Search for Displaced Photons from Exotic Decays of the Higgs Boson
with the ATLAS Detector

Devin Mahon

Submitted in partial fulfillment of the
requirements for the degree
of Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY

2021



c 2021
Devin Mahon
All Rights Reserved



Abstract

Search for Displaced Photons from Exotic Decays of the Higgs Boson
with the ATLAS Detector

Devin Mahon

A search for displaced photons from exotic decays of the Higgs boson is presented, specif-
ically targeting the relatively weak constraints on the branching ratio of Higgs boson decays
to invisible particles imposed by other searches. 139 fb 1 of p  p collision data at center-
of-mass energy p§ = 13 TeV, collected between 2015 and 2018, is analyzed. Exploiting
the excellent timing performance and longitudinal segmentation of the ATLAS electromag-
netic calorimeter, the photon arrival time and extrapolation to the beam axis, or pointing,
can be used to extract the displaced photon signature from Standard Model background
processes. The background photon timing and pointing distributions are predicted using
carefully constructed, data-derived templates. Signal contributions are analyzed in the con-
text of a Gauge-Mediated Supersymmetry Breaking model in which the Higgs boson decays
into two, long-lived next-to-lightest supersymmetric particle neutralinos, which each subse-
quently decay into a photon and a gravitino. Agreement with background is observed with
no significant excesses for any signal models considered. Limits at the 95% confidence level
are placed on the branching ratio of the Higgs boson to two neutralinos in the context of

the various signal models.
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Foreword

With the discovery of the Higgs boson in 2012, the long saga of cataloguing the particles
in the Standard Model (SM) was nally complete. Numerous, rigorous tests of the full
predictive power of the SM were carried out with astonishingly precise agreement, lending
authoritative credence to its validity. But along the way, a collection of anomalies and
mathematical puzzles was being amassed that sowed doubts about the completeness of its
description of nature. Despite its tremendous successes, it became clear that the SM could
not, in fact, be a full description of nature.

When the LHC began operation in 2008, there was great anticipation not only for the
discovery of the nal, most elusive of the SM patrticles, but also for what other mysterious
it may uncover. With the Higgs boson under its belt, the physics world looked forward to
a new, wide-open frontier. Over the past decades of particle hunting, accessing new energy
scales had nearly always revealed surprises, leading the eld in exciting new directions,
requiring novel formulations and insights to explain the newly observed phenomena. But as
of late, physics has had a new problem: it's too predictable. To an unnerving degree, we keep
seeing what we expect to see. Many scienti ¢ disciplines would be thrilled to, as it were,
have such a complete understanding that their experiments keep coming up with all the
right answers. But with the nagging questions casting doubt on the SM's very foundations,
physicists took their repeated, decisive successes with a sense of bittersweet unease.

Despite the e cient operation of the LHC and its various experiments over the past
decade or so, no new physics has yet de nitively emerged. A glut of pet theories have come
and gone over the years, attempting to resolve the SM's shortcomings. Thus far, some have
been ruled out experimentally; others have been modi ed with every new, faint uctuation;
and still new ones are being churned out, hoping to uncover some new, unexplored phase
space of which the LHC could yet provide a glimpse. Given the immense logistical and
scienti ¢ hurdles that await the construction of the next accelerator complex capable of
accessing a new energy regime, as well as the lack of any obvious sign of new physics from
the current machine, it has become the experimental community's mission to both test, as

precisely as possible, the SM's predictions and to leave no phase space untouched in the
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search for new phenomena. My own research e orts over the past six years in the pursuit
of my PhD have I'd like to think, at least in some small way contributed to this pursuit.

My ATLAS journey began in the summer of 2015 at Nevis Labs, before | began my
rst graduate courses. There, | contributed to the study of the analog-to-digital convert-
ers (ADCs) used to digitize the LAr calorimeter ionization pulses on the front-end boards
(FEBSs) for the Phase | upgrade. These ADCs are custom, radiation-hard 12-bit pipeline
ASIC ADCs, developed with 130 nm CMOS technology. Speci cally, | carried out a perfor-
mance study measuring the contribution of the ADC to the fractional energy resolution. By
generating simulated ionization pulses, varying their amplitudes, and reconstructing their
peaks, | was able to determine that, for typical pulse heights, the total resolution was 0:8
ADC counts, comfortably meeting the design speci cations.

The following summer, | investigated a technical issue observed on a small fraction of
ADCs in which output code errors occurred at a rate of a few Hz. These errors manifested as
spikes during sine wave scans of the full dynamic range. Studying the spike rate as a function
of the supplied voltages, we determined that the issue was attributable to the common-mode
conversion between the digital and analog modules of the ADC. As a result, the operating
analog voltage was slightly raised, eliminating the spikes while increasing power dissipation
by only a few percent. With this adjustment and a new, associated quality-control procedure,
the ADCs met all speci cations. These ADCs are now being installed and commissioned
on-detector for use in the upcoming LHC run. The paper on the performance and quality
control of the ADC, of which | am one of the authors, can be found in Ref. [1].

After completing all of my graduate courses in New York, | moved to Geneva in the
summer of 2017 to join the LAr online operations team. | began as an online software expert,
solving time-sensitive issues with the LAr software infrastructure and serving 24/7 on-call
shifts during data-taking. Concurrently, | developed tools for online monitoring to improve
the e ciency of identifying data-taking issues. After some time on the job, | became a so-
called LAr Super Shifter, serving as a LAr representative in the training of ATLAS Control
Room calorimeter shifters. In this role, | helped to organize and lead training sessions and
improved shifter documentation to ensure clear communication with experts. After more

time on the job, | also served several weeks as the LAr Run Coordinator, being on-call as
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the rst point of contact for the LAr system for daily operations. The full LAr operations
team, of which | was a small part, had an extraordinarily successful Run 2, achieving a
99.6% overall data-taking e ciency. | also had the opportunity to present this impressive
performance at the INSTR2020 conference in Novosibirsk, Russia [2].

In parallel with my online operations commitments, | began work on the LAr o ine tim-
ing calibration. This task involved improving the roughly 1 ns timing resolution achieved
online using prompt data from W and Z boson decays. Starting with an established proce-
dure used in Run 1, | obtained corrections for the full Run 2 dataset while making a number
of improvements, including extending the range of the corrections to lower energies, imple-
menting smoothed ts for better ts and automation, and adding statistical checks to guard
against uctuations with minimal sacri ces in e ciency. In the end, in the high-energy limit,
timing resolutions of 190 280 ps are achieved, reaching nearly down to the calculated,
irreducible beam spread timing component of 190 ps. This impressive performance, in
fact, provides the most precise timing measurement in ATLAS for Run 2. Since this timing
behavior is not modeled in simulation, a smearing tool was constructed to match the cal-
ibration resolutions observed in data. The full details of the timing calibration procedure
are documented in Ref. [3].

Little did | know as | worked through the timing calibration that | would be its rst cus-
tomer. As | began the search for a thesis topic, | soon found myself drawn to unconventional
signatures. In the face of the disappointing lack of evidence for BSM physics, | was intrigued
by the argument that we might be looking in the wrong places. | was especially intrigued by
the tantalizing, unexplored regions of phase space occupied by displaced photons from the
decays of long-lived particles. It soon became clear that my extensive calorimeter expertise
through my experiences with the LAr system could be neatly synthesized with my interest
in long-lived particle to perform a search for displaced photons. This thesis represents the
product of that realization. Though | certainly did not know it at the time, the work | began
when | arrived at Nevis Labs that rst summer morning in 2015 would lead in a remarkably

and quite satisfyingly continuous thread through all of the pages that follow.
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Introduction

This thesis searches for evidence of displaced photons produced from exotic decays of
the Higgs boson by examining the data collected by the ATLAS detector. The search is
designed to be largely model-independent, maintaining sensitivity to any soft, displaced
photons; however, in order to investigate sensitivity to proposed models, results are also
evaluated in the context of a supersymmetry (SUSY) model in which a long-lived neutralino
decays radiatively. Background estimation is conducted in an entirely data-driven mannetr,
using templates derived from prompt background in order to model the variable photon
purity among di erent analysis regions.

Chapter 1 introduces the Standard Model (SM) the theoretical framework undergird-
ing the eld of high-energy physics including its foundations, successes, and limitations.
Chapter 2 o ers SUSY as a potential solution to several shortcomings of the SM, discussing
the general formalism and phenomenology. In particular, SUSY theories that may give rise
to the displaced photons targeted by the analysis presented in this thesis are given special
emphasis.

Background into the experimental apparatuses used to collect the data are then pre-
sented. The accelerator complex, the Large Hadron Collider (LHC), and its basic principles
of operation are outlined in Chapter 3. A detailed description of the many systems that
comprise the ATLAS detector, which measures the product of the collisions engineered by
the LHC, follows in Chapter 4. A particular focus is placed on the Liquid Argon (LAr)
electromagnetic calorimeter, which is responsible for the measurements of the proposed dis-
placed photons. The various measurements and algorithms used by the ATLAS detector to
identify and characterize di erent particles are discussed in Chapter 5.

The selections targeting the signature of interest are given in Chapter 6. The full analysis
strategy, including region de nitions, background estimation, and optimization can be found
in Chapter 7. Systematic uncertainties and their incorporation into the analysis likelihood
model are discussed in Chapter 8. The expected sensitivities to the target SUSY model
based on a validation region are presented in Chapter 9.

The results from the signal region are given in Chapter 10, including analyses of the level
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of evidence for the proposed signal and limits on the SUSY model based on this evidence.
Chapter 11 briey summarizes the entire analyses, discusses the results in context, and

assesses the future outlook.
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CHAPTER 1. THE STANDARD MODEL 1

Chapter 1. The Standard Model

The SMis a local quantum eld theoretical framework describing the strong, weak, and elec-
tromagnetic interactions. Here, the general principles of the model are discussed, including
a brief illustration of its theoretical derivation, an overview of the resulting interactions, its

successes in empirical validation, and its limitations.

1.1 Foundations & Assumptions

A general, underlying mathematical principle of the quantum mechanical formulation of the
SM is the principle of least action. This principle states that the evolution of a physical
system follows the path in con guration space for which the action is stationary, i.e. un-
changed to rst order in small perturbations of the system con guration. In mathematical
terms, the action S obeys S = 0. For generic elds {(x), the action can be de ned as the
spacetime integral of the Lagrangian densityL. (often simply known as the Lagrangian):

z
S=  d%L( i(x):;@ (X)) (1.1)

For descriptive convenience, the Lagrangian is considered rather than the action. Several
well-motivated assumptions about the form of the Lagrangian are generally made to en-
sure that it has properties consistent mathematically, as well as physically, with what is
observed in nature. These assumptions include thakt is invariant under the Poincaré group
(spacetime translations, rotations, and boosts), that it is a function of the elds and their
derivatives at a single spacetime pointx (making it a local eld theory), and that it is real

(to conserve probability). In order to avoid unphysical in nite quantities in the integral

to compute the action, L must contain only terms of dimension four or fewer in the elds
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and their derivatives. This dimensionality requirement is equivalent to the requirement of
so-called renormalizability [4]. Finally, in the vein of perturbation theory, L is considered
to be analytic in the elds, which can be written as some polynomial expansion.

Given these assumptions, the entirety of structure of the SM can be constructed by
applying the following rule: add all possible terms toL not forbidden by a spontaneously
brokenSU(3) SU(2) U(1) gauge symmetry. These three factors correspond to the strong,
weak, and electromagnetic interactions, respectively. As will be illustrated in Section 1.2,
these symmetries determine the general properties of these interactions, leaving to experi-
ment only the determination of the values of fundamental constants. It should be noted that
this symmetry group was developed over many years through careful matching of experi-
mental observations. However, once this mathematical symmetry is chosen, the behavior
of the theory falls out, meaning all that is needed to construct the properties is the simple
decision of the proper symmetry group. Thus, though it is in some sense a post-hoc model
constructed to t data, the simplicity and strictly mathematical nature of the inputs lends

great power to its soundness and credibility as a theory.

1.2 Symmetries

1.2.1 Consequences of Symmetries

To illustrate the way in which symmetries essentially determine the SM Lagrangian, let us
consider the electromagnetic interaction, whose quantum formulation is known as quantum
electrodynamics (QED) and is de ned by a localU(1) gauge symmetry.

As a starting point, with foreknowledge of the end result, the Lagrangian based on the

Dirac equation is chosen:

L pirac = i @ m (1.2)

where is a relativistic spin-1/2 eld with a particle of rest mass m and  denotes the
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so-called gamma matrice’ [5]. Natural units? have also been employed.

It should also be noted that the Dirac equation itself can be derived from representations
of the Lorentz group, and thus using it as a starting point does not reduce the generality of
the results. Imposing the localU(1) gauge symmetry is equivalent to requiring invariance
under a local phase transformation. This transformation only changes the arbitrary phase
of the particle wave functions and thus has no observable consequence. That is to say that
the local U(1) gauge symmetry is physically justi ed. Denoting this phase transformation
as (x) ! €9(x (x) transforms the Dirac Lagrangian in Equation 1.2 in the following

manner:

L pirac ! I (@+ig@ (x)) m (1.3)

Comparing to Equation 1.2, it is clear that the derivative does not transform covariantly.
Therefore, let us recast the Lagrangian, introducing a gauge eldA (x) that transforms
under the U(1) symmetry asA (x)! A (X)+ @ ( x) with a so-called covariant derivative
de ned as: D @ igA . D is constructed explicitly such that D is invariant under
the U(1) gauge transformation, which then allows us to write a new invariant Lagrangian
LS. . as follows:

Dirac

%= i D m =L+q A (1.4)

Thus, the gauge invariance requirement necessitates an interaction term of the spinor
eld with a vector eld A . Having introduced this new vector eld, and keeping with
the principle that all terms must be present that are not forbidden by a symmetry, it
becomes necessary to consider kinetic and mass terms associated with. Let us denote
the electromagnetic eld tensor F @A @A such that the kinetic term may be
written as %F F . The mass term must be of the form%mZA A . However, this term

is only gauge invariant if m = 0, so this mass term cannot be present.

1The gamma matrices are de ned by the anticommutation relation f ; g = 2 (using the
Minkowski metric with signature +2).

2|n natural units, all kinematic units are expressed in terms of energy by setting the speed of light ¢ and
Planck’s constant ~ to 1.



CHAPTER 1. THE STANDARD MODEL 4

Now that the Lagrangian has been formulated in a gauge-invariant representation and
all possible terms not disallowed by the gauge symmetry have been accounted for, the new

Lagrangian may be written as:

i D m -F F

Loep
(1.5)

i @ m +q9g A -F F

This Lagrangian is that of QED, and many of its properties may be read o of the
equation itself. Equation 1.5 describes the interactions of relativistic particles described
by the spin-1/2 eld  with charge g and massm with a vector eld A mediated by a
massless spin-1 vector boson (i.e. the photon). Thus, purely by arguments of symmetry and
naturalness, the quantum nature of electromagnetism can be determined, leaving only the
measurements of the mass and coupling constantq to experiment.

In this same manner, the entire structure of the SM may be constructed, extending the
local U(1) gauge symmetry of QED to the full SMSU(3) SU(2) U(1) gauge symmetry
with spontaneous symmetry breaking ofSU(2) U(1) via the Higgs mechanism, which is

discussed in Section 1.2.2.

1.2.2 Spontaneous Symmetry Breaking

A key feature of the symmetry de ning the SM is the spontaneous breaking of th&sU(2)
U(1) symmetry describing the uni ed electroweak (EW) interaction into the separate sym-
metries of the weak force and electromagnetism.

As discussed for the photon in Section 1.2.1, the explicit photon mass term in the La-
grangian violated the gauge symmetry, thus requiring the mass to be zero. The same ar-
gument applies to other gauge bosons. And in a similar manner, for fermions, explicit
fermionic mass terms of the formm  are forbidden by imposed symmetries. Namely, since
the chirality of fermionic elds causes the left- and right-handed components to transform
di erently under the SU(2) symmetry, such an explicit mass term is disallowed for violat-
ing chiral symmetry. However, the phenomenon of EW symmetry breaking via the so-called

Higgs mechanism provides a theoretical reparametrization of the Lagrangian that gives mass
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to some of these particles, as is observed in nature [6 11].
Under the constraints the SU(2) U (1) gauge symmetry, a complex scalar potential may
be added to the SM Lagrangian. The most general, renormalizable form of such a potential

is:

V()= 2+ ()2 (1.6)

where is a complex scalarSU(2) doublet.

In the case that 2> 0, the minimum occurs at =0 , and thus the so-called vacuum
expectation value (VEV) of the eld is 0. However, as is observed experimentally, nature
prefers the case where 2 < 0. In this case, the VEV is nonzero and the degeneracy of the

minimum in the complex plane allows us to arbitrarily choose the following:
01
his= plt@oA (1.7)
2 vy

This nonzero VEV breaks theSU(2) U(1) symmetry into the U(1) symmetry of elec-
tromagnetism, implying that three massless Goldstone bosons are produced. To make the
structure of the physical particles most clear, one can choose the so-called unitarity gauge in
which the Goldstone boson components of the scalar elds are zeroed or rotated away . In
other words, all elds can be made to be orthogonal to the Goldstone elds, leaving three of
the four degrees of freedom of the potential to be absorbed into the longitudinal compo-
nents of three gauge bosons which thus now acquire mass. In this way, the four generators
of SU(2) U(1) mix with the neutral and two charged degrees of freedom of the Goldstone
bosons to yield four bosons in the unitarity gauge: one neutral massive boson (labell€d),
two charged massive bosonsW ), and one remaining neutral boson (the photon) associ-
ated with the U(1) symmetry of electromagnetism that remains massless since there are no
Goldstone degrees of freedom left to absorb. This acquisition of mass by these three gauge
bosons via the brokenSU(2) U(1) symmetry is known as the Higgs mechanism. The
fourth degree of freedom of not assumed by the three now massive gauge bosons is left
standing as a neutral scalar boson, known as the Higgs boson.

This spontaneous breaking of theSU(2) U(1) symmetry allows for the structure of
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the weak and electromagnetic interactions observed in nature to become apparent. The
consequences of the Higgs mechanism also provide a clear interpretation for the fermion
masses since fermions can couple to the scalar Higgs eld via Yukawa interactions, endowing

them with mass.

1.3 Survey of Particles & Interactions

Following the symmetry principles outlined and demonstrated in Section 1.2, the fulBU(3)
SU(2) U(1) symmetry of the SM establishes the structure of particles and interactions
present in the model. The SM symmetries, however, allow for multiple so-called generations
of particles, which share the same properties as other particles across generations except for
their mass and avor quantum numbers (conserved by all but the weak interaction). The
number of generations is thus not constrained by symmetries. However, strong experimental
evidence suggests that there are only three such generations. The SM symmetries also allow
for each particle to have a so-called antiparticle, which has the same mass but inverted under
charge conjugation (all charges, i.e. internal quantum numbers). To date, all particles of the
SM have been discovered experimentally (though not all of their expected properties have
been fully veri ed). Figure 1.1 shows all of these particles and many of their expected or
measured properties. In this section, the general structure of the particles and interactions
will be discussed.

The SU(2) U(1) symmetry of the SM is identi ed with the EW interaction. Generally
speaking, as discussed in Section 1.2, spontaneous symmetry breaking divides this symmetry
into the SU(2) symmetry of the weak interaction and theU (1) symmetry of the electromag-
netic interaction. The symmetries are often written more explicitly asSU(2),. and U(1)y,
where L indicates that the weak interaction couples only to fermions of left-handed chiral-
ity (a property determined by experimental observation) andY denotes weak hypercharge.
Weak hypercharge is dened asY 2(Q 13), where Q denotes electric charge and; is
the third component of weak isospir.

The spin-1 vector bosons mediating the EW interaction are thew and Z° bosons

SWeak isospin corresponds to the weak interaction gauge symmetry and groups left-handed doublets
with 13 = % in each generation of both quarks and leptons.
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Figure 1.1: A diagram of the patrticles of the SM and their properties.
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and the photon. The phenomenon of EW symmetry breaking via the Higgs mechanism
gives mass to the twoW bosons and on&Z boson (80 GeV and 91 GeV, respectively) and
allows them to be identi ed with the weak force. The fact that these bosons are massive
supresses their strength (hence the weak label) and makes their interactions short range.
As previously mentioned, the weak force is coupled only to left-handed fermions, making it
a maximally parity violating interaction. The massless photon mediates the electromagnetic
force between all particles with electric charge. This masslessness facilitates the in nite range
of this force. The scalar Higgs boson, whose eld breaks the EW symmetry, was discovered
with a mass of 125 GeV in 2012 by the CMS and ATLAS collaborations independently, thus
completing the experimental observation of all SM particles [12].

There are six spin-1/2 leptons (and their corresponding antiparticles) that interact via
the weak interaction, three of which are also electrically charged and thus couple to the
photon. The electron, muon, and tau are the charged leptons with associated electron,
muon, and tau neutrinos. Each respective pair of charged lepton and neutrino is known as a
generation, and the number of particles minus the number of antiparticles in each generation
is generally conserved in the SKL The observation of neutrino oscillations necessitates small
(. 20 MeV) masses for the neutrinos, and the precise values and ordering of the masses
among the generations is currently unknown.

The remaining force carriers, the eight massless, spin-1 gluons, are associated with the
eight generators of theSU(3) SM symmetry and the strong interaction, also referred to
as quantum chromodynamics (QCD) [13,14]. This interaction mediates the forces between
gluons themselves and spin-1/2 quarks and thus explains the dynamics of hadrons, composite
particles of two or more quarks. The charges of the strong interaction are known as color
charges, of which there are three, denoted red, green, and blue (and antired, antigreen,
and antiblue for the respective antiparticles). The eight gluons can be represented by eight
linearly independent color states, forming an octet in the adjoint representation. The fact
that gluons themselves carry color charge leads to a qualitative di erence in the nature of the

strong interaction in comparison to, for example, the electromagnetic force which also has a

“There are known processes such as neutrino oscillations that violate the conservation of lepton number
for each generation, but the total lepton number across all generations is exactly conserved in the SM.
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massless gauge boson. THeU(3) symmetry allows for gluon self-interaction terms, which,
roughly speaking, prevent gluons from spreading out in nitely in space, instead leading
them to stick together and cluster between the quarks they bind. The structure imposed
by the SU(3) symmetry leads to two important features of the strong interaction: color
con nement® and asymptotic freedom. Color con nement refers to the fact that particles
with color charge (i.e. quarks and gluons) are never observed alone but rather in color-
neutral bound states. This phenomenon can be understood as a consequence of the roughly
constant force between two bound quarks generated by gluon exchange, which then requires
increasing energy to separate them. The energy increases very rapidly over distances of
order one femtometer until the point that there is su cient energy to produce a quark-
antiquark pair from the vacuum. Thus, two color-neutral bound states are produced rather
than two isolated color charges. Asymptotic freedom refers to the decrease in the coupling
constant with increasing energy [15, 16]. Such a property is a technical feature related to
the requirement of renormalizability within the context of an SU(3) symmetry. In the high
energy limit, asymptotic freedom implies that quarks are loosely bound and can even form a
phase known as a quark-gluon plasma in which quarks and gluons are free in an equilibrium
state. But in the low energy limit such as energies present in atomic nuclei the coupling
strength increases, and quantum computations based on perturbation theory fail, making
calculations challenging to perform.

There are six spin-1/2 quarks (and their corresponding antiparticles) that interact via
the strong, weak, and electromagnetic interactions. The so-called up-type quarks of electric
charge +2/3 (in units of the elementary charge, i.e. that of a proton) are called the up,
charm, and top quarks. The down-type quarks of electric charge -1/3 are known as the
down, strange, and bottom quarks. Like the leptons, the quarks are grouped into three
generations (paired up- and down-types in the order listed). The quark masses among each
type are larger with each increasing generation a pattern matched with the charged leptons

and possibly with the neutrinos.

SStrictly speaking, color con nement is not a proven property, but the mechanism that allows it is
well-motivated theoretically, and no con rmed experimental evidence for isolated color charge exists.
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1.4 Empirical Validation

The incredibly accurate and precise predictions of the SM lend credence to its descriptive
power. The SM successfully predicted the existence of the gluon, the top and charm quarks,
the tau neutrino, and the W, Z, and Higgs bosons as well as many of their properties prior

to their discoveries. Its prediction for the magnitude of the anomalous magnetic moment
of the electron matches experimental observation beyond 10 signi cant gures, making it
one of the most accurately-veri ed physical predictions of all time [17]. Any theory with
such beautiful structure and remarkable predictive power deserves to be taken seriously.
However, the SM as a description of the natural world cannot be considered complete and

comes with its own set of mathematical peculiarities that suggest deeper structural issues.

1.5 Limitations

Several fundamental natural phenomena are completely absent from the SM. Some promi-
nent omissions include any consideration of gravity as well as dark matter and dark energy
each of which has strong experimental evidence for its existence. Additionally, the allowed
mechanisms by which the SM can produce an asymmetry between matter and antimatter
are not su cient to explain the apparent dominance of matter over antimatter observed in
the universe.

Beyond these de ciencies, the SM also has several peculiar features that point to possible
issues with its theoretical integrity. Experiments trying to measure the electric dipole mo-
ment of the neutron place strong limits that indicate that CP violation is extremely small,
if not nonexistent, in the strong sector [18]. However, there is no theoretical constraint on
QCD imposed by the SM that requires that CP symmetry be conserved. Such apparent ne
tuning suggests some possible, as-of-yet unknown structure that would more naturally im-
pose such a constraint. In the quantum corrections that enter the computation of the Higgs
boson mass, contributions scale up to the order of the Planck scale (0*° GeV), beyond
which the e ects of gravity begin to compete with those of the SM, and the assumptions
of the e ective eld theory break down. The size of these contributions suggest that the

mass of the Higgs boson should be of a similar magnitude, but since its mass is observed to
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be immensely smaller, similar hints of unnatural ne tuning are suggested by the intricate
cancellations seemingly required for these corrections to settle on the observed mass [19 23].
This issue is known as the hierarchy problem due to the dramatic di erence in scales, which
establishes a hierarchy that presents issues when considering the interplay of these scales.
In light of the compelling search for a so-called grand uni ed theory in which, at some high
energy, all gauge interactions become a single force, it may also be considered unappealing
that the SM's gauge couplings seem not to unify at some higher energy scale.

In addition to these unexplained phenomena and theoretical puzzles, there are experi-
mental hints that may present direct challenges to the predictions of the SM. These include
measurements of the anomalous magnetic moment of the muon and deviations from lepton
universality in B meson decays, both of which disagree with the SM predictions though not
yet at the consensus ve standard deviation level required for a claim of observation [24,25].

Many theories introducing new physical structures beyond the SM (BSM) have been
proposed to account for the apparent de ciencies and discrepancies of the SM. Many of these
theories do so in ways motivated to some extent by the principle of naturalness in conjunction
with limitations imposed by experimental searches for new phenomena. None have thus far
made predictions that have been experimentally veri ed. However, there remains a great
deal of unexplored phase space for BSM physics that is still built upon physically and
mathematically well-motivated foundations. In Chapter 2, one of these theories is presented
that resolves many SM issues and presents as-of-yet untested predictions for signatures that
may be observed in modern experiments. A particular signature motivated in part by this

type of theory will be explored in the course of this thesis.
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Chapter 2. Supersymmetry

Theories of supersymmetry (SUSY) o er solutions to many SM problems laid out in Chap-
ter 1. In this chapter, the foundations of SUSY theories are discussed with particular
emphasis on gauge-mediated SUSY breaking (GMSB) models. Some GMSB models allow
for the production of long-lived heavy SUSY particles, or sparticles, which can then decay
to produce the signatures of the type investigated in this analysis namely, delayed and
non-pointing photons. Particular emphasis is placed on a specic, well-motivated model

focused on the production of these SUSY particles from decays of the Higgs boson.

2.1 Foundations

SUSY posits a new symmetry relating fermions and bosons that is generated by an operator
that transforms fermionic states into bosonic ones and vice versa [26 32]. Such an opera-
tor constructs so-called supermultiplets that form irreducible representations, with each SM
fermion pairing with a supersymmetric bosonic partner and each SM boson with a super-
symmetric fermionic partner. It can be shown that, in order to produce a consistent algebra
that allows for the parity violation observed in the SM, particles in the same supermul-
tiplet pair must have both the same mass and the same quantum numbers under all SM
symmetries [33, 34].

It can further be demonstrated that the number of degrees of freedom of the fermions
and bosons comprising a supermultiplet must be equal. In standard, realistic SUSY the-

oriest, such a constraint de nes the nature of particles in these supermultiplets. Below, a

!Namely, so-called non-extended SUSY theories that have only one pair of generators. Adding more
generators is mathematically valid, but such models in four dimensions cannot produce the maximal parity
violation observed for SM fermions [35]. Theories proposing extra dimensions can circumvent this obstacle,
but such theories are not considered in this thesis.
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particular, convenient choice of properties is laid out, but any other choices that preserve the
relation of the number of degrees of freedom between fermions and bosons and that allow
for renormalizability may be reduced to combinations of the structures presented here.

Given the constraints and caveats discussed above, there are three possible supermulti-
plets. The rst con guration is known as a chiral supermultiplet and contains a spin-1/2
fermion and a complex scalar eld. The second is known as a gauge supermultiplet and
contains a spin-1 gauge boson and a spin-1/2 fermion. For gauge supermultiplets, it is
worth noting that, since gauge bosons transform under the adjoint representation of the
gauge group, the spin-1/2 fermion in this supermultiplet must also do so [35]. And since
the adjoint representation is its own conjugate, right- and left-handed components of the
fermionic elds must transform identically under gauge transformations. The third con g-
uration allows for the addition of spin-2 graviton with a spin-3/2 superpartner known as a
gravitino.

Given that all SM fermions are maximally parity violating and that fermions in gauge su-
permultiplets forbid such a property, if SUSY were to be realized, SM fermions must belong
to chiral supermultiplets. Thus, the superpartner of each SM fermion is a supersymmetric
scalar boson. Conversely, the scalar SM Higgs boson also belongs to a chiral supermultiplet.
But here, in order to avoid a gauge anomaly that would render the theory inconsistent,
there must in fact be two Higgs supermultiplets withY =  1=2 [35]. Additionally, only the
couplings to up-type quarks provided by theY = 1=2 Higgs supermultiplet can endow them
with mass. Likewise, only theY = 1=2 Higgs supermultiplet couplings can give mass to
the down-type quarks and the charged leptons. Thes¥ =1=2andY = 1=2 supermulti-
plets have associated bosons denoted &' ;H{ and Hg; H, , respectively. Finally, the only
room for a gauge boson is in a gauge supermultiplet, so the SM gauge bosons each have a
supersymmetric spin-1/2 fermion superpartner. The chiral and gauge supermultiplets just
discussed corresponding to all of the SM particles comprise the particles of the Minimal Su-
persymmetric Standard Model (MSSM) [36,37]. The notation and basic properties of these
particles are summarized in Table 2.1. For generality, the SM gauge bosons are represented
before EW symmetry breaking as the three bosonsV*, W9 and W associated with the

SU(2). elds; and B?, the vector boson associated withJ(1)y .
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Chiral Supermultiplets

Quantum Numbers

Name Spin 0 Name Spin 1/2 | SURB)c | SU2)L | UQ)y
e d 3 2 1/6
Squarks (e &) (ULyL)
(x3 generations) Or Quarks Ur 3 1 213
&, A 3 1 1/3
Slept 1 2 -1/2
eptons (ee) Leptons (evL)
(x3 generations) er €r 1 1 1
HY HO 19 180 1 2 1/2
Higgs Bosons (Hy Hy) Higgsinos (%, Hy)
(HIHy) (189 18,) 1 2 172

Gauge Supermultiplets

Quantum Numbers

Name Spin 1/2 | Name Spin 1 SUB)c | SU@)L | UD)y
Gluino g Gluon g 8 1 0
Winos W W° | wBosons| w wo 1 3 0
Bino 0 B Boson BO 1 1 0
Gravity Supermultiplet
Quantum Numbers
Name Spin 2 Name Spin 3/2 | SUR)c | SUR)L | UQ)y
Graviton G Gravitino G 1 1 0

Table 2.1: Summary of the naming conventions and quantum numbers of the particles in
the MSSM chiral and gauge supermultiplets as well as the graviton supermultiplet.
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There remains an additional, as of yet unmentioned symmetry of the traditional MSSM.
Recall that in the SM, baryon number B and lepton number L are conserved. Such a
conservation prevents such processes as proton decay, for which there are high experimental
limits on the lifetime [38]. This conservation is due to the fact that no renormalizable terms
that violate B or L can be added to the SM Lagrangian. However, by introducing SUSY,
new terms that do violate the conservation of these quantities can be introduced. Thus, it

is conventional to impose a new symmetry calledR-parity a quantity de ned as:

PR - ( 1)3(B L)+2s (21)

where s is the particle's spin [39]. All SM particles have evenR-parity (Pgr = +1), and
all SUSY particles have oddR-parity (Pr = 1). R-parity conservation has a number of
key e ects on the types of interactions permitted in the MSSM. First, mixing of SM and
SUSY particles is prohibited. Second, the lightest supersymmetric particle (LSP) is stable,
i.e. SUSY particle decays must always result in an odd number of LSPs. And thirdly, in
considering the production of SUSY particles from SM ones (such as what would be done

at the LHC), an even number of SUSY patrticles must be produced.

2.2 SM Limitations and SUSY

Now that the general mathematical structure of SUSY has been de ned, some of its at-
tractive features can be appreciated. In Section 1.5, several problems with the SM were
outlined. Some of these issues will now be reexamined in the context of SUSY.

As previously discussed, the SM seems to require incredible ne tuning in the quantum
corrections to the Higgs boson mass from radiative loop diagrams. However, the introduction
of SUSY implies that each of these diagrams now comes with a new contribution containing
the supersymmetric particle di ering in spin by 1/2. Since fermions and bosons of equal
mass contribute equally in magnitude but with opposite signs to such diagrams, each of
these corrections conveniently cancels out, eliminating the need for ne tuning to deal with
enormous, Planck-scale terms to sum up to the EW scale. Thus, SUSY can, in a very

structurally satisfying way, solve the hierarchy problem [40 43].
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The introduction of R-parity into SUSY results in a stable LSP that cannot decay to
SM particles. If the LSP is not electrically charged, it would only interact weakly with
SM particles. Such properties are considered likely features of dark matter a subject
about which the SM s silent. Thus, SUSY can fairly naturally provide a viable dark matter
candidate.

Finally, the running of the gauge couplings is modi ed by the introduction of SUSY. It
can be shown that in the MSSM, the three gauge couplings corresponding ®U(3), SU(2),
and U(1) may now converge at some high energy, renewing hope that the forces may indeed

be uni ed [44 48].

2.3 Breaking of SUSY

As presented thus far, SUSY is an unbroken symmetry, a consequence of which is that
superpartners of SM particles have the same mass and internal quantum numbers as SM
particles. However, it is clear experimentally that no such particles exist, as they would be
readily detectable. Therefore, if SUSY is in fact a true symmetry of nature, it must be a
broken symmetry.

It can be shown that unbroken SUSY automatically ensures that the dimensionless cou-
plings in the quantum corrections to the Higgs boson mass discussed in Section 2.2 are
related such that no quadratic divergences occur [35]. However, if SUSY is broken, in order
to maintain this desirable property, the concept of so-called soft SUSY breaking will now
be introduced [49]. In soft SUSY breaking, the SUSY Lagrangian may be separated into
two terms: one containing all the gauge and Yukawa interactions of SUSY and another with
SUSY-violating terms but all of which have positive mass dimension. Such a requirement
on the SUSY-violating term is not excessively contrived, as it is in fact satis ed by many
viable theoretical models, including GMSB, as will be discussed in Section 2.4. It can in
fact be shown that, with such a constraint, the corrections to the Higgs boson mass have no

guadratic divergences and can be written in the following form:

2 — m2 uv
ME = Mg mIn Moo + o (2.2)
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where mgq is the largest mass scale in the SUSY-violating part of the Lagrangian, repre-
sents the di erent possible couplings (combined into one variable for illustrative purposes),
and v is the ultraviolet (UV) cuto. The UV cuto occurs at the energy scale at which
new physics emerges. For SUSY models, it is assumed that this would be near the Planck
scale.

In order for SUSY to still provide the desired cancellations, Equation 2.2 requires that
Msoit NOt be excessively large compared to the EW breaking scale (74 GeV), lest they
dominate the SM corrections and introduce the need for ne tuning. In fact, for many
of the most mathematically sound and natural SUSY models with seemingly reasonable
assumptions, mgeie is estimated to be around the TeV scale. Thus, should these models
prove correct, the lightest SUSY particles should be of this scale and therefore potentially
observable at the energies attained at the LHC.

One other critical phenomenological feature of SUSY breaking is that the states detailed
in Table 2.1 are not necessarily the mass eigenstates that would be observed. In a manner
analogous to the mixing that occurs after EW symmetry breaking, after the breaking of
both EW symmetry and SUSY, mixing may occur between the gauginos (winos and bino)
and the higgsinos and among the di erent squarks, sleptons, and the neutral Higgs bosdns
This full resulting set of mass eigenstates in the MSSM will now be brie y discussed.

EW symmetry breaking as discussed in Section 1.2.2 involved a single complex scalar
Higgs doublet. With SUSY breaking, a second Higgs doublet is introduced, doubling the
number of degrees of freedom from four to eight. The resulting mixing proceeds in a manner
similar to that of EW symmetry breaking in the SM with three massless Goldstone bosons
produced from the non-zero VEV being absorbed into the longitudinal components of the
now massiveZ and W bosons and leaving a massless photon. But now there are ve
remaining degrees of freedom from the Higgs potentials instead of one. After mixing among

the Higgs gauge eigenstates, this results in two CP-even neutral scalan® and H? (with

2|s is interesting to note that while mass terms for SM fermions and the photon and gluon are prohibited
by symmetries, this is not true for squarks, sleptons, or Higgs bosons since mass terms for scalars are not
prohibited by any symmetry. For higgsinos and gauginos, which are in a real representation of the gauge
group (unlike SM fermions), there is likewise no prohibition. All MSSM particles then already have mass
before EW symmetry breaking and interaction with the Higgs eld. Therefore, it is reasonable to expect
that all MSSM particles would be heavier than SM particles, and should the MSSM re ect reality that
all SM particles would be discovered rst.
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Mpo < Mo by convention), one CP-odd neutral scalarA®, and two oppositely-charged
scalarsH

Similarly for SUSY particles, EW symmetry breaking causes mixing between the hig-
gsinos and gauginos. The neutral higgsinos®? and B9) and gauginos € and W°) mix
into four neutral mass eigenstates known as neutralinos Iabelleeii0 (i=1;2;3;4 in order of
increasing mass). The charged higgsinos&( and ¥, ) and winos @+ and W ) mix into
two, oppositely-charged mass eigenstates known as charginos labelled (i = 1;2 in order
of increasing mass).

As for the gluons, gluinos form a color octet of linearly independent color states. The
carrying of a color charge prevents them from mixing with other MSSM particles. Thus,
their gauge and mass eigenstates are identical.

Analogously to the SM, mixing can occur within the up-type squarks, down-type squarks,
charged sleptons, and sheutrinos. The degree of mixing is characterized by thré&e 6
matrices for the rst three groupings and one3 3 matrix for the sneutrinos (due to the
lack of right-handed (s)neutrinos). In order to limit the contributions of virtual squarks and
sleptons to the observed rates of avor-changing processes in the SM, the mixing parameters
among the rst- and second-generations are generally taken to be negligible [35]. Mixing
among the left- and right-handed third-generation squarks and sleptons, however, is not
similarly constrained.

In an attempt to incorporate gravity into the theory, SUSY whose breaking thus far has
been considered to be a global symmetry it becomes necessary to promote SUSY to a local
symmetry. This local SUSY theory known as supergravity has a gravity supermultiplet (see
Table 2.1) with a spin-2 graviton and spin-3/2 gravitino, which are both massless before
SUSY breaking [50,51]. Thus far, the breaking of SUSY has been considered explicitly
as a necessity to relieve tension with empirical evidence. The fundamental nature of soft
SUSY breaking as discussed may be considered to generally emerge from the structure of the
spontaneous breaking of SUSY. In such a case, the spontaneous breaking of SUSY implies
the production of a massless Goldstone fermion known as a goldstino. After SUSY breaking,
the gravitino absorbs the goldstino into its longitudinal components and acquires mass.

A summary of all the new particles introduced by the MSSM in their mass eigenstates
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and their corresponding gauge eigenstates are shown in Table 2.2 following the discussion

and assumptions presented above.

Name Spin | Pr | Gauge Eigenstates Mass Eigenstates
Higgs Bosons| 0 | +1 HYHIH} Hy hO HO AO H
g ar 6 & same
Squarks 0 -1 8. BR € €Rr same
B & A & 866 S
€ er € same
Sleptons 0 -1 e er e same
g € € € &€
Neutralinos | 1/2 | -1 BO WO 180 189 99929
Charginos 12 | -1 W .., L o
Gluino 1/2 -1 g same
Gravitino 32 | -1 G same

Table 2.2: Summary of the gauge and mass eigenstates of the non-SM particles in the MSSM
including the gravitino.

2.4 Gauge-Mediated SUSY Breaking

In GMSB models, soft SUSY breaking is realized via new gauge interactions resulting from
the introduction of new chiral supermultiplets which couple to both the source of SUSY
breaking and the MSSM particles [52 54]. The members of the new chiral supermultiplets
are known as messengers, as they communicate the presence of SUSY breaking to the so-
called visible sector of the MSSM via the familiarSU(2) SU(2))L U(1)y gauge and
gaugino interactions’. While the messengers themselves reside at the higher mass scale
somewhere below the SUSY breaking scale, they provide mass to the gauginos and scalar
spatrticles via one- and two-loop radiative corrections, respectively.

One theoretically appealing aspect of GMSB models lies in the built-in degeneracy of

squarks and sleptons a property that limits the contribution of avor-changing processes

3GMSB models modify the running of the gauge couplings by the addition of a new scale for the mes-
sengers. However, the uni cation of gauge couplings achieved by the general MSSM discussed in Section 2.2
is maintained as long as the messengers both form complete multiplets of the SU(5) global symmetry of the
uni ed theory that contains the gauge group of the SM and do not vary excessively in mass.



CHAPTER 2. SUPERSYMMETRY 20

that are not observed. Another interesting phenomenological aspect of GMSB models is
that generally the gravitino is the LSP since it only interacts gravitationally, as opposed
to other models in which supergravity facilitates the breaking of SUSY. AssumindR-parity
conservation, all SUSY decays are then expected to eventually results in stable graviti-
nos. GMSB models may be generalized in a number of di erent ways including arbitrary
messenger masses and messenger supermultiplets that do not form complete multiplets in
an SU(5) uni ed theory [55]. However, the gravitino LSP and degeneracy of squarks and
sleptons remain general features of such models.

In many of these models the lightest neutralino is the next-to-lightest supersymmetric
particle (NLSP). Since this neutralino contains some (possibly dominant) bino component,
it could then decay to a photon and a gravitino. Another unique feature of this particular
con guration is that the lifetime of the neutralino NLSP is essentially a free parameter
in the model, as it depends directly on the SUSY breaking scale [56]. Therefore, with
su ciently high SUSY breaking scale, the neutralino becomes macroscopically long-lived,
and the photons produced in its decay would be signi cantly displaced from the neutralino
production vertex. Conversely, observation of such unusual photons would provide a key
window into the nature of SUSY breaking. In a collider experiment such at ATLAS, heavy
neutralinos produced at the IP travelling at velocities signi cantly less than the speed of
light and producing photons that recoil o the the gravitino would result in photons that
arrive at the calorimeter delayed and with their showers not pointing back to the IP. In this
case, it is possible that nearly all SUSY decays would result in photons that are displaced

in both space and time in an empirically measurable manner.

2.5 Long-Lived Particles

Before introducing the concept of long-lived particles in the context of SUSY, it is worth
noting that many SM patrticles are relatively long lived. This property arises due to various
reasons inherent to the nature of the SM, including hierarchies of scale, small mass splittings,
and weak couplings.

A hierarchy of energy scales manifested as large mass di erences between particles
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and the mediating gauge bosons leads to decays that are highly o shell and thus highly
suppressed in their decay rates, leading to signi cant longevity. For example, the only
decay mode of the charged pion ( ) allowed in the SM is via the W boson of the weak
interaction, while the neutral pion ( °) decays via the electromagnetic interaction. The
di erence in scales between QCD and the weak interaction (qcp My ) establishes a
hierarchy that suppresses the decay rate of the . Butthe ©, interacting via the massless
photon, has no such dramatic suppression. Accordingly, the lifetime of the is measured
to be about 26 ns more than 9 orders of magnitude longer than that of the © [38].

Small mass splittings can likewise suppress decay rates, which can be thought of as due
to the pseudo-symmetries they imply. For example, consider the decay of the free neutron.
This decay can only occur via a weak interaction, as for the . But in addition, the low
momentum transfer due to the isospin symmetry (tied to the near-degeneracy of the neutron
and proton) suppresses this decay rate even further such that its lifetime is about 879 s [38].

The coupling strength also directly in uences the decay rate. The bottom quark may
only decay via the weak interaction, and it couples overwhelmingly to the top quark (as
measured empirically), and its couplings to the up and charm quarks are accordingly very
small. However sincemy my, only decays to up and down quarks are kinematically
allowed. Thus, the couplings that govern the bottom quark's decay rate are very small,
and as a result, b-hadrons have relatively long lifetimes (of order picoseconds). In fact,
this phenomena allows for so-called-tagging in which b-hadrons can be distinguished from
other quark decay products partly by their displaced decay relative to the interaction point
at collider experiments.

The above reasons hierarchies of scale, small mass splittings, and weak couplings were
discussed in the context of SM particles, but for the same phenomenological reasons, BSM
particles may also be long-lived. Specically in the context of SUSY, potentially heavy
sparticles are posited as mediators of lighter BSM interactions, establishing a hierarchy of
scales. Similarly, the coupling strengths and potential mass splittings between particles in
many models are often not strictly constrained and may thus be quite small. It is therefore
well-motivated theoretically to consider the possibility of non-prompt signatures of BSM

physics.
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2.6 Exotic Higgs Boson Decays

As discussed in Section 1.2.2, the Higgs boson couples to mass and consequently, from an
experimental perspective, o ers a compelling window to hypothetical new heavy particles. It

is possible that, because of this direct coupling, the rst hints of BSM physics will come in the
form of Higgs-mediated signatures. Dedicated searches for Higgs boson decays to invisible
particles have been carried out in order to determine the limits of how completely the Higgs
boson branching ratio can be detected given the uncertainties in measurinﬁ?“ss. Such a
search recently completed by ATLAS set the 95% CL upper limit on the branching ratio

of the Higgs boson to invisible particles at 11% [57]. Such a relatively weakly constrained
branching ratio leaves a signi cant amount of available phase space and thus remains a
promising potential source of BSM physics still reachable by the LHC.

This thesis speci cally targets this open phase space of Higgs decays with displaced
photons in the nal state from some intermediate long-lived particle. While the goal is to
remain as model-independent as possible, a speci c signal model is employed in order to
investigate the sensitivity to SUSY models with long-lived particles of the type described in
this section and Section 2.5. Namely, the model involves the exotic decay of the SM Higgs
boson to two long-lived neutralino NLSPs, which each subsequently decay to a photon and
an LSP. This LSP may either be the nearly massless gravitino LSP of a GSMB-like model
or another, lighter neutralino. A range of LSP masses are considered in this analysis in
order to more fully explore di erent potential kinematic scenarios and thus to remain more
model-independent. Since there are four nal decay products from the 125 GeV Higgs
boson, the photons produced are expected to be relatively soft. Given that the abundance
of SM background processes that produce photons increases dramatically with decreasing
energy, it is untenable to trigger on events with extremely soft photons due to the limits of

the readout capabilities of the detector. Therefore, leptons produced from associated Higgs

“Traditional GMSB models have m . 1keV [35].

5Di erent models exist in which the gravitino is more massive and the lightest neutralino is the LSP,
including so-called next-to-minimal supersymmetric models (NMSSMs) [58 60]. However, we do not incor-
porate any additional, speci c model constraints in our evaluation of the sensitivity. We simply explore
the full space of Higgs boson decays to long-lived NLSPs, which then decay to photons and LSPs of any
kinematically available masses.
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boson production are used for triggering namely, Higgs bosons produced in association
with W bosons,Z bosons, ortt that contain an electron or muon in their decays. An
example of a Feynman diagram for these processes is illustrated in Figure 2.1.

The parameter space ofmyisp, Misp, and nisp IS explored with mysp and
Msp < mysp varying from 0.5 to 60 GeV (i.e. my=2 since two NLSPs are pro-
duced from the 125 GeV Higgs boson). As discussed in Section 2.4, the lifetimg.sp is
essentially a free parameter as it depends on the SUSY breaking scale. Singgsp can
thus, in principle, be arbitrarily large, it is possible that neutralinos produced at the IP
would decay outside the LAr calorimeter, leaving the photons undetected. Therefore, de-
spite the requirement (by R-parity conservation) that two neutralinos and thus two photons
be produced, the nal state measured in the detector may include either one or two photons.

It may seem that only a very ne-tuned model would allow for N sp in the narrow
window of 0:1. ¢ . 1:5m such that the photons would both be su ciently displaced to
be distinguished from those resulting from background processes and be produced before
the LAr calorimeter. However, due to the exponential nature of particle decay, despite large
lifetime values, a substantial fraction of decays still may occur in this range, as illustrated
in Figure 2.2. Thus, as will be demonstrated, the present search has signi cant sensitivity
to a relatively wide range of NLSP lifetimes.

Searches in the prompt regime for such exotic Higgs boson decays using one and/or
two photons relying on EX'sS cuts have found no excesses [62 64]. Long-lived searches
have also been carried out by both ATLAS and CMS with SM agreement observed in
all [6567]. However, these searches cover a di erent corner of the phase space, targeting
a speci ¢ benchmark GMSB model known as the Snowmass Points and Slopes 8 (SPS8).
SPS8 is generally more constrained than more modern models of general gauge mediation,
as discussed in Section 2.4. For example, in SPS8, the mass scales for gluinos, squarks,
and the bino are all the same. More generalized GMSB models grant greater exibility by
allowing for the strong production of heavy sparticles.

As a consequence of speci cally targeting exotic Higgs boson decays and of achieving
more model exibility by moving away from the SPS8 model, the resulting photons are

signi cantly softer than those examined in previous displaced photon searches. The present



CHAPTER 2. SUPERSYMMETRY 24

Figure 2.1: Feynman diagram of the process examined in this thesis. Namely, the exotic
decay of the Higgs boson to two long-lived neutralinos that each then decay to a gravitino
and a displaced photon. For triggering purposes, the Higgs boson must be produced in
association with aW boson,Z boson, ortt that contains an electron or muon in its decay.

Figure 2.2: Fraction of decays that occur in di erent subdetectors of ATLAS as a function
of 9 decay length. A model with m 0 = = 250 GeV produced from 600 GeV gluinos was
used but the impact of these specic model parameters is small compared to the qualitative
dependencies due to the detector geometry and decay length itself [61].
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search thus occupies an unexplored corner of the phase space in the context of a more widely

interpretable signal model.
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Chapter 3: The Large Hadron Collider

The Large Hadron Collider (LHC) is a high-energy particle collider with both proton

(p p) heavy ion (A A) modes that delivers collisions with a center of mass energy up
to P s =13 TeV at four interaction points (IPs). Since this thesis concerns data fromp p
collisions, the description of the LHC complex will be from that perspective, and ion colli-
sions will not be discussed further. The basics of accelerator physics and the design details

that allow for the operation of such a machine are outlined below.

3.1 Accelerator Physics

The full LHC complex contains a wide variety of specialized devices that take gaseous
hydrogen and produce two, focused, colliding 6.5 TeV proton beams. The main components
to be discussed are the radiofrequency (RF) cavities, dipole magnets, and multipole magnets.
These three elements make up the primary functional elements of the linear accelerators and
synchrotrons of the LHC complex.

RF cavities are specialized devices that produce oscillating electric elds at specic
frequencies and locations such that charged particles can be optimally accelerated. The
frequency of these RF cavities creates so-called RF buckets in the wave troughs in which
protons accumulate and form what are called bunches [68]. A proton arriving slightly out of
sync with the characteristic frequency will experience a relative force towards the center of
the nearest bucket and thus a stable equilibrium is maintained. In the LHC, during nominal
running, each proton bunch contains about10' protons.

Dipole magnets are employed in the various synchrotrons of the LHC complex to bend

protons in order to maintain them in orbit around the machine. These magnets generally
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aim to produce a constant, vertical magnetic eld such that a centripetal force is exerted on
the circulating protons. As RF cavities ramp up the energies of the protons, the strength of
the dipole eld are simultaneously increased in order to maintain the same orbit.

Multipole magnets are used to focus and ne-tune the optical properties of the beam.
The main multipole magnet type used at the LHC is the quadrupole magnet, which can be
arranged to squeeze the beam tightly together to optimize collision conditions. Many more
complex, higher-order multipole magnets are also employed for higher-order e ects on beam
optics. As a side e ect of their focusing action, multipole magnets induce so-called betatron
oscillations in the transverse direction. The magnitude of these oscillations are described
by the beta function . The basic principles of the optical properties of colliding beams
are discussed below, which further illustrates the importance of the focusing characteristics
a orded by the various multipole magnets.

The goal of a patrticle collider like the LHC is to deliver the maximum number of collision
events, which can be represented by the following simple equation:

Z
N = L (t)dt (3.1)

whereN s the expected number of events for a given process is the cross-section for

, and L is the instantaneous luminosity. Cross sections represent probabilities of specic
processes during collisions and thus depend on the nature of the physical processes involved.
Luminosity is proportional to the total number of collisions that occur and depends on many
beam parameters under the control of the operator. Thus, along with maximizing the energy
to investigate new, unexplored physical regimes, maximizing luminosity is considered the
primary goal of an e ective collider.

The luminosity may be expressed in the following manner:

Ngnbf rev r

L =
4

F (3.2)

where Ny, is the number of particles per bunch,ny is the total number of bunches per beam,
frev is the revolution frequency,  is the relativistic gamma factor, ", is the normalized

transverse emittance, is the beta function at the IP, and F is the geometric luminosity
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reduction factor [69]. The transverse emittance is a measure of the spread of the beam in
the transverse direction taking into account both the RMS of the transverse beam width

and the betatron oscillations in that direction:

N

" — (3.3)
with normalized emittance ", =  ;". F e ectively reduces the luminosity due to the fact
that the beams do not collide head-on but rather at a crossing angle; at the IP:

1=2
F= 1+ cz (34)

2

where ; is RMS of the bunch length and is the RMS of the transverse beam width at
the IP.

Equations 3.1 3.4 make clear that, in order to maximize the number of observed events
for collisions at a given energy, the beams must contain many, densely-populated bunches
that are focused as tightly as possible in the transverse direction and, to a lesser extent, in
the longitudinal direction. Such are the goals of the various components of the LHC complex
and the multipole magnets that nely tune the beam parameters to optimize the luminosity
delivered at the IPs.

A precise measurement of the luminosity is critical to nearly all physics activities asso-
ciated with the LHC since this quantity informs the expected frequency with which each
physics process SM or not is observed. Computing the luminosity values from the quan-
tities in Equation 3.2 turns out to not be particularly precise, mainly due to relatively
large uncertainties on  and other complex beam-beam interactions. Instead, special van
der Meer scans are performed in which the beams are separated from each other in the
transverse direction, and the resulting event rates are measured as a function of this sepa-
ration [70]. The absolute luminosity can then be computed based on the rate of inelastic

scatters Rinel and the inelastic cross section ine as follows::

YUnder the assumption that the beam densities in the x- and y-directions do not contain any complex,
non-separable interdependencies.
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L = Rinel _ Npf revN1N2 (3.5)
inel 2 Xy

wheren; and n, are the populations of each beam, andy and  are the standard deviations

of the spread of event rate vs. beam separation in th&- and y-directions, respectively.

3.2 LHC Design

The LHC accelerator ring lies within the previously existing tunnel used for the electron-
positron-colliding LEP experiment near Geneva, Switzerland on the border with France [69].
The approximately circular underground tunnel is about 26.7 km in circumference and
consists of eight short straight sections ( 150 m long) and eight arcs connecting them.
Two beams circulate in opposite directions around the ring and are then steered into each
other at the IPs. The eight straight sections contain various beam services such as beam
cleaning, injection, dump, and RF acceleration, as well as four experimental caverns at
which beam collisions occur and the resulting products are studied. The arcs contain about
1,200 superconducting dipole magnets that bend the protons along the arcs, about 400
superconducting quadrupole magnets that focus the beam into concentrated bunches, and
many other secondary magnets that perform various tasks for ensuring optimal beam optics.

A novel, compact, twin-bore superconducting dipole magnet system was designed specif-
ically for the LHC, which provides two oppositely directed magnetic elds for the two beams
while sharing a single cold vessel. The magnets are coupled for the two beams, reducing
exibility for the optimization of beam conditions, but their design is relatively compact
(a requirement for the restrictive 3.7 m tunnel size) and cost-e ective. Niobium-titanium
superconducting cables are cooled to 1.9 K using super uid helium to produce the magnetic
eld of about 8 T to maintain 6.5 TeV protons in orbit.

The chain of the major machines used by the LHC for proton injection is illustrated
schematically in Figure 3.1 and described briey below. An electric eld is applied to
gaseous hydrogen, stripping the electrons and leaving the bare protons. These protons are
then guided by focusing and bending magnets into a linear accelerator known as Linac 2,

which uses RF cavities to accelerate groups of protons up to an energy of 50 MeV. The



CHAPTER 3. THE LARGE HADRON COLLIDER 30

beams are then sent through a series of four synchrotrons: the Proton Synchrotron Booster,
the Proton Synchrotron, the Super Proton Synchrotron, and nally, the LHC itself. These
machines accelerate the protons up to energies of 1.4 GeV, 25 GeV, 450 GeV, and 6.5 TeV,
respectively.

In the LHC, the RF cavities operate at a frequency of 400 MHz, corresponding to 2.5 ns
spacings between RF buckets. Buckets are organized around the full LHC ring to allow
for 25 ns between bunches with empty buckets in betweén This then corresponds to a
bunch crossing frequency of 40 MHz the data rate at which all detectors at the LHC were

designed to collect data.

Figure 3.1: Diagram of the LHC complex illustrating the full beam injection chain [71].

The full procedure from Linac 2 to injection of oppositely-circulating bunches into the
LHC is repeated multiple times until the desired beam intensity and bunch con guration
is achieved. Then, after the beams are ramped up the nominal 6.5 TeV each, focusing
magnets near the four IPs optically adjust and squeeze the beams and prepare them for
collision. The beams are then carefully bent until they cross at the desired location. After

nal adjustments are made, the declaration of stable beams is made, and while conditions

2To be precise, the RF cavity frequency, bunch crossing frequency, and bunch spacings are in fact
400.8 MHz, 40.08 MHz, and 24.95 ns, respectively. However, for simplicity, in the rest of this thesis,
400 MHz, 40 Hz, and 25 ns will be used.
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remain nominal, collisions between proton bunches proceed for several hours, and the various
experiments collect data. Depending on beam conditions and con guration, 10 70 proton-
proton interactions occur during each bunch crossing at the ATLAS IP (see more details
in Section 3.3). This number of interactions per bunch crossing is known as pileup. As
collisions occur, the bunches slowly de-populate over time until it is more e cient to dump
the beams and re- |l than to continue circulating beams of such intensity. The cycle from
LHC injection to beam dump is depicted schematically in Figure 3.2. This entire process is

then repeated constantly, day and night, during scheduled operation of the machine.

Figure 3.2: Diagram illustrating the typical operation of the LHC beam [72].

3.3 Run 2 Conditions & Operations

The LHC was designed to operate up to a peak instantaneous luminosity of:1

10%* cm 2s 1. Due to improvements in beam operations, the need to adjust beam con-

gurations to handle certain beam issues, and various other operational reasons, a range of
di erent rates of integrated luminosities as well as pileup values and were observed during

collisions throughout Run 2 (2015-2018, the period during which the data used for this the-

sis was collected). Figure 3.3 shows the cumulative integrated luminosity over time. It also

includes the amount recorded by ATLAS (one of the detectors at the LHC, to be discussed

in detail in Chapter 4) and the amount considered good for physics. The former is reduced

compared to the delivered amount due to ine ciencies in data acquisition and ramping up of



CHAPTER 3. THE LARGE HADRON COLLIDER 32

inner detector systems after stable beams are declared (see Chapter 4). The latter requires
the proper functioning of all subsystems, including many additional data quality checks.
In total, about 139 fb ! of good physics data was collected by ATLAS throughout Run 2
and will be considered in this thesis. Figure 3.4 illustrates the frequency of di erent pileup
values observed by ATLAS. Generally, over time with constantly improving operations of
the LHC and the detectors at the IPs, pileup was increased to allow for more data to be
collectecP. This presented signi cant data acquisition challenges as it signi cantly stressed

the processing and ltering power of the detectors (see Section 4.7).

Figure 3.3: Cumulative integrated luminosity Figure 3.4: Mean number ofp p interac-

over time for all of Run 2 [73]. tions per bunch crossing weighted by lumi-
nosity throughout Run 2 and separated by
year [73].

The next chapter will focus speci cally on one detector at the LHC, namely the ATLAS

experiment, which collected all of the data used in this thesis.

3The shoulder on the right side of the distribution for 2017 corresponds to a speci ¢ non-nominal bunch
con guration that was used for much of the year to mitigate problems with the magnet system. Pileup was
increased to compensate for the resulting loss in luminosity.
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Chapter 4. The ATLAS Detector

The ATLAS detector is one of two general-purpose particle detectors at the LHC, the other
being CMS. A detailed description of the detector, its design, installation, and expected
performance is presented in Ref. [74]. A general summary of the detector and its subsystems
follows, with a special emphasis on the liquid argon (LAr) calorimeter, which plays a central

role in the analysis presented in this thesis.

4.1 Detector Overview

The ATLAS detector was designed to study the products ofp pand A A collisions at
energies previously unachieved at any particle collider. The overall goal of the detector
is to measure, as precisely as possible, all products of such collisions while optimizing for
the anticipated signatures of the Higgs boson and possible signatures of physics beyond the
SM. Doing all of this in a high-radiation environment with many essentially simultaneous
collisions occurring at a rate of 40 MHz presents a signi cant challenge that drove many
decisions of the detector design.

The detector generally consists of di erent layers surrounding the beam in a cylindrical
manner that make up subsystems that perform various detector functions. Before beginning
to describe each subsystem, let us de ne a set of commonly-used terms and conventions.
The intended IP for the collision of beams from the LHC is considered the origin of the
coordinate system used for the ATLAS detector. Thez-axis is de ned to be aligned along
the beam direction at the IP, the x-axis points to the center of the LHC ring, and the
y-axis points vertically upward. The transverse direction, used for quantities such as the

transverse momentumpr and transverse energyEr, is de ned as the direction transverse



CHAPTER 4. THE ATLAS DETECTOR 34

to the beam, i.e. thex vy plane. This transverse direction carries particular importance
since the momentum of the colliding beams is zero in this direction. Thus, the negative net
transverse momentum in the detected collision products corresponds to so-called missing
transverse energy EMSS), which is a crucial variable in the study of BSM physics that
may allow for the production of new particles that escape undetected. Using cylindrical
coordinates, the azimuthal angle is measured from thex-axis around the z-axis, and the
polar angle is measured from thez-axis.

A more convenient parameter to describe the polar displacement in the context of high

energy physics is known as pseudorapidity (), de ned in Equation 4.1.

In tan - 4.1
nan2 4.1

The convenience of pseudorapidity over the polar angle lies in the Lorentz invariance of
di erences in pseudorapidity, as well as the fact that particles in hadron collisions are dis-
tributed roughly uniformly in pseudorapidity in the high-energy (massless) limit. Central,
low- regions of the detector are often described as the barrel, while outer, high+egions
are known as the end-caps.

A diagram illustrating the coordinate system presented is shown in Figure 4.1.

y
A LHC Ring

ATLAS
Figure 4.1: ATLAS coordinate system.

To describe angular distance in the plane, a quantity R is de ned in Equation
4.2.

R ( )2+( )2 (4.2)
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An overall view of the ATLAS detector and its main subsystems can be found in Fig-
ure 4.2, and some key, general performance goals of the ATLAS detector are shown in

Table 4.1.

Figure 4.2: An overall view of the ATLAS dector with major subsystems labeled [74].

Detector Component Required Resolution Coverage
Measurement \ Trigger
Tracking pr =Pr = 0:08%pr 1% 2.5
EM Calorimetry £=E =10%= E 0:7% 3.2 2:5
Hadronic Calorimetry (jets) D
Barrel and End-Cap g =E = 50%-= dzi 3% 3.2 3:2
Forward e=E =100%= E 10% 31<jj<49|31l<jj< 49
Muon Spectrometry pr =Pr =10% at pr =1 TeV 2.7 2:4

Table 4.1: Expected design resolutions angl j coverage of the main detector components of
the ATLAS detector. E and pt are in units of GeV [74].

Now each subsystem of the ATLAS detector will be presented, from the innermost region

near the IP outward.
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4.2 The Inner Detector

The inner detector (ID), located directly outside the beam pipe where collisions take place,
is responsible for precise momentum and vertex position measurements for charged particles
and also contributes to the identi cation of electrons. The ID achieves these goals by
employing high-resolution semiconductor pixel detectors, strip detectors, and straw-tube
tracking detectors, which are all immersed in a 2 T magnetic eld produced by the central
superconducting solenoid magnet to induce the bending of charged particles for momentum
measurements (see Section 4.5 for details on the magnet system).

An overview of the layout of the ID can be found in Fig. 4.3. Some key parameters of

the ID can be found in Table 4.2.

Item Radial Length (mm) No. of
Extension (mm) Channels
Overall ID O0<R< 1150 0< jzj < 3512
envelope
Beam-pipe 29<R< 36
IBL Overall envelope 300<R < 400 6.02 1P
Sensitive hRi = 25:7 0< jzj< 332
Pixel Overall envelope 455<R < 242 0<jzj< 3092 | 804 1CP
3 cylindrical layers  Sensitive barrel 505<R < 1225 0< jzj < 4005
2 3disks Sensitive end-cap 888< R < 1496 495< jzj < 650
SCT Overall envelope 255< R < 549 (barrel) 0< jzj < 805 6:3 1P
251<R < 610(end-cap) | 810< jzj < 2797
4 cylindrical layers  Sensitive barrel 299<R< 514 0< jzj< 749
2 9disks Sensitive end-cap 275<R < 560 839< jzj < 2735
TRT Overall envelope | 554<R < 1082 (barrel) 0<jzj<780 | 351 10
617< R < 1106(end-cap) | 827< jzj < 2744
73 straw planes Sensitive barrel 563<R < 1066 0<jzj< 712
160 straw planes Sensitive end-caf 644<R < 1004 848< jzj < 2710

Table 4.2: Design parameters of the various ID subsystems [74].

The high-precision measurements are carried out by the Insertable B-Layer (IBL), pixel,

and semiconductor (SCT) trackers in the regionj j < 2:5. The trackers are arranged in

concentric cylinders around the beam line in the barrel region and parallel disks around the
beam line in the end-cap region. In the barrel, the granularity is highest closest to the IP
with the silicon pixel detectors, consisting of about 80.4 million readout channels. Each
400 m?inR

sensor has a pixel size of approximatel$0 z and are arranged such
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that a typical particle track will pass through three pixel layers. Such an optimized layout
allows for intrinsic accuracies of 10 m (R ) and 115 m (2) in the barrel and 10 m
(R ) and 115 m (R) in the end-caps.

In 2014, the IBL was installed for preparation for expected higher luminosities and to
compensate for aging e ects on the pixel detector due to radiation damage [75,76]. Located
between the beam pipe and the rst pixel layer, the IBL adds additional redundancy with
one extra hit in this critical small-radius region. It contains about 6 million pixel readout
channels as is comprised of 14 carbon- ber support staves with 200m doped planar silicon
sensors in the central region and 230 nm, more radiation-resistant 3D silicon sensors in the
forwards regions. The sensor resoluation are about 10m in R and 75 min z.

The SCT consists of about 6.3 million readout channels arranged into eight strip layers,
which are paired into four measurements in space with a 40 mrad stereo angle between pairs
in order to resolve bothR and z. In the barrel region, 6.4 cm square sensors are aligned
along the z direction with a strip pitch of 80 m. In the end-caps, wedge-shaped sensors
are oriented radially with the same 80 m strip pitch as in the barrel. These arrangements
a ord intrinsic accuracies of 17 m(R ) and 580 m (z) in the barreland 17 m (R )
and 580 m (R) in the end-caps.

Outside of the pixel and SCT detectors lies the transition radiation tracker (TRT),
consisting of 351,000 straw-tube readout channels. Each straw has a diameter of 4 mm and
is lled with a Xe/CO ,/O , gas mixture with a wire anode through the center that collects
ionized particles from interactions between incident charged particles and the gas. The drift
times from the particle location to the anode along a particular straw provide measurements
in R with an intrinsic accuracy of 130 m. The straws are aligned in thez direction in
the barrel with lengths of 144 cm and radially in the end-caps with lengths of 37 cm. The
TRT collects a much larger number of hits (typically 36 per track) that provides valuable
information for track-following.

The combination of the extremely precise measurements from the pixel and SCT detec-
tors near the beam line and the large number of measurements over a larger length from
the TRT further out allows for very precise momentum measurementsR and z local-

ization, vertexing and impact parameter measurements, and pattern recognition for particle
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Figure 4.3: A schematic diagram of the ATLAS ID, showing the layouts of the pixel, strip,
and transition radiation detectors [74].

identi cation and triggering.

4.3 Calorimeters

The ATLAS calorimeter systems measure the energy of electromagnetic (EM) and hadronic
particles and contribute to particle identi cation. The layout of the various calorimeter
systems, which cover the region of j < 4.9, are shown in Fig. 4.4. Based on the di erent
physics and detector requirements and environments in di erent regions, the calorimeters
feature several di erent subsystems with di erent designs and layouts. The central regions
must provide relatively high-precision energy and spatial measurements to coordinate with
information from the ID (especially concerning electron and photon measurements), and
the outer end-cap regions must have su cient performance for proper jet reconstruction
and EMss measurement while remaining radiation tolerant in the radiation-intense forwards
regions. Additionally, the calorimeters must provide su cient containment such that all
SM particles except muons and neutrinos are absorbed in the calorimeters. This is both

to limit punch-through of other particles to the muon system and to achieve preciseeT'ss
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measurements critical to identifying potential BSM physics.

Figure 4.4: Diagram of the liquid argon and tile calorimeters, which sit outside the ID and
solenoid magnet [74].

4.3.1 Liquid Argon Calorimeter

An overview of the LAr calorimeter itself and the collection and processing of the signal are

discussed below. A more complete description is listed in Ref. [77].

4.3.1.1 Design & Structure

The LAr calorimeter consists of four sections: the EM barrel (EMB), EM end-cap (EMEC),
hadronic end-cap (HEC), and forward (FCal) calorimeters, covering the region$ j < 1:475,
1:375<j j< 32,15<jj< 32 and 3.1 < | j< 49, respectively.

The LAr calorimeter is a sampling calorimeter with cryogenically-cooled liquid argon
as the active medium and various materials interspaced as absorbers. In the EM sections
(EMB and EMEC), lead plates are used as the passive material; in the FCal, there are
copper and tungsten absorber matrices; and in the HEC, parallel copper plates form the

absorbers. Cryogenic cooling is provided by three cryostats: one serving the EMB and one
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each for the two sides that serve the EMEC, HEC, and FCal.

LAr is advantageous for calorimetry for many reasons. First, its reliably linear response
allows for precise, well-understood measurements. Secondly, since it is a liquid, it can I
a large volume uniformly without cracks. Thirdly, when properly puri ed, it is chemically
stable over time. And nally, it is very radiation-tolerant, capable of operating under LHC
collision conditions without signi cant degradation in performance.

In the EMB and EMEC, the lead plate thickness is optimized as a function ofj j to
maximize the energy resolution while ensuring that the calorimeter is capable of su ciently
absorbing high-energy EM objects. The electrodes within the LAr gaps are arranged in
accordion-like structures as illustrated in Fig. 4.5. This unique structure is self-supporting
with full, uniform azimuthal coverage and no additional dead material for supports. The
design also signi cantly reduces the inductance of the readout electrodes, allowing for a

faster signal rise time and better timing performance.

Figure 4.5: Diagram of the accordion electrode structure of the EMB and EMEC calorime-
ters. [77].

The LAr calorimeter cells are segmented with varying granularity both laterally in  and
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as well as longitudinally, i.e. in depth. The granularity in and as a function of for
the EM sections are detailed in Table 4.3. In the precision-physics region with j < 2.5, the
lateral granularity is nest. Additionally, a so-called presampler layer exists in the region
j j < 1:8in order to account for radiative losses of EM objects before the calorimeter. In the
rst layer, there is especially ne segmentation in in order to resolve the pairs of photons
from O decays and thus achieve e cient rejection of such objects. Such ne segmentation
also allows for precise measurements of the pointing of photons (see Section 5.2.1), which
reduces the mass resolution of diphoton Higgs boson decays by improving the identi cation
of the vertex from which the photons originated. Photon pointing also provides a valuable
discriminating variable for the identi cation of potential BSM long-lived particles decaying
to EM objects, which would tend to produce electrons/photons that do not point back to
the IP. Such reasoning is a crucial discriminating feature in the analysis presented in this

thesis.

Table 4.3: Granularity in of cells in the EM sections of the LAr calorimeter [77].

The HEC consists of wedge-shaped conventional parallel copper plate electrodes arranged
in two wheels per end-cap. A schematic of one of the 32 modules in each of these wheels
is shown in Figure 4.6. The HEC shares cryostats with the EMEC and FCal and overlaps
slightly in  with the FCal and tile calorimeters in order to achieve a higher density to
compensate for the loss that occurs in the transition region between di erent detectors.

In order to improve uniformity and reduce the radiation in the muon system, the FCal
is built into the end-cap cryostat system itself. The FCal consists of copper and tungsten
absorber matrices with rod electrode structures and LAr lling the gaps between the two.

This module layout is illustrated in Figure 4.7.
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