mass distribution between simulation and data is
kept. In the first step, the best agreement is defined by a simplified metric,
high level x? (referred to as HL x?), where the compatibility between the means
and standard deviations of the distributions is compared. In the second step, a
binned x? is computed that compares the dimuon mass spectrum in simulation
to that of data. Around this best-agreement parameter configuration, signal
templates are then generated at discrete intervals and interpolated using moment
morphing [82]. Using this signal model, a full minimisation using the binned x?
is performed. This procedure is iteratively repeated, where the second muon
outside the ROF definition is calibrated using results from the previous iteration,
until the change of each parameter stays within the root mean square of its
values as estimated from the last five iterations. A comparison between the
uncorrected and the corrected dimuon mass peak can be seen in Figure The

definition of the regions is given in the Table
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Figure 4.9: Dimuon mass distributions before (left) and after (right) correction in selected
kinematic regions for 2017 data-taking period. The leading muon in the dimuon pair
is required to have 1.5 <7 < 1.7, and 50 < pr < 300 GeV. The top panel shows the
dimuon mass distribution in data and in simulation, and the bottom panel shows the
ratio between data and simulation, with statistic error displayed in error bars.

The calibration parameters obtained from the fits to the data are summarised in
Tables[4.5) and and are averaged over the three 7 regions. The statistical
and systematic uncertainties are summed in quadrature, with the systematic
uncertainties dominating the total uncertainty. All sources of uncertainties are
evaluated by varying the parameters of the template fit. The higher uncertainty
for AP in the second bin is associated with the region of the ID with the
largest amount of material, corresponding to the transition between the barrel
and endcap region sub-detectors. The increase in uncertainty as a function of
In| for sIP is due to the decrease of the magnetic field integral of the solenoid
as a function of |n|. The larger uncertainties for some of the MS terms in the
1.05 <|n| < 2.0 region are associated with the low bending power of the magnet
system of the MS in part of that region.

Systematic uncertainties on the correction terms were obtained by repeating
the ID, CB and MS fits with variations of the fit procedure at different iterations.

The main contributions to systematic uncertainties are:

e J/¢ only and Z only fit: the correction fit is repeated using only the

J/ — pp or Z — pp event candidates. Because of the limited statistical
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Table 4.4: The region definitions for the scale and resolution fit. Note that for the MS
and CB fit, a two-fold split in ¢ between large and small sectors is adopted for the Final
region definition, thus increasing the number of regions to 36.

lteration | Regions | || Min | || Max

Region 1 0.00 0.40
Region 2 0.40 0.80
Region 3 0.80 1.25
Region 4 1.25 1.70
Region 5 1.70 2.00
Region 6 2.00 2.60
Region1 0.00 0.40
Region?2 0.40 0.80
Region3 0.80 1.05
Region4 1.05 1.25
Intermediate regions | Region5 1.25 1.50
Region6 1.50 1.70
Region7 1.70 2.00
Region8 2.00 2.30
Region9 2.30 2.60
Region 1 0.00 0.40
Region 2 | -0.40 0.00
Region 3 0.40 0.80
Region 4 | -0.80 -0.40
Region 5 0.80 1.05
Region 6 | -1.05 -0.80
Region 7 1.05 1.25
Region 8 | -1.25 -1.05
Region 9 1.25 1.50
Region 10 | -1.50 -1.25
Region 11 1.50 1.70
Region 12 | -1.70 -1.50
Region 13 | 1.70 2.00
Region 14 | -2.00 -1.70
Region 15 | 2.00 2.30
Region 16 | -2.30 -2.00
Region 17 | 2.30 2.60
Region 18 | -2.60 -2.30

Initial regions

Final regions

power of this configuration, only the As; parameter is left free in the fit, with
the resolution parameters and Asq correction term fixed to nominal values.
The resulting uncertainty accounts for the uncertainty in extrapolating

between low and high pt regimes.
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e Z pr reweighting: new templates of m’?, m@5 and mMFE

upr My @ L are generated for

the Z — pp sample using a different scheme of Z kinematics reweighting.
As discussed in Section the reweighting map is derived separately for
each generator. For this systematic uncertainty, correction parameters are
derived without kinematic reweighting, with SHERPA-derived reweighting,
and MadGraph-derived reweighting. This covers the theory uncertainty

when deriving correction parameters.

e J/v¢ and Z pr template range: the pr range of the J/v and Z templates are
varied. For J/¢, the two nominal py templates are p2/*"™ € [6.3,9]GeV and
PP ¢ [9,20]GeV. For the Z, the two templates are pZ™™ € [20, 50]GeV
and pZ"™ e [50,300]GeV. The boundary of the two templates for the J/v
is varied between 8 and 12 GeV, and for the Z is varied between 40 and 80

GeV. This preserves the statistics, and estimates the systematic uncertainty

arising from a possible pr dependency.

e Mass binning of J/¢ and Z: the number of bins for the m,, templates is
reduced from 200 to 150 for the Z, and from 90 to 60 for the J/¢. This

systematic covers any binning effect in generating templates.

e / mass window: new templates of m,, are generated for the Z — uu
sample after a variation of the my; window selection of £ 10 GeV, i.e. using
75 < my, < 115 GeV for all track types. This region is more sensitive to the
shape variations of the ISR and FSR contributions, the running of a5* and

other specific choices of the MC generators used in the Z — pp simulation.

e J/¢ mass window: new templates of m,, are generated for the J/i — up
sample after a variation of the m;/, window selection, i.e. using 2.75 <
my, < 3.4 GeV for all track types. The region farther from the m/, peak is
more sensitive to the shape variation of the combinatorial background, and

the specific choices of the MC generators used in the J/¢¥ — pu simulation.
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e J/v background: new m,, templates are generated for J/¢) — pp samples
using a background parametrisation different from the exponential function.
For this systematic uncertainty, background parametrisation including a
combination of two crystal ball functions, and a Chebyshev function are

used.

e Statistical variation: the standard deviation of the last five iterations of each
calibration is used as an extra uncertainty for each calibration parameter.
This captures any instabilities in the fit, and the correlations between

different fit parameters.

e J/4¢ resolution non-closure: the performance studies detailed in Section
showed non-closure of the mass resolution in J/1, particularly in the
transition region (1<|n|<2). This is the result of Z-J /1 extrapolation, and
additional uncertainties are assigned to the resolution parameters to cover

this non-closure. This is only applied to the ID and MS calibration.

The positive and negative differences between the nominal result and the
systematic variations of the correction parameters are added in quadrature
to provide a total systematic variation. The largest component of the total
uncertainty in the momentum scale originates from the comparison of the J/¢
and Z-only fits. The remaining components are smaller by about a factor of two.
For the resolution smearing terms, in the same kinematic region, the largest
uncertainty comes from the J/1 and Z pr template fit range. At significantly
higher momenta the uncertainty in the J/v and Z py template fit range still

. . . . _Cor,CB
dominates the resolution uncertainty in py”""".

4.3.4 Performance studies for muon calibration

The derived calibration constants are validated using J/v¥ — pp, T — pp, and
Z — pp decays. The T — pp events are the most sensitive to intermediate pr
values between the two other resonances, with py centred around 20 GeV. The

validation studies are performed with finer bins in detector segmentation and in
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Table 4.5: Summary of ID muon momentum resolution and scale corrections used in
Equation [4.7} averaged over the three main detector regions. The corrections are
derived in 18 pseudorapidity regions and averaged, with each region assigned a weight
proportional to its n width. The uncertainties represent the sum in quadrature of the
statistical and systematic uncertainties.

Region ArP(x1073)  ArlP [Tev=l] siP(x1073)

In| <1.05 44739 0.12t8-8§ —0.8210:0
1.05 < |n| < 2.0 6.773%° 0.317508 —0.8615-3¢
In| > 2.0 9.4738 0.0879:02 —0.457 412

Table 4.6: Summary of MS momentum resolution and scale corrections for small and
large MS sectors, averaged over three main detector regions. The corrections for large
and small MS sectors are derived in 18 pseudorapidity regions, and averaged, with each
region assigned a weight proportional to its n width. The uncertainties represent the sum
in quadrature of the statistical and systematic uncertainties. The larger uncertainties
for some terms in the 1.05 < |n| < 2.0 region are associated with the low bending power
of the magnet system of the MS in part of that region.

Region Ar)S [MeV]  Ar¥S(x1073)  Ar)S [TeV=1] s} [MeV]  s¥5(x1073)
In| < 1.05 (large) 710 13.5754 0.1175:02 —2718 2.3370:81
In| < 1.05 (small) 63135 17.2+23 0.12+5:02 —18*714 —1.517518
1.05 < || < 2.0 (large) 4273 26.775%° 0.1470:03 —29723 —0.9%%5
1.05 < || < 2.0 (small) 447337 29.21%2 0.187992 —287%9 —1.3722
In| > 2.0 (large) 61152 16.8733 0.1175:02 —1%33 L7
In| > 2.0 (small) 47132 17.811, 0.1615:02 T 1.9410°76

momentum, compared to the bins used for deriving the calibration. Additionally,
the momentum requirements for validation are lower than those used for cali-
bration. This allows for an extensive validation of the calibration procedures, for
both detector segmentation and extrapolation to extreme regions of pr.

The invariant mass distributions for the J/¢¥ — uup and Z — pp events
in each detector region are shown in Figure The lineshapes of the two
resonances in simulation agree with the data within the systematic uncertainties,
demonstrating the overall effectiveness of the pr calibration.

The systematic band shape in Figure [4.70]shows the effect of varying scale and
resolution parameters. The sinusoidal-like systematic shape (most prominently

observed in the J/i¢» — pp distribution) is the result of the scale parameter
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Table 4.7: Summary of CB momentum resolution and scale corrections for small and
large MS sectors, averaged over the three main detector regions. The corrections for
large and small MS sectors are derived in 18 pseudorapidity regions and averaged, with
each region assigned a weight proportional to its  width. The energy loss term Ar§® is
negligible and therefore fixed to zero in the fit for all . The uncertainties represent the
sum in quadrature of the statistical and systematic uncertainties.

Region ArB(x1073)  Ar$B [TeVl] s5B [MeV] sfB(x1073)
In| < 1.05 (large) 6.7708 0.0875:54 —5.0729  0.35752
In| < 1.05 (small) 6.5710 0.11739 —0.9%2%  —0.8375%
1.05 < |n| < 2.0 (large) 10.3%2% 0.2470.89 —2.0737  —0.837039
1.05 < |n| < 2.0 (small)  8.9*17 0.2979:98 —3.0733%  —0.80752¢
In| > 2.0 (large) 106132 0.2170.40 2375 0.80%09%
In| > 2.0 (small) 11.5722 0.2679.%8 —12.6752  1.597047

variation. As shown in Equation shifting scale parameters directly impacts
muon pr, therefore changing the position of dimuon mass peak. The different
momentum dependency of Asy and As; is observed from the asymmetry in the
systematic impact on either side of the dimuon mass peak, as the As; term
dominates at larger pr, resulting in increased systematic variation in m,, > 3.1
GeV. The cosinusoidal-like systematic shape (most prominently observed in the
zmm distribution) is the result of the resolution variation, which changes the width
of the dimuon mass distribution. Similar to the scale variation, the momentum
dependency is observed from the asymmetry in the systematic variation in
the dimuon mass peak.

The py calibration can be further tested using parameters derived from
the reconstructed resonance peaks, as the mass of a dimuon system, m,,

is described by:
m?, = 2prpr[cosh(An) — cos(Ag)]. (4.9)

For muon pairs with similar momentum resolution, the relative mass resolution,
Oup/ My, is directly proportional to the relative muon momentum resolution

(ignoring angular effects):

Oup 1 o,

= —. 410
My V2 Dy ( )
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Figure 4.10: Dimuon invariant mass distribution of J/1¢ — pp (left) and Z — pp (right)
candidate events reconstructed with CB muons. The upper panels show the invariant
mass distribution for data and the signal simulation plus the background estimate. The
points show the data. The continuous line corresponds to the simulation with the MC
momentum corrections applied. Background estimates are added to the signal simulation.
The lower panels show the ratios of the data to the MC simulation. The bands represent
the effect of the systematic uncertainties in the MC momentum corrections. In the Z
sample, the MC background samples are added to the signal sample according to their
expected cross-sections. In the J/¢ sample, the background is estimated from a fit to
data. The sum of background and signal MC distributions is normalised to data.

reco__true

Similarly, the total muon momentum scale (s =< —— >) is directly related

to the di-muon mass scale, s,,:

Sup = \/Sp1Spu2, (4.11)

where s,; and s, are the momentum scales of the two muons in the decay.
Therefore, the effectiveness of the momentum calibration can also be measured
by comparing the mean m,,, and resolution o(m,,) of the dimuon mass reso-
nances, rather than the measurements from single muons. As a first pass, the mean
and standard deviation from the J/v¢» — pp and Z — pp templates are used as an
estimation for dimuon mass scale and resolution, with the background components
estimated from data, and subtracted from templates. In the subsequent studies,
fully analytical fits are performed for each resonance, allowing for cross-checks
between different kinematic regimes. The fitting procedure and the fit parameters

are optimised for each resonance.
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The mass window for J/1 decays is chosen to be 2.8 < m,, < 3.9 GeV.
The increased lower bound removes the kinematic sculpting effects from low-pr
triggers, which is challenging to model analytically. The upper bound is increased
to include the ¥(25) peak to provide a second resonance, thus providing an
upper limit for the fitted J/¢ resolution. This is especially relevant in the high
1 region where the detector mass resolution is lower. The intrinsic widths of
J/1 and ¥(2S) decays are negligible compared to the experimental resolution,
and are therefore modelled by a double-sided crystal ball (DSCB) function. A
DSCB has one Gaussian core (capturing the convolution effect from detector
resolutions), and two power-law tails, each with two free parameters. For both
J/1 and ¥(2S), the parameters describing the Gaussian core are allowed to
float when fitting to data, while the four parameters for power-law tails are
extracted from simulation, and kept fixed in the fits to data. In this kinematic
region, the main backgrounds are the non-resonant combinatoric background
and the misidentified muons, which are modelled by an exponential function.

The mass window for Z decays is chosen to be 75 < m,, < 105 GeV. For
Z — pp validation, the true Z lineshape is convolved with a DSCB as the
fit function. Similar to the J/v¢, the main backgrounds for Z decay are the
non-resonant processes, and are described by an exponential function.

For both resonances, the peak position and width of the Crystal Ball function

are used as estimators of the m,, and o(m,,) variables in each of the n and py

bins. Figure |4.11| and [4.12| display the mean (< m,, >) and resolution (o(m,,))

of the dimuon mass fit as a function of the leading-muon 7 for the two resonances.
The dimuon mass resolution is about 1.3% and 1.6% at small 7 values for the
J/1 and Z bosons, respectively, and increases to 2.1% and 2.4% in the endcaps.
This corresponds to a relative muon pr resolution of 1.8% and 2.3% in the centre
of the detector and 3.0% and 3.4% in the endcaps for J/¢ and Z boson decays,
respectively. Uncertainties in the dimuon mass resolution range between 2% and

5% for the J/1) and between 3% and about 6% for the Z boson.
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Figure 4.11: Fitted mean mass of the dimuon system for CB muons for (a) J/¢ and (b)
Z — up events for data and corrected simulation as a function of the pseudorapidity
of the highest-ptr muon. The upper panels show the fitted mean mass value for data
and corrected simulation. The small variations of the invariant mass estimator as a
function of pseudorapidity are due to imperfect energy loss corrections and the magnetic
field description in the muon reconstruction. Both effects are well reproduced in the
simulation. The lower panels show the ratios of the data to the MC simulations. The error
bars represent the statistical uncertainty; the shaded bands represent the systematic
uncertainty in the correction method and the systematic uncertainty in the extraction
method added in quadrature.

The same methodology used for the J/i¢ — uu fit is applied to T — pup
decays. The three resonances (1.5, 25 and 35) are all modelled by DSCBs, with
the background processes modelled by a polynomial fit rather than an exponential
function. As done for the J/¢¥ — pp and Z — pp decays, the momentum scale
dependency and the resolution are extracted as a function of the pseudorapidity
of the leading muon in the event. Figure [4.73] compares the data and simulation
after all corrections. The data agree with the simulation within the systematic
uncertainties. The uncertainty in the momentum scale is up to 0.05% in the
central region and up to 0.1% in the forward region. Figure [4.74] displays the
fitted mean mass and the dimuon invariant mass resolution for T — uu events,

and the resolution is in agreement within about 3%.
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Figure 4.12: Dimuon invariant mass resolution for CB muons for (a) J/v¢ and (b) Z — pu
events for data and corrected simulation as a function of the pseudorapidity of the
highest-pr muon. The upper panels show the fitted resolution value for data and
corrected simulation. The lower panels show the ratios of the data to the MC simulations.
The error bars represent the statistical uncertainty; the shaded bands represent the
systematic uncertainty in the correction method and the systematic uncertainty in the
extraction method added in quadrature. For the Z — pu the estimator shown in the plot
is only sensitive to the detector resolution and not to the natural width of the Z boson,
as discussed in the text.

4.4 Conclusion

This chapter presented the state-of-the-art technique for muon reconstruction,
identification, isolation and calibration, derived from the pp dataset corresponding
to 139 fb=! at /s = 13 TeV. The well-understood resonances Z — puu, J/v —
and T — pp are used for its derivation and validation.

For reconstruction and identification, a precision better than per-mille level
is achieved for muons with pr > 10 GeV in most detector regions, and better
than 1% for muons with pt down to 3 GeV.

Both charge-dependent and charge-independent momentum biases are cor-
rected for. For charge-dependent bias, Z — uu events are used, and the bias
is reduced from an average of up to 0.4 TeV~! to 2-107* TeV~! for muons with
pr < 450 GeV. The scale and resolution are studied using J/v — pp and Z — pu
decays, where the B-physics stream introduced in 2016 increased the recorded

number of low-pr events. The combined uncertainties on the scale and resolution
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Figure 4.13: Dimuon invariant mass distribution of T — pup candidate events
reconstructed with CB muons. The upper panels show the invariant mass distribution
for data and for the signal simulation plus the background estimate. The background is
estimated from a fit to the data as described in the text. The lower panel shows the
ratio of the data to the MC simulations. The points show the data. The continuous
line corresponds to the sum of simulation and background with the MC momentum
corrections applied. The band represents the effect of the systematic uncertainties in
the MC momentum corrections. The sum of background and signal MC distributions is
normalised to the data. Reproduced from [83].

correction parameters are reduced by a factor of two relative to the previous
calibration parameters reported in Ref. [84] which is the result of improved
calibration techniques, and the additional statistics for the Jv resonance. The
improved calibration techniques include generator reweighting, HL x?2, and
moment morphing. The relative muon py resolution is of the order of a few percent.

This improvement benefits all ATLAS analyses with muons in the final state.
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Figure 4.14: Left: Fitted mean mass of the dimuon system for CB muons for T — uu
events for data and corrected simulation as a function of the pseudorapidity of the
highest-pt muon. Right: Dimuon mass resolution of the dimuon system for CB muons for
T — pp events for data and corrected simulation as a function of the pseudorapidity of
the highest-pt muon. The upper panels show the fitted mean mass value for data and
corrected simulation. The lower panels show the ratios of the data to the MC simulations.
The error bars represent the statistical uncertainty; the shaded bands represent the
systematic uncertainty in the correction method and the systematic uncertainty in the
extraction method added in quadrature.



Chapter 5

Measurement of the Higgs mass in
H — ZZ* decay

The Higgs boson mass (my) is a free parameter in the Standard Model (SM). As
no theoretical predictions for the value of my are available, its value must be
determined experimentally. Within the SM, the value of my uniquely defines the
coupling and cross-section between the Higgs boson and charged fermions [2].
Combined with the measurement of the top quark and W boson mass, it offers a
window for stringent tests for the electroweak theory [85]. Both the Higgs and
top mass are connected to the shape of the Higgs potential, and therefore the
stability of the electroweak vacuum [86} [87]. An unstable electroweak vacuum
can decay by nucleation of bubbles, reaching the new vacuum, and expanding
to the entire universe. Some of our current theoretical calculation indicates
that we live in a metastable universe based on the precision measurements of
myg and my |88, 89]. Improving my precision contributes to the prediction of
the Higgs self-coupling, which has not been observed experimentally at the
time of writing this thesis. These factors theoretically motivate a high-precision
measurement of the Higgs boson mass. This can be achieved experimentally
in the H — ZZ* — 4l decay channel, which has fully-reconstructable final
states and a high signal-to-background ratio.

Using the pp collision data from 2011 and 2012, the ATLAS and CMS
collaborations independently measured my [90, [91], using a dataset with centre-

of-mass energies of 7 and 8 TeV, corresponding to an integrated luminosity

75
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of 25 fb~'. The two measurements are combined, resulting in the measured
my = 125.09 + 0.24 GeV [20]. For Run 2, the ATLAS collaboration combined its
Run 1 measurement with the early Run 2 dataset (with an integrated luminosity
of 36.1 fb™') to obtain my = 124.97 4+ 0.24 GeV |92]. The equivalent combination
using dataset collected by the CMS collaboration (with an integrated luminosity
of 35.9 fb™') resulted in the measured my = 125.38 £ 0.14 GeV [93].

This chapter outlines the measurement of my using the full Run 2 dataset
(with integrated luminosity at 139 fb™!) collected by the ATLAS experiment, and
its combination with the Run 1 measurement in the H — ZZ* — 4l decay channel.
This analysis improves on the earlier ATLAS Higgs mass measurements by using
the Z-mass constraint method, per-event resolution and a signal-background

discriminant to improve the mass resolution.

5.1 Data and Monte Carlo simulated samples

The proton-proton collision data used for this analysis were collected between
2015 to 2018 at the centre-of-mass energy of 13 TeV using single-lepton, di-
lepton and trilepton triggers. The combined efficiency in the kinematic acceptance
region (described in Section and of these triggers averages at around
98%, inclusive of all final states. After checks for detector live time and data
quality checks, this corresponds to an integrated luminosity of 139 fb=!. The
mean number of proton-proton interactions in each bunch crossing is 33.7 [94].

MC simulated samples are used for several purposes. The signal samples
are used to estimate the trigger efficiency, optimise event selection criteria,
and determine the shape and normalisation of the signal model. Additionally,
simulated signal samples are generated at different values of my to reduce the
dependency on the Higgs mass at several stages of this analysis. Background
samples are used to evaluate the shape of each background component. In
processes where the background components are too small, normalisations are

also extracted directly from simulation.
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Generated events are processed through the ATLAS detector simulation [95]
within the GEANT4 framework [96] and reconstructed in the same way as collision
data. Additional pp interactions in the same and nearby bunch crossings, referred
to as pile-up, are included in the simulation. The pile-up events are generated
using PYTHIA 8 with the A3 set of tuned parameters [97] and the NNPDF2.3LO
PDF set [98]. The simulated samples are weighted to reproduce the observed

distribution of the mean number of interactions per bunch crossing in the data.

5.1.1 Simulated signal samples

For simulated signal samples, the following production modes are considered:
gluon-gluon fusion (ggH), vector boson fusion (V BF'), with associated vector
boson (V H, where V is either a W or a Z boson), with a top quark pair (ttH),
in association with a bottom quark pair (bbH), or in association with a single
top quark (tH). With the exception of g9 — ZH, which is simulated at leading
order (LO), all other production modes are simulated at the next-to-leading-
order (NLO) or better. For all signal processes, PyTHIA 8 [54] was used for the
H — Z7Z* — 40 decay as well as for parton showering, hadronisation and the
underlying event. PyTHIA 8 was interfaced to EviGeN v1.2.0 [99] for simulation of
the bottom and charm hadron decays. For the ggH, VBF and V H processes,
the AZNLO [69] set of tuned parameters was used, while the A14 [72] set was
used for the ttH, bbH and tH processes. For ggH, V BF, and V H production,
samples are simulated with a range of my values from 123 to 127 GeV, while
other production modes are simulated assuming my=125 GeV. The generators
used to simulate signal processes are listed in Table while the composition
of these production modes as a fraction of the total Higgs production cross

section in the SM is shown in Figure

5.1.2 Simulated background samples

The main background for this analysis is non-resonant ZZ* production, and the

following modes are considered: quark-initiated (¢qZZ), gluon-initiated (ggZ %)
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Table 5.1: Description of the simulated signal processes. The name of the signal
production process is given in the first column, with the Monte Carlo generators, the
parton distribution functions (PDFs) and the accuracy for the calculations listed in the
following columns. Note that the ggH sample reweights the Higgs y spectrum from
Hj;-MINLO [100, [101] to NNLOPS [102]

Process  Generator PDF Fixed order accuracy
g9H NNLOPS  [50-52, PDF4LHC [105] N3LO, NLO EW correc-
103} 104] (NNLO) tions [106-116]
VBF POWHEG-BOX PDF4LHC (NLO) NLO, NLO EW correc-
v2 [50H52, 1117 tions [118, [119]
VH POWHEG-BOX v2  PDF4LHC (NLO) NNLO [120-123], NLO
EW corrections [124-
1206]
g9 — ZH NLO [120, [121, [127]
with NLL QCD correc-
tions [128]
ttH POWHEG-BOX PDF4LHC (NLO) NLO [130-133]
v2 [129]
boH MaD- CT10 NLO [70] five-flavour ~ scheme:
GrapH5_AMC@NLO NNLO, four-flavour
v.2.3.3 [134] scheme: NLO [135-137]
tH Map- NNPDF3.0nnlo [71] NLO [138,139]
GrapH5_AMC@NLO
v2.6.0

and vector boson scattering (EWZZ) production of ZZ*. All sources of ZZ*
continuum background are generated using SHERPA v2.2.2 [53, 140-142], and
alternative qqZZ samples are produced for generator systematic studies using

PowHeG-Box v2 and MapGrarHg_aMC@NLO.

The secondary background sources include backgrounds from W Z production,
Z bosons produced in association with jets, and ¢t events, and also the small
backgrounds originating from production processes with three electroweak bosons,
or a tt pair and one or more top quarks or electroweak bosons (referred to as

VVV and tXX, respectively). The details for all background processes are

shown in Table
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Figure 5.1: Composition of the Higgs boson production modes in the SM as a fraction
of the total Higgs production cross-section at 13 TeV at the LHC.

Table 5.2: Description of the production of simulated background samples. The name of
the background process is listed in the first column, with Monte Carlo generators and
the parton distribution functions (PDFs) listed in the columns after.

Process Generator PDF

qqZ7Z SHERPA v2.2.2 @ 140H1 42] NNPDF3.0nnlo
qqZZ (alternate) PowHEG-Box v2 CT10

qqZ 7 (alternate) MabpGrapHs_aMC@NLO PDF4LHC (NLO)
9927 SHERPA v2.2.2 NNPDF3.0nnlo
EW ZZ SHERPA v2.2.2 NNPDF3.0nnlo
WwWZ PowHEG-Box v2 CT10

Z+jets SHERPA v2.2.1 NNPDF3.0nnlo
tt PowHEG-Box v2 NNPDF3.0nnlo
tXX MapGRrarHs_aMC@NLO NNPDF3.0nnlo
VvV SHERPA v2.2.2 NNPDF3.0nnlo

5.2 Physics objects

To measure the Higgs mass in a four-lepton final state, one needs an excellent
understanding of electrons and muons in the ATLAS detector to select candidate

Higgs events from the ZZ* continuum background. Photons are used to recover
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final-state radiation in the leading lepton to improve the mass resolution.

5.2.1 Electrons

Similar to muon reconstruction, electron reconstruction starts from ID tracks [143],
which are then matched to energy clusters in the electromagnetic calorimeter. A
Gaussian-sum filter algorithm corrects for the radiative energy loss [144], and
a topological cell-clustering-based algorithm is used to further improve energy
resolution, in particular for bremsstrahlung photons [145].

Electron identification is based on a likelihood discriminant, which utilises
measured properties from the tracking system, calorimeter shower shapes, and
quantities that combine information from both sub-detectors [143]. Identification
efficiencies and background rejection rates are optimised in bins of n and Er. For
this analysis, the Loose working point is used, providing an electron reconstruction
and identification efficiency of 90% for electrons with pr > 30 GeV. Electron tracks
are required to have pr > 7 GeV, and nn < 2.47. The electron energy scale and
resolution are calibrated using Z — ee events, with more details in [146]. The

selection criteria for electrons are shown in Table

Table 5.3: Summary of electron selection requirements for the H — ZZ* — 4/ analysis.

Electron selection criteria
Identification selection Loose

IP selection |do| < 1 mm and |2 - sin(6)| < 0.5 mm (if
ID track is available)

ET ET > 7 GeV

n In| <2.47

5.2.2 Muons

Techniques for muon reconstruction, identification, isolation and calibration
are detailed in Chapter The majority of muons used in this analysis are
CB muons. In regions with limited detector coverage, CT, ME and SiF muons
are included for additional statistics. The selection criteria for differing muon

types are shown in Table
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Table 5.4: Summary of muon selection requirements for the H — ZZ* — 4/ analysis,
and geometrical acceptance regions for different muon types.

Global muon selection criteria
Identification selection Loose

Isolation selection PflowlLoose
IP selection |do| < 1 mm and |z -sin(6)] < 0.5 mm (if
ID track is available)
PT pr > 5 GeV
n In| <27
Muon selection criteria for certain reconstruction types
CB and ST muons In| <25
ME muons In| < 2.7
SiF muons 25 < |n| <27
CT muons pr > 15 GeV for |n| < 0.1

Charge-dependent and charge-independent corrections, as described in

Section [4.3.2] and [4.3.3] are applied to data and simulation respectively. When

applied to data, the charge-dependent correction improves the resolution of the
Z — pp mass peak by approximately 1%. The charge-independent correction
derived from the CB tracks is used for this analysis, and reduces the associated

uncertainty by a factor of four.

5.3 Event selection
5.3.1 Impact parameter and vertex selection

To suppress the background from heavy flavour hadrons, the impact parameter
significance (|do|/o(dp)) is required to be lower than 5 (3) for electrons (muons).
An additional cut on the muon transverse impact parameter (|do| < 1 mm) is
applied to reduce the cosmic muon background.

These backgrounds are reduced further by constraining the common vertex
of the four-lepton system. Collision vertices are reconstructed from ID tracks
with transverse momentum pr > 500 MeV. Events are required to have at least
one collision vertex with at least two associated tracks. The primary vertex
used in the analysis is selected to be the vertex with the largest pt sum in the

event after refitting with a beam-spot constraint. To ensure that all four leptons
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originate from the same vertex, they are all required to be within |z - sin(d)|
< 0.5 mm of the primary vertex along the proton beam pipe. The quality of
the vertex fit, defined by x?/ndof, is required to be less than 5 for a 4y final
state due to its higher track resolution, and less than 9 for all other final states.

Further detail can be found in Ref. [147].

5.3.2 Quadruplet selection

Higgs candidates in H — ZZ* — 4( have four possible final states: (4u, 2u2e,
4e, 2e2p). The difference between the 2u2e and 2e2u final states arises from the
mass ordering of the lepton pair. In each quadruplet, the di-lepton pair with mass
(mq2) closest to the on-shell Z boson mass is referred to as the leading di-lepton
pair, and the other di-lepton pair is referred to as the sub-leading pair with mass
ms4. Both lepton pairs must contain two opposite-sign, same-flavour leptons.
Additional constraints on lepton pr and di-lepton mass are imposed for
background suppression. The three leading leptons are required to have minimal
pr of 20, 15 and 10 GeV respectively. To target on-shell Z boson production,
the leading lepton pair must have 50 GeV < mis < 106 GeV, while a looser
requirement is imposed on the sub-leading lepton pair. The sub-leading lepton
pair are required to have a mass of Mmypreshoig < M3s < 115 GeV, where mypreshold =
12 GeV for events with four-lepton invariant mass my < 140 GeV, and increasing
linearly to 50 GeV at my = 190 GeV, and remains at 50 GeV for events with larger
my. J/1 events are further suppressed in the 4e and 4y channels by requiring the
alternative lepton pairing to have a minimal di-lepton mass of 5 GeV. All leptons
in the quadruplet are required to be well-separated with AR(¢,¢) > 0.10
The high lepton-multiplicity in the final state results in a large combinatoric
background. In cases where multiple quadruplets pass these selection criteria,
the preference is first given to quadruplets with m, closest to the Z boson mass.

If there is more than one quadruplet with identical m15, the quadruplet with

'The angular distance between two objects, AR is defined as AR = /(An)2 + (A$)2, where

An is their difference in pseudorapidity, and A¢ is their difference in azimuthal angle.
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ms, closest to the Z boson mass is selected as the candidate quadruplet. For
V' H and ttH production modes, where the vector boson and the top quark could
decay into additional high pt prompt leptons, a matrix element for the Higgs
boson decay is computed at LO using MabGRraPH5_AMC@NLO [134], with the
lepton kinematics as inputs. The quadruplet with the largest matrix element

is then identified as the Higgs boson candidate. [147].

5.4 Analysis strategy

The goal of this analysis is to measure the Higgs boson mass precisely by
improving background rejection and quadruplet mass resolution, which are
achieved by recovering final-state radiation (FSR), imposing a Z-mass constraint
(ZMC), inclusion of a signal-background discriminant, and a per-event resolution
estimate. The FSR recovery improves the mass resolution for events with photon
emission, while the ZMC improves the mass resolution further using a likelihood
constraint for the leading lepton pair mass. The four-lepton invariant mass with
FSR recovery and ZMC applied is referred to as mgy™@d  |n the previous
iteration of this analysis, a large discrepancy between data and simulation was
observed for m§y"st@ined in final states involving muons. This was identified to be
the result of muon track error mismodelling in the simulation, which is corrected
by using a Cumulative Distribution Function (CDF) mapping method. The signal-
background discriminant is updated with the output of a deep neural-network
(DNN), further improving the background rejection. After implementing the final
likelthood model described in Section and the expected sensitivity on
mpy is improved by 0.5 % compared to the previous iteration of this analysis
using early Run 2 data [92]. The per-event resolution uses lepton kinematics
to estimate the width of the Higgs mass peak, which is used to optimise the

signal model for this analysis.



84 5.4. Analysis strategy

5.4.1 Final-state radiation recovery

The leptons in the H — ZZ* — 4¢ decay can emit Final-State Radiation (FSR)
when interacting with the detector material or when bending in a magnetic
field. If the FSR is energetic enough, the four-lepton invariant mass will show
degradation in resolution, resulting in events shifting out of the mass window
requirement. As a result, FSR recovery is needed to increase the yield in the
signal region, and improve four-lepton mass resolution.

While the default ATLAS reconstruction algorithm for electrons recovers near-
by FSR candidates, FSR from muons and FSR that are non-collinear to (or far
from) electrons are not recovered. In this analysis, an explicit recovery algorithm
is used to target and recover these FSR particles. For final states involving
muons, FSR recovery is only applied to the leading pair of muons, and if the
angular separation between photon and muon satisfies AR < 0.15. Non-collinear
FSR is considered for all leptons in all final states if the photons are sufficiently
energetic (pr>10 GeV) and are well separated from lepton (AR>0.15). A maximum
of one FSR is recovered per quadruplet, and if multiple FSR candidates are
identified, the preference is given to the one with the highest pr.

From simulation, it is estimated that 3% of signal events are affected by FSR.
By including these events and applying FSR recovery, the four-lepton invariant
mass resolution is improved by about 1%. The my; distribution before and after

FSR recovery for those signal events with an FSR photon is shown in Figure

5.4.2 Z-mass constraint

In the SM H — ZZ* decay, the Z with higher mass is more likely to be produced
on-shell, while the other one is off-shell. Therefore, the Higgs mass resolution
can be improved by imposing a Gaussian constraint on the kinematics of the
leading lepton pair to the Breit-Wigner lineshape of the Z boson, and performing
a likelihood fit based on the lepton kinematics and their associated errors. This
methodology is referred to as the Z-mass constraint (ZMC), and it changes the

momenta of the leading lepton pair within their uncertainties, such that the
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Figure 5.2: The unconstrained four-lepton invariant mass distribution for simulated
Higgs candidates with FSR before (in yellow histograms) and after (in blue) FSR recovery.

Only simulated events with an identified FSR are shown in this plot, which account for
3% of all signal events.

invariant mass is closer to that of the Z boson. For muons, ZMC uses the muon
track covariance matrix, which contains the uncertainties on the fit parameters.
The inclusion of the ZMC improves the resolution of my by 17%. The resolution

improvement after FSR recovery and subsequent ZMC can be seen in Figure 5.3

Muon track error correction

The previous iteration of this analysis [148] saw a discrepancy between observed

C"”s”‘“md mass distribution. This effect is studied in Z 41 control

and simulated mf
regions ﬂ and is only observed in events where the Z boson decays into a pair

of muons. The effect of the ZMC in the Z + [ control region is seen in Figure 5.4

“This is a sample of leptons (e, 1) accompanying an on-shell Z boson decay to either electrons
or muons. Further detail can be found in Ref [149]
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Figure 5.3: The my; distributions and the Gaussian fitted mean and resolution in
a simulated ggH sample using 2015-2016 geometry with my set to 125 GeV. The
unconstrained distribution (shaded blue histogram) shows the my; distribution for all
events passing physics object and event selection as described in Section .2 and 5.3
The my; distribution after the FSR recovery is shown in the dashed yellow histogram, and
shows 2% improvement over the unconstrained my;. The my; distribution with both the
FSR recovery and ZMC is shown in the solid red histogram, and shows 8% improvement
over the unconstrained my;. Reproduced from [148].

Each input variable to the ZMC is studied by comparing its data and MC
distribution. This includes the individual kinematic variables and their associated
uncertainties. The largest source of discrepancy is found in the uncertainty of
the track momentum, o(q/p) (expressed as charge over momenta). For electrons,
an energy resolution estimate is used as a ZMC input instead of o(gq/p), resulting
in no discrepancy between observed and simulated mggrstrained,

Similar mismodelling of o(q/p) is observed in the Z — uu phase space. This
in turn biases the ZMC method, resulting in a data/MC discrepancy in the

leading di-muon mass. The source of o(¢/p) mismodelling is currently being
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Figure 5.4: The constrained di-lepton mass distributions for the leading lepton pair in
(Z — ee) +1 (left) and (Z — pp) + 1 (right) control regions. The top panel shows the
di-lepton mass distribution for data and simulated background processes, and the bottom
panel shows the ratio between data and simulation with statistical uncertainty only.
While the discrepancy in data and simulation remains lower than 4% for (Z — ee) + 1
events, it exceeds 10 % for (Z — pu) + 1 events, where a clear resolution mismodelling
can be observed in the ratio plot. Reproduced from .

investigated by the tracking and muon combined performance group in ATLAS. For
this analysis, practical solutions are developed to reduce o(q/p) mismodelling,

and the following sections focus on the ones which the author contributed to.

Track error correction

A first attempt to correct o(q/p) is performed by deriving additional weights from
the ratio between data and simulated muon o(¢/p) distributions. This ratio is
then interpolated for muon o(q/p) to obtain the associated weights to avoid the
binning effect. To reduce any residual bias on muon kinematics, weights are
derived in bins of pr, n and ¢. The binning is optimised to account for any local
detector or kinematics effects, and ensure sufficient statistics in each bin for the

study. The pr-n-¢ binning described in Equation B.TH5.6] are therefore adopted.

pr = {10, 25, 35, 40, 45, 50, 60, 100, 300} GeV, (5.1)

In| = {0,0.4,0.8,1.05,1.15,1.25,1.5,1.7,2.0,2.1,2.3, 2.5, 2.6} (5.2)
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For ¢ binning, the definition of small and large sector boundaries are used,

where the large sectors are defined as:

(0.180+k x 0.785 < ¢ < 0.180+k x 0.785) V (¢ > 2.960 A < 2.960), for || < 1.05,

(5.3)
(0.131+kx0.784 < ¢ < 0.131+k x0.784) V(¢ > 3.011 A ¢ < 3.011), for |n| > 1.05,
(5.4)

where k € ZN[—3,3]. The small sector boundaries are defined as:
0.180 + k& x 0.785 < ¢ < 0.605 + k x 0.785, for |n| < 1.05, (5.5)
0.131 4+ k x 0.784 < ¢ < 0.655 + k x 0.784, for |n| > 1.05, (5.6)

where k € Z N [—4,3]. The data/MC |o(q/p)| distribution before and after
reweighting is shown in Figure 5.5 Additionally, the pr distribution after
lo(q/p)| reweighting is also studied for any potential bias on the lepton pr,
which is also shown in Figure

As shown in Figure B.5] the muon-level reweighting method reduces the
data/MC o(gq/p) mismodelling to sub % level, without distorting the pr distribution.
Muon-level reweighting ultimately was not used in this analysis iteration, but
it sets the basis for the method that was ultimately adopted: the quantile
mapping method.

The principle for quantile mapping follows that of inverse transform sampling,
which is a non-parametric method that utilises the CDF to transform any given

distribution. For the o(q/p) correction, the CDF of MC is matched to that of data:

CDFyc corr(0(q/p)) = CDFaata(o(q/p))- (5.7)

To obtain the value of the corrected o(gq/p) from uncorrected o(gq/p), a map is

constructed using CDF gy, and CDFycuncorr @s follows:

O(q/p)corr - CDFd;ia(CDF]VIC,unCOTT(O-<Q/p)unco7"7‘))u (58)

-1

where the function composition CDF); . (CDFrc uncorr) Maps the uncorrected

o(q/p) to that of data. Therefore, the uncorrected o(q/p) would be assigned to
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Figure 5.5: The |o(gq/p)| (top) and leading muon py (bottom) distributions for combined
muon track before (left) and after (right) kinematic reweighting. The cut at 25 GeV in pt
is a result of the event selection applied for the Z+1 control region. The top panel shows
the distributions of each variable in data and simulation, and the bottom panel shows
the ratio between data and simulation with their combined statistical error. The |o(gq/p)|
discrepancy after reweighting is reduced to below percent level without distorting the
pt distribution of the leading muon.

the o(q/p) in data with corresponding quantiles. This map is derived in intervals
of 0.25% and interpolated for each muon. Additionally, as o(q/p) strongly depends
on momentum, the relative track error, o(q/p)"® = % is used for map derivation.
The pr, n and ¢ binning defined in Equation 5. TH5.3] are adopted to derive the
maps. An illustrated example of quantile mapping is shown in Figure [5.6]

This method corrects the constrained Z mass peak, and the remaining discrep-

ancies are understood to arise from the generator-level kinematic mismodelling.
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Figure 5.6: The o(q/p)"® distributions in 2015-2018 data and simulated samples in
Z — pp+1 control regions. The right-most and the left-most plots show the distribution
of o(q/p)"® before and after quantile mapping along with the ratio between data and
simulated events. The middle plot shows the cumulative distribution function for data
and simulation, along with an illustration (orange arrows) for how the correction is
derived as described in Equation.

After the correction is applied (as shown in Figure 5.7), the mean of the my
uncertainties increases compared to when the uncorrected track errors were
used, which suggests that the previous iteration of the HZZ mass measurement
underestimated the impact of o(q/p). The other kinematic variables are unaffected
by the correction. The four-lepton invariant mass peak with the FSR and corrected

ZMC method applied is shown in Figure 5.8

5.4.3 Signal-background discriminant

A high signal-background ratio can reduce the uncertainty on mgy by removing
the impact of the statistical fluctuations in the background model. The use of
machine learning algorithms can aid in this by creating a discriminant that
can improve the signal-background ratio.

Deep learning refers to a large class of machine learning algorithms that
use multiple layers of nonlinear processing units, or nodes, to discriminate
and or to regress an output. An introduction and review of deep learning’s
application in particle physics can be found in Ref [151]. Tensorflow [152] is
an open-source library that can be used for deep learning and Keras [153] is
a Python API capable of running it that allows for rapid experimentation with

different network architectures and hyper-parameters. These tools were used
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Figure 5.7: The di-lepton mass distributions in 2015-2018 data and simulated samples
in Z — pp + e control regions after ZMC correction and quantile mapping. The top
panel shows the di-muon mass distributions in data and simulation, and the bottom
panel shows the ratio between data and simulation with their combined uncertainty.

to train the Neural Network (NN) to classify signal and background to further
improve the signal-background ratio in this analysis.

The classifier NN%:¢ was trained separately for same-flavour (4p and 4e)
and opposite-flavour (2u2e and 2e2pu) final states. The training variables were
the four-lepton transverse momentum, p¥, four-lepton pseudorapidity, 74, and
KD (ZZ*). The definitions for both p¥ and n4, at training and evaluation account
for the FSR recovery but exclude the ZMC. KD (ZZ*) is a kinematic discriminant
based on the calculated matrix elements, accurate to leading order, for ggH

production and SM ZZ production using MabDGRrAPH5_aMC@NLO:

KD (ZZ*) = In (M) . (5.9)
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Figure 5.8: The observed and expected my, distributions in the signal region. The
simulated events are taken from simulation of H — ZZ* — 4l (at myg = 125 GeV),
Z7Z*, tXX and VVV processes, and from a data-driven estimate for the Z+jets and tt
backgrounds. The hatched band shows the total uncertainty in the simulated events,
which includes the theoretical uncertainty of the SM cross-section for the signal and
the ZZ* background. Reproduced from [150].

This discriminant enhances the signal significance in the my measurement as
it separates signal and background events based on decay properties and the
enhancement is comparable across all Higgs production modes. The distributions

of Dyy in the signal region are shown in Figure 5.9

5.4.4 Per-event resolution

Each Higgs candidate differs in its event topology and detector response, which
further increases the error on my. In addition, the error on my, is propagated
from the lepton kinematic measurements, which are poorly modelled in the

simulation as discussed in Section p.4.2] To improve on these sources of my
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Figure 5.9: The observed and expected Dyy distributions in the signal region. The
simulated events are taken from simulation of H — ZZ* — 4l (at myg = 125 GeV),
Z7Z* tXX and VVV processes, and from a data-driven estimate for the Z+jets and tt
backgrounds. The hatched band shows the total uncertainty in the simulated events,

which includes the theoretical uncertainty of the SM cross-section for the signal and
the ZZ* background.

error, a per-event resolution o; is derived based on a quantile-regression neural
network (QRNN). This network is trained on simulated signal events using the
Tensorflow library and the Keras python interface, and it aims to predict a given

truth

gonstrained _ ppiruth| distribution, where m{*" is the truth-level

quantile of the |m
information from the simulated events. The target quantile is calibrated by
scanning 10 target quantiles between 56% and 68%, and deriving a scale factor
which produces 68% confidence-level intervals on the simulated events. The
QRNN is trained separately for each final state, and the inputs are pr, n and ¢
of the individual leptons, as well as constrained four-lepton momentum and its

uncertainty. The distribution of o; in the signal region is shown in Figure 5.10]
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Figure 5.10: The observed and expected o; distributions in the signal region. The
simulated events are taken from simulation of H — ZZ* — 4l (at myg = 125 GeV),
Z7Z*, tXX and VVV processes, and from a data-driven estimate for the Z+jets and tt
backgrounds. The hatched band shows the total uncertainty in the simulated events,
which includes the theoretical uncertainty of the SM cross-section for the signal and the
Z 7Z* background. The double peak structure in the o; distribution originated from the
difference in resolution for each final state. The 4u and 2u2e events typically have o;

1.5 GeV, while the 2e2u and 4e events typically have o; 2.1 GeV due to the difference
between electron resolution and muon resolution.

5.5 Signal modelling

The H — ZZ* — 44 signal is modelled using a combination of analytical function
for the my; shape, with a histogram-based shape estimation for Dy . Parameters
for the analytical function are determined from a maximum-likelthood fit to the
simulated events. The normalisation for this signal analytical function is then
determined with the background normalisation by fitting to data. The signal
model is derived separately for each final state.

As the main aim of this analysis is to further reduce the statistical uncertainty
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on my, it is useful to include implicit and explicit dependencies of other variables
in the signal modelling. These variables include the true Higgs mass mpy,
signal-background discriminant Dy, and per-event resolution o; as described

in Section (.4

The signal probability density function is defined as:

P(my, Dyn,oilmy) = P(my|Dyy, 0i,mp) X P(Dyy|oi, my) X P(o;|mpy)

~ P(my|Dyn,0;,mp) X P(Dyn|mpu), (5.10)

where the following approximations are made:

1. P(Dnyloi,mg) = P(Dyy|mpg) as the discriminant has no explicit depen-

dencies of g;.
2. P(o;lmpg) = P(0;) as the per-event resolution does not depend on my.

3. P(0;) is omitted from the signal model as its distributions are similar in

signal and background regions.

The first term in Equation describes the signal shape projected in the
four-lepton invariant mass. Since the width of the Higgs boson (4.1 MeV) is 300
times smaller than the detector resolution at the Higgs peak, the signal shape
is dominated by the detector response. This simplifies the signal model to a
detector response function with a shifted mean to model the shape.

The convolved Higgs peak is modelled with a double-sided crystal ball (DSCB)

function, with a Gaussian peak and power law tails on both sides,

exp(| — ), for agg, < P <
DSCB =N 1
5 % Alow X Bloun for (m4§ﬁu) < Qow ’ (5 )

- (mag—p
Ahnigh X Bhigh, for ¢ 40. s Qp;
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where N is the normalisation constant of the function, ; and o are the mean
and sigma of the central Gaussian distribution. A and B are the exponential

and the power-law tails respectively,

A= — xerp| —— |, (5.12)
|

n lof”
2

B= (" o) M)y 5:13)

- || o

where a and n are fit parameters on either the low or the high side. ajo, (i)
is the point where the function transitions from the core to the tails, which is
defined by 70, (7hign) power laws on the lower (higher) mass spectrum. The
low-mass tail of the my, spectrum is typically longer, due to the additional
uncertainty in energy loss for low momentum leptons. The higher mass tail is
typically sharper due to the application of FSR recovery and ZMC.

Additionally, the mean of the Gaussian core p is parametrised as a function

of my and Dyx as follows:
w=a"(myg — 125 GeV) + b*(Dyn) GeV, (5.14)

where a* and V*(Dyy) are fitted parameters from simulated my mass points
ranging from 123 GeV to 127 GeV as described in Section [5.1] calculated for each
final state. The a* term reduces the dependency of my, on my, while b*(Dyy)
absorbs the sub-channel dependency on Dyy. The dependency of b* on Dyy is
parametrised as a linear function for 2e2u and 4e, and a combination of linear
and exponential decay for the other two final states.

The dependency in Dyy is explicitly isolated in the second term of equation
P(D|my) accounts for any residual dependencies of the discriminant on
mpy. This PDF is created by interpolating the discriminant distribution from mg
mass points between 123 GeV to 127 GeV using ggH, VBF and V H simulated
samples. This is interpolated using a non-linear moment morphing method

[82] at intervals of 200 MeV.
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Figure 5.11: The probability density function derived from simulation (red line) and
the distribution of simulation (black dots) in my; for H — ZZ* — 4¢ with my = 125
GeV. The probability density functions are derived separately for each final state, and
summed together using the predicted yields. Both the probability density function and
the distribution are normalised to unity.

The signal normalisation is determined through a maximum likelthood fit
to data, with the four final states treated independently. The signal model

can be seen in Figure p.11]

5.6 Background modelling

Despite the large S/B ratio in the H — ZZ* — 4¢ channel, it is crucial to model
the background processes accurately to reduce biases on the measured value
of my. Since the signal-background discriminant Dy is trained against the
non-resonant ZZ* background, the background modelling must include the Dyy

variable to account for any residual correlation between Dyy and my. Similar
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to the signal model, the background processes can be modelled as:
P(ma, D, oilmy) = P(mua, D]oi, mg) x P(o|mmg)

~ P(my, D) x P(0)
=~ P(m4l, D), (51 5)

where the following assumptions are made:

1. Minimum interference between background and signal processes, which

leads to negligible my dependencies.

2. Neither D nor my depends on o; in the background region, which leads to

negligible o; dependencies.

3. P(o;) is omitted from the background model as its distributions are similar

in the signal and background regions.

The background processes in this analysis consist of a wide, non-resonant
peak around my and Dyy due to the kinematic selection and application of
/MC, they are therefore difficult to model analytically. As a result, an adaptive
Kernel Estimation technique is used to generate 2D probability density functions
(PDFs) for each background process and each final state.

2D PDFs for the ZZ* and tXX + VVV are constructed using simulated
events for each final state. For Z+jets, data from dedicated control regions
are used to reconstruct 2D PDFs [154). The PDFs are generated using an
adaptive kernel estimation technique with Gaussian kernels [155] to reduce
fluctuations and boundary effects.

Gaussian kernels are used for the adaptive kernel estimation. The parameter
p corresponds to the width of each Gaussian kernel, and therefore controls how
much feature from the original dataset is captured by the 2D PDF. p is tuned
by minimising the residual error between the PDF and simulation, which is
performed separately for each process and final state. An example background

model for the qqZZ process is shown in Figure .1



5. Measurement of the Higgs mass in H — ZZ* decay 99

L L s B

@ MG Simulation 7

]
I H>2Z—>4e ‘ ‘
0.9 SR

| Vs=13Tev, 140" —— Smoothed PDF
08 [~ Slice Discriminant €[0.0,1.0], for qqZZ 1

Q
2
(=)
[73
0
«
=

0.6} s,

0.4]

0.2f

110 120 130 140 150 160 0
m4l_constrained

110 120 130 140 150 160 ~
m4l_constrained

Figure 5.12: The probability density function for the qgZZ process in the 4e final state.
The left plot shows the 1D projection on my, of the PDF (blue lines) and the simulated
distribution. The right plot shows the fractional difference between the PDF and the
simulated distribution in bins of my4y and Dy .

The normalisation of the non-resonant ZZ* background is extracted from
directly fitting the 2D PDF to data for each sub-channel. The normalisation
for reducible backgrounds, including Z + jets, tt and W Z, are estimated using
data-driven estimation techniques [149]. Lastly, the tV'V and VV'V backgrounds
contribute less than 0.5% of the signal region, and their normalisations are

taken directly from simulation.

5.7 Results

The Higgs mass is measured by maximising the profile-likelihood ratio:

L, 0)

A(my) = (5.16)

where my and 6 denote the unconditional maximum-likelihood estimates of the
parameters of the likelithood function £, while 5 ts the conditional maximum-
likelihood estimate of the parameters 6 for the parameter of interest, my.

The estimate of my is extracted using an unbinned maximum-likelihood
method to the four sub-channels in my for 105< my, <160 GeV, with the free

parameters being my and signal and background normalisation parameters.
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The nuisance parameters are also allowed to float, albeit constrained by their
priors. Tables [5.5 and [5.6] show the expected and observed events for signal
and background processes in the extended region of 105< my, <160 GeV, and

the signal region of 115< my, <130 GeV respectively.

Table 5.5: The expected and observed yields for 105< my, <160 GeV.

Final state  signal 77 Reducible backgrounds tXX Total  Observed
4u 81+5 1244+9 7.5£0.5 3.4+£04 215+9 217
2e2u 56.0+3.3 83+£6 8.8+ 0.6 240+022 151+6 169
2u2e 43.1+£31 64+£7 93+1.6 2274+0.29 11946 115
de 389+29 5547 7.5+ 1.0 211+£0.25 104+6 103
Total 219 +£13 326428 33.5+29 102+1.0 589 +25 604

Table 5.6: The expected and observed yields for 115< mygy <130 GeV.

Final state  signal 77* Reducible backgrounds tXX Total Observed
4 7T8+5 38.7£28 2.23+£0.16 0.61£0.07 1205 115
2e2p 53.4+3.2 26.7+1.8 2.62£0.19 0.40£0.04 83.1+3.5 94
2u2e 41.2+3.0 179+1.7 3.0£0.5 0.36 £0.05 62.5£3.3 59
de 36.2+27 15.8£2.0 2.45+£0.34 0.38£0.04 54.8+3.2 45
Total 20913 99.1£8.0 10.5£0.9 1.75+0.18 321+14 313

The combined measurement of my in the H — ZZ* — 4¢ channel is:
mpy = 124.99 £ 0.19 = 124.99 + 0.18(stat.) & 0.04(syst.) GeV. (5.17)

The statistical uncertainty is estimated by fixing all nuisance parameters asso-
ciated with systematic uncertainties, and leaving all other parameters uncon-
strained. Figure shows the distribution of data together with the fitted
lineshapes. The small fluctuation is the result of the 1D projection of the
background models, and has negligible impact on the my fit value.
Systematic uncertainties originate from two primary sources: the experimental
uncertainty and the modelling uncertainties. The experimental uncertainties
incorporate the limited understanding of the detector, the reconstruction of events,
and the calibration of relevant kinematics quantities The modelling uncertainties
parametrises the error in simulating the signal and background processes.
Both types of systematic uncertainties are modelled by introducing nuisance

parameters 6; (one for each source of systematic uncertainty) in the likelihood
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Figure 5.13: The fitted probability density function from simulation (red line) and the
data distribution in my, for all subchannels combined. The probability density function
is projected to myy for display purposes. The background component is shown separately
(shaded red).

function, with Gaussian or log-normal functions that reflect the uncertainties
associated with the nuisance parameters. The number of nuisance parameters is
determined by recommendations from individual combined performance groups.
For muon momentum calibration, 5 nuisance parameters are used, including
contribution from sagitta bias, scale and resolution correction. The full systematic
scheme for electron energy scale and resolution is used, which includes 74
nuisance parameters, covering effects in different regions of the ATLAS detector.

The impact for each source of systematic uncertainty is then evaluated by
shifting 6 to £1Ad, performing the fit on my, and calculating the difference in
mpy between nominal 6 (é) and the shifted . The impact of each uncertainty

is evaluated both before fitting the normalisation parameters for each signal

and background process (known as the pre-fit effect), and after fitting the
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Figure 5.14: Systematic uncertainties on my ranked by their magnitude. The orange
(blue) bars show the pre-fit (post-fit) effect of the systematics, and the size of their
impact is shown at the top of the figure. The black dotted lines show the mean and
error on the pull, with their impact indicated by the scale at the bottom of the figure.
Systematics with less than 5 MeV impact on my are omitted from this plot.

normalisation parameters (known as the post-fit effect). The full systematic
uncertainty ranking can be seen in Figure [5.74]

As shown in Figure 5.4} the main sources of systematic uncertainties are the
electron energy scale measurement, the muon momentum scale measurement,
and the signal modelling associated with the electroweak process.

For electron energy scale, the largest source of uncertainty is correlated
to the method used to extract the scale correction using Z — ee decays. This

includes the mass window variation, event and electron selection, efficiencies
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associated with the trigger, identification and reconstruction, and modelling
uncertainties for the Z — ee process. The second largest electron energy scale
uncertainty is associated with misidentifying unconverted photons (those which
did not convert into an electron-positron pair before entering the calorimeter)
as electrons. Further details on the electron energy scale calibration can
be found in Ref. [146]-[143].

The muon momentum scale uncertainty has been discussed extensively in
Chapter Here, the two systematic uncertainties are associated with the
parameterisation of the muon momentum scale correction and its pr dependency,
whether it is the 0™, or the 1% order correction. These both include uncertainties
associated with the fit procedure, including mass window variation, impact
of using only the J/¢ or Z peak to perform the calibration, pr binning, and
generator effects.

An additional systematic uncertainty is included as the NLO electroweak
uncertainty in the Higgs decay. This accounts for the uncertainty in electroweak
corrections in the FSR emission, which induce variations in the measured value
of my. The impact of this systematic uncertainty is evaluated by producing
alternative simulated samples from ProPHECY4F [156] and HTo4L [157,158].

The measured value of my in each subchannel and their negative log-
likelihood scans are shown in Figure .16l Overall, good agreement is observed
between each subchannel, with the p-value between each fit measured at 0.8.
The result of this measurement is combined with the same measurement in Run
1 of ATLAS operation to further constrain the uncertainty on myg, and is shown
in Figure Only the lepton measurement systematics are considered to be
correlated, due to the sustained detector condition. In this combination, the
electron calibration uncertainty is correlated between the two runs, while the
muon calibration uncertainty is treated independently due to the improvement

in Run 2 as described in 433l
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Figure 5.15: The negative log-likelthood scan in each subchannel of the fit, along with
the combined fit. The scan with only the statistical uncertainty for each subchannel is
shown by a dashed line, and the fit with both statistical and systematic uncertainty is
shown by a solid line. The horizontal line represents 1o uncertainty.

The combined result, calculated by combining the likelthoods of the two

measurements is:
mpy = 124.94 £ 0.18 = 124.94 + 0.17(Stat.) + 0.03(Sys.) GeV. (5.18)

which has slightly smaller statistical and systematic uncertainties than the Run
2 result alone. The p-value from combining the two measurements is 0.4.
This compares to the CMS full Run 2 measurement of the my of my =
125.04 £ 0.12 GeV = 125.04 £ 0.11(stat.) £ 0.05(syst.) GeV, with the Run 1 and
Run 2 combination result at my = 125.08 + 0.12 GeV = 125.08 4 0.10(stat.) £
0.05(syst.) GeV [159]. This measurement benefited the larger magnetic field
of the CMS solenoid, translating directly to a better mass resolution for four

lepton system and thus a reduced statistical uncertainty compared to the ATLAS
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Figure 5.16: The fit result in each final state, along with the combined result. The
coloured bars on each point show the combined statistical and systematic uncertainty,
while the results in brackets show the statistical uncertainty only. The vertical red line
represents the combined Run 2 result, with the grey band as its total uncertainty.

measurement. In contrast, the fraction of the total uncertainty budget that is due
to systematic uncertainty is reduced by 20% in the ATLAS measurement compared
to the CMS result, indicating the effectiveness of ATLAS muon momentum and

electron energy scale calibrations.
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Chapter 6

Physics beyond Run 2

The physics results discussed presented in the preceding chapters, including
the muon combined performance (Chapter [4) and the Higgs mass measurement
(Chapter [5), use the 139 fb~! dataset collected during ATLAS Run 2. Run 2
was succeeded by Long shutdown 2 (LS2), during which the accelerator complex
was not operating, thus allowing for maintenance activities and upgrades to be
carried out to the LHC and the LHC experiments. This is especially important
for the experiments to anticipate the challenges in the planned High-Lumi LHC
(HL-LHC) upgrade, which will see a much higher pileup, leading to additional
challenges of greater radiation hardness and faster electronics. These challenges
are anticipated and partially addressed by the ATLAS experiment during LS2,
by activities including partial upgrades to the readout electronics, upgrades to
the tracking software, and the installation of the New Small Wheel (NSW).
For ATLAS analyses, it is crucial to understand the impact of these activities
on the measurements of reconstructed objects, ranging from reconstructed tracks
to reconstruction of Higgs boson candidates. The upgrades to the magnet systems
of the LHC also allowed for safe operation at an increased centre-of-mass energy
of /s = 13.6 TeV, allowing for measurements of Higgs boson cross-section at
an unprecedented energy. The following sections provide a brief overview of
the ATLAS LS2 activities, especially the ones most relevant to physics analyses.
The data-taking period after LS2 was completed commenced in July 2022, and

is referred to as Run 3. The following sections also highlight the author’s
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main contribution towards muon calibration for the 2022 data and an early

measurement of the fiducial cross-section for H — ZZ*.

6.1 Overview of the Run 3 ATLAS upgrades

2.—1

The Run 3 peak luminosity is expected to reach 2 x 103* cm~2s7!, corresponding
to an average pileup between 55 to 65 with 25 ns bunch spacing [160]. The
level of pileup, as well as the level of radiation damage, are well beyond the
original design goals of the ATLAS experiment, therefore extensive hardware
and software upgrades are required for physics measurements in Run 3 and
HL-LHC [160]. This is referred to as the Phase-I upgrade of ATLAS, with the

main upgrade activities highlighted below:

e [nstallation of muon New Small Wheels (NSW): The NSW is the upgrade to
the Small Wheel system in Run 2. This is necessitated by the higher
than expected cavern background radiation level in the Small Wheel
region, the high rate of low momentum fake triggers, and the need for
precision tracking, specifically in anticipation of HL-LHC. The NSW has
two chamber technologies, with one devoted to the Level-1 trigger function
(small-strip Thin Gap Chambers, or sTGC), and the other to precision
tracking (micromegas detectors, or MM). Both technologies are capable
of trigger function, and withstanding high background radiation up to
15 kHZ/cm?. The NSW also utilises the FELIX readout system [161] to
avoid saturation in the readout links [160, [162]. The NSW was in the
commissioning phase in the 2022 data-taking period. As a result, the NSW
is not included in the trigger system in 2022. In the context of object
reconstruction, the NSW hits are used for muon track reconstruction, with
more stringent requirements imposed on those muons that traversed the

NSW. Further details are discussed in Section
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e Installation of new muon chambers: In addition to the NSW, new muon
chambers are installed in the barrel of the MS, including 8 small Monitored

Drift Tube (sMDT) systems and 16 Resistive Plate Chambers (RPC) [163].

e Liquid Argon Calorimeter (LAr): The Phases-lI upgrade for the LAr is
performed in anticipation of the HL-LHC. This mainly consists of upgrades
of the readout electronics, and deployment of a new trigger algorithm,
allowing for much finer granularity in the measurement of energy deposits
[164]. Similar to the NSW, the LAr upgrade also utilises the FELIX readout
system [161]. In Run 3, both the new and legacy trigger systems were
included in the physics runs, and the electromagnetic triggers are set to

use the legacy system by default.

e Updates to the Trigger system: The detector upgrades mentioned above
are accompanied by multiple improvements in both the trigger hardware
and software. For the L1 muon triggers, the main upgrade is to the Muon-
Central-Trigger-Processor Interface (MUCTPI) [165], allowing more trigger
candidates to be sent and received, and taking into account the geometrical
overlap between MS chambers. The L1 calorimeter trigge is augmented
by three modules: the electron feature extractor (eFEX), the jet feature

extractor (jFEX) and the global feature extractor (gFEX).

o ATLAS Forward Proton (AFP) spectrometers: The AFP spectrometers are
designed to detect particles at about 200 m upstream and downstream of
the ATLAS interaction point at very small scattering angles. First installed
in 2017, the AFP detectors have been upgraded to maintain an out-of-
vacuum solution for the photomultipliers, providing a safer environment for
the AFP to operate. Several AFP electronic motherboards have also been

replaced due to radiation damage [166].
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6.2 Muon scale and resolution calibration for early
Run 3 data

As a result of LS2 upgrade activities described in Section a new set of muon
momentum calibrations is required for Run 3 physics analyses involving muons.
The hardware upgrades introduce new localised material effects and mismodelling
in simulation, while the software upgrade to both L1 and HLT introduces changes
that the calibration procedure is sensitive to. The commissioning phase of the
NSW introduces additional challenges for the calibration, and studies of the
NSW are critical for its long-term integration.

The following section describes the dataset used for 2022 muon calibration,
preliminary studies of the muon momentum resolution using simulated samples, as

well as the methodology and results for muon momentum calibration for 2022 data.

6.2.1 Data and simulated samples

The data sample consists of pp collision data collected at /s = 13.6 TeV during
2022, passing the trigger and detector quality requirements. This corresponds to
a total integrated luminosity of 29 fb~!. The average number of pp interactions
per bunch crossing for the 2022 dataset is 42.5. Additionally, the dedicated
B-physics stream is used for J/¢ events. The simulated samples take the
average number of pp interactions per bunch crossing, and the data-taking

conditions in 2022 into account.

6.2.2 Calibration procedure

At the start of Run 3, a few studies were performed on simulation to understand
the changes in muon resolution as a result of the change in simulated geometry.
Two estimators for muon momentum resolution are investigated, with one utilising
the truth information from simulation, and the other relying on track errors from
reconstruction, and thus is able to be applied to data.

The former method uses the simulated events to measure the width of the

fractional difference between the reconstructed and truth pr, defined by (p4 —
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Figure 6.1: ME track resolution with respect to ¢ in simulated Z — uu events. The
x-axis shows the track resolution, which is estimated by the width of (p¥e® — piruth) /prece
for all muons in the ¢ region. The muon distributions are displayed separately for
the three 7 regions, with Barrel corresponding to the |n| < 1.05 (in blue), Transition
corresponding to 1.05 < |n| < 1.5 (in orange), and Endcap corresponding to |n| > 1.5 (red).
The y-axis corresponds to the measured ¢ of the muons, with the separation of MS sectors
shown in the minor grid lines. The detector resolution degradation due to additional
material of the ATLAS support structure, can be observed in —2.175 > ¢ > —1.75 and
—1.390 > ¢ > —0.965. The periodic structure in the track resolution corresponds to the
structure of the MS sectors. The hit quality at the centre of each sector deteriorates
due to the gap between each sector, thus worsening track resolution. The tracks which
traverse sector boundaries register more hits due to the geometric overlap between
adjacent sectors, thus improving track resolution.

plruth) /prece, as a function of ¢. The resultant distribution is shown in Figure
The latter utilises the factional track error, o(q/p)/(q/p), which allows
for comparisons to be made between data and simulation. An example of the
difference between data and simulation is shown in Figure [6.2]

As an early attempt at understanding Run 3 data, the calibration procedure
is largely unchanged compared to the methodology in Run 2. The scale and
resolution parametrisation follows Equation [4.7] The parameterisation for the
scale and resolution mismodelling in ID, CB and ME tracks remains the same as
in Run 2, as discussed in For ID tracks, dsy, 6r1 and dry are free parameters.
For CB tracks, dsg, ds1, d0ry and dry are free parameters. For ME tracks, dsy,

081, 0rg, o1 and Jdry are free parameters. Due to the lack of Run 3 alignment
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Figure 6.2: Ratio of fractional CB track error (0(q/p)/(¢q/p)) between data and simulation
in bins of n and ¢ for muons with pr between 45 and 55 GeV. Within each bin, the
mean track error was used as the estimator of the muon momentum resolution, and is
shown as the heat map. The central n region where detector coverage is limited due to
service cables are shown in white. The asymmetry in positive and negative n is due to
operational issues of the side A of NSW, which worsens resolution in data, and increases
the difference between data and simulation.

parameters, 75 is not externally constrained. Geometrically, the region definition
now separates the NSW from an earlier stage of the iterations, such that its
correlation with the rest of the detector can be reduced. Moment morphing and
interpolation around the best-fit parameter is not performed due to the overall
lower fit quality, which is attributed to the lack of alignment parameters. The
same systematics scheme as described in Section [4.3.3]is calculated, with the
envelope for the systematics as the uncertainties on the calibration parameters.

It is observed from the calibration fits that the ME track fit fails to converge,

rendering the ID+ME combination scheme unusable at this stage. The CB



6. Physics beyond Run 2 113

Table 6.1: Summary of CB momentum resolution and scale corrections for small and
large MS sectors, averaged over the three main detector regions. The corrections for
large and small MS sectors are derived in 18 pseudorapidity regions, as described in
Section [4.3.3} and averaged, with each region assigned a weight proportional to its 7
width. The energy loss term Ar§B is negligible and therefore fixed to zero in the fit for
all . The uncertainties represent the sum in quadrature of the statistical and systematic
uncertainties.

Region ArfB(x1073)  ArSB [TeVl] s5B [MeV] sB(x1073)
In| < 1.05 (large) 71731 0.270% —6.271% 0.4754
In| < 1.05 (small) 6.3743 0.2791 —0.6719 —0.7798
1.05 < |n| < 2.0 (large) 11.2%2% 0.370% —4.31772 0.2704
1.05 < || < 2.0 (small) 12.0733 0.4703 —0.17T —0.7%9%
| > 2.0 (large) 14.0t7% 0.279:4 23129 01489
In| > 2.0 (small) 12.3741 0.3%01 04119 _0.8+0¢

tracks are heavily constrained by the ID tracks, thus the resolution mismodelling
can be captured by the calibration procedure. The results of CB calibration
are summarised in Table

Similarly, the Run 3 sagitta bias correction follows the same procedure as
described in Section and only the results derived for the CB track are used

in the recommendation for the ATLAS physics analyses.

6.2.3 Validation

The Run 3 momentum calibration validation follows the procedure described in
The validations for leading muon pr and 1 are shown in Figure [6.3H{6.6]
The Run 3 calibration is sensitive to non-closure in the high pt regime, and
the over-smearing of the simulated sample compared to that of data. As seen in
Figure [6.6] the tension between data and simulation increases dramatically with
high py, and the dimuon mass resolution is better in data for Z — uu decays.
As a result, additional systematics are assigned to both sagitta bias and scale
and resolution for the non-closure at high pr. For sagitta bias, this corresponds
to increasing the residual bias related to fit non-closure by approximately 20 %

across detector regions. For scale and resolution uncertainty, the non-closure
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Figure 6.3: Scale (left) and resolution (right) of J/v — puu candidate events reconstructed
with CB muons as a function of leading muon 7. The scale and resolution are estimated
through a fit to a double-sided crystal ball function, and the y-axis in the upper panel
shows the dimuon mass scale (u) and resolution (o). The data before (black dots) and
after (in yellow stars) sagitta bias correction is applied are shown in the plot. The
background is estimated from a fit to data. In the bottom panel, the ratio between the
corrected data and the corrected simulation is shown. The sum of background and signal
MC distributions is normalised to data. The systematic uncertainties are indicated in
purple in both the upper and lower panels.
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Figure 6.4: Scale (left) and resolution (right) of Z — uu candidate events reconstructed
with CB muons as a function of leading muon 7. The scale and resolution are estimated
through a fit to a double-sided crystal ball function, and the y-axis in the upper panel
shows the dimuon mass scale (u) and resolution (o). The data before (black dots) and
after (in yellow stars) sagitta bias correction is applied are shown in the plot. The
background is estimated from a fit to data. In the bottom panels, the ratio between the
corrected data and the corrected simulation is shown. The sum of background and signal
MC distributions is normalised to data. The systematic uncertainties are indicated in
purple in both the upper and lower panels.

in validation is addressed by increasing the uncertainty associated with Asy,

Ary and Ary in targeted detector regions.
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Figure 6.5: Scale (left) and resolution (right) of J/v — pu candidate events reconstructed
with CB muons as a function of leading muon py. The scale and resolution are estimated
through a fit to a double-sided crystal ball function, and the y-axis in the upper panel
shows the dimuon mass scale (1) and resolution (o). The data before (black dots) and
after (in yellow stars) sagitta bias correction is applied are shown in the plot. The
background is estimated from a fit to data. In the bottom panels, the ratio between the
corrected data and the corrected simulation is shown. The sum of background and signal
MC distributions is normalised to data. The systematic uncertainties are indicated in
purple in both the upper and lower panels.
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Figure 6.6: Scale (left) and resolution (right) of Z — uu candidate events reconstructed
with CB muons as a function of leading muon pt. The scale and resolution are estimated
through a fit to a double-sided crystal ball function, and the y-axis in the upper panel
shows the dimuon mass scale (i) and resolution (o). The data before (black dots) and
after (in yellow stars) sagitta bias correction is applied are shown in the plot. The
background is estimated from a fit to data. In the bottom panels, the ratio between the
corrected data and the corrected simulation is shown. The sum of background and signal
MC distributions is normalised to data. The systematic uncertainties are indicated in
purple in both the upper and lower panels.

6.3 Higgs fiducial cross-section measurement

The Higgs boson couplings to other gauge bosons and charged fermions are

fully calculable once the Higgs mass is fixed. The Higgs coupling measurement
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then allows for stringent tests of the electroweak sector of the Standard Model
(SM), as any deviation from the SM prediction serves as an indicator for physics
beyond the SM. Additionally, the Higgs boson cross-section is dependent on
the centre-of-mass energy of the pp collision. With the centre-of-mass energy of
13.6 b, the LHC Run 3 offers a unique data point for testing the SM.

The Higgs cross-section is measured in the fiducial phase space (also called
fiducial volume) in the H — ZZ* — 4l final state with an analytical fit to the
four-lepton invariant mass spectrum. The fiducial volume definition is chosen
to match object selection criteria (as described in Section 5.2) to minimise the
model dependence from reconstructing signal events. The fiducial cross-section

is then extrapolated to the entire phase space to obtain the total cross-section.

6.3.1 Lepton trigger efficiencies in Run 3

Only leptonic (electron and muons) triggers are used for H — ZZ* — 4/4. In
Run 2, the combined efficiency for all lepton triggers borders 100 % in both
data and simulation. Due to the change in run conditions in Run 3 as described
in Section the combined trigger efficiencies deteriorate compared to Run
2. This is a result of increased fake rate in data, due to issues in acceptance
problem from non-functional gas gaps and leaks in the RPC.

This necessitates the application of kinematic matching between L1 objects
and the refined selection from the HLT, as well as applying simulation-to-data
scale factors for each trigger used. As some triggers do not have the corresponding
L1 object available for kinematic matching, these triggers are removed from the
analysis. Additionally, the scale factors for the 4mu4_L14MU3V trigger are not
yet supported and are therefore removed from this analysis. The full list of
unprescaled lepton triggers is shown in Table [6.2] Further details for the naming
conventions of Run 3 triggers are found in Appendix [Al

The trigger efficiency is studied extensively in the simulated gluon-gluon

fusion (ggH) sample. All signal samples, including ggH, VBF, VH and ttH are
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generated using the PowHEG MC generator at NLO in QCD, and matched to PyTHIA

parton shower. This sample is generated at /s = 13.6 TeV and my = 125.09 GeV.

Single electron triggers Single muon triggers
e26_lhtight ivarloose_L1EM22VHI mu24_ivarmedium_L1MU14FCH
e60_lhmedium_L1EM22VHI mub50_L1MU14FCH

e140_lhloose L1EM22VHI mu60_Oetal05 msonly L1MU14FCH
e300_etcut_L1EM22VHI mu60_L1MU14FCH

mu80_msonly_3layersEC_L1MU14FCH

Di-electron triggers Di-muon triggers

2el17_lhvloose_L12EM15VHI 2mul0_12mt_L1MU10BOM
2mul4_L12MUSF
mu20_ivarmedium_mu8nolLl L1MU14FCH
mu22_mu8nolLl_ L1MU14FCH

Multi-electron triggers Multi-muon triggers

e24 _1hvloose_2el12 lhvloose_ L1EM20VH 3mu6_L13MUSVF

_3EM10VH 3mu6_msonly_ L13MUSVF
4mu4_L14MU3V
mu20_2mu4noll_L1MU14FCH

Di-emu triggers Multi-emu triggers

e7 lhmedium mu24 L1MU14FCH €9 lhvloose mu20 _mu8nolLl L1MU14FCH
el7_lhloose_mul4_ L1EM15VH_MUSF 2e12_1hloose_mulO_L12EM8VH_MUSF
e26_lhmedium mu8nolLl L1EM22VHI el2 1hloose 2mul0_L12MUSF

Table 6.2: Lowest unprescaled lepton triggers available during the 2022 pp data-taking
period. The triggers in blue type are the ones for which trigger matching information was
lost. The scale factors for the 4mu4_L14MU3V trigger are not supported by the trigger
group.

Additionally, triggers with a high-efficiency drop (>90%) after applying trigger
matching are also removed from the trigger list, as this implies incomplete
kinematic information for trigger matching. The summary of individual trigger
efficiencies, and the logical OR between the trigger decision and kinematic

matching, are shown in Table |0.3]
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Table 6.3: Summary of trigger efficiency with kinematic matching for 2022 unprescaled
muon triggers as evaluated in ggH samples.

Nlep T"iggel's €Trig €TrigAN D Matched Ae/ET'rig (%)
Single mu24 ivarmedium_ L1MU14FCH 0.591208 0.591188 0.003
mu50_L1MU14FCH 0.247394 0.247361 0.013
mu60_OetalO5_msonly LIMU14FCH  0.098895 0.002664 97.306
mu60_L1MU14FCH 0.145665 0.145644 0.014
mu80_msonly_3layersEC_LIMU14FCH 0.060413 0.002377 96.065
Di 2mul0_12mt_ L1MU10BOM 0.001809 0.001800 0.498
2mui4 L12MUSF 0.534645 0.534436 0.039
Tri 3mu6_L13MUSVF 0.320727 0.318490 0.697
3mu6_msonly_ L13MUSVF 0.324958 0.005702 98.245

Table 6.4: Summary of trigger efficiency with kinematic matching for 2022 unprescaled
electron triggers as evaluated in ggH samples.

Niep Triggers €Trig €TrigANDMatched A€/ €rrig (%)
Single e26_lhtight_ivarloose L1EM22VHI 0.449847 0.449799 0.011
e60_lhmedium_ L1EM22VHI 0.106891 0.106863 0.026
e140_1hloose_L1EM22VHI 0.006245 0.006219 0.004
e300_etcut_L1EM22VHI 0.000251 0.0 100
Di 2e17_lhvloose_L12EM15VHI 0.385498 0.385194 0.079
Tri e24 lhvloose 2el2 lhvloose 0.140633 0.139326 0.929

_L1EM20VH_3EM10VH

6.3.2 Trigger ranking studies

To further simplify the combinatorics in applying the trigger scale factors, the
relevance of each trigger is evaluated on the ggH sample with my = 125 GeV.
This analysis uses an iterative procedure to investigate the impact of each

trigger, and this procedure is outlined as follows:

1. A trigger category (single-, di-, multi-electrons; single-, di-, multi-muons;

di-, multi-emu) is identified in accordance with Table

2. For a given trigger A, the efficiency of the logical or of all the triggers

excluding trigger A is evaluated.

3. In the first iteration, the triggers are sorted in the plots with respect to

the drop in efficiency.
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Table 6.5: Summary of trigger efficiency with kinematic matching for 2022 unprescaled
mixed triggers as evaluated in ggH samples.

Nlep T"iggel's 6Tm‘g 6Tm'gAND]VIatched Ae/ETMg (0/0)
Di e7_lhmedium mu24_ L1MU14FCH 0.256850 0.255141 0.666
e17 1hloose mul4d L1EM15VH_MUSF 0.339232 0.0 100
€26 lhmedium mu8noLl L1EM22VHI 0.313590 0.0 100
Tri  2e12_1lhloose mulO_L12EM8VH_MUSF 0.316380 0.315813 0.179
e12 1hloose 2mulO_L12MUSF 0.261072 0.260162 0.349

4. The trigger with the lowest efficiency drop is removed.

This procedure is repeated until only one trigger remains and has been
performed independently for each category of triggers in each final state. The
plots summarising the ranking studies are shown in Figure The ranking

plots per-channel can be found in Appendix [B]
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Figure 6.7: Ranking studies of single-electron triggers for all decay modes in H —
77" — AL

The summary of the study is the following:

e single-electron triggers: the most important trigger is found to be the

e26_lhtight_ivarloose_L1EM22VHI as expected, being the trigger with
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Figure 6.11: Ranking studies of di-emu triggers for all decay modes in H — ZZ* — 4/.
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Figure 6.12: Ranking studies of multi-emu triggers for all decay modes in H — ZZ* —
40.

the lowest Ep threshold. The e300_etcut L1EM22VHI is instead found to
have a negligible contribution to the total efficiency, as expected given the

nature of the signal;

e single-muon triggers: mu24_ivarmedium_L1MU14FCH is the most relevant
trigger in all channels involving muons, as expected again given the nature

of the signal;
e di-electron: only one trigger is available;
e di-muon: the most relevant triggers are 2mu14_L12MUSF

e di-emu triggers: the most relevant trigger is found to be e7_lhmedium_mu24_L1MU14FCH,
whose importance is especially highlighted in the 2u2e channel, as can
be seen in Figure Furthermore, from the 4e and 4u channels, it is
possible to observe how the lower threshold of multi-lepton triggers plays

an important role.

e multi-emu triggers: the most relevant triggers of this category are found

to be
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€9 lhvloose mu20 mu8noLl L1MU14FCH and the
2e12_1lhloose_mulO_L12EM8VH_MUSF ones. Similar to di-emu triggers, it is

possible to observe the effect of the lower threshold of multi-lepton triggers.

Combining the outcome of the kinematic matching and relevance ranking, the
final trigger list used is shown in Table [6.6] The summary plot for the trigger

efficiency as a function of pr 4 in the ggH sample is shown in [6.13]

Single electron triggers Single muon triggers
e26_lhtight_ivarloose_L1EM22VHI mu24_ivarmedium_L1MU14FCH
e60_lhmedium_L1EM22VHI mu50_L1MU14FCH
Di-electron triggers Di-muon triggers
2el17_lhvloose_L12EM15VHI 2mul4_L12MUSF
Multi-electron triggers Multi-muon triggers
e24_1lhvloose 2e12 lhvloose L1EM20VH 3EM10VH 3mu6_L13MUSVF
Di-emu triggers Multi-emu triggers
e7_lhmedium mu24 L1MU14FCH e12 lhloose 2mul0_L12MUSF
e17_lhloose mul4 L1EM15VH MUSF 2e12 lhloose mulO_L12EMS8VH MUSF

Table 6.6: Lowest unprescaled lepton triggers available during the 2022 pp data-taking
period used in the H — ZZ* — 4/ fiducial cross-section analysis.
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Figure 6.13: Trigger efficiency as a function of pr4 for each of the 4 channels and the
inclusive channel.

6.3.3 Event selection

The criteria for physics object and event selection are listed in Table [6.7] and
6.8 respectively. These selection criteria follow closely the selection criteria
defined in Run 2 (see Section 5.2H5.3). The fiducial definition follows closely

to that of event selection, which is shown in Table [6.9]

6.3.4 Background estimation

Similar to the Run 2 mass analysis, the main background processes are the
non-resonant ZZ* production. The signal and non-resonant ZZ* normalisation
are free parameters in the fit to my,. Other background contributions, including
Z+jets, tt and WZ, pass event selection criteria due to the presence of jets,
photons and non-prompt leptons, which are misidentified as prompt leptons.

The normalisation factors for these processes are estimated by performing fits
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Table 6.7: Summary of object selection for Run 3 H — ZZ* — 4/ fiducial cross-section
analysis.

Electron selection criteria

Identification selection Loose
Er Er > 7 GeV
n In| < 2.47
Global muon selection criteria
Identification selection Loose
Isolation selection PflowlLoose
pr pr > 5 GeV
U In| < 2.7
Muon selection criteria for CT muons
CT muons pr > 15 GeV for |n| < 0.1, no more than 1 CT muon per event
Primary vertex selection
ID track pr at least two ID tracks with pr > 500 MeV
Transverse impact parameter, dgy |do| < 1 mm

Longitudinal impact parameter, 2y |z - sin(6)]

Table 6.8: Summary of event selection for Run 3 H — ZZ* — 4/ fiducial cross-section
analysis. The mass threshold for the off-shell Z pair, mihreshotd is 12 GeV for myy < 140
GeV, and rises linearly to 50 GeV for my, = 190 GeV.

Lepton selection criteria

Lepton pr pr >20, 15, 10 GeV

Lepton separation for all lepton pairs AR > 0.1

Impact parameter |do/o(do)| < 5(3) for electrons (muons)

Vertex selection X?/Naoy < 6(9) for 4 (other channels)
Quadruplet selection

On-shell Z patr, mi, 50 < myg < 106 GeV

Off-shell Z pair, msq Mithreshold < M1z < 115 GeV

Four-lepton invariant mass, mge 105 < myp < 160 GeV

J/v suppression my > 5 GeV for alternative pairing of leptons

If an extra lepton presents with pr > 12 GeV  Select quadruplet with largest matrix element value

in dedicated relaxed control regions, and further detail can be found in Ref
[167]. The other rare processes, including ttZ, ttW and VVV are estimated from
simulation directly due to their small contribution.

The kinematic distributions in the signal region for 115 < my, < 130 GeV

are shown in Figure [6.T4 Additional kinematics distributions can be found

in Appendix [

6.3.5 Analysis strategy

The total cross-section, g;, for a certain process is defined as:

N
)
€total X BR x Eint

(6.1)

Ototal =
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Table 6.9: Summary of fiducial region definition for Run 3 H — ZZ* — 4/ fiducial
cross-section analysis.

Object selection criteria

All leptons pr>5 GeV, In| < 2.7
Lepton kinematics pr > 20, 15,10 GeV
Event selection criteria
On-shell Z pair, mqy 50 < mqs < 106 GeV
Off-shell Z pair, ms4 Mihreshold < M1 < 115 GeV
J/1 suppression my > 5 GeV for alternative pairing of leptons
Four-lepton invariant mass, mae 105 < my, < 160 GeV

If an extra lepton presents with pr > 12 GeV  Select quadruplet with largest matrix element value
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Figure 6.14: Pre-fit data/MC comparison in the signal region, 115 < my, < 130 GeV,
for the lepton pt. Lepton 1 (top-left) is the positive lepton from the on-shell Z boson
candidate, and lepton 2 (top right) is the negative lepton from the on-shell Z boson
candidate. Lepton 3 (bottom left) is the positive lepton from the off-shell Z boson
candidate, and lepton 4 (bottom right) is the negative lepton from the off-shell Z boson
candidate.
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where N is the number of observed events, €. is the total efficiency for detecting
signal, and is the product of the detector acceptance A and reconstruction
efficiency €,.o. The branching ratio, BR is 1.2540.03 x 107* for H — ZZ* — 44
final state [168], and L;,; is the integrated luminosity. This definition is intuitive,
but highly model-dependent due to the finite detector acceptance. Once the total
cross-section is extrapolated outside of the region where the detector has any
sensitivity, the cross-section measurement becomes sensitive to different assump-
tions for the detector acceptance. Therefore, a model-independent definition for
cross-section measurement, the fiducial cross-section oy;4 is defined as:

N

€reco X Lint

(6.2)

The fiducial phase space is defined closely to match the event selection criteria
in Table and To extract the number of signal events, the combination
of simulated H — ZZ* — 4¢ and the background processes are fit to the my,

distribution observed in data.

6.3.6 Results

The numbers of expected and observed events in each final state are shown
in Table [6.10l The events used in this table are selected from a narrower
mass window (115 < my, < 130 GeV) than that of the signal region definition

(105 < myge < 160 GeV). The post-fit my, distribution is shown in Figure [6.75]

Table 6.10: The expected and observed yields for 115< myp <130 GeV.

Final state  Signal 7 Other backgrounds Total Observed
4p 14.8+0.8 83+0.6 1.0£0.3 206+1.0 23
2e2pu 85+0.6 6504 1.0£0.3 16.0 £ 0.8 13
2pu2e 54+1.0 32=£06 09+0.1 94+1.2 12
de 5711 31=£07 0.8+0.2 9.6+1.4 9
Total 309+29 21.1+£20 3.6+0.7 55.6 4.4 57

This analysis is primarily limited by the available statistics, which accounts for
25.1 % uncertainty. The main sources of systematic uncertainties are experimental

uncertainties from the lepton reconstruction, identification, trigger selections, and
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Figure 6.15: The observed and expected my, distributions for Higgs boson candidates.
The uncertainty in simulation is shown by the hatched band, and includes theoretical
uncertainties in the SM cross-section for the signal and main background processes.
The tX X label includes t{tW and ttZ processes.

their energy calibrations. Other experimental systematics, including luminosity,
pile-up modelling and the background estimation technique, contribute at the
percent level. The main theoretical uncertainty originates from the modelling of
the non-resonant ZZ* background. The systematic uncertainty breakdown
is shown in Table

The fiducial cross-section measurement performed in H — ZZ* — 4( is
measured to be opgey = 2.80 & 0.74 fb. This result is combined with the
measurement in H — ~~v channel result. As the two decay channels do not
share the same fiducial region definitions, a combination is performed by first
extrapolating both results into the full phase space, and performing a likelihood
combination. The total Higgs boson production cross-section at 13.6 TeV is

measured to be o(pp — H) = 45 4+ 11(stat.) &+ 3(syst.) pb for H — ZZ* — 4¢
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Table 6.11: The systematics breakdown in the fiducial H — ZZ* — 4{ cross-section
measurement.

Source Uncertainty (%)
Electron uncertainties 6.3
Muon uncertainties 3.8
Luminosity 2.2
Z7* theoretical uncertainties 0.7
Reducible background estimation 0.6
Other uncertainties <1.0
Total 7.9

channel, and o(pp — H) = 67 £ 9(stat.) £+ 6(syst.) pb for H — vy channel. The
p-value between the two measurements is 20%.

Through a likelihood combination of the two decay channels, the combined
measurement of the Higgs boson production cross section is o(pp — H) =
58.2 + 8.7 = 58.2 + 7.5(stat.) £ 4.5(syst.) pb at 13.6 TeV. The values of the total
cross-section obtained from this analysis, and from past analysis from ATLAS,
are shown in Figure Overall, good agreement is observed between SM
prediction and the measurement at the new centre-of-mass energy of 13.6 TeV.
Further details for the combination between channels, and extrapolation to the

total cross-section can be found in Ref. [167].
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Chapter 7

Conclusion and outlook

The measurement of the Higgs boson properties, including its mass and cross-
sections, is crucial for advancing particle physics. Such measurements are made
possible using the proton-proton collisions collected at the ATLAS detector,
and the continuous studies and improvements in the analysis techniques and
detector performance. Essential to both of these aspects is the reconstruction
of muons, which is a key theme of this thesis, linking detector performance and
the measurement of the Higgs mass and Higgs production cross-section. The
results presented in this thesis are summarised below.

Chapter [5] presents the measurement of the Higgs boson mass using the
full Run 2 pp collision dataset at the centre-of-mass energy of 13 TeV with an
integrated luminosity of 139 fb~L. This is performed in the H — ZZ* — 4l channel,
and the Higgs mass is extracted from a maximum-likelihood fit to the invariant
mass of the four-lepton system, the predicted invariant-mass resolution, and a
discriminant score based on the kinematic variables of the four leptons. The final
measured value of the Higgs boson mass is my = 124.99 + 0.18(stat.) & 0.04(syst.)
GeV. A combination with the Run 1 result was performed, and the combined
Higgs mass is my = 124.94 £ 0.17(stat.) & 0.03(syst.) GeV.

The Higgs boson mass analysis greatly benefited from the improvements to
the muon momentum calibration, and the specifics of this procedure are outlined
in chapter (4, The scale and resolution mismodelling of the muon momentum

measurement is investigated in Z — pp and J/1) — pp decays collected in Run 2
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pp collisions. For Z — pu decays, the uncertainty in the muon momentum scale
is between 0.05 % and 0.15 % for the full pt range. For the dimuon mass peak, the
dimuon mass resolution ranges between 1.3 % to 2.4 % depending on the detector
region. Overall, a factor of two improvement is observed in the precision of the
muon momentum scale and resolution compared to the previous calibration.

Run 3 of the LHC provided access to an unprecedented centre-of-mass energy
of 13.6 TeV for pp collisions. The author’s contribution to the Run 3 analyses,
including muon calibration and trigger performance studies, are outlined in
chapter [0] The total Higgs boson production cross-section is extrapolated from
the fiducial cross-section, and is measured at o(pp — H) = 58.2 £ 8.7 pb =
58.2 &+ 7.5(stat.) £4.5 (syst.), which is consistent with the prediction from the
Standard Model.

At the time of writing this thesis, one of the biggest obstacles for precision
Higgs boson measurements is the limited statistics. This will be partially
addressed by LHC Run 3 and the High-Luminosity LHC upgrades, albeit at the
expense of higher pile-up, additional radiation damage and challenges in event
reconstruction. Such challenges naturally call for advances in analysis techniques,
and particle physics provides a multi-disciplinary playground for experimentation
and innovation. Studies and applications of multivariate techniques, including
graph neural networks, Bayesian optimisation and optimal transport, are suitable
candidates to further our understanding of physics and detector performance,
especially with their applications in tagging jets with different flavours, and
distinguishing signal candidates with a large number of final state particles.
The increasing statistics from Run 3 and subsequently High-Luminosity LHC
upgrades also open up the possibility to probe the Higgs self-coupling term
directly through the search for di-Higgs production, in addition to the search for
Higgs coupling to lighter fermions, including charm quarks and muons.

To understand the level of precision attainable by the HL-LHC, one can
extrapolate the Higgs boson mass measurement referenced in chapter 5| to 3000

fb~! under two different scenarios. The first scenario (S1) assumes the current
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systematic uncertainties and detector performances, and the second scenario
(S2) assumes a 30% improvement in the total systematic uncertainties. The
reduction in systematic uncertainty can be justified by the deployment of the
Inner Tracker, and the improvement in muon calibration from additional statistics.
The extrapolated systematic uncertainty is 0.04 GeV (S1) and 0.03 GeV (S2),
while the extrapolated statistic uncertainty is 0.04 GeV, resulting in a total
uncertainty of =~0.05 GeV [171].

Ultimately, to fully measure the diverse couplings of the Higgs boson in a
fully reconstructible environment, another machine succeeding the LHC will be
needed. Such machines, usually called 'Higgs factories’, will open up exciting
possibilities for both beyond the Standard Model searches, and for precision
electroweak measurements. Candidate machines include both linear (such as ILC
[172]) and circular electron-positron colliders (such as FCC-ee [173] and CEPC
[174]). These machines are capable of reducing the QCD modelling uncertainties,
which are the largest theoretical uncertainties at the LHC, and the kinematics
of each event can be precisely determined, thanks to the precision with which
the initial-state energy is known. As an example, the FCC-ee will operate at the
Z H pole, which allows for a model-independent determination of the ZH cross
section by measuring the Higgs boson recoiling against the Z boson. This offers
a significant uncertainty reduction in the Higgs coupling to the Z boson, from
a projected 1.5 % by the end of HL-LHC, to 0.18 % by the end of FCC-ee [175].
With improvements in the systematic and theory uncertainties, the uncertainty
in the measured Higgs boson mass can be reduced further to 2-3 MeV [176)].
Similar improvements can be achieved for various physics programs, ranging
from precision measurements of the top and W mass, searches for the Higgs
coupling to light fermions (e.g. charm and electrons), and constraints on the
Higgs self-coupling, in addition to signs of new physics at higher energies that

could be studied at future energy frontier machines.
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Appendix A

Trigger naming convention for Run 3

The Run 3 HLT trigger naming convention specific to lepton triggers is sum-

marised as follows:

e HLT reconstructed electron (muons) are labelled as e (mu), directly followed
by the HLT pr threshold for this trigger, and any non-default cuts on
the HLT object. For example, e140_l1hloose corresponds to requiring one
electron with pr > 140GeV, while satisfying the Loose likelihood definition

as defined in Ref [143].

e For multi-lepton triggers, the HLT trigger strings are concatenated for lep-
tons with differing cuts. If n leptons have identical kinematic requirements, n
is prefixed before the HLT string, instead of concatenating two identical HLT
strings. For example, mu20_2mu4noL1 corresponds to requiring one muon
with pr > 20 GeV, and two other muons with pt > 4 GeV and reconstructed

without requiring a L1 trigger.

e Fach HLT object is selected from events that pass certain L1 trigger
requirements unless stated otherwise (e.g. noL1). These requirements are
appended at the end of each trigger name, starting with L1. The number of
L1 objects required, if larger than 1, is appended immediately after L1. This
is followed by the trigger sub-system name, which for electrons (muons)

corresponds to EM (MU), and the value of the L1 threshold. Finally, the last
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few strings correspond to the special requirements for L1, and are listed

below:

V: Variable thresholds with »;

F: require Full-station (three-station) big-wheel coincidence for end-

cap;

C: require additional Coincidence for endcap;

H: require only events satisfying the good magnetic field flag;

BO: require central (Barrel Only) muons;

M: Multiple muon candidates in the same RPC pad.

e For multi-lepton triggers, the L1 string only appears at the start of L1

trigger strings.



Appendix B

Trigger ranking studies per channel

The full set of trigger ranking studies can be found in Figure
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Figure B.1: Ranking studies of single-electron triggers
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Figure B.3: Ranking studies of double-muon triggers
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Appendix C

Kinematic distributions in the
H — 77" = 4¢ channel in Run 3

Figure show the pre-fit lepton kinematic distributions for the H —
Z7* — 40 final state in Run 3 data and simulation. The four-lepton kinematic

variables are shown in Figure [C3] and the mass distributions for the Z bosons

are shown in Figure

147



148 C. Kinematic distributions in the H — ZZ* — 4¢ channel in Run 3
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Figure C.1: Pre-fit data/MC comparison in the signal region, 115 < myy < 130 GeV, for
the lepton n. Lepton 1 (top-left) is the positive lepton from the on-shell Z boson candidate,
and lepton 2 (top right) is the negative lepton from the on-shell Z boson candidate.
Lepton 3 (bottom left) is the positive lepton from the off-shell Z boson candidate, and
lepton 4 (bottom right) is the negative lepton from the off-shell Z boson candidate.
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Figure C.2: Pre-fit data/MC comparison in the signal region, 115 < myy < 130 GeV, for
the lepton ¢. Lepton 1 (top-left) is the positive lepton from the on-shell Z boson candidate,
and lepton 2 (top right) is the negative lepton from the on-shell Z boson candidate.
Lepton 3 (bottom left) is the positive lepton from the off-shell Z boson candidate, and
lepton 4 (bottom right) is the negative lepton from the off-shell Z boson candidate.
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Figure C.3: Pre-fit data/MC comparison in the signal region, 115 < myy < 130 GeV, for
the four-lepton system quantities. Top-left shows the pt distribution of the four-lepton
system, and top right shows the 7 distribution of the four-lepton system. Bottom left
shows the ¢ distribution, and bottom right shows the rapidity of the four-lepton system.
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Figure C.4: Pre-fit data/MC comparison in the signal region, 115 < myy < 130 GeV, for
the Z boson mass distributions. The left plot shows the on-shell Z mass distribution
after applying FSR recovery, and the right plot shows the off-shell Z mass distribution.
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