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Abstract

The Standard Model of particle physics encompasses three of the four known
fundamental forces of nature, and has remarkably withstood all of the experimental
tests of its predictions, a fact solidified by the discovery, in 2012, of the Higgs boson.
However, it cannot be the complete picture. Many measurements have been made
that hint at physics beyond the Standard Model, and the main task of the high-
energy experimental physics community is to conduct searches for new physics in
as many different places and regimes as possible. I present three searches for new
phenomena in three different high-energy collider experiments, namely, a search for
events with at least three photons in the final state, which is sensitive to an exotic
decay of a Higgs boson into four photons via intermediate pseudoscalar particles,
a, with ATLAS, at the Large Hadron Collider; a search for a dark photon, also
known as an A', with APEX, at Thomas Jefferson National Accelerator Facility;
and a search for a Higgs decaying into four tau leptons via pseudoscalar a particles,

with ALEPH, at the Large Electron-Positron collider.
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Introduction

The Standard Model (SM) of particle physics [1, 2, 3] is one of the most suc-
cessful intellectual achievements of humankind. Starting from basic mathematical
frameworks, namely a combination of quantum field theory and group theory, one
can make definite and clear predictions as to what one should see in a wide range
of high energy collider experiments. Throughout the 20th century, over the course
of the development of the SM, the interplay between theory and experiment re-
sulted in predictions being made and experiments being carried out, and the results
validated the theory to an impressive degree. At the energy scales accessible to
the past and current collider community, the ideas that nature at the fundamen-
tal particle level is described by a gauge field theory involving the gauge group
SU(3)c x SU(2) x U(1)y and that the rates at which particles will be produced
in collider experiments (and their properties) can be determined via the mathe-
matical tools provided by quantum field theory, is now established to a high degree
of certainty. The theory of the strong force, quantum chromodynamics, including
the physical reality of quarks, gluons, and their interactions, was predicted and
verified experimentally. The massive W boson was discovered and soon identified
as a key component of the electroweak theory, and the discovery of the Z boson,
and its role in the theory, was made soon thereafter. And a scalar boson that
very much resembles the final remaining piece of the SM puzzle, the Higgs boson,
the particle manifestation of the scalar field responsible for electroweak symmetry
breaking, was discovered in 2012 by the ATLAS and CMS collaborations [4, 5].
The validity of the SM is well established.

However, the SM cannot be the complete picture of nature at all fundamental

scales. One reason is that it does not include gravity, which is known to exist.



Furthermore, it cannot explain the strong CP problem, i.e., the fact that, although
there are terms in the QCD Lagrangian that naturally violate CP, this violation
is not observed in experiments that probe the QCD sector. Yet another reason is
that the measured value of the magnetic moment of the muon differs significantly
(corresponding to a deviation of more than 30) from the SM prediction. And
yet another is the existence of dark matter, which is established by astrophysical
observations. Many experiments are currently being performed to try and uncover
the sources of these discrepancies, and a good explanation of them would either
require a clever augmentation of the SM, or a wholly different theory.

In the SM, the gauge groups correspond to different fundamental forces of
nature, each of which is manifest at the particle level as a gauge boson, or force-
carrying particle (or class of particles). For the strong force, the gauge bosons
are gluons. For the weak force, the gauge bosons are the W* and Z bosons.
And for electromagnetism, the gauge boson is the photon. One way that the SM
could be augmented to accommodate the discrepancies mentioned above is if the
SU(3)e x SU(2)r x U(1)y gauge group mentioned above were only part of the
story, i.e., if there were other gauge groups that, when combined with the SM
gauge group, formed a larger gauge group that is broken down to the SM, leading
to the particle content we observe. An experimental consequence of this is that the
positing of gauge field extensions implies more gauge bosons to be discovered at
collider experiments. Two plausible SM extensions that could result in new gauge
bosons within the grasp of current experiments are highlighted hereafter.

In the SM, the process by which the electroweak force is broken into electro-
magnetism and the weak force, giving rise to the massive and massless physical

gauge bosons we observe, is called electroweak symmetry breaking. It is accom-



plished via the Brout-Englert-Higgs mechanism [6, 7, 8, 9, 10, 11], which results in
the physical mass states of the massless photon (the gauge boson of electromag-
netism) and the massive W* and Z bosons (the gauge bosons of the weak force),
in addition to one massive scalar, the Higgs boson. This particular combination of
massive weak gauge and Higgs bosons, and the massless photon, is a consequence
of the way the gauge fields combine with the scalar Higgs doublet. Before elec-
troweak symmetry breaking, the electroweak part of the SM gauge group is made
up of a single complex SU(2), scalar doublet, with four degrees of freedom, an
SU(2). gauge field with three gauge bosons, each with two degrees of freedom,
and the U(1)y weak hypercharge gauge field, with two degrees of freedom. After
electroweak symmetry breaking, there are three massive vector gauge bosons for
the weak force, the W* and Z bosons, each with three degrees of freedom, a mass-
less photon, with two degrees of freedom, leaving one degree of freedom left, for
the massive scalar Higgs boson. Thus, the Higgs sector contains four degrees of
freedom, three of which are used to give masses to the physical W* and Z bosons,
and the fourth of which results in the massive Higgs boson, h.

The simplest extension to the SM is the addition of a singlet field that results
in an extra pseudoscalar particle, a, that couples to the Higgs. Such an addition is
well motivated and well studied in many models involving simple singlet fields (e.g.,
Ref. [12]) or singlet fields as a part of supersymmetric theories (e.g., [13, 14, 15]).
Supersymmetric models such as the minimal supersymmetric SM (MSSM) also
often add one doublet, which is the next simplest extension of the Higgs sector,
and which would leave five extra degrees of freedom and, hence, five scalar particles,
rather than the one of the SM. Of these five, one would be the SM Higgs (h), two

are charged under electromagnetism (H*), one is an additional CP-even scalar



(H) with higher or lower mass than the m;, = 125 GeV/c? of the SM Higgs,
and the last would be a CP-odd scalar, i.e., a pseudoscalar (A). Moreover, the
next-to-MSSM (NMSSM) contains an additional singlet field, which gives rise to
another, typically low-mass, pseudoscalar (a). This is the basic idea behind two
Higgs doublet models, which are well studied (e.g., [16]). Both of these extensions
have, as a consequence, new scalar or pseudoscalar particles that can either be
produced directly in existing collider experiments (or those of the recent past)
or can couple to other scalars, including the scalar boson that resembles the SM
Higgs particle that has been discovered at the LHC. This coupling (or mixing with
other scalars or pseudoscalars) can result in Higgs-related final states that could
be discovered at ATLAS and CMS. In the context of the newly discovered scalar
that resembles the SM Higgs, the observation of an excess in a two-object final
state that is part of a cascade decay of the SM Higgs into four SM particles via an
intermediate pseudoscalar (i.e., a decay of the form h — aa — 2X2Y, where a is
the pseudoscalar, and X and Y are final state particles) would be the first hint at
fundamental physics beyond the SM at collider experiments. And, as mentioned
above, the identification of a new gauge boson could mean the discovery of another
fundamental force of nature previously undetected. Such an identification involves
searching for novel signatures at ATLAS and CMS that are uncovered by current
or previous analyses.

Another way that a new force of nature could have gone undetected is if the
force-carrying particle (gauge boson) were a vector (i.e., with spin = 1), with a
mass below ~ 1 GeV/c? and were very weakly coupled to the SM photon via
kinetic mixing, through quantum loops of SM particles. Such a new vector gauge

boson is well motivated and studied (e.g., [17, 18, 19]), and is often referred to



as a U-boson, hidden photon, dark photon, or A’. The existence of such an A’,
with ma < 1 GeV/c? and with fractional electromagnetic charge of ¢ < 1072
could possibly explain observed dark matter anomalies, as well as the observed,
discrepant value of the magnetic moment of of the muon. (See Ref. [20] for a
complete discussion.) But more generally, it would represent the first detection of
a new fundamental force of nature beyond those of the SM and gravity, and would
radically alter the theoretical and experimental landscape for generations to come.

The most intriguing aspect of such a low-mass vector gauge boson is that it can
be searched for at existing medium-energy (1 < Epeam < 12 GeV) fixed-target elec-
tron beam facilities — such as the Thomas Jefferson National Accelerator Facility
(JLab), in Virginia, and the Mainz Microtron, in Mainz, Germany — that have
been designed primarily for hadronic spectroscopy and for precision measurements
of strong force dynamics. Such searches require high mass resolution and large
datasets, both of which can be readily achieved at current facilities.

This document is organized as follows. Chapter 1 presents a search for new
phenomena in events with at least three photons in the final state using data
collected by the ATLAS detector in 2012 at a center-of-mass energy of /s = 8
TeV. Such a search could possibly discover a new pseudoscalar, a, similar to the
one described above, that would result from the decay of the SM Higgs boson, h,
and that would subsequently decay into four photons. Chapter 2 describes APEX,
the A Prime EXperiment, which is a fixed target experiment at JLab that searches
for an A’, as mentioned above, and for which a test run was held in 2010. Finally,
Chapter 3 details an analysis of data collected by the ALEPH detector at the Large
Electron-Positron (LEP) collider which would be sensitive to the decay of a SM

Higgs into four tau leptons via intermediate pseudoscalars, a.



Chapter 1

A search for new phenomena with
at least three photons in the final
state, with ATLAS

1.1 Introduction and Motivation

Many extensions of the Standard Model (SM) include phenomena that can
result in final states consisting of three (or more) photons (“multi-photon final
states”) in proton-proton collisions. Extensions of the Higgs sector [21, 12, 16],
for example, often include CP-odd particles (a) with couplings to the Higgs and
branching ratios into photons that would be visible at the LHC. Other models [22]
feature additional vector gauge bosons that can decay to a photon + a, with the
subsequent decay of the a into a pair of photons, resulting in a three photon final
state. Moreover, non-minimal extensions of the SM gauge group [23] can include

stable dark matter candidates that are charged under a hidden SU(N) symmetry,



resulting in couplings of dark matter to an exotic scalar, S. These scalars can have
couplings to SM Z bosons and photons, and can be produced in pairs in Z boson
and off-shell photon decays. The resulting “S-hadrons” can decay into photon
pairs, resulting in four photon final states.

Moreover, in the SM, the Z boson can decay to three photons via a loop of W/~
bosons or fermions. The decay is heavily suppressed and the branching ratio is
predicted to be ~ 5 x 1071% [24]. The current strongest bounds on this process
come from the L3 Collaboration, which placed a limit of BR(Z — 37) < 1077 [25].
The ATLAS detector has collected ~ 10? Z events, and thus has the possibility of
either observing this decay or placing the strongest current bounds on this process.
An enhancement of this decay rate could be evidence of phenomena not predicted
by the SM.

Feynman diagrams for some of these beyond-the-Standard Model (BSM) and
rare SM scenarios are shown in Figure 1.1.

To ensure sensitivity to these and other possible rare SM and BSM scenarios, an
inclusive three-photon search is performed using 20.3 fb~! of LHC proton-proton
collisions collected by the ATLAS detector in 2012 at a centre-of-mass energy of 8
TeV.

The dominant irreducible backgrounds arise 1) from the prompt production of
two photons where a third photon arises from the underlying event and 2) when
a quark exchanged in the hard process radiates three or four prompt, energetic
photons. The dominant reducible backgrounds come from processes involving real
photons + QCD jets, where the jets are misidentified as photons, and Z bosons
decaying to electrons which are misidentified as photons. A small contribution

comes from W boson decays to lepton+neutrino in association with a hard-process
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Figure 1.1: Feynman diagrams for possible beyond-the-Standard Model and rare
Standard Model scenarios that result in multi-photon final states.

photon and jets.

In this analysis the expected yields from irreducible SM photon processes and
the electron backgrounds are estimated with Monte Carlo (MC) simulations. The
possible mis-measurement of the rate of electrons faking photons in simulated sam-
ples is addressed by selecting events in data and MC that have a high probability
of arising from Z boson decays and comparing the distributions. The electron MC
is then scaled to match data.

The contributions from jet backgrounds are estimated using a method that
employs photon isolation efficiencies and jet fake rates calculated from collision
data. Evidence of new phenomena would appear as an excess in the signal region,
defined as the set of events with three tightly identified photon candidates which
pass a criterion on the amount of transverse energy in a cone around the center
of the energy deposit in the electromagnetic calorimeter (“isolated”) and with

transverse momenta (pr) above a threshold, and that appear in the fiducial detector



volume. Control regions are then defined as sets of events where at least one of
the photon candidates fails either isolation or tight ID, or both. A full description
of the object and event selection appears in Section 1.4.

A key component of the analysis is the data-driven estimate of the jet back-
grounds, in which the standard tight (T) and loose (L) photon identification cat-
egories are augmented with a loose-prime (L) definition intermediate between T
and L, that relaxes some requirements on some discriminating variables based upon
energy deposits in the electromagnetic calorimeter and, when combined with the
requirement that the photon candidate also fail T, provides a sample of photon
candidates that is primarily composed of jets faking photons. Photon isolation
efficiencies and jet fake rates are calculated for three regions in the pr — 7 plane,
and these values are used as an input to a likelihood matrix method. The output
of the method is the expected contributions from final states consisting of jets plus
photons or solely jets in signal and control regions. The method, and its validations

on MC samples, is described in Section 1.5.3.2.

1.2 The ATLAS Detector

ATLAS (A Toroidal LHC ApparatuS) is one of the two general purpose de-
tectors at the Large Hadron Collider (LHC) that have been built for analyzing
proton-proton or heavy ion collisions. It has been designed to ensure sensitivity
to a wide variety of signatures of possible new physics accessible at the high ener-
gies and luminosities achievable at the LHC, which are the highest ever used by
mankind in an accelerator experiment. These high energies and luminosities result

in interaction rates, radiation levels, and particle multiplicities not encountered
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Figure 1.2: The ATLAS Detector and its subsystems.

at previous experiments, and the levels of precision needed to be sensitive to new
phenomena under such difficult conditions has led to the construction of one of the
most technologically advanced experimental devices ever built. The detector is the
result of the work of thousands of physicists, engineers and technicians conducted
over a period of fifteen to twenty years, and is described in detail elsewhere [26].
Given here is an overview of the detector, followed by a brief discussion of the
electromagnetic calorimeter, which is the most important ATLAS sub-system for

the multi-photon analysis.

1.2.1 Overview

The ATLAS detector [26](shown in Fig. 1.2) consists of an inner detector im-
mersed in a 2T solenoidal magnetic field, as well as electromagnetic and hadronic

calorimeters and a muon spectrometer that uses toroidal magnets. The inner de-

10



tector measures tracks of charged particles over the full azimuthal angle ¢ and in
a pseudorapidity range of || < 2.5 ! using silicon pixel, silicon microstrip, and
transition-radiation straw-tube detectors. The transition-radition detectors also
distinguish electrons from more massive charged particles in the range |n| < 2.0.
Liquid-argon (LAr) electromagnetic sampling calorimeters provide coverage in the
range |7| < 3.2 with high granularity (see the next section). For hadronic calorime-
try, steel and scintillator tiles provide coverage for |n| < 1.7, and in the endcaps
(In| > 1.5), LAr is also used to provide for hadronic calorimetry, matching the outer
|n| limit of the endcap electromagnetic calorimeters. The LAr forward calorimeters
extend both electromagnetic and hadronic calorimetry coverage to |n| < 4.9. The
region between the barrel and endcap EM calorimeters, 1.37 < |n < 1.52, due to
the presence of cables and other matter in front of measurement instruments, is
expected to have poorer performance, and electromagnetic objects in this region
are often excluded from analyses. The calorimeters are surrounded by the muon
spectrometer, which covers |n| < 2.7. Excellent muon momentum resolution is
achieved with three layers of high precision tracking chambers. Triggering is pro-
vided by a three-level system and is used to quickly select and record potentially

interesting events to be analyzed offline.
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Figure 1.3: The ATLAS calorimetry system.

1.2.2 Electromagnetic calorimeter

The ATLAS electromagnetic calorimeter (EMC, shown in Fig. 1.3) has been
designed to provide high levels of discrimination between electrons and photons,
between pion decays and photons, and between unconverted photons and photons
that have decayed into an electron-positron pair. To accomplish this, a unique
accordian-like geometry has been utilized, and three-layer calorimeter system em-
ployed, with very high-granularity in the first layer. Photons are identified and

reconstructed as isolated energy deposits in the EMC, with little energy deposi-

LATLAS uses a right-handed coordinate system with the z-axis defined along the beam pipe
entering the detector from either side, and with an origin defined at the nominal interaction
point in the center of the detector. The z-axis points from the detector center to the center of
the LHC ring, and the y-axis points upward, away from the center of the earth. A cylindrical
coordinate system is defined using radial and azimuthal angle (around the beam pipe) directions,
(r,¢), in the plane transverse to the z-axis. The polar angle 6 defines the pseudorapidity as
n = —Intan(6/2).
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tion in the hadronic calorimeter, which surrounds the EMC. The reconstruction
procedure and the method of ambiguity resolution between converted photons and
electrons are described in Ref [27]. Sampling is provided by layers of lead /stainless
steel and liquid argon. The unique accordion geometry allows for fast, accurate
charge collection and readout and minimizes dead space in the detector active
volume; see Fig. 1.4. The EMC is composed of a barrel section, covering the pseu-
dorapidity region |n| < 1.475, and two end-cap sections, covering the region 1.375
< |n| < 3.2. It consists of three layers, described here moving outward from the

nominal interaction point:

e The first layer, with a thickness between 3 and 5 radiation lengths, is seg-
mented into high granularity strips in the 7 direction (width between 0.003
and 0.006 depending on 7, with the exception of the regions 1.4 < |n| < 1.5
and |n| > 2.4). As mentioned, the ability to distinguish between prompt
photons and a pair of highly collimated photons arising from the decay of a
7% is crucial. This is accomplished by the high granularity of the first layer:

Photons from 7° decays often produce a cluster in the EMC that contains

two cells with two energy maxima, and the fine granularity of the first layer

provides the ability to identify and distinguish between the two objects.

e The second layer has a thickness of around 16 radiation lengths and a gran-
ularity of 0.025 x 0.025 in 7 X ¢ (corresponding to one cell). The second
layer collects most of the energy deposited by the photon candidate, and also
provides the ability to measure the pseudorapidity values, n, of photons by

using the energy-weighted barycenter of the cluster therein.

e A third layer, with thickness varying between 4 and 15 radiation lengths,
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collects the tail of the electromagnetic shower and is used to correct shower

leakage beyond the calorimeter for deposits of high energy.

The dominant background to the multi-photon search is the production of
jets which fake photons in the electromagnetic calorimeter. Using combinations of
different shower shape variables that exploit the high granularity and segmentation
of the electromagnetic calorimeter, looser or tighter photon identification criteria
are defined which allow one to design a method to estimate the rate of jets faking

photons that relies on collision data. These methods are described in detail below.

1.3 Event samples

This section details the data and MC samples used for the analysis. All samples
used are either preexisting official ATLAS simulated samples, or have been studied
with MC generators privately before being requested to be produced and fully

simulated through the ATLAS detector by central MC production.

1.3.1 Data and luminosity

This search utilizes LHC pp collisions collected by the ATLAS detector during
2012 at a center-of-mass energy of 8 TeV, corresponding to an integrated luminosity
of 20.3 fb~!. The total luminosity delivered by the LHC and collected by ATLAS
in 2012 is shown in Figure 1.5. The analysis is restricted to those events passing

an event-level three-photon trigger, hereafter referred to as EF_3g15vh_loose.
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Figure 1.5: Total luminosity delivered by the LHC and collected by ATLAS during
data-taking periods in 2012.

1.3.2 Monte Carlo samples

The backgrounds from events with three or four hard process photons and
electrons from 7 decays are estimated with MC samples. The ATLAS detector is
simulated using GEANT 4 [28], and simulated events are reconstructed using the
same software as that used for collision data.

The irreducible SM three or four photon backgrounds are modeled with MAD-
GRAPH 5.1.4.4 [29] and PyTHIA 8.163 [30], and two-photon processes are modeled
with PYTHIA 8. Processes where a Z boson decays to an ete™ pair, accompa-
nied by a photon not from the matrix element, are modeled with POWHEG-BoOX
1.0 [31}]+PyTHIA 8, and Z+~ production is modeled with SHERPA 1.4.1 [32].
Processes where a W boson decays to a lepton plus a neutrino in association
with a hard-process photon and from 0 up to 2 jets are simulated with ALP-

GEN [33]+HERWIG [34, 35].
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Process Generator PDF set

27y Pythia 8 CTEQ6L1
3y MadGraph 5 CTEQ6L1
4y MadGraph 5 CTEQG6L1
Zee Powheg+Pythia 8 CTEQ6M
L4y Sherpa CT10

W+~+Np0  Alpgen+Herwig CTEQ6L1
W+~y+Npl  Alpgen+Herwig CTEQG6L1
W+~y+Np2  Alpgen+Herwig CTEQ6L1

Table 1.1: Monte Carlo background samples used and parameters, one of two.

Process o [pb] Filter eff. Nyen K-factor
2y 1.3809x107!  6.4801x10~* 999898 1.0
3y 7.1164x1078 1.0 100000 1.0
4 1.2509%x 1071 1.0 100000 1.0
Zee 1.1099x 1073 1.0 9894581 1.0
Z+ry 3.2298x107° 1.0 3189892 1.0

W+v+Np0  2.2988x 1074 0.31372 14296258 1.15
W+~y+Npl  5.9519x107° 0.44871 5389484 1.15
W-+~y+Np2  2.139x107° 0.54461 2899389 1.15

Table 1.2: Monte Carlo background samples used and parameters, two of two.
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Process Generator PDF set o [pb] Nyen

h — aa — 4~
ma (GeV/c?)
(99 — ) Powheg+Pythia 8 CTEQ6M  13.533 30000
Z — 3y MadGraph 5 CTEQ6L1 3.566x107° 30000

Table 1.3: Monte Carlo signal samples used. The cross section for the BSM Higgs
scenario is for the gluon-gluon production of the Higgs only, assuming a branching
ratio of h — aa of 100%.

As an example of a BSM process to which this search is sensitive, simulated
samples of a Higgs boson decaying into four photons via two intermediate pseu-
doscalar (a) particles are produced. POWHEG-BOX is used for the production of
a Higgs via gluon-gluon fusion and PyYTHIA for the decay of the Higgs into four
photons, for an m, range from 1 to 62 GeV/c?%.

The rare process of a SM Z boson decaying into three photons is simulated
with MADGRAPH, using a custom model produced with FEYNRULES [36, 37].

The parton distribution functions for the MADGRAPH, PYTHIA and ALPGEN
+ HERWIG samples are taken from CTEQG6L1 [38]; for the POWHEG-BOX samples
from CTEQ6M [38]; and for the SHERPA samples from CT10 [39].

Tables 1.1 and 1.2 list the MC background samples used while Table 1.3 lists
the MC signal samples used, along with the associated generator, PDF set, cross
section, number of events generated, filter efficiency, and k-factor (the ratio of the
next-to-leading order cross section contribution to the leading order cross section
contribution), when appropriate.

Additionally, minimum bias pp interactions (pileup) in the same or nearby
bunch crossings are modeled with PYTHIA. All simulated events are re-weighted

to reproduce the distribution of average number of interactions per bunch crossing
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Figure 1.6: Average number of interactions per bunch crossing, (u), for the 2012
dataset and MC samples used in this analysis. The MC is weighted to the distri-
bution seen in data. The open circles are for MC samples of the BSM process of
h — aa — 4, for eleven different m, points.

({(u)) observed in data over the course of the 2012 LHC run. The distributions of
(u) for the data and MC considered in this analysis, after re-weighting, are shown

in Figure 1.6.

1.4 Object and event selection

This analysis is an inclusive search for events with at least three tight, isolated

photons.

1.4.1 Event preselection

The preselection of events corresponds to the following requirements:

e Trigger: This search utilizes a three-photon trigger, EF_3g15vh loose, that
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Data Nevents

GRL 361945
Trigger, EF_3g15vh_loose 361945
No LAr/Tile error 361078
PV >1 361078

Table 1.4: Events passing preselection criteria, for 10% of 2012 data, at /s = 8
TeV.

places a minimum pr cut of 15 GeV/c on three L1 clusters in the electromag-
netic (EM) calorimeter and requires that each cluster satisfy a trigger-level
loose photon identification. The trigger requirement is applied as the first

preselection requirement on data.

e Good Runs List: Events must correspond to run numbers and lumiblock
numbers as determined by a ATLAS central repository, known as a Good

Runs List (GRL).

e LAr and Tile errors: Events are rejected if they are found to have liquid

argon or tile calorimeter errors.

e Primary vertices: Events are required to contain at least one primary vertex.

The cut flow for event preselection is shown in Table 1.4.

1.4.2 Object selection

After event preselection, selected reconstructed photons then must satisfy the

following requirements:

e Pseudorapidity range: Either |n| < 1.37 or > 1.52, and also |n| < 2.37, to

ensure that photons appear in good regions of the detector.
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Data Nphotons

Event preselection 1436802
Failed pseudorapidity cuts 90891
Failed AR bit 0
Failed object quality/cleaning 11354
Failed loose ID 634796
Failed AR cut 592
Passed all 686145

Table 1.5: Number of photon candidates that fail any of the good photon object
selection criteria, starting with the total number of photons after event preselection,
as well as the resulting total number of good photons that pass all criteria, for 10%
of 2012 data, at \/s = 8 TeV. The events have been preselected from all 2012 data
to match the trigger requirement. Hence, the inclusion of the second line, here, is
simply a validation of this preselection.

e Ambiguity resolver: Inner tracker information is used to reduce the contri-
bution of electrons faking photons. This is done by applying a bitmask such

that reconstructed photon objects that satisfy specific criteria are rejected.

e Object quality/cleaning: Photon candidates are rejected if they resemble
sporadic noise bursts or their energy clusters fail object quality criteria cor-

responding to improperly functioning electronics in the LAr calorimeter.

e Loose ID: In addition to the trigger-level loose ID, photons must satisfy a

standard offline loose (L) identification [40].

Table 1.5 shows the number of photons that fail any of the good photon object
selection criteria, starting with the total number of photons after event preselection,

as well as the resulting total number of good photons that pass all criteria.
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1.4.3 Isolation energy correction

The analysis uses a photon isolation definition that calculates isolation based
on topological clusters in the electromagnetic calorimeter. This variable, for an
isolation cone of size AR = 0.4, and with an isolation cut of Ei° 0 < 4 GeV, is
the ATLAS recommended photon isolation scheme for analyses using 2012 data.

To improve sensitivity to new phenomena which result in more collimated pho-
ton pairs, a correction is applied to the transverse isolation energy E2°** values
of a photon candidate (the “target” photon) for which another energetic photon

candidate is within a cone of size AR = 0.4. The E,°" value of each photon is

calculated in a standard way, by summing all energy deposits in EM and hadronic

calorimeter cells within a cone of AR = y/(An)2 + (A¢)? = 0.4 around the centre
of the cluster, excluding the energy of the photon itself [41]. To further correct for
these isolation-overlapping photons, the following procedure is applied: For each
target photon, if other photons with p;r > 15 GeV/c are found within the cone
of the target, their pr values are subtracted from the E2°*° of the target. The
procedure is performed with the nominal pr value of each overlapping photon, and
the ELP°*° variable of the target photon, which has been corrected using standard
analysis tools provided by central ATLAS software development. The procedure is
validated on MC samples. Figures 1.7 through 1.10 show the E4°*° distributions
for the leading photon passing the T criterion, for two MC samples representing
new phenomena, in this case the decay of a Higgs boson into four photons via inter-
mediate pseudoscalars (a), for lower m, values with the correction applied and for
mg = 50 GeV /c? with no correction. For the lower m, values the photons overlap
more often, and the correction procedure results in an isolation distribution similar

to that of photons where no overlap occurs and no correction has been applied.
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Trigger: EF_3g15vh_loose
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Figure 1.7: Validation of the Ei°*° overlap correction on MC. The distribution
of triangles and the cross-hatched histogram are for m, = 5 GeV/c? where, due to
the lower value of m,, final state photon pairs frequently overlap; plotted here are
only those target photons where another energetic photon has been found within
the cone of the target photon. The cross-hatched histogram is for these target
photons before correction, and the triangle points are after an overlap correction
has been applied. The filled histogram is for m, = 50 GeV/c?, where, due to the
higher value of m,, little overlap between photon pairs is expected; plotted here
are only those target photons where another energetic photon has not been found
within the cone of the target photon, and thus no overlap correction has been
applied.
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Figure 1.8: Validation of the E1°**° overlap correction on MC, as previously, but
here for m, = 7 and 50 GeV/c?.
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Figure 1.9: Validation of the E1°**° overlap correction on MC, as previously, but
here for m, = 10 and 50 GeV /c%.
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Trigger: EF_3g15vh_loose
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Figure 1.10: Validation of the EL°"° overlap correction on MC, as previously,
but here for m, = 20 and 50 GeV/c?. Note that for m, = 20 GeV/c? there are
fewer overlapping photons found than for the lower m, points.

1.4.4 Signal and control regions

The signal and control regions of multi-photon events are defined starting with
the set of events that pass event preselection and contain at least three photons that
each pass the above object selection requirements, and additionally pass photon pr
cuts as follows: Photons are ordered by pr, highest to lowest, and the first three are
required to have pp > 22, 22, and 17 GeV/c respectively. The final two variables
used to define signal and control regions are the standard tight (T) ID [42] and the
transverse isolation energy of each photon. Isolated photons are those that satisfy
B 50 < 4 GeV. The signal region is composed of preselected events with three
good photons that pass the pr cuts and are all T and isolated.

The signal region is supplemented by several control regions, where at least one

of the photon candidates fails either T or isolation, or fails both. These control

regions are then used to validate aspects of the analysis.
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Data Nevents
Three good photons 100121
pr > 22,2217 GeV/c 12226
All three tight 363
All three isolated 141

Table 1.6: Events passing signal region selection criteria, after event preselection
and photon object selection, for 10% of 2012 data, at /s = 8 TeV.

The cut flow for events falling into the signal region, after event preselection

and photon object selection, is shown in Table 1.6.

1.5 Backgrounds

1.5.1 Irreducible photon backgrounds from Monte Carlo

An irreducible background for this search is the prompt production of two
photons where a third photon arises from the underlying event. This process is
simulated with a PYTHIA MC sample, described in Section 1.3.2. This sample, in
addition to containing 27y events, also allows for the production of v+jet events;
the only requirement is that events contain at least two hard process or parton
shower photons with pr > 20 GeV/c. To avoid double-counting with the exclusive
27+ 1j (where the jet fakes a photon) backgrounds determined via the data-driven
method, truth information is used to select only those events in the 2y MC that
contain three true photons.

Additionally, possible irreducible photon backgrounds from W+~v+ and SM

h — ~v have been investigated and have been found to be negligible.
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1.5.2 Scaling of electron backgrounds from Monte Carlo

Backgrounds from processes involving electrons in the final state are modeled
with MC. The SM Z boson can decay to an electron-positron pair, and these decay
products can be misidentified as photons. Occasionally, an additional photon from
initial- or final-state radiation is produced, giving rise to a final state that can be
a background to a three-photon search. Possible mis-measurement of the rate of
electrons faking photons in MC is addressed with a scale factor.

A subset of 2012 data was selected, using an OR of two electron triggers,
EF_e24vhi mediuml and EF_e60_mediuml, which indicate that the event must con-
tain at least one electron satisfying trigger-level medium electron identification
criteria, and must satisfy either criteria optimized for lower- or higher-energy elec-
tron objects. The energy and shower variables of electrons are then calibrated and
events containing one and only one good electron satisfying a more stringent ID
criterion, called tightPP, with pp > 30 GeV/c and an isolation cut of EiP°"° <
4 GeV, plus one and only one good tight, isolated photon with pr > 17 GeV/c,
are selected. Invariant mass values are calculated for pairs consisting of the good
calibrated photon in the event and the “tagged” electron. With the further re-
quirement that this invariant mass be near the SM Z boson mass, this procedure
provides a sample of events in data that have a high probability of arising from
a SM Z boson decaying to an electron-positron pair, where one of the electrons
has faked a photon. By comparing the distributions of m. , in data and Z— ete”
MC, which should agree in a range near the Z mass, one can subtract the MC
prediction from the data. This should result in a Z-background-subtracted spec-
trum that is primarily composed of true Z events near the Z mass and all other

backgrounds (not included in the MC) in the regions away from the Z mass. By
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fitting a polynomial to these sideband regions, one can extrapolate into the region
around the Z mass and thus determine the non-Z backgrounds not subtracted from
the Z MC subtraction. By then subtracting this remaining non-Z background (via
the sideband procedure) one can arrive at the distribution of events not estimated
by MC, and, thus, the scaling factor that needs to be applied to Z— ete™ MC.
This procedure is performed on MC, weighted to 2 fb~!, which corresponds to
the luminosity of the electron trigger selection of 2012 data for this study. The
resulting m, , distributions for four separate regions of the 1 — pr plane are shown
in Figures 1.11 through 1.14.

The distributions are calculated for separate photon 7 and pr regions, and
restricted to a window around the Z mass of 70 < m,, < 140 GeV/c?. The
MC is then subtracted from the data, and a second-order polynomial is fit to the
sidebands of the subtracted distribution, for 70 < m,., < 78 GeV/c? and 102
< Mer < 140 GeV/c?, as shown in Figures 1.15 through 1.18. The lower bound of
me~ > 70 GeV/c? is chosen so as to not be affected by the pr requirements placed
on the electron and photon. The tagged electron is required to have pp. > 30
GeV/c, and whereas the overall photon pr requirement is pr, > 17 GeV/c, this
becomes pr, > 35 GeV/c for the higher pr ., range.

The integral of the polynomial fit in the excluded region around the Z peak,
for 78 < m,, < 102 GeV/c?, gives the contribution of all other backgrounds not
accounted for in the MC stack. This contribution is then subtracted from the full
distribution in data, and the scale factor is calculated as (data - background)/MC.
This factor is calculated for each region in the 1 — pr plane; the results are shown
in Table 1.7. To determine the contribution of backgrounds with electrons faking

photons in the signal region, truth information is used in MC to determine when a
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Figure 1.11: Invariant mass of an electron and a photon in events with only one
electron and one photon, for 10% of 2012 data and POWHEG+PYTHIAS Z— eTe™
MC and SHERPA Z+~vy MC, in events that pass an OR of two electron triggers,
EF_e24vhi_ mediuml and EF_e60_mediumi, for |n,| < 1.37 and 15 < pr, < 35
GeV/c. Also shown is the subtraction of MC from data.
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Figure 1.12: Invariant mass of an electron and a photon in events with only one
electron and one photon, for 10% of 2012 data and POWHEG+PYTHIAS Z— eTe™
MC and SHERPA Z+7vy MC, in events that pass an OR of two electron triggers,
EF_e24vhi_ mediuml and EF_e60_mediuml, for |n,| < 1.37 and pr., > 35 GeV/c.
Also shown is the subtraction of MC from data.
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Figure 1.13: Invariant mass of an electron and a photon in events with only one
electron and one photon, for 10% of 2012 data and POWHEG+PYTHIAS Z— eTe™
MC and SHERPA Z+~vy MC, in events that pass an OR of two electron triggers,
EF_e24vhi_mediuml and EF_e60_mediumi, for 1.52 < |n,| < 2.37 and 15 < pr., <
35 GeV/c. Also shown is the subtraction of MC from data.
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Figure 1.14: Invariant mass of an electron and a photon in events with only one
electron and one photon, for 10% of 2012 data and POWHEG+PYTHIAS Z— eTe™
MC and SHERPA Z+~vy MC, in events that pass an OR of two electron triggers,
EF_e24vhi_mediuml and EF_e60_mediumi, for 1.52 < |n,| < 2.37 and pr, > 35
GeV/c. Also shown is the subtraction of MC from data.
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Figure 1.15: Subtraction of POWHEG+PYTHIA8 Z— ete” MC and SHERPA
Z+~ MC from 10% of 2012 data for ey invariant mass in events with only one
electron and one photon, in events that pass an OR of two electron triggers,
EF_e24vhi mediuml and EF_e60_mediumi, for |n,| < 1.37 and 15 < pr, < 35
GeV/c, with a second-order polynomial sideband fit.
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Figure 1.16: Subtraction of POWHEG+PYTHIA8 Z— ete” MC and SHERPA
Z+~v MC from 10% of 2012 data for ey invariant mass in events with only one
electron and one photon, in events that pass an OR of two electron triggers,
EF_e24vhi_mediuml and EF_e60_mediuml, for |n,| < 1.37 and pr, > 35 GeV/c,
with a second-order polynomial sideband fit.
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Figure 1.17: Subtraction of POWHEG+PYTHIA8 Z— ete” MC and SHERPA
Z+~v MC from 10% of 2012 data for ey invariant mass in events with only one
electron and one photon, in events that pass an OR of two electron triggers,
EF_e24vhi_mediuml and EF_e60_mediuml, for 1.52 < |n,| < 2.37 and 15 < pr., <
35 GeV/c, with a second-order polynomial sideband fit.
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Figure 1.18: Subtraction of POWHEG+PYTHIA8 Z— ete” MC and SHERPA
Z+~v MC from 10% of 2012 data for ey invariant mass in events with only one
electron and one photon, in events that pass an OR of two electron triggers,
EF_e24vhi_ mediuml and EF_e60_mediumi, for 1.52 < |n,| < 2.37 and pr, > 35
GeV/c, with a second-order polynomial sideband fit.
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15 < pr, < 35 GeV/c pr, > 35 GeV/c
In| < 1.37 1.0301 % 0.0250 1.0300 %+ 0.0159
1.52 < |n] < 2.37 1.0249 + 0.0215 1.0304 £ 0.0154

Table 1.7: Scaling factors calculated from an electron tag-and-probe method for
processes involving Z— ete™, and applied to true electrons that have faked photons
in electron MC.

tight, isolated photon is actually an electron faking a photon, and the event weight
is multiplied by the appropriate scaling factor or factors as a function of photon 7

and pr.

1.5.3 Jet background estimation

A crucial aspect of the analysis is the data-driven estimate of the jet back-
grounds, i.e., SM processes that can produce 2v+1j, 17+2j, and 3j events. Colli-
sion data is used to derive efficiencies for photons passing isolation and rates for
jets faking isolated photons. The efficiencies and fake rates are then used in a
likelihood matrix method to arrive at the final jet background estimate. These

approaches are described in detail below.

1.5.3.1 Photon isolation efficiencies and jet fake rates

The standard tight (T) and loose (L) photon identification categories are aug-
mented with a loose-prime (L') definition [43, 44], intermediate between T and L,
that relaxes four strip cuts and, when combined with a further requirement that
the photon candidate fail T, provides a sample of photon candidates that is pri-
marily composed of jets faking photons. (For the rest of this note, “L"” denotes

the combined requirement of L’-and-not-T.) This method presupposes that 1) the
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ELP°"° distribution of the L/ sample is composed primarily of jets faking photons,
and 2) the tail of the E.7°*° distribution of T photons is dominated by jets faking
photons. Under these assumptions, the tail of the L’ distribution is scaled to match
that of the T distribution, thus providing a determination of the contribution of
jets faking photons to the T and isolated sample. This procedure is illustrated in
Figure 1.19, which shows the E1°*° distributions described here for all photon
candidates in events passing the EF_3gl15vh _loose trigger requirement in the full
2012 dataset.

The assumptions described above are checked with and validated on MC sam-
ples, as shown in Figure 1.20. A MC sample of multi-jet processes containing
photons, generated with PYTHIA 8 at /s = 8 TeV, is utilized. Agreement is
shown between the FL°**° distributions of true jets faking T photons and recon-
structed L’ photons. The procedure of scaling the tail of the L distribution to
that of the T distribution and then subtracting the scaled-L’ from the T yields
a distribution that is then compared to the E1°*° distribution of true photons;
the distributions should agree. The non-zero true photon contamination in the L/
and T-and-not-isolated regions is addressed by assigning a systematic uncertainty,
discussed in Section 1.6.1.

For the analysis, photon isolation efficiencies and jet fake rates are calculated
as follows: Photons are ordered by pr, highest to lowest, and then three regions
in the pr — n plane are defined in which to calculate photon isolation efficiencies
and jet fake rates. The three regions are denoted A, B, and C, where Region A is
defined as 15 < pr < 40 GeV/c and |n| < 1.37, Region B is defined as pr > 40
GeV/c and |n| < 1.37, and Region C is defined as 1.52 < |n| < 2.37. A graphical

illustration of these regions is shown in Figure 1.21.
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Figure 1.19: Illustration of the procedure for calculating photon isolation efficien-

cies and jet fake rates described in the text.

Distributions of Ex°*° for T and scaled L’ photon candidates, as well as the

subtraction of the scaled L from the T, for the three py-n bins, are shown in

Figures 1.22- 1.24, for E,° o For each bin, the I’ distribution is scaled to the

tail of the T distribution by computing the integrals of the tails of both L" and T

within an E"° 0 window of 7 < B 50 < 95 GeV. The factor Fyuge by which L/

is scaled is then

725 fT(E;?po iSO) dE;:)po 150

725 fL’ (E;opo iSO) dE;OpO iso”

Fscale -

Photon efficiencies and jet fake rates are then calculated as

4 opo 150 opo 150 opo 150
c o [fr(EF° %) = Foatefr (EF7° )] dES”
photon — 70 50 150 —— —
T 10 [fr(BFP™°) = Frcate fr(EFP ™)) dEF?

and
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Figure 1.20: Validation on MC of the data-driven method of calculating photon
isolation efficiencies and jet fake rates using the T and L/ photon ID definitions.
The MC sample used is a PyTHIA 8 JF17 jet sample, at /s = 8 TeV. Top: the
ELP°"° distributions of true jets faking T photons and reconstructed L’ photons.
Middle: The tail of the L’ distribution is scaled to that of the T distribution.
Bottom: The scaled-L/ distribution is subtracted from the T, and is plotted with

the distribution of true photons.
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Figure 1.21: A graphical illustration of the three regions in the p; —n plane defined
for the calculation of photon isolation efficiencies and jet fake rates, which are then
used in the jet background determination.
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recalling that an isolated photon candidate satisfies Ei?’ "’ < 4 GeV.

The resulting photon isolation efficiencies and jet fake rates are shown in Fig-

ure 1.25.

1.5.3.2 Likelihood matrix method

The data-derived photon efficiencies and jet fake rates are applied to the full
sample of data events with three photon candidates. This is done using a likelihood
matrix method (LMM), where the expected yield for each three-object final state
consisting of jets plus photons or all jets — 2v41j, 17+2j, 3j — is the result of a

fit to the data. For each three-photon combination of T or L/ (TTT, TTL/, etc.,
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Figure 1.22: Distributions of E4"°*° for T and scaled L/ photon candidates, as well
as the subtraction of the scaled L’ from the T, for photons in Region A, defined as
15 < pr < 40 GeV/c and |n| < 1.37.
where “L/” denotes L'-and-not-T), events are placed into orthogonal categories des-
ignated by the three values of a kinematic variable (or combination of kinematic
variables) and passed-or-failed-isolation statuses of the photon candidates. The
baseline analysis utilizes three regions in the pr — n plane to categorize photons
and to calculate isolation efficiencies and fake rates. As a cross-check, however,
the analysis is performed separately with the kinematic variables of photon pr
and photon 7. For simplicity, for the remainder of this section, the procedure is
described for pr-only, but the procedure is similar for each choice of kinematic vari-
able or combination, differing only in the number of kinematic variable categories
available for three pr-ordered photons to populate.

Since each photon either passes (P) or fails (F) isolation, there are 23 = 8

possible isolation combinations for three photons: PPP, PPF, PFP, FPP, PFF,
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Figure 1.23: Distributions of E<*°™° for T and scaled I/ photon candidates, as
well as the subtraction of the scaled L’ from the T, for photons in Region B, defined
as pr > 40 GeV/c and |n| < 1.37.

FPF, FFP, and FFF. Photon isolation efficiencies and jet fake rates are binned
in three bins of py, denoted L for low, M for medium, and H for high, where
15 < pk <50 GeV/c, 50 < pM < 80 GeV/c, and p¥ > 80 GeV/c. Since the three
photons are ordered by pr, from highest to lowest, there are ten py combinations:
HHH, HHM, HHL, HMM, HML, HLL, MMM, MML, MLL, and LLL. This results
in 8x10 = 80 categories, denoted PPP_HHH for those events where the three
photon candidates all passed isolation and had H py values, PPF_HML for those
events where the leading and subleading photons passed isolation and the sub-
subleading photon failed isolation, and the pr values were H, M, and L for the
leading, subleading and sub-subleading photons, respectively, etc. The observed
number of events in each category, for 10% of 2012 data, is shown in Figure 1.26.

The LMM is related to standard matrix methods in the following way. In
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Figure 1.24: Distributions of E<*°™° for T and scaled I/ photon candidates, as
well as the subtraction of the scaled L’ from the T, for photons in Region B, defined

as 1.52 < |n| < 2.37.

standard matrix methods, two orthogonal criteria, e.g., photon ID (T,L’) and
photon isolation (P,F), serve as the basis to a per-photon two-dimensional plane
made up of categories that are populated differently by real photons and jets
faking photons. For a given selection of photon candidates in one of the bins,
e.g., photons that pass T ID, one can determine (via data-driven methods or
MC studies) the rates of true photons passing the other criterion (here, passing
isolation) and the rates of jets faking photons in the same region. The relationship
between the observed photon isolation status and the true final object (photon or
jet) is encoded in these efficiencies and fake rates. In the present case, on an event
level, this turns into a space made up of a combination of three separate ID and
isolation statuses, one for each of the three photons, and the number of observed

combination and true final states is increased, as described above, to eight. This
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Figure 1.25: Photon isolation efficiencies and jet fake rates from collision data for
the three regions in the pr — n plane, used for the jet background estimate, using
EP°*° . Photons with 1.37 < || < 1.52 are excluded from the analysis.

is expressed as a matrix equation, shown in Eq. 1.4.

Nppp €1e2es ere2fs e1faes frezes e1fafs  fieafs  fifzez  f1fafs WITT
YYY
Nppp erea(l—e3) e1ea(l—f3) e1fa(l—e3) frea(l—e3) otc. WTITT
YY)
N, TTT
PFP wiT
N Wi
TTT
NppF Wi
N wTITT
7
FPF wITT
N- .. Ny
FFP wITT
N J1
FFF
(1.4)

In standard matrix methods, this equation is solved on an event-by-event level,
and the WZZZ values are taken as weights corresponding to each of the possible
true final state combinations of photons and jets. Note that nothing prevents these

weights from taking negative values. In high-statistics samples, this is typically

not a problem, since the weights will sum, over the entire sample, to give the true
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event yields in each final state.

By contrast, in lower-statistics regimes, the LMM modification of this method
provides an improvement over the standard method, since the expected yield for
each final state can be constrained to be positive (and hence physical) in the fit.
Additionally, it is convenient to increase the number of observed and final state
categories, to take into account the pr and n dependence of the efficiencies and
fake rates, and thus more information about the event sample is utilized.

In the context of the current discussion, the number of possible final states for
the background estimate method is 80. Each of the 80 categories corresponds to
a Poisson function where the observed number of events is the number of events
seen in data for that category and the expected number of events is a sum of terms
corresponding to each of the possible true final states consisting of photons-+jets
or only jets for this particular pr combination, where each term in the sum is
multiplied by the appropriate isolation efficiencies and jet fake rates. A likelihood

is then constructed consisting of a product of the 80 Poisson terms, as in Eq. 1.5.

L = POZ'S(N;;;HHH ’ EHEHEH V,I;I,Iy{,;{ + EHGHfH Z/;I%H + ‘EHfH‘EH V,I;IJI,{YH —+ ... ) X ...
X Pois(Nppy e | €menr(1 —ep) VIO + egen (1 — fr) v5"
EHfM(l—EL) V,I;jl\,;m—f- ) X oo,
(1.5)

The expectations for each true final state — denoted ", etc. — are the result

7Y
of a fit to the data, and are constrained to be positive. The estimated number of

events of a given final state in a particular signal or control region defined by the T
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or L/ ID statuses and P or F isolation statuses of the three photons is determined

ZZZ
mez

by summing the resulting expectations from the fit times the appropriate

efficiencies and fake rates. For example, to determine the estimated number of v~j

events in the PPP region, the sum given by

NP = egeyfu VI + egen fur VI 4 .. (1.6)

is formed. Possible correlations between the r?#? variables in the fit are taken

rxrr

into account when calculating the uncertainty on each estimated number of events

Ny, by including the covariance terms between variables in a given N,,, sum. For
example, the uncertainty on N2I'F is given by
gt = (o
oo+ 2emen fullenen far] X cov(VII VM) + L )

HHM

where, e.g., ol

is the uncertainty on the egegy fis V;I%M term in the sum in

Equation 1.6, and is given by

o 2 o 2 o 2 0 2 s
OS%M =egeyfum U%HJ.M [ ( 6:) + (61:) + (f—](/\[d) + ( V%%;M ) ] . (1.8)

HHH HHM
and cov (v, v

) is the covariance between the indicated fit values, extracted
from the covariance matrix returned by MINUIT.
The method is validated on a MC sample consisting of photon(s)-+jet(s) events.

Figure 1.27 shows the results of the likelihood matrix method when applied to this
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Figure 1.26: Observed number of events in 10% of 2012 data for the orthogonal
categories used as inputs to the likelihood matrix method, using 7’ "’ where
the photon candidates are ordered by pr, highest to lowest, and photon isolation
efficiencies and jet fake rates are calculated for three regions in the py — n plane.

MC sample, generated with Alpgen [33], for /s = 7 TeV, and the true final states
in the MC.
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Figure 1.27: Validation of the likelihood matrix method on MC. Filled points are
the true final states in the Alpgen photon+jet MC sample, and open circles are
the estimates determined from the likelihood matrix method.

1.6 Systematic uncertainties

This section details the systematic uncertainties considered in this analysis. For
the data-driven jet background estimation, described in Section 1.5.3, systematic
uncertainties arise in the calculation of rates of photons passing isolation and jets
faking isolated photons. For MC, uncertainties on the theoretical cross sections
are accounted for, as well as the correction factors applied to yield agreement
between MC and data. More detail is given in subsections below. A summary of

all systematic uncertainties considered, and their values, is presented in Table 1.8.

47



Systematic Value

51D + 3.4%
v ERXP° ' correction + 0.1%
~ energy scale + 0.8%
v energy resolution + 0.4%
Electron MC scaling factor + 3.9%
Trigger + 1%

Luminosity + 2.8%
PDF sets for MC + —

~ contamination in data-driven methods, combined =+ 23%
Kinematic variable choice in data-driven methods + 13%

Table 1.8: Systematic uncertainties considered in this analysis. Note: At the time
of this writing, the analysis of the full 2012 ATLAS dataset for this search is still
subject to approval, and hence some systematic uncertainties are incomplete or
are subject to change.

1.6.1 Data-driven uncertainties

The calculation of photon isolation efficiencies and rates of jets faking isolated
photons, described in Section 1.5.3.1, relies upon the assumptions that both the
tail of the T distribution and the entirety of the L’ distribution are primarily com-
posed of jets faking photons. Tests on a MC sample composed of a large number
of jets indicate that conservative estimates of the true photon contamination in
these distributions in the three regions (denoted TT, LT, and L’T, where I indicates
isolated and 1 indicates non-isolated) are 15% for TI and 5% ecach for L'I, and L.
To assess the affect of this contamination on the estimate of the 2vy+1j, 1v+2j,
and 3j backgrounds, separate photon isolation efficiencies and jet fake rates are
calculated where the percentage of true photons in these three regions is set to
these contamination values. For each of these values, the entire jet background
estimate, using the likelihood matrix method, is performed, leading to alternate

values of the estimate of the 2y+1j, 17+2j, and 3j event yields. These results
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Final state

Yield

Nominal TI, 15% contam L'I, 5% contam LI, 5% contam Combined variatic

0kl
V]
Jii

35.06 36.90 34.85 35.88 0.06
15.36 15.60 14.14 16.68 0.12
2.70 2.79 2.36 3.07 0.19

Table 1.9: Estimated event yields in the signal region of three tight, isolated pho-
tons for the 2v+1j, 17+2j, and 3j backgrounds combined, for the nominal expec-
tation as well as different values of the fractional contamination of true photons in
each of the regions assumed to be primarily jets. The contamination is set to the
possible true v fractions indicated, separately for each of the three regions assumed
to be jets, and the event yield estimated.

are shown in Table 1.9. The deviations from the nominal yield (assuming no true

photon contamination) are calculated separately and added quadratically, and this

value (the final column in Table 1.9) is taken as the systematic uncertainty on the

event yield for each of the three data-driven backgrounds.

An additional data-driven uncertainty arises from the choice of kinematic vari-

able used to categorize photons and then to calculate and apply photon isolation

efficiencies and rates of jets faking isolated photons. The baseline analysis uses

three bins in the pr—n plane, and independent versions using either py-dependence

only or n-dependence only are conducted as well. The largest deviation of the two

alternate methods from the nominal method is taken as an additional source of

systematic uncertainty.

1.6.2 Simulation uncertainties

e Photon identification: The uncertainty on the event yield due to systematic

uncertainties in the standard photon identification definitions is derived by

following the official recommendations of the ATLAS eGamma CP group [45].
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e Photon isolation: The analysis supplements the recommended isolation pre-
scription — EXP°™° < 4 GeV, with a cone size of AR < 0.4 — with an
isolation energy correction that is applied to photons with overlapping iso-
lation cones, described in Section 1.4.3. To account for this, an additional
systematic uncertainty is assessed for this approach. Signal MC samples of
the BSM Higgs decay of h — aa — 4+ are used as an example of a resonance
that decays to two photons in events with at least three photons, and which
may or may not have other photons found within a given photon isolation
cone. Truth information is used to select three-photon events in the analysis
signal region that are also truth-isolated, i.e., events where none of the three
photons contains another photon of pr > 15 GeV /c within its isolation cone.
The effects in the final signal yield of applying or not applying the isolation

correction on these events is found to plateau to ~0.1% for m, > 10 GeV /c?.

e Photon energy scale and resolution: The uncertainty on the event yield due
to systematic uncertainties in the photon energy scale and resolution are
calculated by adjusting the energies of all photons, according to the photon
energy scale uncertainty determined by the ATLAS EGamma CP group [45],
and propagating the effects to the final event selection. The individual con-
tributions to the total energy scale and resolution uncertainties can be found

in Table 1.10.

e Electron scaling factor: The systematic uncertainty on the scaling factor for
electron MC processes, described in Section 1.5.2, is taken to be the statistical
uncertainty arising from the calculation. The separate values for each of the

kinematic bins are summed quadratically, and this is taken as an additional
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systematic uncertainty on electron MC.

e Trigger efficiency: In progress; an official study of the EF_g15vh_loose trigger
chain has not been done, and has been requested. A temporary value of 1%
is used here, which is based on a conservative increase of the uncertainty of

0.5% on the EF_g35_1oose_g25_loose trigger, as indicated in Ref. [46].

e Luminosity: An uncertainty of £2.8% is assigned to the measurement of the
integrated luminosity, in accordance with official ATLAS calculations, found

in Ref. [47].

e MC cross sections: Uncertainties on the calculated cross sections for MC
background and benchmark signal scenarios can be found in Tables 1.11
through 1.13. (In progess. Note: At the time of this writing, the analysis of
the full 2012 ATLAS dataset for this search is still subject to approval, and
hence some systematic uncertainties are incomplete or are subject to change.)
For the BSM Higgs scenario of h — aa — 47y the ATLAS-recommended
gluon-gluon fusion Higgs production cross sections 2 are used, and the calcu-
lated uncertainties are taken from the same source. For the rare decay of the
SM Z boson to 37, the ppZ production cross section is used, as calculated

by MADGRAPH.

e PDF sets for MC: In progress. Note: At the time of this writing, the analysis
of the full 2012 ATLAS dataset for this search is still subject to approval,
and hence some systematic uncertainties are incomplete or are subject to

change.

Zhttps://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERN YellowReportPage At8TeV

o1



Systematic Value

ZeeAllUp 0.8%
ZeeAllDown 0.6%
R12StatUp 0.8%
R12StatDown 0.8%
PSStatUp 1.0%
PSStatDown 0.8%
LowPtUp 0.8%
LowPtDown 0.8%
ESMUp 0.2%
ESMDown 0.8%

Combined F Scale 2.2%
Combined F Res. 0.8%

Table 1.10: Individual contributions to the systematic uncertainty on the photon
energy scale.

MC process Generator Cross section uncertainty
2 Pythia 8 + —
3y MadGraph 5 + —
4~ MadGraph 5 + —
Zee Powheg+Pythia 8 + —
Z+y Sherpa + —
W+~y+Np0O  Alpgen+Herwig + —
W+~+Npl  Alpgen+Herwig + —
W+~v+Np2  Alpgen+Herwig + —

Table 1.11: Systematic uncertainties on MC cross sections for background pro-
cesses. Note: At the time of this writing, the analysis of the full 2012 ATLAS
dataset for this search is still subject to approval, and hence some systematic
uncertainties are incomplete or are subject to change.
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my, [GeV/c?]  ggF cross section uncertainties

QCD Scale PDF+ag; Overall

+7.2% +7.5%
125 —7.872 —6.9‘%2

Table 1.12: Systematic uncertainties on MC cross sections for Higgs signal pro-
cesses. Note: At the time of this writing, the analysis of the full 2012 ATLAS
dataset for this search is still subject to approval, and hence some systematic
uncertainties are incomplete or are subject to change.

MC process  Generator Cross section uncertainties
QCD Scale PDF+a, Overall
7— 3y MadGraphb — — + —

Table 1.13: Systematic uncertainties on MC cross sections for other signal pro-
cesses. Note: At the time of this writing, the analysis of the full 2012 ATLAS
dataset for this search is still subject to approval, and hence some systematic
uncertainties are incomplete or are subject to change.

1.7 Results

1.7.1 Expected and observed event yields

Figures 1.28 through 1.34 show the results in signal and control regions defined
by the photon ID combination and passed-or-failed isolation combination of events
with three photon candidates, using photon isolation efficiencies and jet fake rates
calculated for three regions in the pr — n plane. The observed yields in 10% of
8 TeV data are shown as points, and the expectation from backgrounds, which is
a combination of the data-driven LMM and MC samples, are shown as stacked
histograms. The same information is presented in Tables 1.14 and 1.15. (Note:
At the time of this writing, the analysis of the full 2012 ATLAS dataset for this

search is still subject to approval, and is blinded. Results are thus shown here for
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the 10% of the 2012 dataset that has been unblinding to develop and validate the

analysis procedures.)
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Figure 1.28: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using F177°*° as the isolation variable, TTT region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.
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Figure 1.29: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using E27°"*° as the isolation variable, TTL' region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.

95



~
o

R in 3 regions = Z—ee, NC

@
o

[ 2y, 1 Jet, Data-Driven
[ Y, 2 Jet, D-D
N 3 Jet, D-D

e Data,(s=8TeV,/Ldt~2fb"

n

o
o

Events per category

N
o

TLT photon candidates

PFF FPF FFP FFF
3y pass/fail isolation combination

Figure 1.30: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using F177°*° as the isolation variable, TL/T region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.
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Figure 1.31: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of the
pr—n plane, and have been used for the data-driven jet background estimate, using
EIP° " as the isolation variable, TL/L’ region region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.
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Figure 1.32: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using E17°*° as the isolation variable, L'TL/ region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.
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Figure 1.33: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using 277" as the isolation variable, L'L/T region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.
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Figure 1.34: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using E5P°"*° as the isolation variable, L'L/L’ region. The red cross-hatched band
is the combined statistical uncertainty of the data-driven jet background estimate
and the MC in the stack. As a result of the data-driven jet background estimate,
the uncertainty in each bin is partially correlated with the uncertainty on the data
in that bin.

Background TTT TTL' TL'T TL'L/
2y (MC) 27.06 + 2.51 1.91+0.65 0.59 £0.38 0.21£0.21
3v (MC) 10.62 £0.13 0.97£0.04 0.54 £0.03 0.07 £0.01
4v (MC) 0.06 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
2v,1j (D-D) 35.06 £13.64 20.67£11.68 25.38+10.39 6.05+7.93
1v,2j (D-D) 15.36 £4.31 12.23 £4.01 7.66 £4.41 9.38 £4.24
3j (D-D) 2.70£0.81 3.45 £ 1.06 3.40£0.74 298+£1.17
Zee (MC) 8.75 £ 1.59 1.77+£0.70 1.65 +£0.68 0.00 £ 0.00
Z+~v (MC) 9.13+0.48 1.21 +£0.18 1.00 £0.16 0.14 £ 0.06
Wy+Np(0,1,2) (MC) 1.0240.11 0294006  0.32+0.06  0.03=+0.02
Total SM exp. 109.76 = 14.64 42.52+£12.44 40.54+11.34 18.87£9.07
Observed 8 TeV ( 2 fb~1) 142 51 29 14

Table 1.14: Expected and observed event yields in signal and control regions de-
fined in the text, for 10% of 8 TeV data. The three photon candidates are ordered
by pr, from highest to lowest, and photon isolation efficiencies and jet fake rates
are calculated in three regions of the pr — n plane, and are used for the v+j and
all-jet background estimates, using Fi?°*° as the isolation variable. Background
expectations taken from Monte Carlo simulations (data-driven calculations) are
marked MC (D-D). Uncertainties are statistical only.
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Background L'TL/ L'L'T L'L'L/
27 (MC) 022£022 0.00£0.00 0.00= 0.00
3y (MC) 0.03+0.01 0.03+£0.01 0.01+0.00
4~ (MC) 0.00£0.00  0.00£0.00 0.00 £ 0.00
27v,1j (D-D) 543 £7.78 3.564+8.22 123+4.24
1v,2j (D-D) 3.43+2.59 599+414 1.29+1.24
3j (D-D) 3.68£0.73 286+1.17 2.75+0.59
Zee (MC) 0.00 £ 0.00  0.00£0.00 0.00 £+ 0.00
Z+v (MC) 0.12£0.06 0.02£0.01 0.00£0.00
W+ Np(0,1,2) (MC)  0.03+£0.02  0.06+0.03 0.00 %+ 0.00
Total SM exp. 12.94 £8.23 12.524+9.27 5.28 £4.46
Observed 8 TeV ( 2 fb™1) 17 12 7

Table 1.15: Expected and observed event yields in signal and control regions de-
fined in the text, for 10% of 8 TeV data, continued. The three photon candidates
are ordered by pr, from highest to lowest, and photon isolation efficiencies and
jet fake rates are calculated in three regions of the pr — n plane, and are used
for the v4j and all-jet background estimates, using E2*°*° as the isolation vari-
able. Background expectations taken from Monte Carlo simulations (data-driven
calculations) are marked MC (D-D). Uncertainties are statistical only.
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h — aa — 4v TTT TTL TL'T TL'LY
mg (GeV/c?)

1 0.00 = 0.00 0.00 =0.00  0.00 &= 0.00  0.00 &= 0.00
5 28.74 £ 1.98 0.06 £0.06 0.72+0.29 0.00£0.00
7 166.58 £ 4.80 2.74£063 3.02+0.65 0.0040.00
10 40594 £756 10.12£1.16 11.95£1.29 0.524£0.27
15 594528 £8.73  50.28 £2.66 33.36 £2.18 5.03£0.86
20 583.48 £9.03  59.67 £2.88 33.50£2.18 3.95+0.75
30 578.21 £8.99 63.55+£3.00 38.02+231 4.70+0.84
40 603.91 £9.18 58.59+£286 39.15+2.32 3.71+0.71
20 722.12+£10.03 72.09 £ 3.22 49.35+2.64 5.50£0.85
60 974.62 £ 11.68 94.03 £3.62 63.15+3.00 8.12+£1.09
62 1011.59 £11.91 9247 +£3.60 63.59£3.01 7.98+1.09

Table 1.16: Event yields in signal and control regions defined in the text, for the
benchmark BSM scenario of a Higgs decaying to four photons, using Ei?’ " as
the isolation variable. The three photon candidates are ordered by pr, highest to
lowest. Events have been weighted to correspond to expectations in 10% of 8 TeV
data, for the gluon fusion Higgs production cross section and a branching ratio of
h — aa of 0.1. Uncertainties are statistical only.

60



h — aa — 4v L'TL L'L'T L'L'LY
mg (GeV/c?)

1 0.00 = 0.00 0.00 £0.00 0.00 £=0.00
S 0.00 = 0.00 0.00 £0.00 0.00£0.00
7 0.00 £ 0.00 0.00£0.00 0.00=£0.00
10 0.14+0.14 0.24£0.17 0.00£0.00
15 228£057 1.12£0.38 0.27£0.16
20 222£057 1.20£042 0.52=£0.26
30 1.91+0.50 2.40+£0.57 0.52+£0.26
40 2.54£0.57 2.65+£0.63 0.69=+0.31
20 4.63£081 242£0.57 0.31+0.19
60 5.25+0.84 5.02+£0.84 1.00£0.36
62 5.04£083 4.62£0.79 0.54=£0.28

Table 1.17: Event yields in signal and control regions defined in the text, for the
benchmark BSM scenario of a Higgs decaying to four photons, using Ei?’ " as
the isolation variable, continued. The three photon candidates are ordered by pr,
highest to lowest. Events have been weighted to correspond to expectations in 10%
of 8 TeV data, for the gluon fusion Higgs production cross section and a branching
ratio of A — aa of 0.1. Uncertainties are statistical only.

61



1.7.2 Limits on fiducial cross section for events from non-

SM processes

For 10% of 2012 data, the total background expectation (from a combination of
MC and data-driven jet background estimates) is 109.76 £+ 18.22 (stat. and syst.)
and the observed event yield is 142 (as shown in Table 1.14). This corresponds to

a p-value of 0.095 with an equivalent significance, in units of Gaussian o, of 1.31.

1.7.3 Search for local excesses in two-photon and three-

photon invariant mass distributions

Additionally, searches for local excesses in the two-photon and three-photon
invariant mass distributions are performed. The following is a determination of
expected limits for the full 2012 dataset derived from 10% of that data (see the
discussion in Section 1.7.1). For the purposes of projected expected limits, using
a small subset of data, the two-photon distribution presented here is for m.,.,,
that is, photons 2 and 3 of the three pr-ordered photons in events in the signal
region. Based on studies of signal MC, the 2-3 pairing is the most frequently
correct pairing, occurring roughly 50% of the time across the full m, spectrum.
The expected upper limits quoted have then been scaled to take into account this
0.5 efficiency for choosing m.,,,. Figures 1.35 and 1.36 show the two- and three-
photon invariant mass distributions, respectively, for events in the signal region,
for ~2 fb™1 of 2012 data. Also shown are the results of fitting a function to the

data. The function fit is the product of a Rayleigh function, given by

xr _. 2 2
fRayleigh - ﬁe @*/20 y (19)
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Figure 1.35: Distribution of m.,., for events in the signal region, for ~2 fb™! of
2012 data.

and a bth-order Bernstein polynomial.

The fitted function is then used to generate an ideal dataset with statistics
equal to the total number of events expected in the signal region in the full 2012
dataset, i.e., the integral of the ~2 fb~! dataset multiplied by 10. These ideal
datasets, for the two- and three-photon invariant mass spectra, with 2 GeV/c?
binning, are shown in Figures 1.37 and 1.38, respectively.

Expected upper limits on the cross section for new particles that decay to two
or three photons in three-photon events are calculated by performing a resonance
search in these ideal invariant mass spectra. The search is performed along the
full mass spectrum, in steps of 2 GeV/c? with a window size of 40 GeV/c?, using a
Gaussian function for the signal, for fixed Gaussian widths of 2, 3, and 4 GeV /c%.
For a given mass hypothesis, an upper limit, at the 95% confidence level, on the

number of signal events, N4, is determined via a hypothesis test, using the profile
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Figure 1.36: Distribution of mg,, for events in the signal region, for ~2 fb~* of 2012
data.

likelihood ratio [48] as the basis for the test statistic. Nggqpr is then used to
compute an upper limit on ¢ x A for new particles, as a function of particle mass.

Additionally, utilizing the fiducial efficiencies for resonances shown in Fig-
ure 1.47, upper limits on the fiducial cross section for resonances that decay to

two photons in three-photon events are computed, and the results are shown in

Figure 1.41.

64



c;‘: 24

S

o 22

S —m— Expected data

0 20

e

~

P 18

g 2y mass spectrum from
2 16 3y events

14 [Ldt~2fb" scaled to

12 expected data for 20 fb™

10 (s =8TeV

TTTTTTTT‘TTT‘TTT‘TTT‘TTT‘TTT‘TTT‘

0 50 100 150 200 250
m, . [GeV/c?]
2'3

Figure 1.37: An ideal spectrum of m.,,, with statistics equal to the total number
of events expected in the signal region in the full 2012 dataset, i.e., the integral
of the ~2 fb~! dataset multiplied by 10. The dataset has been generated from a
function (also shown) fit to the distribution of m.,., for events in the signal region,
for ~2 fb~! of 2012 data.
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Figure 1.38: An ideal spectrum of mg, with statistics equal to the total number
of events expected in the signal region in the full 2012 dataset, i.e., the integral
of the ~2 fb~! dataset multiplied by 10. The dataset has been generated from a
function (also shown) fit to the distribution of ms, for events in the signal region,
for ~2 fb~! of 2012 data.
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Figure 1.39: Expected upper limits on the cross section (o) times acceptance
(A) for new particles that decay to two photons in three-photon events, using
a Gaussian resonance hypothesis, for Gaussian widths of 2, 3, and 4 GeV/c?.
The expected limits have been derived starting from a fit to the my, spectrum
for events in the signal region, for ~2 fb=! of 2012 data, which is then used to
generated an invariant mass spectrum with statistics equal to the total number of
events expected in the full 2012 dataset, i.e., the integral of the ~2 fb~! dataset
multiplied by 10.
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Figure 1.40: Expected upper limits on the cross section (o) times acceptance
(A) for new particles that decay to three photons in three-photon events, using
a Gaussian resonance hypothesis, for Gaussian widths of 2 and 3 GeV/c?. The
expected limits have been derived starting from a fit to the ms, spectrum for events
in the signal region, for ~2 fb~! of 2012 data, which is then used to generated
an invariant mass spectrum with statistics equal to the total number of events
expected in the full 2012 dataset, i.e., the integral of the ~2 fb~! dataset multiplied
by 10.
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Figure 1.41: Expected upper limits on the fiducial cross section (o) for new
particles that decay to two photons in three-photon events, using a Gaussian reso-
nance hypothesis, for Gaussian widths of 2, 3, and 4 GeV/c?. The expected limits
have been derived starting from a fit to the my, spectrum for events in the signal
region, for ~2 fb~! of 2012 data, which is then used to generated an invariant mass
spectrum with statistics equal to the total number of events expected in the full
2012 dataset, i.e., the integral of the ~2 fb~! dataset multiplied by 10.
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1.8 Interpretations

1.8.1 Exotic Higgs decays

The results of the search are interpreted in a BSM scenario where a Higgs boson
decays into four photons via two intermediate pseudoscalar (a) particles. As men-
tioned previously, MC simulations of these events are performed with POWHEG-
Box+PyTHIA 8.163, for eleven m, points from 1 GeV/c? to 62 GeV/c?

Figures 1.42 and 1.43 show the AR and pr distributions, respectively, for the
three highest-py photon candidates in signal events. The AR distributions are
shown for the pairings of photons 1 and 3, and 2 and 3, where the photons have
passed T ID. The signal efficiency with respect to the event selection criteria out-
lined previously, for three tight, isolated photons, as a function of m,, is shown
in Figure 1.44, and the same information appears in Table 1.18. The decrease
in efficiency for low m, values is primarily due to photons close together in AR,
which leads to at least one of the photons failing either isolation or T identifica-
tion. For m, < 20 GeV/c?, the photons frequently overlap within the cone of AR
= 0.4, thus leading to at least one of the photons failing the isolation criterion.
To mitigate this loss of signal efficiency and to recover cone-overlapping photons
that fail isolation (as discussed in Section 1.4.3), an overlap correction to E2° "
is applied to all selected photon candidates, which results in the increase in signal

efficiency shown in Figure 1.45.
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Figure 1.42: Distance in AR between reconstructed, pr-ordered photon candidates
1 and 3, and 2 and 3, that have passed T ID, for the exotic Higgs decay scenario
for events with three tight photons, with no requirement on E5° "
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h — aa — 4y 3y 3y
mg (GeV/c?)  Overall  Fiducial
Efficiency Efficiency

1 0.000 0.000
) 0.007 0.053
7 0.043 0.217
10 0.104 0.368
15 0.139 0.472
20 0.149 0.507
30 0.148 0.504
40 0.154 0.501
20 0.184 0.486
60 0.249 0.490
62 0.258 0.489

Table 1.18: Signal efficiency for events with three tight, isolated photons, overall
and for a fiducial region defined in the text, for the benchmark BSM scenario of a
Higgs decaying to four photons.

To test the dependence of signal efficiency on overlapping photons failing T
ID, a fiducial region is defined. Using truth information in MC, events with three

photon candidates are tested as follows, in order:

e 7: All three photons appear in good regions of the detector, satisfying |n| <

1.37 or > 1.52, and also |n| < 2.37.

e pr: All three photons, ordered from highest to lowest pr, must satisfy pr >

22,22, and 17 GeV/c.

e Isolation: All three photons must satisfy E&uth 0 < 4 GeV, where Eiuthiso
is calculated by summing the Er values of all truth particles (except muons
and neutrinos) within a cone of AR = 0.4 around the photon, excluding
the energy of the photon itself and excluding other photons with py > 15

GeV/c, to match the requirements of the E°* overlap correction applied
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Figure 1.43: Distributions of reconstructed photon pr for the benchmark Higgs
scenario for photons that pass tight (T) ID, for the three highest-pr photons sep-
arately.
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Figure 1.44: Signal efficiency for a BSM scenario with a Higgs boson decaying via
intermediate pseudoscalars (a) into four photons, as a function of m,,.

to reconstructed photons.

The fiducial efficiency is then the ratio of the number of reconstructed signal
events passing the analysis cuts to the number of truth events falling into this
fiducial region. The fiducial efficiency, shown in Figure 1.47 as a function of m,, is
demonstrated to plateau for m, > 10 GeV/c?. The cut flow for the fiducial region
is shown in Figure 1.46, and both the overall signal efficiencies and the fiducial
efficiencies appear in Table 1.18.

Expected upper limits on the product of branching ratios, BR(h — aa) X
BR(a — ~7)?, for this BSM Higgs decay are calculated as a function of m, follow-
ing the resonance search procedure described in Section 1.7.3, but here for local
resonances with widths equal to those determined via independent fits to the sig-

nal MC samples, and taking into about the signal efficiency shown in Figure 1.44.
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Figure 1.45: Signal efficiency for a BSM scenario with a Higgs boson decaying via
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Figure 1.46: Cut flow for a fiducial kinematic region, using truth MC information,
defined as the set of events that contain three photons that 1) are in the good detec-
tor volume, 2) satisfy pp > 22, 22, and 17 GeV /c, and 3) satisfy Efuhiso < 4 GeV,
for a BSM scenario with a Higgs boson decaying via intermediate pseudoscalars
(a) into four photons, for several values of m,,.

The resulting expected upper limits on BR(h — aa) X BR(a — )? are shown in
Figure 1.50.
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Figure 1.48: Left: Ratio of signal yield to background expectation in signal and
control regions for a BSM scenario with a Higgs boson decaying via intermediate
pseudoscalars (a) into four photons, for a branching ratio of h — aa of 0.1, as
a function of m,, in final states where only three good, reconstructed photons
that pass isolation are required. The filled circles are for the signal region, where
all three photons satisfy T photon ID. The other points correspond to control
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uncertainty (here statistical only) on the background expectation. The significance
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events
expected signal and background yields, and the background uncertainty.
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Figure 1.50: Expected upper limits on BR(h — aa) X BR(a — v)? for the decay
h — aa — 4+, using resonance hypotheses determined via fits to signal MC, and
taking into account the signal efficiency. The expected limits have been derived
starting from a fit to the ms, spectrum for events in the signal region, for ~2 fb!
of 2012 data, which is then used to generated an invariant mass spectrum with
statistics equal to the total number of events expected in the full 2012 dataset, i.e.,
the integral of the ~2 fb~! dataset multiplied by 10.
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1.8.2 Rare SM Z decay: Z — 3v

The SM Z boson can decay to three photons via a loop of W*/~ bosons or
fermions. The decay is heavily suppressed and the branching ratio is predicted
to be ~ 5 x 10719 [24]. The Zvvyy effective vertex has been implemented with
FEYNRULES, and then output to a customized MADGRAPH 5 model. The two
nontrivial, independent, lowest-order effective Lagrangians implemented are shown
in Egs. 1.10 and 1.11 (from Ref. [49]), each of which contains a dimensionful

coupling constant, i.e., G; and Gy [GeV™].

Ly =G\ F*F"0,F,,7Z, (1.10)

Lo = GoFPFY0,F,,Z° (1.11)

Using the SM expected Z — 3~ branching ratio of 5.41x1071° the authors
in Ref. [50] calculate G; = 1.63x107! and Gy = 1.33x107'° and those values
have been used to generate the MC sample presented here. The distribution of
the generated Z mass is shown in Figure 1.51, and distributions of the true pr of
the Z (where “true” and “truth”, hereafter, refer to the values determined from
the MC generator), the truth pr of the three photons from the Z decay, and he
truth n of the three photons are shown in Figures 1.52, 1.53, and 1.54, respectively.
Distributions of reconstructed pr of the leading, sub-leading, and sub-sub-leading
photons in fully simulated and reconstructed events, for events in the analysis
signal region, are shown in Figure 1.55. The number of events that pass each
selection criterion in succession and that thus appear in the analysis signal region,

and the resulting signal efficiency, are shown in Table 1.19. Also shown is number
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Figure 1.51: Distribution of truth my for the rare decay of the SM Z — 3v,
simulated with FEYNRULES and MADGRAPH 5.

of events retained and the efficiency for the further requirement of 80 < mgs, < 100
GeV/c%

The observed and expected yields in the signal and control regions are shown in
Figures 1.58 through 1.64, where analysis has been restricted to those events with
80 < mg, < 100 GeV/c?. The full likelihood matrix method, to estimate the con-
tribution from jet backgrounds, has been performed with this further requirement.
The same information appears in Tables 1.20 and 1.21.

The differential width for this process, calculated in Ref. [24], is given in terms

of two three-dimensional phase space variables as

m9
d;lzy = (2;)3 F&{G%[Z{:y(l —x—y) +32%y? + 32 + ) (1 — 2 — y)?

+4(G3 — G1Gy)[ry(1 — x — y) + 2%y* + (2 + ) (1 — = — y)?]}
(1.12)
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Figure 1.52: Distribution of truth pr for Z boson in the rare decay of the SM
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Figure 1.53: Distributions of truth py for the three photons from the rare decay
of the SM Z — 3v, simulated with FEYNRULES and MADGRAPH 5.
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Figure 1.55: Distributions of pr for the leading, sub-leading, and sub-sub-leading
photons in the analysis signal region for the rare decay of the SM Z boson to three
photons, simulated with FEYNRULES and MADGRAPH 5 and fully reconstructed.
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7— 3’}/ MC Nevents

All events 30000
Trigger 13883
Three good photons 10534
pr > 22,22, 17 GeV/c 5928
All three tight 3446
All three isolated 2960
Efficiency 0.099
80 < my, < 100 GeV/c? 2367
Efficiency 0.079

Table 1.19: Events passing signal region selection criteria, after event preselection
and photon object selection, for the rare decay of the SM Z boson to three photons,
simulated with FEYNRULES and MADGRAPH 5 and fully reconstructed.

where z and y (and z, which has been integrated over for the previous expression)
are scaled photon energies for three photons, given by
2E1 2E2 2E3

r=1-—, y=1-—, z=1———-. (1.13)
my my mz

The analytical expression in Equation 1.12 as a function of x and y is shown in
the left plot in Figure 1.56, for a fixed value of mz = 91.19 GeV/c?. Additionally,
Figure 1.56 displays the same distributions of Equation 1.12 determined from the
MC samples generated with the values of the coupling constants set to 1 (middle
plot), as well as set to those values mentioned above, G; = 1.63x107!° and Gy =
1.33x1071 (right plot). In the MC plots, the values shown are from events where
the restriction 90 < ms, < 92 GeV/c? has been applied.

The upper limit on BR(Z — 3v) is determined using the observed and ex-
pected yields in the signal region for 10% of 8 TeV data with the restriction 80
< mg, < 100 GeV/c*. A one-sided frequentist limit approach is used, with the

profile likelihood ratio as the basis for the test statistic, taking into account all
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Figure 1.56: Distributions of the differential decay widths, as a function of two
variables from three-dimensional phase space, for the rare decay of the SM Z
boson to three photons. Left: The analytical expression in Equation 1.12, for a
fixed value of my = 91.19 GeV/c?>. Middle: Simulated with FEYNRULES and
MADGRAPH 5, where the dimensionful coupling constants have been set to G; =
G = 1, restricted to a window of 90 < mg, < 92 GeV/ c?. Right: Simulated with
FEYNRULES and MADGRAPH 5, where the dimensionful coupling constants have
been set to G; = 1.63x1071% and G5 = 1.33x1071°, restricted to a window of 90
< ma, < 92 GeV/c2.

systematic uncertainties on the background expectation, separately for each MC
and data-driven background estimate. For 10% of the 2012 dataset, the observed
upper limit, at the 95% CL, is found to be BR(Z — 37) < 3.09 x 1075.

An expected projected upper limit on BR(Z — 37) is determined using the
observed and expected yields in the signal region for 10% of 8 TeV data with the
restriction 80 < mg, < 100 GeV/c?, and then scaling all yields to the expectation
for the full 2012 dataset, i.e., multiplying by 10. The expected upper limit is then
computed in the same manner as above. Assuming no change in the uncertainty
on the background from 10% to the full 2012 dataset, the expected upper limit,
at the 95% CL, is found to be BR(Z — 37v) < 1.99 x 107%, which would be the

strongest bound on this process.
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Figure 1.58: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr — n plane, and have been used for the data-driven jet background estimate,
using EXP° " as the isolation variable, TTT region, restricted to 80 < mg, < 100
GeV/c% The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Figure 1.59: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr — n plane, and have been used for the data-driven jet background estimate,
using EL°"*° as the isolation variable, TTL' region, restricted to 80 < mg, < 100
GeV/c?. The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Figure 1.60: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr — n plane, and have been used for the data-driven jet background estimate,
using Fi7°**° as the isolation variable, TL/T region, restricted to 80 < ms, < 100
GeV/c% The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Figure 1.61: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of the
pr—n plane, and have been used for the data-driven jet background estimate, using
EXP°™° as the isolation variable, TL'L/ region region, restricted to 80 < mg, <
100 GeV/c®. The red cross-hatched band is the combined statistical uncertainty
of the data-driven jet background estimate and the sum of all MC samples. As a
result of the data-driven jet background estimate, the uncertainty in each bin is
partially correlated with the uncertainty on the data in that bin.
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Figure 1.62: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr — n plane, and have been used for the data-driven jet background estimate,
using F1° " as the isolation variable, L/TL’ region, restricted to 80 < msg, < 100
GeV/c% The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Figure 1.63: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr — n plane, and have been used for the data-driven jet background estimate,
using F1° " as the isolation variable, L/L'T region, restricted to 80 < msg, < 100
GeV/c% The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Figure 1.64: Observed and expected yields in events with three photons, where
photon isolation efficiencies and jet fake rates are calculated in three regions of
the pr —n plane, and have been used for the data-driven jet background estimate,
using Fi7° " as the isolation variable, L'L/L/ region, restricted to 80 < mg, < 100
GeV/c% The red cross-hatched band is the combined statistical uncertainty of the
data-driven jet background estimate and the sum of all MC samples. As a result
of the data-driven jet background estimate, the uncertainty in each bin is partially
correlated with the uncertainty on the data in that bin.
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Background TTT TTL TL'T TL'L/
2v (MC) 2.39+£0.74 0.05+£0.04 0.2240.22 0.00=£0.00
3y (MC) 1.00+0.04 0.11+0.01 0.11£0.01 0.01 +£0.00
4~ (MC) 0.00 £0.00 0.00£0.00 0.0040.00 0.00=£0.00
2v,1j (D-D) 6.10+5.60 6.30+4.13 297+3.12 0.50+4.64
1v,2j (D-D) 1.96 =147 2883+131 098+£1.40 1.86+1.01
3j (D-D) 0.30+0.31 0.00£0.53 0.61+0.38 0.76 £ 0.62
Zee (MC) 4.52+1.10 0.85+0.53 0.32+0.30 0.00=+£0.00
Z+vy (MC) 5.07+0.36 0.324+0.09 0.444+0.11 0.08£0.04
W+~+Np(0,1,2) (MC) 0.25£0.06 0.01£0.01 0.07+0.03 0.00=£0.00
Total SM exp. 21594596 10.53+4.40 5.71 +3.46 3.204+4.79
Observed 8 TeV ( 2 fb™1) 21 6 7 2

Table 1.20: Expected and observed event yields in signal and control regions de-
fined in the text, for 10% of 8 TeV data, restricted to 80 < mg, < 100 GeV/c%
The three photon candidates are ordered by pr, from highest to lowest, and photon
isolation efficiencies and jet fake rates are calculated in three regions of the pr — 7
plane, and are used for the y4j and all-jet background estimates, using E4?’ " as
the isolation variable. Background expectations taken from Monte Carlo simula-
tions (data-driven calculations) are marked MC (D-D). Uncertainties are statistical
only.
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Background L'TL/ L'L'T L'L'1/
2y (MC) 0.00 £0.00 0.00 £=0.00 0.00 £ 0.00
3y (MC) 0.00 £0.00 0.01 £0.00 0.00 £ 0.00
4y (MC) 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00
2v,1j (D-D) 2.35+1.84 0.37+1.54 0.004+1.43
1v,2j (D-D) 0.12+1.60 2.48+0.85 0.11£0.65
3j (D-D) 0.34 £0.21 0.12+0.32 0.394+0.24
Zee (MC) 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00
Z+~ (MC) 0.12£0.06 0.00£0.00 0.00 = 0.00
Wy+Np(0,1,2) (MC)  0.02£0.01 0.0240.02 0.00 = 0.00
Total SM exp. 295+245 299+1.79 0.50=£1.59
Observed 8 TeV (2 fb™1) 3 0 2

Table 1.21: Expected and observed event yields in signal and control regions de-
fined in the text, for 10% of 8 TeV data, restricted to 80 < mg, < 100 GeV/c?,
continued. The three photon candidates are ordered by pr, from highest to lowest,
and photon isolation efficiencies and jet fake rates are calculated in three regions
of the pr —n plane, and are used for the v+j and all-jet background estimates, us-
ing E4P°*° as the isolation variable. Background expectations taken from Monte
Carlo simulations (data-driven calculations) are marked MC (D-D). Uncertainties
are statistical only.
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1.9 Conclusion

A search has been performed for new phenomena in events with at least three
photons using 10% of 20.3 fb~! of ATLAS data at /s = 8 TeV. The p-value for
the null (SM) hypothesis is observed to be 0.095, corresponding to a significance,
in units of Gaussian o, of 1.31.

In addition, a search for local excesses in the two-photon and three-photon
invariant mass distributions has been conducted. Upper limits at the 95% CL are
calculated on the fiducial cross section for events from non-SM processes oy;q as a
function of new particle mass, for a general Gaussian resonance of fixed width 2
GeV/c?, and are expected to range from 2 x 1073 to 7 x 1072 for 5 < ma, < 125
GeV/c?. Moreover, the 95% CL upper limits on o x A as a function of new particle
mass, for a general Gaussian resonance of fixed width 2 GeV/c?, are expected to
range from 1 x 1073 to 4 x 1073 for 5 < my, < 125 GeV/c? and ~ 2 x 1073 for 70
< maz, < 200 GeV/c?

The results are interpreted in the context of a benchmark signal scenario of
a Higgs boson decaying into four photons via two intermediate pseudoscalar (a)
particles, and limits for the full 2012 dataset are expected to be BR(h — aa) X
BR(a — vy)? < 6 x 1074, for 10 < m, < 60 GeV/c?, and the upper limit on
BR(h — aa) x BR(a — ~y)?* ranging from 6 x 107 to 5 x 107, for 5 < m, < 10
GeV/c?. Additionally, the limit on the branching ratio of a SM Z boson decaying

to three photons is found to be BR(Z — 37) < 3.09 x 1076.
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Chapter 2

A search for a new, low mass

vector gauge boson, with APEX

APEX is an experiment at Thomas Jefferson National Accelerator Facility
(JLab) in Virginia, USA, that searches for a new gauge boson (A’) with sub-GeV
mass and coupling to ordinary matter of ¢’ ~ (1075 — 1072)e. The experimental
setup at JLab’s Hall A is ideally suited to search for an A’, as the accelerator
system is designed to deliver medium-high-energy (1 GeV to 6 GeV, currently up-
grading to 12 GeV) electrons with very small bunch spacing, allowing experiments
to achieve large datasets in a relatively short amount of time. For APEX, electrons
impinge upon a fixed target of high-Z material, and an A" would be produced via
a process analogous to photon bremsstrahlung, decaying to an e™e™ pair. A test
run for the experiment, demonstrating proof of concept in addition to achieving
a physics result published in PRL [51] was held in July of 2010, covering m 4 =
175 to 250 MeV and couplings ¢'/e > 1073. A full run is approved and will cover
ma ~ 65 to 525 MeV and ¢'/e > 2.3 x 1074
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The remainder of this chapter describes APEX in more detail.

2.1 Motivations

The Standard Model (SM) of particle interactions is described by an
SU(3)exSU(2),xU(1)y gauge group, where the forces are mediated by vector
bosons. For an extension of this model to have thus far evaded detection the
corresponding gauge boson must have a mass of O(TeV) or must be very weakly
coupled to ordinary matter, with a coupling strength ¢’ suppressed relative to
the electromagnetic charge e by € = ¢'/e ~ 107 — 1072 [52] (or, equivalently,
o' /a = €?). This new gauge boson, A’, corresponding to a U(1)’ extension of the
SM, can acquire an effective interaction with electromagnetism via kinetic mixing,
where quantum loops of arbitrarily heavy particles provide a means by which the
hidden U(1)" sector couples to the visible sector; see, e.g., [17, 18, 19, 53, 54]. The
possibility of the existence of an A" with a small EM charge can be tested at fixed
target electron beam facilities such as the Thomas Jefferson National Accelerator
Facility (JLab). APEX, The A Prime EXperiment, searches for an A" at JLab and
is described in brief here. For a full description of the experiment see [55] and for
a more detailed description of the results of the test run see [51].

In addition to the general interest in discovering an extension of the SM, a
hidden gauge sector with a gauge boson with mass in the MeV to GeV range could
address dark matter anomalies and the anomalous magnetic moment of the muon.

For a complete discussion of these possibilities, see [20].
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Figure 2.1: Existing and planned constraints in the e — m 4 plane, as of late 2013.

2.2 Existing Constraints

Aside from these suggestive motivations, the coupling strength and mass of the
A’ are not predicted. Thus, searches for this new gauge boson must be conducted
over wide ranges of both. As a result, prior to 2009, the areas of parameter
space probed by APEX were remarkably weakly constrained, since previous collider
experiments that are sensitive to low mass particles would not have been able to
collect large enough datasets to discover a particle with such a weak coupling to
ordinary matter. Following the observation [20] that much of this range could be
probed at existing experimental facilities, a renewed interest in such experiments
has led to the current constraints and planned experimental sensitivities shown in
Figure 2.1 (from [56]). For a complete description of these constraints, see [57] and
references therein.

As seen in Figure 2.1, APEX covers a large portion of this area of parameter
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Figure 2.2: A’ signal process (a) and irreducible QED backgrounds (b) and (c).

space, from m 4 ~ 65 to 525 MeV and with coupling reach to ¢'/e > 2.3 x 107%. A
test run for APEX was performed in July of 2010 and demonstrated the feasibility

of the full experiment.

2.3 APEX at Jefferson Lab’s Hall A

APEX is designed to take full advantage of JLab’s Continuous Electron Beam
Accelerator Facility and the two High Resolution Spectrometers (HRSs) in Hall
A. For the test run, an electron beam of energy 2.260 GeV and an intensity of up
to 150 pA was used, incident upon a tantalum foil of thickness 22 mg/cm?. The
central momentum of each HRS was ~ 1.131 GeV with a momentum acceptance
of + 4.5%.

An A’ is produced via a process analogous to photon bremsstrahlung and decays
to an ete” pair; thus, the A’ signal will appear as a small, narrow bump in the
invariant mass spectrum of ete™ pairs from background QED processes. The
diagrams for signal and irreducible backgrounds are shown in Figure 2.2.

The opening angle ©q of the eTe™ pair is set by my and the incident electron
beam energy as ©y ~ ma/E, ~ 5°, with no such expectation for the QED back-
grounds. This motivates a symmetric HRS configuration with both spectrometer

arms positioned far forward. To optimize sensitivity to A’ decays, dipole sep-
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Figure 2.3: A schematic overhead view of the setup in JLab’s Hall A, indicating
the positioning of the septum magnets just past the target enclosure, so placed as
to allow for the detection of A’ decay products which are expected to have a very
small opening angle.
tum magnets are placed between the target and the HRS aperture. A schematic
overhead view of this setup is shown in Figure 2.3, and a side view in Figure 2.4.

The Hall A HRSs consist of several different components to allow for the mea-
surement of the position and momentum of charged particles to a high degree of
accuracy. A schematic view is shown in Figure 2.5. Vertical drift chambers allow
for an accurate determination of the full 3D track of an incoming particle. Two
separate sets of scintillators provide timing information, to identify coincident e™e™
pairs. Online particle ID is provided by a gas Cherenkov detector and a lead glass
calorimeter allows for further offline rejection of pion backgrounds. A sieve-slit
method is used for optics calibration.

Excellent mass resolution is required to enable the identification of an A’ reso-
nance. The HRSs are designed to achieve high momentum resolution at the level of

dp/p ~ 1074, providing a negligible contribution to the mass resolution. Angular
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Figure 2.4: A schematic side view of the setup in JLab’s Hall A.

Electron Arm
S2 . ol absorption

rd Y
(L AD\
Detector RNEONN Shower
RNE A counters
Gas P\ NG\ unters

. i SO S by
Package Cerenxov o =N\ N }\
E p :
| ) . . \ >‘>\
\\ £ N S
T N
& TP
& SN A
& \<§</
< NN
oY
SI\ \ )~ R
> ‘\.\ /,/ pre Shower
VDC \‘\\ 7 ! counters
b4
,\\\ p Y \\\\,’/
./ \\
EERR _ ——— \, Aerogel
: — | Cerenkov
SR
N
NS
¥,

Figure 2.5: A schematic side view of electron-arm High Resolution Spectrometer
(HRS) in JLab’s Hall A. A similar setup is available in the positron arm.
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mrad | Optics | Tracking | MS in target
o(horiz) | 0.11 ~0.4 0.37
o(vert) | 0.22 ~1.8 0.37

Table 2.1: Contributions to APEX mass resolution.

resolution and multiple scattering in the target are the dominant contributions to
the mass resolution, as shown in Table 2.1.

For the test run, APEX achieved a mass resolution of o ~ 0.85—1.11 MeV, varying
over the full m 4 range.

Reducible backgrounds, including electron or proton singles, pions, accidental
ete™ coincidences, and ete™ pairs from real photon conversions, are rejected using
a combination of different triggers.

The final event sample trigger for the test run required a double coincidence
gas Cherenkov signal within a 12.5 ns window in each arm. The resulting data
sample consisted of 770,500 true e*e™ coincident events with 0.9% (7.4%) meson

(accidental eTe™ coincidence) contamination.

2.4 Resonance search

The final data sample forms the basis of an invariant mass spectrum of ete™
pairs (shown in Figure 2.6), which is the starting point for the A" — e*e™ search.
Since the A’ is expected to appear as a small, narrow bump on top of a smooth
spectrum of background processes, a resonance search (also known as a raster scan
or bump hunt) is performed to identify statistically significant excesses along the
full mass spectrum.

In general, the procedure is as follows: One scans along the mass spectrum, and

at each mass bin one hypothesizes a Gaussian peak of an unknown height and width
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Figure 2.6: Distribution of m.+.—, the result of the final selection for the APEX
test run data.

o (also unknown but expected to be O(MeV/c?)) equal to the experimental mass
resolution. For a fixed A’ mass m  and given hypotheses for the number of signal
events S and number of background events B, one models events as distributed

according to a probability distribution given by

1
Plmese) = g5 (S - NOmese- [y, ) + B - Polynomial(mera.)) — (21)

where m+._ is the invariant mass of the electron-positron pair, N is a normal /Gaussian
probability distribution, and the background shape is given by a polynomial with
coefficients a;. From the likelihood function, L, based on this probability model, we

form a test statistic, —2 In A(S), where A(S) is the profile likelihood ratio (PLR),
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g_))

L5, B,d;) (2.2)

ME) = L(S’ i)

UJ> b:]»

and where ~ () indicates the unconditional (conditional) maximum likelihood es-
timator for that parameter, arrived at via fits of the model to the data. The
systematic uncertainty in the background shape is incorporated into the profile
likelihood ratio via the nuisance parameters a;, the coefficients of the polynomial.
An example of the results of the procedure of fitting the probability model to the
data within one window is shown in Figure 2.7. We then determine a confidence
interval in number of signal events S, i.e., we determine the range in S consis-
tent with the data at a given confidence level. The upper limit of this confidence
interval corresponds to a limit on S.

For the specifics of the analysis of the APEX test run data, based on extensive
simulated-experiment studies, a 7th-order polynomial fit over a 30.5 MeV window is
found to strike a near optimal balance between the simultaneous needs to maximize
sensitivity to a signal and minimize pull (defined as Spestfit/0Ospestfit) across the
full mass spectrum; see Figures 2.8 and 2.9.

A symmetric scanning window is used, except for candidate A’ masses within
15 MeV of the upper or lower boundaries, for which the window size is adjusted to
correspond to twice the distance from the candidate mass to the boundary. The
binned PLR described above is computed as a function of number of signal events
S at the candidate mass, using 0.05 MeV bins. The PLR is used to derive the
local probability (p-value) at S = 0 (i.e. the probability of a larger PLR arising
from statistical fluctuations in the background-only model) and a 90%-confidence

upper limit on the signal. The sensitivity of the search is defined in terms of a
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Figure 2.7: An example window for the resonance search across the APEX test
run dataset, consisting of the invariant masses of eTe— pairs. The full probability
model that is fit to the data is composed of the background polynomial model,
shown as the red dotted line, and the Gaussian signal component, shown as the
green line at the bottom of the plot. The signal+background model is shown as
the blue curve.
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Figure 2.8: Upper limit on number of signal events, S, a result of a scanning-
window resonance search, as a function of m 4/, for both an ensemble of 269 pseu-
dodatasets based on the APEX test run data, and for ideal expected datasets
without fluctuations (Asimov). The different limit curves correspond to different
values used for the size of the scanning window and the order of the polynomial
used in the window. This plot, in conjunction with Figure 2.9, indicates that the
optimal values are a 30 MeV window and 7th order polynomial.
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Figure 2.9: Signal pull, defined as Spestfit/0spestfit, @ result of a scanning-window
resonance search, as a function of m 4, for both an ensemble of 269 pseudodatasets
based on the APEX test run data, and for ideal expected datasets without fluctu-
ations (Asimov). The different limit curves correspond to different values used for
the size of the scanning window and the order of the polynomial used in the win-
dow. This plot, in conjunction with Figure 2.8, indicates that the optimal values
are a 30 MeV window and 7th order polynomial.
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50% power-constraint [58], which means we do not regard a value of S as excluded
if it falls below the expected limit. This procedure is repeated in steps of 0.25
MeV/c? A global p-value, corrected for the “look-elsewhere effect”; (the fact that
an excess of events anywhere in the range can mimic a signal), is derived from
the lowest local p-value observed over the full mass range, and calibrated using

simulated experiments.

2.5 Test Run Results

No significant excess was found over the invariant mass range of m4 = 175 to
250 MeV; see Figures 2.10, 2.11 and 2.13. The most significant excess was at 224.5
MeV with a p-value of 0.06%. Out of ~1000 pseudoexperiments based on the test
run data, 40% yielded a p-value at least as extreme as 0.06% somewhere in the
mass range.

The upper limit on number of signal events, .S, compatible with a background
fluctuation at the 90% CL was translated into an upper limit on the A’ coupling,
o' /a, by exploiting the kinematic similarities between A’ and ~* production [20].
Based on Monte Carlo simulations, the ratio f of the radiative-only cross section to
the full QED background cross section varies linearly from 0.21 to 0.25 across the
APEX mass range and, thus, all backgrounds can be normalized to the radiative

background. The final expression relating S,,., and (&//a) ez 18

o . Smax/mA/ 2Neffa
(E)m_ (f-AB/Am) . ( 3 )

where N¢s counts the number of available decay channels (Nef g =1for ma <

2m,,, and increases to ~ 1.6 at ma ~ 250 MeV). A schematic view of the approach
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Figure 2.10: Two-sided central limits on number of signal events, S, a result of a
scanning-window resonance search, as a function of m,/, for the APEX test run
data.
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APEX Test Run Data, Raw Null P-values
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Figure 2.11: P-values for the null hypothesis, the result of a scanning-window
resonance search, as a function of m 4/, for the APEX test run data.
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Figure 2.12: A schematic of the approach to determining number of signal events,
S, over number of background events, B, in a resonance search.
by which S and B are calculated for each mass hypothesis is shown in Figure 2.12.
The upper limit on coupling is shown in Figure 2.14.

The data from the test run, in the form of the invariant mass values of the

ete™ pairs, are publicly available [59].
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Figure 2.13: Results of the resonance search.
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Chapter 3

A search for h — aa — 47, with

ALEPH

3.1 Overview: Higgs to four taus at ALEPH

A search has been performed on 683 pb~! of data collected by the ALEPH
detector at the Large Electron-Positron (LEP) collider at center-of-mass energies
from 183 to 209 GeV looking for a Higgs boson decaying into four 7 leptons via
intermediate pseudoscalar a particles, for a Higgs mass range of 70 to 114 GeV /c?
and an a mass range of 4 to 12 GeV/c%. No excess above background is seen and

a limit is placed on ¢2 = —2(e e =2+ 5 % (h—aa) X (a — 7777)% in the my, m,

OSM (e+ e~ —Z+h

plane. For my, < 114 GeV/c? and m, < 10 GeV/c?, €2 > 1 can be excluded at the

95% confidence level.
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Figure 3.1: The Feynman diagram for the production of a Higgs boson in associa-
tion with a Z boson in ete™ collisions with the decay of the Z boson to neutrinos,
electrons or muons, and the decay of the Higgs to four tau leptons via intermediate
pseudoscalar a particles.

3.2 Introduction

Direct searches at LEP2 for the standard model (SM) Higgs boson, h, decay-
ing into bb or 7F7~ placed a lower bound of 114 GeV/c? on the Higgs mass [60].
However, prior to the discovery of the SM Higgs by the ATLAS and CMS Col-
laborations in July of 2012, fits of the SM to electroweak precision data favored a
SM Higgs with a mass within the kinematic limit of LEP. Additionally, a small,
non-SM-like excess observed at a Higgs mass of around 100 GeV/c? in the bb final
state at LEP, combined with the fine-tuning needed in the minimal supersym-
metric standard model (MSSM), led to the consideration of models, such as the
next-to minimal supersymmetric standard model (NMSSM) [61], that featured ex-
otic Higgs boson decays and naturally light pseudoscalar particles, a. Such models
and related scenarios often feature scalar and pseudoscalar particles that can ac-
company the scalar boson with a mass of ~126 GeV/c? discovered at the LHC

as part of an extended Higgs section. Indeed, for simplicity, for the rest of this
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chapter, the symbol A and the word “Higgs” can represent lighter scalars than the
SM Higgs discovered at the LHC.

In these models with lighter Higgs particles, new decay channels, such as
h — aa, can dominate over h — bb and render the Higgs boson “invisible” to
conventional searches. In particular, the Higgs can decay into four SM particles
instead of two, via two intermediate a particles. Several of these possible final
states, such as h — 2a — 4b, are already highly constrained by existing analy-
ses; see Ref. [62], for example. For m, < 2m,;, however, the decay a — 7177 is
expected; this process, with the Higgs decaying into 777 777~ for a Higgs mass
range of 86 to 114 GeV/c?, is not covered by existing analyses. The Feynman dia-
gram for this process, for the decay channels considered in this analysis, is shown
in Figure 3.1. To investigate this range, the ALEPH data has been revisited. The

present analysis is described in detail in Ref. [63].

3.3 The ALEPH Detector

A complete description of ALEPH (“A detector for LEP PHysics”), shown in
Figure 3.2, is presented in Ref. [64] and an account of its performance in Ref. [65].
The central part of the detector provides tracking for charged particles, and consists
of a silicon vertex detector (VDET), a cylindrical drift chamber (ITC), and a large
time projection chamber (TPC), all immersed in a 1.5 T magnetic field, generated
by a superconducting solenoid. The VDET includes two concentric layers of silicon
microstrip detectors that are an average of 6.5 cm and 11.3 cm away from the
nominal interaction point. The inner and outer VDET layers cover 85% and 69%

of the solid angle, respectively. The ITC, which is a multilayer axial-wire drift
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Figure 3.2: The ALEPH detector.

chamber also with cylindrical geometry, surrounds the VDET. The TPC provides
up to 21 three-dimensional space points and 338 samples of ionization loss for
charged particle tracks at radii between 30 and 180 cm. Overall, a transverse
momentum resolution of o(1/pr) = 0.6 x1073 & 0.005/pr (GeV/c)™! is achieved.
The electromagnetic calorimeter (ECAL) is contained within the superconduct-
ing coil and surrounds the TPC. It is a lead/proportional-wire-chamber sampling
device with fine readout segmentation and encompassing 22 radiation lengths.
The ECAL allows for the identification of and discrimination between electrons
and photons due to their characteristic showers. The energy resolution achieved
for isolated electrons and photons is o(E)/E = 0.18/vE + 0.009 (E in GeV).
The hadronic calorimeter (HCAL) is formed by the 1.2 m-thick magnetic field

return yoke which serves as an absorber, and which is a large, fully instrumented
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iron structure. It consists of 23 layers of streamer tubes (for a total of 7.2 inter-
action lengths), together with two surrounding double-layers of muon chambers.
The HCAL serves to provide a measurement of the hadronic energy, with a rela-
tive energy resolution of o(E)/E = 0.85/v/E (E in GeV), and, together with the
surrounding muon chambers, facilitates the identification of muons.

An energy flow algorithm has been developed to measure the total visible en-
ergy in an event, and which combines all of the above measurements [65], and
which provides a relative resolution on the total visible energy of 0.60/ VE for
high multiplicity final states. Additionally, the application of the algorithm results
in a set of reconstructed objects — energy-flow objects — that are categorized as
charged particles, photons, or neutral hadrons. These energy-flow objects are the
basic entities used in this analysis.

Below polar angles of 12° and down to 34 mrad from the beam axis, the ac-
ceptance is closed at both ends of the experiment by the luminosity calorimeter
(LCAL) and a tungsten-silicon calorimeter (SICAL) originally designed for the
LEP 1 luminosity measurement.

During LEP2 the machine operated at centre-of-mass energies from 183 to 209
GeV and collected data corresponding to a total integrated luminosity of 683 pb~!.
The average centre-of-mass energies and the corresponding integrated luminosities
used in this analysis are presented in Table 3.1.

Table 3.1: Integrated luminosities collected at the different average centre-of-mass
energies.

Ecym(GeV) | 182.65 | 188.63 | 191.58 | 195.52 | 199.52 | 201.62 | 204.86 | 206.53
[Ldt (pb~ ") | 56.8 | 1742 | 289 | 799 [ 863 | 41.9 | 81.4 | 1332
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Figure 3.3: A simulated signal event for the Z decay channel of Z — ete™ as it
would appear in the ALEPH detector.

3.4 Signal and Background Samples

All steps of the ALEPH analysis framework were revived for this analysis, in-
cluding the ability to generate simulated samples of standard model background
and data. Simulated signal events (with h — aa followed by a — 7777) were pro-
duced for each of the three Z decay channels considered and for each combination
of Higgs boson and pseudoscalar masses in the ranges 70 < my, < 114 GeV/c? and
4 < m, < 12 GeV/c? in steps of 2 GeV/c?, and included 3000 events per point.
For the relevant background processes, the samples were either 10-30 or 300-1000
times larger than the data, depending upon the process. An event display for a

simulated signal event for the Z decay channel of Z — eTe™ is shown in Figure 3.3.
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3.5 Event Selection

For the mass range considered, the Higgs is produced approximately at rest,
and thus the decay h — 2a — 47 results in a pair of taus recoiling against another
pair of taus. For the a mass range considered, the decay products of each 27
system will be observed as a highly-collimated jet of charged particles. Due to this
high level of collimation, individual identification of taus, via standard algorithms,
would fail. Instead, the fact that each tau decays into either one charged particle or
three charged particles was used, and one would thus expect each a jet to contain
two, four or six tracks. The JADE algorithm was used to form jets with a ..
chosen to merge proto-jets up to a mass of mje = 15 GeV/c?.

Three possible decays of the Z boson were considered, namely Z — ete™, Z
— ptp~, and Z — v, and a set of loose selection criteria (convenient to allow
comparison of data and simulation at an intermediate stage without compromising
the blind nature of the analysis) and final selection criteria were formulated for
each of the two Z decay classes considered: Z — [T~ (where [ = e or ) and Z

— V.

3.5.1 Z — 1"l

For the Z — 71~ channel, four-fermion background processes are prominent.
The ALEPH lepton identification algorithms were used to mask the two most
energetic leptons in the event from the list of objects clustered by the JADE jet-
finding algorithm. The loose selection consisted of the following requirements: Two
oppositely-charged, isolated leptons; two jets, well-contained within the tracking

volume (| cosf;| < 0.9 ); and the jets and leptons sufficiently isolated from each
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other (| cos 07| < 0.95). The final selection consisted of the following require-
ments: The invariant mass of the lepton pair near the Z mass (80 < my+;-(y) <
120 GeV/c?, where v indicates an isolated photon that may have been radiated
from one of the leptons and which is added to the di-lepton system if doing so cor-
responds to an invariant mass closer to the Z mass than the di-lepton pair alone);
missing energy due to neutrinos from tau decays (f > 20 GeV); jets sufficiently
separated (|cos#;;| < 0); and a signal-like track multiplicity, i.e., each jet must

contain either two or four tracks.

3.5.2 Z —vv

The Z — vv channel represents a larger branching ratio of the Z than the
lepton channel, and thus drives the analysis. A major background contribution
arises from 7 events. The loose selection consisted of the following requirements:
Modest missing energy and missing mass (£ > 30 GeV and 7 > 20 GeV/c?);
exactly two jets, well-contained in the tracking volume, with a modest invariant
mass cut on the dijet system (| cos ;| < 0.85 and m;; > 10 GeV/c?); requirements
on the angle of the missing momentum vector with the beam axis and the total
visible energy in the event, to reject substantial portions of two-photon-initiated
and beam background events (| cos Oiss| < 0.9 and E,;s > 0.05 E¢)pr); and modest
requirements on the most energetic jet (£;, > 25 GeV and containing either two or
four tracks). The final selection consisted of the following requirements: Less than
5 GeV within 30° of the beam axis, to reject events with energy deposits in the
forward region of the detector; consistency with the Z boson decaying to neutrinos
(F > 60 GeV and 11 > 90 GeV/c?); small aplanarity (< 0.05), consistent with two

back-to-back, highly collimated jets; and a signal-like track multiplicity, i.e., each
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Figure 3.4: Signal efficiency as a function of my, for the different Z decay channels.
The bands represent moving from lower m, (lower y-axis values) to higher m,
(higher y-axis values).

jet must contain either two or four tracks.

3.6 Results

Based upon these selection criteria, the signal efficiency ranged from ~25%
to ~50%, depending on Z decay channel, Higgs mass, and a mass, as shown in
Figure 3.4.

It was determined that, for the Z — [71~ channel, one should expect ~3 signal

events versus < 0.2 background events, and for the Z — v channel the expectation
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Figure 3.5: Expected number of signal events after final selection, as a function of
my, for the different Z decay channels.

was ~11 signal events versus ~6 background events. The expected number of
signal events after the final selection for the different Z decay channels is shown as
a function of my, in Figure 3.5.

Systematic uncertainties in the Monte Carlo simulation were estimated to be
5% for all signal and 10% for background in the Z — ("]~ channel versus 30% for
background in the Z — vv channel. It was found that the background estimate and
the number of events seen in data at the loose selection agreed within the systematic
and statistical uncertainty for all Z channels. Distributions of reconstructed Z mass
for the Z — ("]~ channels at the loose selection point are shown in Figure 3.6.

For the Z — [T1~ channels, zero events were observed after applying all se-
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Figure 3.6: Distribution of reconstructed myz for the Z — (]~ channels, at the
loose selection point defined in the text.
lection criteria, while for the Z — vv channel two events were observed. These
observations are consistent with background. The distribution of reconstructed m
for the Z — ptp~ channel is shown in Figure 3.7 and the distribution of missing
mass for the Z — vv channel is shown in Figure 3.8.

Limits were placed on the cross section times branching ratio of the signal

process with respect to the SM Higgsstrahlung production cross section, 2 =

og(ete”—Z+h)

soniere oz X (b= aa) x (@ — 7%77)%. The limits are based upon event

counts in three separate track multiplicity bins (corresponding to events with two
jets where 1) each jet contains two tracks, 2) each jet contains four tracks, or 3)
one jet contains two tracks while the other contains four tracks) times each of
the three Z decay channels considered, resulting in nine categories. The resulting
joint probability density for the event counts is then used to construct confidence
intervals using a generalized version of the Feldman-Cousins technique [66], which
incorporates systematic uncertainties in a frequentist way [67] [68].

Results are shown, for the 95% confidence level, as a function of my, (for m, =
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Figure 3.7: Distribution of reconstructed my for the Z — p*p~ channel.

10 GeV/c?) on the left in Fig. 3.9. Note that the selection criteria do not depend
on my, or m,, and thus our upper limits are fully correlated. The observed number
of events is consistent with a downward fluctuation of the background and, as such,

the limits on £? are stronger than expected.
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3.7 Conclusions

A search has been performed for a neutral scalar (h) decaying into four taus
via Higgstrahlung at LEP2, for the process h — 2a — 47 and Z — ete™, utu~,
or vv, using ALEPH data. No excess above background was observed, and for
my < 114 GeV/c* and m, < 10 GeV/c?, € > 1 can be excluded at the 95%
CL, where £ = % X (h — aa) x (a — 7777)2. This analysis covers
a region of parameter space previously unexplored and further constrains models

that feature light pseudoscalar Higgs particles and non-standard Higgs decays,
such as the NMSSM.
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Conclusions

The phenomenal success of the Standard Model (SM) and the experimental par-
ticle physics program over the course of the last several generations have come at a
cost: The SM is extremely well established, but the experimental searches for new
phenomena at the LHC, which might offer explanations for some of the problems
unaddressed by the SM, have resulted in very strong limits on the parameters and
production of these phenomena. This prompts a reevaluation of the directions and
priorities of the particle physics community, and in particular motivates searching
for new physics in as many experimental venues and energy realms as possible.
Three searches related to this have been presented here: First, a search for events
with at least three photons in the final state in proton-proton collisions with the
ATLAS detector, at the LHC, sensitive to extensions of the SM Higgs sector that
include new pseudoscalar a particles; second, a search for a new, low mass vector
gauge boson, referred to as an A’, in electron-nucleus fixed target collisions with
the APEX experiment, at Jefferson Lab; and, third, a search for neutral scalar
bosons decaying into four tau leptons via intermediate pseudoscalar a particles,
with archival data collected by the ALEPH detector, at LEP. These searches en-
compass a wide variety of energy ranges and collider luminosities — from electron
beam energies of 1 < Epeqm < 6 GeV at Jefferson Lab, to electron-positron collision
center-of-mass energies of ~200 GeV at LEP, to TeV-scale proton-proton collisions
at the LHC — and novel methods by which to use existing data, consistent with the
conclusions that new physics may be hiding in a large number of places, and that
it is necessary for the physics community to perform searches in as many realms

as possible.
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