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Abstract

A search for the Standard Model Higgs boson was conducted with the ATLAS
Experiment at the LHC using the two-photon decay channel. Datasets with integrated
luminosities of 4.8 b~ and 5.9 fb~! were collected in 2011 and 2012 for pp collisions
with center-of-mass energies of /s = 7 TeV and 8 TeV, respectively. A statistically
significant excess of events above the background-only expectation in the v~ decay
channel of 4.5 standard deviations was observed. Combined with excesses in the
WW* and ZZ* decays, this observation led to the discovery of a Higgs boson with a
significance of 5.9 standard deviations at a mass of 126.0 £ 0.4 (stat) +0.4 (sys) GeV.

Searches for diphoton resonances during 2015 and 2016 with LHC data were
motivated by extensions to the Standard Model that predict additional scalar par-
ticles. Data were analyzed from /s = 13 TeV pp collisions, corresponding to an
integrated luminosity of 15.4 fb=!, and no significant deviations from the Standard
Model hypothesis were observed. 95% CL limits on the production cross-section times
branching ratio to vy were calculated for scalar models with masses between 200 GeV

and 2.4 TeV and widths ranging from 4 MeV to 10% of the scalar mass.



Chapter 1

Introduction

The Standard Model (SM) of particle physics provides an experimentally tested frame-
work for describing high-energy particle interactions [3-6]. The Englert-Brout-Higgs
mechanism, which was introduced into the theory order to accommodate massive W*
and Z gauge bosons, predicts the existence of a massive scalar boson - the Higgs par-
ticle [7-12]. While many properties of the scalar are well defined by theory, including
the couplings and decay rates, the mass my is unconstrained in the model. The task
of searching for the Higgs boson and excluding possible Higgs boson masses occupied
experimentalist physicists for decades.

Direct and indirect experimental searches for the Higgs boson were conducted
using the Large Electron Positron (LEP) ete™ collider at CERN and the Tevatron
pp collider at Fermilab prior to the start of the Large Hadron Collider (LHC) physics
program. Though neither found evidence for the particle, each managed to constrain
the range of possible values of my. The LEP Experiments, including ALEPH, DEL-
PHI, L3, and OPAL, used data from center-of-mass energies between 189 GeV and

209 GeV to rule out the existence of Standard Model Higgs bosons with masses below



2

my = 114.4 GeV at 95% confidence level (CL) [13]. Direct searches with the CDF
and DO detectors at the Tevatron with center-of-mass collision energies of /s = 1.96
TeV were also used to exclude the higher-mass range 162 GeV < mpy < 166 GeV at
the 95% CL [14]. Additionally, indirect experimental limits on mpy were made using
measurements of electroweak parameters that, due to radiative corrections, depend
logarithmically on my [15]. A best-fit mass of my = 89%3 GeV was found, and a
95% CL upper bound of 158 GeV was set on the Standard Model Higgs boson mass.

The Large Hadron Collider (LHC) [16] was constructed at CERN for the purpose
of elucidating the electroweak symmetry-breaking mechanism, among other phenom-
ena. The 27 km circumference circular machine was designed to accelerate two beams
of protons in opposite directions at energies of 7 TeV for the purpose of producing pp
collisions at a center-of-mass energy of /s = 14 TeV with an instantaneous luminos-
ity of 103 ecm™?s~!. Two multipurpose particle detectors, ATLAS [1] and CMS [17],
surround intersection points of the two LHC beams and record momentum and energy
measurements for reconstructed decay products of pp collisions. Each was designed
with discovery or exclusion of the Englert-Brout-Higgs hypothesis in mind.

The first analysis presented is the search for the Standard Model Higgs boson
in the resonant v final state with ATLAS [18]. The analysis was performed using
a 4.8 fb~! integrated luminosity dataset collected with /s = 7 TeV along with a 5.9
fb~! integrated luminosity dataset collected with /s = 8 TeV. An excess of events
above the background-only expectation was observed for a hypothesized Higgs boson
mass of approximately my = 126.5 GeV with a statistical significance of 4.5 standard
deviations. When combined with the H — ZZ* — 4] and H — WW* — vilv

channels, the statistical significance of the observation reached 5.9 standard deviations.



A discovery was announced by ATLAS and CMS jointly in July, 2012 [19,20].

The discovery of the Higgs boson initiated a number of measurements of the
new particle’s properties, including its mass [21], spin [22], and production and decay
rates [23], using the full /s = 7 TeV and /s = 8 TeV datasets. These measure-
ments have been continued with the /s = 13 TeV dataset, and have been in excellent
agreement with the Standard Model predictions to date. At the same time, numer-
ous theoretical extensions to the Standard Model have motivated new searches for
additional scalar particles [24-30)].

The second analysis presented in this dissertation is the search for new scalar
particles with the resonant high-mass diphoton final state with ATLAS. The search
benefitted from the upgraded /s = 13 TeV center-of-mass energy of the LHC in Run
2, which boosted theoretical signal cross-sections significantly with respect to /s = 8
TeV. With a 15.4 fb~! integrated luminosity dataset collected during 2015 and the
first half of 2016, no statistically significant evidence for additional scalar states was
found. The observations were used to set limits on the production cross-section times
branching ratio to v for scalar particles with masses between 200 GeV and 2.4 TeV.
A version of this analysis with 2015 data was published by the ATLAS Collaboration
in June, 2016 [31], and an update with the first 12.2 fb~! of 2016 data was presented
at the 2016 ICHEP Conference [32].

This dissertation describes the methodology and results of the search and dis-
covery of the Higgs boson in Run I of the LHC (between 2010 and 2012), as well as
the search for high-mass diphoton resonances during the start of LHC Run II (in-
cluding 2015 and the first half of 2016). The analyses use similar strategies and are

described in parallel throughout the text. Chapter 2 introduces the theoretical moti-
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vation for each search and describes the Higgs boson phenomenology. The components
of the ATLAS Experiment are described in Chapter 3. The collision data samples and
Monte Carlo simulations used to construct and optimize the analyses are the subject
of Chapter 4. Reconstruction algorithms for photons and jets are described in Chapter
5. The selection of collision events containing two photons is covered in Chapter 6.
Modeling strategies for the signal and background are discussed in Chapter 7. The
likelihood model and statistical tests used to quantify agreement between data and
hypotheses are described in Chapter 8. A discussion of the experimental results is
provided in Chapter 9, while some concluding thoughts are given in Chapter 10. Fi-
nally, Appendix A discusses methods that were developed for measuring the global
significance of a deviation from the background-only hypothesis in a search over a

large, multi-dimensional signal space.



Chapter 2

Theory

2.1 The Standard Model

The Standard Model of particle physics is a mathematical framework that de-
scribes the interactions of elementary particles at high energies through the strong,
weak, and electromagnetic forces. Spin—% elementary particles comprise the visible
matter in the universe. These fermions include the charged leptons (e, u, 7), the
corresponding neutral neutrinos (v, v,, v;), the quarks (u, d, ¢, s, t, b), and the
antiparticles of each of the leptons and quarks. Interactions between the particles are
mediated by spin-1 gauge bosons: the v, W*, and Z bosons for the electroweak force,
and the gluons ¢ for the strong force. A summary of the Standard Model particle
content is provided in Figure 2.1 [33].

The Standard Model is a renormalizable [6], locally invariant gauge theory [34]
based on an SU(3)c ® SU(2), ® U(1)y symmetry group. Work by Glashow [3],

Weinberg [4], and Salam [5] during the 1960s led to the unification of the electromag-

netic and weak forces in a local gauge theory of electroweak interactions based on the
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Figure 2.1: The particle content of the Standard Model, including the fermions (quarks
and leptons), the gauge bosons, and the Higgs boson.

SU(2)p, ® U(1)y symmetry group. The quantum chromodynamics (QCD) model of
the strong force was also developed during that time based on the SU(3)s symmetry
group [35,36]. The 8 generators of this group correspond to the 8 color quantum states
of the gluon.

The GWS electroweak theory predicts the existence of massive, charged vector
boson mediators for the weak interaction (the W*), along with a neutral weak boson
(ZY). Data from weak interactions such as beta decays had previously hinted at the
existence of a massive charged vector boson like the W [37,38]. The extremely short
range of weak interactions also suggested that the W and Z should be massive. Strong
experimental support for the electroweak model was provided by the discoveries of the

W+ [39,40] and Z boson [41,42] in 1983 using the Super Proton Synchrotron at CERN.



2.2 The Higgs Mechanism

The Higgs mechanism solves a problem posed by the massive weak gauge bosons.
Naive mass terms for the W and Z of the form %M W, W* end up violating the gauge
invariance of the Lagrangian. Research into the spontaneous symmetry-breaking of
a global symmetry hinted at a solution. A symmetry breaking mechanism could
generate weak boson masses, but it also generated (unobserved) mass-less Goldstone
bosons [43-45].

Starting in 1964, a series of papers by Brout and Englert [7], Higgs [8-10], and
others [11,12], demonstrated that spontaneous symmetry breaking of a local gauge

symmetry could explain the massive bosons. In the simplest case, the Lagrangian is

+

extended by adding a scalar field ¢ = (ZO

degrees of freedom and a potential energy term V' (¢):

) via a complex SU(2) doublet with 4

V(9) = 1266+ 5(66)" 2.1)

When p? < 0 and XA > 0, spontaneous symmetry breaking leads to a vacuum expec-

tation value for ¢: v = v/2|u|/A = 2Myy/g. The vacuum expectation value is related

to the mass of the W boson and the weak gauge coupling ¢, and has been measured
experimentally to be v ~ 246 GeV [46].

The symmetry breaking SU(2);, ® U(1)y — U(1)gn creates one massive boson

— the Higgs particle — and three mass-less Goldstone bosons that are absorbed by

the longitudinal polarizations of the W= and Z bosons. The model provides a mass-

less description of the 7, preserves the renormalizability of the theory, and preserves

the Lagrangian’s gauge symmetry. Masses for the fermions can also be generated by



Vertex ‘ Coupling Strength
aff My /v
HW*TW~= 2M3, v
HZ°Z° M2 /v
HHWYW~ M, Jv?
HHZZ° M2 /202
HHH M% /2v
HHHH MZ /8v?

Table 2.1: Higgs boson couplings to fermions (f), gauge bosons (W,7), and self (H).

the electroweak symmetry-breaking (EWSB) mechanism through Yukawa interactions
with the Higgs field.

The Higgs boson mass, my = Av, is a free parameter in the Higgs mechanism.
Once it is known, the entire phenomenological profile of the particle, including pro-
duction cross-sections and decay branching ratios, is determined by the theory. Table

2.1 lists the couplings of the Higgs boson to the Standard Model particles.

2.3 SM Higgs boson production at the LHC

There are four dominant production modes for the SM Higgs boson at the LHC:
gluon fusion (ggH), vector boson fusion (VBF'), associated production with vector
bosons (WH and ZH ), and production in association with top quarks (#H ). The cross-
sections for these production modes as a function of my are shown in Figures 2.2a and
2.2b for pp center-of-mass energies of /s = 7 TeV and /s = 8 TeV, respectively [47-
50]. Cross-section calculations for the ggH, VBF, VH, and tt H Higgs production modes
are summarized in Table 2.2, assuming a Higgs boson mass of 125 GeV [50]. The total
cross-section for the Higgs boson at that mass was also calculated to be 17.5 pb for

pp collisions at /s =7 TeV, and 22.3 pb for collisions at /s = 8 TeV [47,48].



Process Cross-section [pb]
V5=TTeV  5=8TeV
ggH | 153+23 19.5+ 2.9

VBF 1.21 £ 0.032 1.55 £ 0.043
WH 0.573 £0.025  0.697 £ 0.029
ZH 0.316 £0.016  0.394 £ 0.020
ttH 0.0863 = 0.015 0.130 £ 0.022

Total | 17.50£2.4 22.3+£3.0

Table 2.2: Cross-sections for the dominant production modes of the SM Higgs boson
for various LHC center-of-mass energies, assuming my = 125 GeV. QCD scale and
PDF+ay uncertainties are added in quadrature.

Gluon fusion is the largest production mechanism for Higgs bosons at the LHC,
as a result of the fact that the LHC is primarily a gluon collider [51]. Gluons are
mass-less and do not couple directly to the Higgs, so the generation of a Higgs boson
proceeds through a loop containing massive particles with color charge (such as the b
and t). The largest contribution to the ggH cross-section comes from the t-quark loop
in the Standard Model. Figure 2.3a shows the leading-order (LO) Feynman diagram
for the ggH process [47]. The ggH cross-section was calculated with next-to-next-to-
leading-order (NNLO) QCD corrections [52-58] and next-to-leading-order (NLO) EW
corrections [59,60]. The gluon fusion process is sensitive to soft QCD radiation, and
QCD soft-gluon resummations were calculated at next-to-next-to-leading-log order
(NNLL) [61]. The complete cross-section calculation is described in References [62-65].

Vector boson fusion is the second most prominent Higgs production mode at the
LHC. A Feynman diagram for VBF at LO in the t-channel is shown in Figure 2.3b.
For the VBF production cross-section calculation, QCD and EW corrections were

calculated up to NLO [66-69]. NNLO QCD correction approximations [70] were also
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Figure 2.2: Cross-sections for dominant production modes and branching ratios of the
Standard Model Higgs boson as a function of Higgs mass.
used to calculate the cross-section. Two forward quark jets in the final state provide
a useful signature for VBF' identification. Since the Higgs directly couples to the W
and Z in VBF, evidence for this process would confirm the role of the Higgs in EWSB.

Standard Model Higgs bosons can also be produced at the LHC in association
with vector bosons. Associated production of a W boson and a Higgs proceeds from q¢’
annihilation (Figure 2.4a), while associated production of a Z and a Higgs boson can
proceed through ¢¢ and gg collisions (Figures 2.4a, 2.4b, and 2.4c). The associated
production cross-sections were calculated with NNLO QCD corrections [71-73] and
NLO EW corrections [74].

The presence of a W or Z in the event also provides useful information that can
be used for event selection. For instance, two quark jets can be used to identify VH
events where the W or Z decay hadronically. A dilepton requirement can select for

leptonic ZH decays, while a lepton and E}*** requirement can be used to find leptonic

WH events.
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t/bh  De—————o H

(a) g9 — H (b) @ — qqH

Figure 2.3: Example Feynman diagrams for the production of a Higgs boson through
gluon fusion (2.3a) and vector boson fusion (2.3b) at leading-order.

q H

t/b A

A

q W/Z g z
(a) qg —~ WH,ZH (b) g9 - ZH (c) g9 - ZH
Figure 2.4: Example Feynman diagrams for Higgs boson production associated with
a vector boson at leading-order (2.4a), and at NLO for gg — ZH (2.4b and 2.4c).
As a result of the Yukawa coupling between the Higgs boson and fermions, the
SM Higgs boson can also be produced in association with top quarks. Figure 2.5 shows
the Feynman diagrams at LO for the production of a Higgs boson in association with
a top quark (gg — ttH process). The #t H process cross-section was estimated to NLO
in QCD [75-79].
There is also interference between the Higgs production process gg — H — v
and the continuum background gg — 7 process [80]. The interference is destructive,

and is on the order of 5% of the cross-section times branching ratio for H — 7.
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t/b

t/b

Figure 2.5: Example Feynman diagram at LO for the gg — ttH,bbH production of
the SM Higgs boson.

2.4 Decays of the SM Higgs boson

The total width, as well as the branching fractions for the decay of the Standard
Model Higgs boson are shown as a function of my in Figures 2.6a and 2.6b. Example
branching fractions are also provided in Table 2.3 for a Higgs mass of 125 GeV [49].
Branching fractions for the Standard Model Higgs boson were calculated as a function
of my using HDECAY [81]. Figures 2.7a and 2.7b show the leading order Feynman
diagrams for Higgs decays to vector boson or fermion pairs.

The bb decay mode would be dominant for a low-mass Higgs (e.g. my = 125
GeV), where the WW, ZZ and tt decays are off-shell. The WW and ZZ modes would
account for the majority of Higgs decays for large masses (my > 2my ). This would
even be true after H — tt is on-shell, as a result of the fact that T(H — VV) o m¥,
while T'(H — ff) o< my [82-84]. Decays of the Higgs boson to quark pairs are
enhanced by a factor of three with respect to lepton pairs due to the color quantum

number, while decays to W boson pairs are enhanced by a factor of two with respect
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Figure 2.6: The total width (2.6a) and the decay branching fractions (2.6b) for the
Standard Model Higgs boson as a function of myg.
to Z boson pairs as a result of the electromagnetic charge quantum number [82].
Despite the fact that the v and g are mass-less, H — vy, H — Z~, and H — gg
are decay paths for the Higgs boson. As shown in Figure 2.8, the vy and Z~ decays
are made possible by loop diagrams containing massive charged particles like W*, b,
and t. The W loop provides the single largest contribution to the diphoton decay rate
in the SM. The gg decay mode is also enabled by loops that contain massive particles
with color charge. These loop diagrams are sensitive to the existence of new charged,

massive particles. Measurements of the vy decay rate are therefore useful probes of

physics beyond the Standard Model (BSM).
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Figure 2.7: Feynman diagrams for the decay of a Higgs boson to a pair of vector
bosons (2.7a) or a pair of fermions (2.7b).

v/Z v/Z

= 7+
i W
H ------ t/b H
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v v v

Figure 2.8: Feynman diagrams at L.O for the decay of a Higgs boson to vy and Z~.

2.5 Extensions to the Standard Model

The Standard Model is an incomplete theory. Dark Matter, inflation, and gravity
are just a few examples of observed phenomena which are not described by the model
and lack field-theory descriptions. Many extensions to the Standard Model have been
proposed to explain these phenomena. Some of the models predict additional scalar
particles like the Higgs, including new heavy scalar singlets [24,25,29], hidden sector

models [26-28], and spontaneous 7-violation models [30].

2.6 Standard Model background processes

Several Standard Model processes that do not involve the Higgs boson can pro-

duce photon pairs from pp collisions at the LHC. They are referred to as irreducible
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Decay | Branching fraction [%]

bb 57.7+1.9
Ww= 121.5+0.9

49 8.57 + 0.87
Tt 16.32£0.36

cc 2.91+0.35
Ve 2.64+0.11

0% 0.228 £0.011
Zy 0.154 £ 0.014
utue | 0.0219 +0.0013

Table 2.3: Prominent branching fractions and uncertainties for the Standard Model
Higgs boson, assuming my = 125 GeV.

backgrounds, due to the fact that they contain true photons and cannot be excluded
from the data sample using photon-identification criteria.

Diphoton events are produced via the Born process q¢ — 77, as shown in Fig-
ure 2.9, with NLO contributions in a4 (the QCD coupling) from the ¢§ — ~vg and
99 — 7vvq (Bremsstrahlung) subprocesses [85]. Diphoton production in which one
or two photons are produced by quark fragmentation are also significant contribu-
tions (Figures 2.10 and 2.11, respectively). Despite being NNLO, the "Box” diphoton
process is also prominent at the LHC because of the large gg luminosity relative to
qq. The O(a?) Feynman diagram for the Box process is shown in Figure 2.12 [85].
Recently, a full NNLO calculation for diphoton production at the LHC has become
available [86].

Standard Model processes involving single photons and jets or multiple jets are
also relevant to searches for vy resonances. They are referred to as reducible back-
grounds, because they can be excluded from the final data sample by optimizing the

v selection criteria. Nevertheless, there will always be some contamination from these
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Figure 2.9: Feynman diagrams for the LO contribution to diphoton processes from
the Born process q¢ — vy, and NLO contributions from the subprocesses q¢ — vvg,
gq — v7vq, and associated virtual corrections.

Figure 2.10: Feynman diagrams for diphoton production in which one of the photons
is produced through quark fragmentation.

Figure 2.11: Feynman diagrams for diphoton production processes in which both
photons are produced through quark fragmentation.
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\

Figure 2.12: Feynman diagram for the 4y "Box” production process at O(a?).

"fake” photon backgrounds. Drell-Yan, W+, Z~, and other SM processes also have a
negligible impact on diphoton searches, and only become prominent when events are
categorized in order to select particular event topologies.

The cross-sections of the dominant v, y-jet, and multi-jet processes are provided
in Table 2.4. The v cross-section is calculated by DipHOX [85,87,88] at NLO and
includes contributions from the Born and Box processes. PYTHIA [89] is used to
compute the v-jet and multi-jet cross-sections at LO.

A comparison of Tables 2.2 and 2.4 shows that cross-sections for the background
processes are several orders of magnitude larger than that for Higgs boson production
and decay to 77y. The search would not be feasible except for the fact that the
backgrounds are non-resonant whereas the signal is resonant. A detector with excellent
energy resolution for electromagnetic radiation and the ability to discriminate between

true photons and jets is necessary for this search.
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Process Cross-section [pb]
Vs=8TeV /s =14 TeV
w1213 21.72

y+jet | 4.4 x 10* 8.9 x 10*
multi-jet | 1.5 x 108 3.7 x 10%

Table 2.4: Example cross-sections for the v, v-jet, and multi-jet Standard Model
processes at the LHC for pp center-of-mass collision energies of 8 TeV and 14 TeV. The
Born and Box processes contribute to the v+ cross section as calculated by DIPHOX
at NLO. PyTHIA is used to calculate the v-jet and multi-jet cross-sections at LO.
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Chapter 3

ATLAS Experiment

3.1 Introduction

This section describes the design of the ATLAS Experiment (A Toroidal Lhc
ApparatuS) [1]. As illustrated in Figure 3.1, ATLAS is a multi-purpose particle de-
tector with a cylindrical geometry and forward-backward symmetry that surrounds
one of the collision points for the LHC [16] with solid angle coverage near 4w. The
coordinate system used by ATLAS is right-handed with the origin at the nominal
LHC beam interaction point at the center of the detector. The z-axis is tangential to
the beam pipe at the interaction point, the x-axis points from the interaction point
towards the center of the LHC ring, and the y-axis points vertically. In the transverse
plane, cylindrical (r, ¢) coordinates are used in which ¢ is the azimuthal angle around
the beam pipe. The pseudo-rapidity is often used instead of the polar angle 8, and is
defined as n = — In(tan(6/2)).

ATLAS is composed of multiple sub-systems including superconducting mag-

nets that bend charged particle tracks and assist in particle identification, tracking



20

25m

Tile calorimeters

- LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 3.1: An overview of the components of the ATLAS detector, including the
tracking system, calorimeters, muon system, and magnets [1].

detectors for momentum measurements of charged particles, calorimeters for energy
measurements of electromagnetic and hadronic radiation, and a system for measuring
the momentum of muons from collisions. The detector components and their design
resolutions for momentum and energy measurements are listed in Table 3.1. All to-
gether, ATLAS is 44 m long, has a diameter of 25 m, and weighs 7,000 tonnes. A
multi-tiered trigger system is used to search through collisions for interesting events

and reduce the event rate to a level that can be written to disk.

3.2 Magnet system

The superconducting magnets are essential to particle identification in ATLAS

because they bend the tracks of charged particles according to the charge-to-mass
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Component 7) coverage Resolution

Tracker +2.5 Opr/pr = 0.05% - pr & 1%
EM calorimeter +3.2 op/E =10%/vVE & 0.7%
Hadron calorimeter:

barrel & end-cap, +3.2 op/E =50%/VE ® 3%
forward 3.1<|n <49 op/E=100%/VE ®10%

[ spectrometer +2.7 Opr/pr = 10% at pr =1 TeV

Table 3.1: The pseudorapidity coverage and energy or momentum resolution perfor-
mance goal for each ATLAS detector component [1].

ratio ¢/m. Three toroids and one solenoid comprise the ATLAS magnet system [90].

A superconducting solenoid magnet capable of generating a 2 T axial magnetic
field is aligned with the beam axis (z-axis) and encompasses the inner tracking detec-
tor [91]. It was designed to minimize the material in front of the calorimeter systems,
and has a radiation length (Xj) of approximately 0.66 at normal incidence. It has an
inner diameter of 2.46 m, an outer diameter of 2.56 m, and an axial length of 5.8 m.

A cylindrical superconducting barrel toroid magnet surrounds the calorimeters
as well as the two end-cap toroid magnets [92]. It is made of 8 coils that are held
in long rectangular vacuum vessels with a length of 25.3 m, an inner diameter of 9.4
m, and an outer diameter of 20.1 m. The purpose of the barrel toroid is to maximize
the bending power in the barrel region of the muon spectrometer system. The two
end-cap toroids, on the other hand, are designed to maximize the bending power in
the end-cap region [93]. Each end-cap toroid consists of a single cold mass composed
of 8 rectangular coils and 8 keystone wedges. Together, the barrel and end-cap toroid
magnets produce a toroidal magnetic field for the muon spectrometer of 0.5 T in the

central region and 1 T in the end-cap region.
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3.3 Inner tracking detector

Immediately surrounding the interaction point are three tracking detectors: the
Pixel detector, the Semiconductor Tracker, and the Transition Radiation Tracker.
These systems measure the momenta associated with charged particles using the track
curvature induced by the solenoid’s axial magnetic field. The inner detector also
measures primary and secondary vertices for tracks. These utilities are essential for
separating distinct collision events in the high-pileup environment of the LHC and also
for identifying long-lived particles from the decay such as b-quarks. An illustration of
the tracking system is show in Figure 3.2. Radiation lengths for the inner detector
components were estimated using Monte Carlo, and vary as a function of n from 0.5

in the central region to 2.5 in the forward region (Figure 3.2).

End-cap semiconductor tracker

Figure 3.2: The inner tracking detectors for ATLAS [1].
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Figure 3.3: Radiation length for the ATLAS inner detector as a function of 7, including
the IBL upgrade for Run II [2].

3.3.1 The Pixel detector and Insertable B-Layer

The ATLAS Pixel detector [94] is the the closest detector component to the
collision point and covers the pseudorapidity range |n| < 2.5. The layout consists of
3 concentric cylindric barrel layers surrounding the beam pipe at radii of 5 cm, 9 cm,
and 12 cm. There are also 3 disks that are normal to the beam axis in each end-cap.
In total, there are 8 x 107 pixel readout channels, with pixel areas of 50 x 400 pm?.
Each track typically intersects 3 layers of the Pixel detector. The tracker is segmented
in R-phi and Z, and has accuracies of 115 pym in z and 10 gm in R — ¢.

During the long LHC shutdown from 2012 to 2015 the Insertable B-Layer (IBL),
was installed [2]. The IBL reduced the distance of the closest pixel detector layer to
the interaction point from 5.05 cm to 3.27 cm. A new beam pipe with a radius of 25

mm, down from 29 mm, also had to be installed to accommodate the IBL. It provides
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an additional tracking measurement even closer to the collision point, enhancing the

b-tagging capabilities of the experiment in Run II.

3.3.2 Semiconductor Tracker

The ATLAS Semiconductor Tracker (SCT) consists of 8 layers of silicon micro-
strip detectors that are located between radii of 0.3 m and 0.5 m from the beam [95].
Like Pixel, the SCT measures ther-6-¢ coordinates of charged tracks: it has accuracies
of 17 pm for R — ¢ and 580 um in z. The detector components are 6.36 x 6.40 cm?,
with 780 readout strips. There are 6.3 million readout channels in total for the SCT.

Each track typically crosses eight strip layers.

3.3.3 Transition Radiation Tracker

The ATLAS Transition Radiation Tracker (TRT) is primarily used for discrim-
inating electrons and pions and for improving the measurements of charged particle
tracks [96]. It occupies the radial range 0.56 m - 1.07 m with respect to the beam axis
and detects tracks from collisions by measuring x-rays that are produced by relativis-
tic particles crossing between materials with different refraction indices. The barrel
TRT component is made of 4 mm diameter straw detectors reaching up to 1.44 m
in length that run parallel to the beam axis. Each straw detector contains a 30 pum
diameter gold-plated Tungsten-Rhenium sensor wire inside a small, individual Xe gas
compartment. Each straw is divided in half and read out at the ends. The end-caps
are made of 18 wheels containing radially-oriented straws. TRT provides R — ¢ in-
formation only, and the drift time measurement gives a 130 pum spatial resolution per

straw. The 351,000 TRT readout channels typically provide 36 hits per track.
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Figure 3.4: The electromagnetic liquid argon calorimeter and the hadronic tile
calorimeter in ATLAS [1].

3.4 Calorimetry

Surrounding the inner tracking detectors and the solenoid magnet are the elec-
tromagnetic calorimeter and hadronic calorimeter, which measure the energies of elec-
tromagnetically interacting particles (e.g. e, ) and hadronic particles (e.g. baryons,
mesons) produced in pp collisions. Two forward calorimeters, the liquid-argon hadronic
end-cap calorimeter (HEC), and the liquid-argon forward calorimeter (FCAL), also
measure energy depositions at high pseudorapidities with less precision. Figure 3.4
shows the layout of the ATLAS calorimeter system. Together, the systems cover a

pseudorapidity range of |n| < 4.9.

3.4.1 Electromagnetic calorimeter

The liquid argon (LAr) calorimeter is a high-granularity electromagnetic calorime-
ter that sits just outside the solenoid magnet [97]. It is designed to make precision

measurements of electrons and photons, which lose energy through Bremsstrahlung
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Figure 3.5: A barrel module of the liquid argon EM calorimeter in ATLAS [1].

radiation and ete™ pair production, respectively. The active calorimeter volume pro-
vides radiation lengths of Xy > 22 in the barrel region and Xy > 24 in the end-cap
region.

Particles ionize the liquid Argon as they pass through the calorimeter. Lead
absorber plates and kapton electrodes in the calorimeter have an accordion geometry
that enables gapless coverage in ¢. The barrel component of the calorimeter covers
In| < 1.475, while the two end-cap components cover 1.375 < |n| < 3.2.

The first sampling layer is segmented in 1 with a granularity of 0.003 to 0.006
in An to allow precision position measurements and to distinguish 7% decays from
single photons. EM showers deposit most of their energy in the second calorimeter

layer, which has a granularity of An x A¢ = 0.025 x 0.025. The third layer measures
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leakage of showers into the hadronic calorimeter. Figure 3.5 shows the configuration
of a 3-layer barrel module for the EM calorimeter. Additionally, the region |n| < 1.8
has a LAr pre-sampling layer that corrects for energy lost by particles prior to entering

the calorimeters.

3.4.2 Hadronic calorimeter

The tile calorimeter (TileCal) is a coarse-granularity hadronic calorimeter that
surrounds the EM calorimeter and measures jet energy and EJ"** [98]. The active
calorimeter volume consists of 3 layers that provide 9.7 interaction lengths (\) in the
barrel and 10 in the end-cap region. Slices of steel absorbers are interspersed with
tile scintillator samplers in each calorimeter cell. The central barrel component covers
In| < 1.0, while the extended-barrels cover 0.80 < |n| < 1.7. TileCal extends from a

radius of 2.28 m to 4.25 m and has a length of 12 m.

3.5 Muon system

The muon spectrometer provides precision momentum measurement and trig-
gering capabilities for muons that are deflected by the toroid magnets [99]. Three
cylindrical layers of muon chambers surround the calorimeters in the barrel, while
three circular planes of chambers that are normal to the beam axis are stationed on
the end-caps. Precision measurements of the transverse momentum are provided by
the Monitored Drift Tube (MDT) chambers for || < 2.7 and an innermost layer of
Cathode-Strip Chambers (CSC) for the forward region 2 < |n| < 2.7. Two separate
systems, the Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC), en-

able fast triggering on p tracks in the barrel region (|n| < 1.05) and end-cap region
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Figure 3.6: An overview of the ATLAS muon system [1].

(1.05 < |n| < 2.4), respectively. The full muon spectrometer system is illustrated in

Figure 3.6.

3.6 Trigger system

A three-tiered trigger system reduces the data rate to a level which can be
written to disk. The LHC is capable of generating events at a 1 gHz frequency, and
each event in ATLAS generates 25 MB of raw data (1.5 MB after zero-suppression).
The Level 1 (L1) Trigger searches through collisions for high-pr objects or large E7s
using information from the calorimeters and the RPC and TGC muon sub-systems.

The output rate of the L1 Trigger is 100 kHz with a 2 us latency. The Level 2 (L2)
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Trigger further reduces the event rate by searching for interesting events using the full
calorimeter and tracker granularities in regions of interest (Rol) in 7 and ¢ identified
by the L1 Trigger. The L2 output rate is 1 kHz and has a latency of up to 10 ms.
Finally, the event filter selected events for physics analysis using offline algorithms
with processing times of a few seconds. The EF output rate is approximately 200 Hz.

The ATLAS trigger system was updated to a two-tiered structure for Run II
of the LHC. It consists of an L1 Trigger and a High-Level Trigger (HLT). The HLT
essentially replaced the L2 and EF tiers from the Run I trigger system. The output

rate for the HLT is approximately 1 kHz.
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Chapter 4

Data and simulations

This chapter summarizes the data and simulation samples that were analyzed in the
search for the Standard Model Higgs boson and the search for high-mass scalar parti-
cles in the v~ final state. Sections 4.1.1 and 4.1.2 describe the LHC collision data that
were analyzed for the two searches. Sections 4.2.1 and 4.2.2 describe the Monte Carlo
simulations of the Higgs boson signal and high-mass scalar signal that were used for
optimization and modeling studies. Simulations of the dominant v, v-jet, and dijet

backgrounds are described in Section 4.2.3.
4.1 Data samples

4.1.1 Data for the Standard Model Higgs boson search

The search for the Standard Model Higgs boson was conducted using pp collision
data from the LHC collected during 2011 at a center-of-mass energy of /s = 7 TeV
and during 2012 prior to June 2012 at a center-of-mass energy of /s = 8 TeV. The

average number of interactions per bunch crossing, i, was 9.1 for /s = 7 TeV data and
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Figure 4.1: The integrated luminosity (4.1a) and average interactions per bunch cross-
ing (4.1b) for the /s =7 TeV and /s = 8 TeV data samples.
19.5 for /s = 8 TeV data with a proton bunch spacing of 50 ns. The instantaneous
luminosity peaked at 3.65 x 10?3 ecm™2s™! in 2011 and at 6.8 x 10%* cm™2s™! in 2012.
Figure 4.1 shows the integrated luminosity as a function of time as well as the
mean number of interactions per bunch crossing for the full 2011 and 2012 data sam-
ples. In order to be considered for analysis, the data were required to pass quality
requirements including stable beam conditions, fully operational tracking detectors
and calorimeters, and a working trigger system. ATLAS was able to record LHC-
delivered collisions in 2011 and 2012 with a 93% efficiency. The data quality selection
had a 94% efficiency during this same period. The /s = 7 TeV and /s = 8 TeV data
corresponded to integrated luminosities of 4.8 fb=! with an uncertainty of 1.8% and
5.9 fb~! with an uncertainty of 3.6%, respectively. Ref. [100] describes the luminosity

calibration methodology as well as the evaluation of the systematic uncertainties.
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Figure 4.2: The integrated luminosities of the 2015 and 2016 data samples.

4.1.2 Data for the high-mass scalar search

The search for high-mass scalar particles was conducted using pp collision data
from the LHC collected during 2015 and the first half of 2016 at a center-of-mass
energy of /s = 13 TeV. Collisions occurred with a 25 ns proton bunch spacing, and
the average number of interactions per bunch crossing was 13 in 2015 data and 22
in 2016 data. A peak instantaneous luminosity of 1.0 x 103 cm~2s~! was achieved
during this time.

Figure 4.2 shows the integrated luminosity delivered by the LHC and recorded
by ATLAS as a function of time during 2015 and 2016. ATLAS was able to record
collisions delivered by the LHC with an efficiency of 93%, and ATLAS-recorded data
passed the data quality requirements with an 82% efficiency during 2015. The data
samples corresponded to integrated luminosities of 3.2 fb~! with an error of £2.1% for

2015 and 12.2 fb~! with an error of £3.7% for 2016. Combined, the data correspond

to an integrated luminosity of 15.4 fb~! with an error of +2.9%.
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4.2 Simulated samples

4.2.1 Standard Model Higgs boson signal simulations

Monte Carlo simulations of the Higgs boson signal decaying to vy were used to
optimize the analysis selection and to develop models of the m., observable in the
search for the Standard Model Higgs boson. The five dominant Higgs production
modes described in Section 2.3 were simulated separately. POWHEG was used to
generate the hard-scattering process for ggH [101] and VBF [102]. Parton showering,
hadronization, and the underlying event were simulated with PYTHIAG [89] in /s = 7
TeV simulations and PYTHIA8 [103] in /s = 8 TeV simulations. The WH, ZH, and
ttH hard-scattering processes were also simulated with PYTHIAG for /s = 7 TeV
and PyTHIAS for /s = 8 TeV. Signal normalizations were calculated according to
the prescriptions in Section 2.3. Simulation samples were produced for each signal
production mode in a range of hypothetical Higgs boson masses between 100 GeV and
150 GeV in steps of 5 GeV.

GEANT4 [104] was used to fully simulate the ATLAS detector geometry and
material distribution [105]. Pileup conditions for the detector were also included in
the simulation. Simulated events were weighted to match the average number of
interactions per bunch crossing in data and the z-vertex distribution of collisions.
The same reconstruction and selection algorithms used for data were applied to the
simulated samples in order to measure the expected acceptance and efficiency for the

Higgs boson signal.
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4.2.2 High-mass scalar signal simulations

Monte Carlo simulations of high-mass scalar particles decaying to vy were used
for optimization and modeling of the m., observable in the high-mass scalar search.
Signal events were generated at next-to-leading order in QCD using an effective field
theory implemented in MADGRAPH5_AMC@NLO [106]. The samples were generated
with the NNPDF3.0 NLO parton distribution functions [107] using PYTHIAS with the
A14 tune [108] for parton showering. Pileup events were simulated with PYTHIAS8 [103]
and overlaid on the signal events. Signals were simulated for resonance masses between
mx = 200 GeV and mx = 2400 GeV and for widths between I'xy = 4 MeV and
Ix/mx = 15%. As in the Higgs boson search, the generated events were passed
through the full simulation of the ATLAS detector [105] and then weighted to match

the z-vertex and p distributions of data.

4.2.3 Background process simulations

The search for the Higgs boson in the ~v channel required very large sam-
ples of background Monte Carlo for the spurious signal procedure outlined in Section
7.2.2. Three generators were used to simulate the irreducible prompt diphoton back-
ground: SHERPA [109], REsBOS [110], and DipHOX [85]. The reducible background
from 7-jet was simulated with SHERPA, while the dijet background was simulated with
PyTHIAG [89].

Large Monte Carlo sample sizes were necessary for modeling the high-statistics
background with high precision, so it was infeasible to pass simulated events through
a full detector simulation. Instead, detector effects were mimicked in the Monte Carlo

by weighting events and smearing the particle momenta and energies. The SHERPA
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vy and ~-jet and the PYTHIA dijet samples were corrected for effects such as the
photon identification efficiency, the photon energy resolution, photon conversions in
the detector, and processes in which jets fake photons. Measurements of the 7,
~v-jet, and dijet fractions in data were used determine the relative normalizations of
the backgrounds. The smearing and weighting techniques were not applied to the
RESBOS and DiPHOX samples, which were only corrected to account for the photon
identification efficiency.

Additionally, a smaller number of Monte Carlo events were generated using the
full ATLAS detector simulation [105]. SHERPA was used to generate the vy back-
ground, while the 7-jet processes were simulated with ALPGEN [111]. These simula-
tions were used for optimization studies and comparisons with kinematic distributions
in data.

The high-mass scalar search in the v final state also required background Monte
Carlo simulations for modeling and optimization studies. SHERPA 2.1.1 [109] was used
to simulate the irreducible prompt diphoton background. Matrix elements with up to
two partons were calculated to leading order in QCD. The reducible v-jet background
was also simulated with SHERPA 2.1.1, and matrix elements were calculated with up
to four partons at LO. For both the vy and ~-jet simulations, Sherpa parton shower-
ing [112] with the ME+PSQ@LO prescription [113] was interfaced to the generator,
and the C10 PDF set [114] was used. Smaller samples of background Monte Carlo
were necessary for modeling the high-mass background, since fewer events were ex-
pected in data. As a result, it was possible to pass the Monte Carlo events through

the full ATLAS detector simulation [105].
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Chapter 5

Reconstruction of physics objects

This chapter describes the reconstruction of physics objects from detector measure-
ments in ATLAS. Section 5.1 covers the techniques that were used for the recon-
struction, calibration, and identification of photon candidates. Most of the chapter
is devoted to photons, since they were of primary importance in the search for the
Standard Model Higgs boson and the search for high-mass scalar particles. Jet re-
construction and selection methods are also discussed in Section 5.2, since jets were
used to enhance sensitivity to VBF production in the search for the Standard Model
Higgs boson. Leptons, b-jets, and EF did not play a role in either search and are not

discussed. Curious readers are invited to consult Ref. [115-120] for more information.
5.1 Photon candidates

5.1.1 Photon reconstruction

Photon reconstruction algorithms were applied to clusters of energy deposited

in the electromagnetic calorimeter. Clusters were identified using a sliding-window
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technique that searched for transverse energy measurements greater than 2.5 GeV
within a region of An x A¢ = 0.075 x 0.123 in the three EM calorimeter layers and
the pre-sampling layer [121]. The n and ¢ positions of the EM clusters were matched
to tracks reconstructed from hits in the inner detector [122].

Since photons produced in collisions often convert to ete™ pairs prior to reaching
the electromagnetic calorimeter, the reconstruction algorithm had to distinguish un-
converted photons, converted photons, and electrons. Unconverted photon candidates
were identified using clusters that were not matched to any tracks from the inner de-
tector. Converted photon candidates were identified using clusters that were matched
to a track with a conversion vertex. Both single-track events (in which a cluster was
matched to a single track with a conversion vertex) and two-track events (in which
clusters were matched to a pair of tracks that shared a conversion vertex) were used
to reconstruct converted photons. Other clusters and tracks were classified as electron
candidates.

The photon reconstruction algorithms were updated in 2015 and 2016 for use
in the high-mass scalar search. In particular, electron-oriented algorithms for pattern
recognition and track fitting were used in addition to the standard track reconstruction
algorithms. The converted photon criteria were also updated in order to accommodate
the high-pileup conditions in the data.

Photon candidates were only considered for analysis if they were identified in
the region |n| < 2.37, excluding the low-granularity barrel-end-cap transition region
1.37 < |n| < 1.52. Overall, the average reconstruction efficiency for photons with
Er > 25 GeV was 96% in 2011 and 2012 [123]. The other 4% of photons were

reconstructed as electrons. In the high-pr region, the photon conversion reconstruction
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efficiency decreased to 90% at Er = 1 TeV due to the decreased separation between

conversion tracks.

5.1.2 Photon energy calibration

The photon energy measurement relied on the electromagnetic calorimeter cells
associated with candidate cluster in the pre-sampler and three calorimeter layers. For
unconverted photons, cluster windows of An x A¢ = 0.075 x 0.123 and 0.125 x 0.123
were used in the barrel and end-cap detector regions, respectively. A larger window of
0.075 x 0.172 for converted photon clusters in the barrel accounted for the separation
of ete™ pairs in ¢ due to the solenoid field. The same 0.125 x 0.123 window was used
for converted photon calibration in the end-cap region.

Separate calibrations were applied for converted and unconverted photons in
order to account for energy loss prior to the particles entering the calorimeters and
for energy leakage outside the clusters or into the hadronic calorimeter. n dependent
correction factors for the calibration were derived using Z — ete™ events in data
and had values on the order of 1%. Monte Carlo simulations, which were smeared to
match the energy resolution in data, were also used to improve the energy corrections
for converted photons. This was done by applying a scale factor so that the line-shape
of Z — eTe™ matched that in data. The scaling factors were derived for electrons and
extrapolated to photons, and a small systematic uncertainty was applied to account
for potential differences between v and e*.

A multivariate regression algorithm trained on Monte Carlo simulations was used
to calibrate electrons and photons [124] in 2015 and 2016 data. Discriminating vari-

ables for the boosted decision tree included the energy measurements per calorimeter
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layer, the 1) positions of the clusters, the cluster centroid in the second sampling layer,
the transverse momenta of conversion tracks, and the conversion radii for converted
photons. Layer energies were calibrated based on measurements in 2012 data, and the
overall energy scale in data was measured with 2015 Zee data [125].

The energy scale uncertainties varied between 0.5% — 2.0% depending on 1. The
energy resolution uncertainty for photons with Er 60 GeV varied between 5% — 20%
for different 7 regions in 2011 and 2012 [126]. During 2015 and 2016, the energy
resolution of photons with hundreds of GeV of energy varied between 30% — 45%.
Z — ete v decays were used to independently cross-check the calibrations, which

showed stability on the order of +0.1% during data-taking.

5.1.3 Photon identification

Shower shapes of energy clusters in the electromagnetic calorimeter were an-
alyzed to classify photon candidates [123]. A loose photon identification, used for
the event trigger and the initial photon selection, consisted of rectangular cuts on
shower shape variables related to the second EM calorimeter layer as well as the en-
ergy deposited in the hadronic calorimeter. The variables used for the loose photon

identification are listed below.

® Ry.q1: Ratio of the Ep in the first sampling layer of the hadronic calorimeter

to the Ep of the EM cluster.
e R, .q: Ratio of Er in the hadronic calorimeter to the Er in the EM cluster.

e R,: Ratio of cell energies in An x A¢ = 3 x 7 to cell energies in 7 x 7 for the

second layer of the EM calorimeter.



40

® w,o: Lateral shower width in the second layer of the EM calorimeter.

A tight photon identification was also defined for the final selection of photons
in the analyses. In addition to the variables associated with the loose photon iden-
tification, the tight algorithm considered shower shape variables related to the finely

segmented strip layer of the EM calorimeter:

R,: Ratio of cell energies in An x A¢ = 3 x 3 to cell energies in 3 x 7.

® ws3: The shower width based on the three cells in the strip layer surrounding

the strip with the maximum energy deposit.
® wsor.: The total lateral width of the EM shower in the strip layer.
o Fiq.: Fraction of energy deposited in non-core strips: (E7 strips—E3 strips) / F3 strips-

e AE: Difference between the reconstructed energy associated with the second
maximum in the strip layer and the minimum in the strip layer between the first

and second maxima.

L4 Eratio: (Emax,l _Emax,2)/(EmaX,1 +Emax,2>7 where Emax,l and Emax,Q are the lal"geSt

and second largest energy deposits, respectively.

The photon identification algorithms were trained separately for converted and
unconverted photons using Monte Carlo simulations in which the shower shape vari-
ables were shifted to improve the agreement with the distributions observed in data.
A neural network classification algorithm was used for the tight photon identification

with /s = 7 TeV data, while a rectangular cut-based selection that was less sensitive

to pileup was used with /s = 8 TeV data and /s = 13 TeV data [123].
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The efficiencies of these tight photon identification algorithms increased with Er
and varied from 85% for Er = 50 GeV to 95% for Er = 200 GeV. Uncertainties on
the efficiencies were estimated using differences in the shower shape distributions in
data and simulation. They varied between 2% and 5% for Er > 50 GeV depending
on |n| and Er [127].

The probability for electrons to fake a photon identification signature in the
detector varied from 3% to 10% depending on the |n| region and 7 conversion status.
Overall, only one 7° or jet out of every 5000 was expected to be mistakenly classified

as a photon by the tight identification algorithms [128].

5.1.4 Photon isolation

Photon candidates were required to be isolated from other objects in order to
improve the rejection of hadronic backgrounds. Calorimeter information and tracking
information were used to define two separate isolation criteria.

The transverse isolation energy (FX>) was defined as the sum of the Er of

topoclusters with £ > 0 in the electromagnetic and hadronic calorimeters within a

cone of AR = /(An)?2 + (A¢)? = 0.4 around a photon candidate, excluding the
An x A¢ region of 0.125 x 0.175 that encompassed the barycenter of the reconstructed
photon [121]. Leakage corrections were applied to account for photon energy deposited
outside of the central region. Topoclusters were processed using a low-pr jet algorithm
with kr clustering [129,130]. The low-pr jets were used to compute an ambient event
energy due to pileup and the underlying event, which was subtracted off on an event-
by-event basis [131].

A track isolation variable, p'® was also defined as the scalar sum of the pr of
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tracks with pr > 1.0 GeV in a AR = 0.2 cone around the photon candidate. Tracks
associated with converted photons were not included in the sum. Additionally, tracks
were only considered in the calculation if they were matched to the v vertex. Small
discrepancies in the isolation distributions in data and Monte Carlo for Z — eTe™,
and Z — [T17v events were used to derive a systematic uncertainty associated with
the photon isolation.

The search for the Standard Model Higgs boson relied only on the calorimeter-
based isolation variable. The optimal analysis sensitivity was achieved for Ei < 4
GeV. In the high-mass scalar search, both the calorimeter and track isolation variables
were considered. Photon candidates were required to have EX® < 0.022 - Ex + 2.45
GeV and p < 0.05- Ep. These criteria were optimized for the high-E7 regime which
the high-mass scalar signals were expected to occupy. The calorimeter and track-based
isolation criteria had a combined efficiency of 88% — 97% for Er between 100 GeV

and 500 GeV, with an uncertainty of 1% — 2%.

5.2 Jet candidates

Jet candidates were reconstructed using the anti-kr algorithm [132] with a dis-
tance parameter of R = 0.4 applied to 3-dimensional topological calorimeter clus-
ters [121,133,134]. The pileup-dependence of the jet response was corrected using
Monte Carlo [135]. Jet candidates were also corrected to point back to the primary
vertex associated with the highest Y p% from tracks [134]. Additional n-dependent
corrections were calculated using Monte Carlo. Finally, residual calibrations were de-
rived in-situ by balancing jet pr with reference objects such as a v or Z — [T]~ in

data [134].
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Selection criteria were used to identify jet candidates that originated from a
hard scattering. Jets were only considered for analysis if they had a pseudo-rapidity
In] < 4.5. In /s = 7 TeV data, jets were required to have a minimum transverse
momentum of 25 GeV. In /s = 8 TeV data, jets with 2.5 < |n| < 4.5 were required
to have pr > 30 GeV, while jets with |n| < 2.5 were required to have pr > 25 GeV.
For a given jet and vertex, the jet vertex fraction was defined as the ratio of the scalar
sum of pr for tracks in the jet associated with the vertex to the scalar sum of py for
all tracks associated with the jet [136]. A requirement that JVT > 0.75 was made for
jets with n < 2.5 in order to suppress the background from jets produced at a different
primary vertex, thus making the analysis more robust with respect to pileup. Finally,
jets were required to pass quality cuts and to have a minimum separation of AR = 0.4

from all photon candidates.
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Chapter 6

Diphoton event selection

This chapter discusses the selection of events for the search for the Standard Model
Higgs boson (Section 6.1), and the search for high-mass scalar particles (Section 6.2).
Diphoton event triggers used to identify relevant pp LHC collisions, as well as the
primary vertex selection and kinematic requirements for the diphoton candidates are
discussed for both analyses. A categorization scheme for the selected events in the

search for the Standard Model Higgs boson is also mentioned in Section 6.1.4.

6.1 Selection for the Standard Model Higgs boson

6.1.1 Diphoton event trigger

Proton collisions from the LHC were first identified for analysis using a diphoton
trigger. Events were recorded for analysis if they contained two calorimeter clusters
passing transverse energy cuts. For the /s = 7 TeV data, events were required to
have at least two photons each with Er > 20 GeV. Events in /s = 8 TeV data were

required to have one photon with E7 > 35 GeV and a second photon with Ep > 25
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GeV. A requirement that both clusters pass the loose photon identification criteria
outlined in Section 5.1.3 was also made at the event filter level of the trigger.

A bootstrapping method was used to estimate the efficiency of the trigger for
events passing the analysis selection. The trigger selection efficiency with respect
to the offline diphotons was factorized as the multiple of two terms that could be
evaluated using minimum-bias events: the trigger selection efficiency relative to the
L1 seed and the L1 seed efficiency [137]. The efficiency of the diphoton trigger was
found to be insensitive to pileup and was measured to be 98.9% £0.2% in /s = 7 TeV
data and 99.6% + 0.1% in /s = 8 TeV data. Tag and probe methods were also used
to cross-check the efficiency result and evaluate the systematic uncertainties, which

were less than 1%.

6.1.2 Primary vertex selection

The primary vertex selection was important because the diphoton invariant mass
resolution was influenced by the resolution of the vertex selection, as shown in Figure
6.1a. As a result of the jet vertex fraction requirement for jets discussed in Section
5.2, the two-jet category selection was strongly dependent on the vertex choice.

Several methods have been developed for identifying the primary vertex of an
event. One common approach was to select the z-vertex associated with the highest
S~ p2 from tracks in the event. For photons, a calorimeter pointing approach was also
used to extrapolate the line running through the barycenters of the photon clusters in
the fine granularity first and second EM sampling layers back to the beam axis. The
calorimeter pointing approach provided a resolution for the z-vertex of approximately

15 mm. For converted photons, the conversion tracks could also be extrapolated back
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Figure 6.1: The distribution of simulated Higgs boson signal events in the m.,, observ-
able is shown in Figure 6.1a for multiple vertex selection methods and for the truth
vertex. Figure 6.1b shows the efficiency for reconstructing the primary vertex within
Az = 0.2 mm of the true vertex for the Y p% method and the likelihood method. Both
figures use a simulated Higgs boson signal with my = 125 GeV produced through the
g9 — H — ~7y process.

to the beam line. This was done for /s = 7 TeV but not /s = 8 TeV data due to
the higher event pileup environment.

These three methods for selecting primary vertices were combined using a global
likelihood calculation. Input variables included the direction measurements for the
two photons from the calorimeter sampling layers, the average beam spot position,
the >"p2 of the tracks associated with each vertex, and the conversion vertex for
converted photons associated tracks including silicon hits in /s = 7 TeV data.

The probability of selecting the correct diphoton primary vertex decreased as the
number of reconstructed vertices in the event increased, as shown in Figure 6.1b. How-
ever, the likelihood vertex identification algorithm maintained a significantly higher
selection efficiency than the highest > p% vertex algorithm as the amount of pileup

increased. For each photon, Fr and n measurements were corrected using the se-
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lected primary vertex. These values were subsequently used to calculate the diphoton

invariant mass (1m..).

6.1.3 Event selection

Events passing the trigger were required to contain two or more photon candi-
dates in the detector region |new| < 2.37, excluding 1.37 < |ns| < 1.52, where the
pseudorapidity was measured using the second sampling layer of the EM calorimeter.
The photon with the highest transverse energy (the leading ) was required to have
Er > 40 GeV, while the photon with the second-highest transverse energy (the sub-
leading 7) was required to have Er > 30 GeV. This selection was meant to ensure good
sensitivity to Higgs bosons with masses between 110 GeV and 150 GeV, while also
preserving a very high trigger efficiency for the signal. Various quality requirements
were applied to the photon clusters, and converted photons were also rejected if they
had tracks that passed through dead modules in the first pixel detector layer. Both
photon candidates were also required to pass the tight photon identification outlined
in Section 5.1.3 and the calorimeter isolation cut at 4 GeV outlined in Section 5.1.4.
Finally, events were only considered for analysis if the diphoton invariant mass was
between 100 GeV and 160 GeV. With 4.8 fb! of \/s = 7 TeV data, 23788 events were
observed following the full event selection. 35271 events were observed in the 5.9 fb~1

data sample with /s = 8 TeV following the full event selection.

6.1.4 Categorization

Events passing the inclusive selection procedure described in 6.1.3 were cate-

gorized in order to improve the sensitivity of the analysis to a Higgs discovery. As
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Figure 6.2: A comparison of the diphoton py; spectrum in simulated signal and back-
ground samples. All three distributions are normalized to unit area. The vy and v-jet
component normalizations are based on purity measurements. The signal simulations
correspond to the my = 125 GeV mass hypothesis.

demonstrated in Ref. [128,138], splitting events into multiple categories with different
signal-to-background ratios (s/b) and signal resolutions improved the sensitivity of
the analysis. Furthermore, information about different signal production modes like
vector boson fusion could be obtained by creating categories with different fractions
of each mode. The Asimov formula [139] was used to evaluate the expected discovery

significance for the search under the median signal-plus-background hypothesis:

med[Zo|1] = \/2((8 +h)In(1+2) —s). (6.1)

In Equation 6.1, the median expected discovery significance Z; is expressed in terms
of the expected number of signal events s and expected number of background events

b in a window containing 90% of the signal determined from Monte Carlo.
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Category ‘ Vs =7 TeV data /s =8 TeV data
Unconverted, central, low pr; 2054 2945
Unconverted, central, high pr; 97 173
Unconverted, rest, low pry 7129 12136
Unconverted, rest, high pr; 444 785
Converted, central, low pry 1493 2021
Converted, central, high pr; 7 113
Converted, rest, low pry 8313 11112
Converted, rest, high ppy 501 708
Converted, transition 3591 5149
2-jet 89 129
Inclusive 23788 35271

Table 6.1: The number of selected events in data for the analysis categories of the SM
Higgs boson search for 100 GeV < m., < 160 GeV.

A categorization strategy was chosen that primarily relied on three event param-
eters: the conversion status of the two leading photon candidates, the pseudorapidity
of the two photons as measured by the second sampling layer of the EM calorimeter,
and the pp; of the diphoton system. Unconverted photons were associated with a
better m,., resolution than converted photons, as shown in Table 6.2. Separating the
two provided sets of high and low-resolution categories. Furthermore, signal events
were expected to have conversions 50% of the time, while 60% of background events
were expected to have converted photons. The difference was due to the presence of
7% backgrounds that decayed to two collimated photons and had a higher conversion
probability as a result.

The pseudorapidity parameter also separated events according to a high-resolution
region (the barrel of the electromagnetic calorimeter) and a low-resolution region (the
end-cap of the calorimeter). Scalar particles like the Higgs boson were expected to

have isotropic distributions of the decay products, so the 7y, categorization also created
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sub-samples of the data with different signal-to-background ratios.

In addition to separating signal and background, the diphoton pr; [140] discrim-
inated between ggH and VBF' signal production. The variable was defined as the
orthogonal component of the vy momentum when projected onto the axis defined by

1

the difference of the leading and sub-leading photon transverse momenta (p). and p}Q),

as shown in Equation 6.2:

1 2
(7 —pr)

) "

pre = |(P) + 9F) x t|, where £ =

The distribution of pr; in signal and background simulations is shown in Figure 6.2.
This variable was chosen instead of the diphoton p; because of better resolution and
because cuts on the pr (but not pr) introduced peak structures in the m,, distribution
that were difficult to model. Events were divided into low and high-p7; categories based
on whether they had pp; greater or less than 60 GeV.

In addition to the categorization based on conversion status, 7, and pry, a
two-jet category was optimized for sensitivity to VBF production of a Higgs boson.
Events in this category were required to have at least two jets with || < 4.5 passing
the quality criteria discussed in Section 5.2. Since jets produced through VBF' would
recoil from a W or Z boson with large momenta, a cut on the dijet mass of m;; > 400
GeV was made. The jets were also expected to be in the opposite forward regions of
7, so a requirement that |An;;| > 2.8 was chosen. Finally, a large difference between
the diphoton and dijet azimuthal angles motivated a cut on ¢: Agj;., > 2.6.

Figure 6.3 compares the jet multiplicity, An;;, m;;, and A¢;; ., distributions in

data with those in simulations of the signal and background. The ~v background was
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Figure 6.3: The unit-normalized signal and background distributions related to the
two-jet category are compared to data for /s = 7 TeV events passing the inclusive
selection. The v~ background was simulated with SHERPA, the 7-jet background was
simulated with ALPGEN, and the two samples were combined according to the data-
driven diphoton purity measurement. The Higgs boson signal is shown for a mass
hypothesis of my = 125 GeV. Figure 6.3a shows the jet multiplicity distribution,
Figure 6.3b shows the azimuthal separation of the dijet and diphoton systems, Figure
6.3c shows the pseudorapidity gap between the two jets, and Figure 6.3d shows the
dijet invariant mass distribution.
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generated with SHERPA [109], the y-jet background was generated with ALPGEN [111],

and both were passed through the full ATLAS detector simulation. The backgrounds
were combined according to the data-driven diphoton purity measurement.

Table 6.1 provides the number of events observed in /s = 7 TeV and /s = 8

TeV data for the inclusive analysis and for each analysis category. The list below

summarizes the ten categories that were used to distinguish signal from background

and ggH from VBF in the search for the Standard Model Higgs boson.

e Unconverted, central, low-py;: two v candidates were reconstructed as un-

converted with |ns| < 0.75, and diphoton pry < 60 GeV.

e Unconverted, central, high-p;: two v candidates were reconstructed as un-

converted with |ns| < 0.75, and diphoton pr; > 60 GeV.

e Unconverted, rest, low-pr;: two v candidates were reconstructed as uncon-

verted, at least one « had |ns| > 0.75, and diphoton pr; < 60 GeV.

e Unconverted, rest, high-py;: two v candidates were reconstructed as uncon-

verted, at least one « had |ns| > 0.75, and diphoton pr; > 60 GeV.

e Converted, central, low-pr;: at least one v candidate was reconstructed as

converted, both photons had || < 0.75, and diphoton pr; < 60 GeV.

e Converted, central, high-pr;: at least one v candidate was reconstructed as

converted, both photons had || < 0.75, and diphoton pr; > 60 GeV.

e Converted, rest, low-pr;: at least one v candidate was reconstructed as con-

verted, at least one v had || > 0.75, and diphoton pr; < 60 GeV.
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e Converted, rest, high-pr;: at least one v candidate was reconstructed as

converted, at least one v had |ns| > 0.75, and diphoton pr; > 60 GeV.

e Converted, transition: at least one 7 candidate was reconstructed as con-

verted, and at least one v had 1.3 < |ns| < 1.37 or 1.52 < |ne| < 1.75.

e 2-jet: the event passed the two-jet selection criteria.

The invariant mass resolution, the expected number of signal and background
events per category, and the number of observed events per category are provided in
Table 6.2 for a hypothetical Higgs mass of my = 126.5 GeV. As expected, the high-pr;
categories had better resolution than the low-p, categories, the unconverted categories
had better resolution than the converted categories, and the central-n categories had
better resolution than the non-central-n categories. The highest s/b ratio was expected
for the two-jet category. Eight out of the ten analysis categories observed significantly

more events than expected in the background-only model.
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Category ‘ oce [GeV] Nz Nuke  Nobs.
Unconverted, central, low pr; 145 13.0 215 235
Unconverted, central, high pr; 1.37 2.3 14 15
Unconverted, rest, low pry 1.57 283 1133 1131
Unconverted, rest, high pr; 1.51 4.8 68 75
Converted, central, low pry 1.67 8.2 193 208
Converted, central, high pr; 1.50 1.5 10 13
Converted, rest, low pry 1.93 246 1346 1350
Converted, rest, high ppy 1.68 4.1 72 69
Converted, transition 2.65 11.7 845 880
2-jet 1.57 2.6 12 18
Inclusive 1.63 100.4 3635 3693

Table 6.2: The expected width ocp of the Crystal Ball function that describes the
Higgs boson m., distribution in each category, along with the number of expected
signal events N, , the number of expected background events Ny, , and the number
of observed events N, within a window containing 90% of the hypothetical signal.
The numbers are based on /s = 8 TeV data and simulations of a Higgs boson with

myg = 126.5 GeV.
Category Events ggH (%] VBF (% WH %] ZH [%] ttH [%]
Unconverted, central, low pry 104 92.9 4.0 1.8 1.0 0.2
Unconverted, central, high pr, 1.5 66.5 15.7 9.9 5.7 24
Unconverted, rest, low pry 21.6 92.8 3.9 2.0 1.1 0.2
Unconverted, rest, high pry 2.7 65.4 16.1 10.8 6.1 1.8
Converted, central, low pry 6.7 92.8 4.0 1.9 1.0 0.2
Converted, central, high pr; 1.0 66.6 15.3 10.0 5.7 2.5
Converted, rest, low pr; 21.0 92.8 3.8 2.0 1.1 0.2
Converted, rest, high pry 2.7 65.3 16.0 11.0 5.9 1.8
Converted, transition 9.5 89.4 5.2 3.3 1.7 0.3
2-jet 2.2 22.5 76.7 0.4 0.2 0.1
Inclusive 79.3 87.8 7.3 2.9 1.6 0.4

Table 6.3: The total number of expected signal events per analysis category and
the fractional contributions of each Higgs production mode for a Higgs boson with
my = 126.5 GeV and a 4.8 fb~! dataset collected with /s = 7 TeV.
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Category Events ggH (%] VBF (% WH [%]) ZH [%] ttH [%)]
Unconverted, central, low pry 14.4 92.9 4.2 1.7 1.0 0.2
Unconverted, central, high pr; 2.5 72.5 14.1 6.9 4.2 2.3
Unconverted, rest, low pry 31.4 92.5 4.1 2.0 1.1 0.2
Unconverted, rest, high pr, 5.3 72.1 13.8 7.8 4.6 1.7
Converted, central, low ppy 9.1 92.8 4.3 1.7 1.0 0.3
Converted, central, high pr, 1.6 72.7 13.7 7.1 4.1 2.3
Converted, rest, low pr; 27.3 92.5 4.2 2.0 1.1 0.2
Converted, rest, high pry 4.6 70.8 14.4 8.3 4.7 1.7
Converted, transition 13.0 88.8 6.0 3.1 1.8 0.4
2-jet 2.9 30.4 68.4 04 0.2 0.2
Inclusive 111.6 88.5 7.4 2.7 1.6 0.5

Table 6.4: The total number of expected signal events per analysis category and
the fractional contributions of each Higgs production mode for a Higgs boson with
my = 126.5 GeV and a 5.9 fb~! dataset collected with /s = 8 TeV.
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6.2 Selection for high-mass scalar particles

The event selection for the high-mass scalar search shared many features with
the search for the Standard Model Higgs boson, since both analyses were designed to
identify resonant vy production against a non-resonant background. The differences in
selection presented in this section are mostly due to the higher center-of-mass energy,
the higher mass region for the search (200 GeV - 2400 GeV instead of 100-150 GeV),

and the increased number of pileup events in 2015 and 2016 data.

6.2.1 Diphoton event trigger

Candidate diphoton events from LHC proton collisions were identified using a
diphoton trigger. The Er thresholds were 35 GeV for the leading photon and 25 GeV
for the sub-leading photon candidate, and both were required to pass the loose photon
identification criteria. The trigger efficiency, measured with a bootstrap method and
cross-checked with tag-and-probe techniques, was close to 99% for simulated signal

events passing the full analysis selection [137].

6.2.2 Primary vertex selection

Selection of the primary vertex was important for the high-mass scalar search.
In addition to impacting the diphoton invariant mass resolution, the vertex choice
also determined which tracks would be included in the track isolation computation
described in Section 5.1.4.

A neural network discriminant was developed to replace the global likelihood

method. Input variables including the direction measurements for the two photons
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from the longitudinally-segmented sampling layers of the electromagnetic calorimeter
along with their associated uncertainties, the average beam spot position, the > p2.
and scalar > pr of the tracks associated with each vertex, the difference in azimuthal
angle A¢ between the vector sum of track momenta associated with each vertex and
that of the diphoton system, and the conversion vertices for converted photons with
silicon tracker hits were used to optimize the classifier on simulations. The efficiency

of reconstructing a diphoton primary vertex within +0.3 mm of the true vertex was

88%.

6.2.3 Event selection

Additional identification criteria and transverse energy cuts were applied to
events with two loose photon candidates that passed the trigger. Both photons were
required to pass the tight photon identification selection. Only events with a leading
photon Er > 40 GeV and sub-leading photon Er > 30 GeV were kept. In order to
reduce the fake photon background from jets, the calorimeter and track-based isola-
tion criteria described in Section 5.1.4 were also applied to the photon candidates:
Bk < 0.022 - Er + 2.45 GeV and p&> < 0.05 - Ep. Since scalar particles were ex-
pected to have isotropically-distributed decay products in the detector, an additional
transverse energy cut was made to favor photons in the central ) region. Specifically,
Er > 0.4-m., for the leading photon and Fr > 0.3 - m.,, for the sub-leading photon.
Finally, the search only considered events with m., > 150 GeV in 2015 and m,, > 180
GeV in 2016. Overall, 7765 events were selected from the 2015 data and 15466 events

were selected from the 2016 data.
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6.2.4 Categorization

Events in the high-mass diphoton analysis were categorized according to the year
in which they were collected (2015 or 2016). The intent was to test whether excesses
observed in the standalone 2015 data [31] could be observed independently in the 2016
data. Although several categorization schemes based on the properties of the selected
photon candidates were developed that had minimal model dependence, none brought

a significant improvement in the search sensitivity.
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Chapter 7

Signal and background modeling

This chapter describes how the invariant diphoton mass (m.,) distributions of selected
signal and background events were modeled in the search for the Standard Model Higgs
boson and in the high-mass scalar search. Section 7.1 discusses the signal modeling,
including the probability density function (PDF) to model the signal resolution, the
parameterization of resolution variables as a function of resonance mass, the modeling
of large-width signals, and the systematic uncertainties affecting the signal shape
and yield. Section 7.2 describes the background modeling, including the composition
measurement, the selection of a PDF, and the evaluation of the systematic uncertainty
associated with the background description. The analytic PDFs defined in this section

were used to construct the unbinned likelihood models described in Chapter 8.
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7.1 Resonant signal model

7.1.1 Signal resolution for m.,

The m.,, distribution of the Standard Model Higgs boson was almost entirely
determined by the detector resolution, as a result of the narrow (I'y = 4 MeV) signal
width. The resolution for the narrow resonance was modeled using the sum of a
Crystal Ball function [141] and a Gaussian function. The Crystal Ball PDF, defined
in Equation 7.1, was used to model the core of the signal peak as well as the exponential

low-mass tail of the distribution.

e~ t/2 if t > a,
fes[ma,] =N - ) (7.1)
() e 2 (B — ol =) it <a
In Equation 7.1, t = (m., — my — émpg)/ocs, where m,, is the diphoton invariant
mass, my is the Higgs mass, dmpy represents an offset factor for the peak position
and Higgs mass, and ocp represents the diphoton invariant mass resolution. N is
a normalization factor for the Crystal Ball PDF, while a and n are related to the
power-law damping of the low-mass tail.

The full signal model was the sum of a Crystal Ball PDF with a small Gaussian

PDF to model outliers in the signal distribution:

fslmaq] = &ce - felmy,] + (1 = &eB) - faauss[may - (7.2)
The normalized signal PDF' consisted of six parameters: the four Crystal Ball PDF

parameters, the width of the Gaussian PDF (the mean was fixed so that pigauss =

tes), and a relative normalization parameter for the two PDFs, {qp. Values for each



61

Q T T T I T T T I T T T I T T T q T T T I T T T I T T T I T T T
c 103 = o) =
=) E o cB ATLAS 3
- C Gaussian Distribution m
@ N X~ vy ]
E GCB'GLOW
= L i
< 2
10 E Ocg-Ahigh 3
- Powerilﬁaw -
~(m ) High
10 Power Law vy —
- MNow -
o ~(m,) .
B : Amy ]
1 E_1L 1 1 I 1 1 1 1 1 1 I 1 1 1 KI I 1 1 1 1 1 1 I 1 1

520 540 560 580 60 620 640 660 680
m,, [GeV]

Figure 7.1: The double-sided Crystal Ball PDF used to model the m,., resolution for
the high-mass scalar search.

of the parameters were obtained via maximum-likelihood fits of fs[m..| to the m,,
distributions of the ggH, VBF, WH, ZH, and t#t H Higgs signal simulations described
in Section 4.2.1.

The high-mass scalar search used a slightly different PDF to describe the res-
olution of the narrow m,. resonance. A double-sided Crystal Ball PDF was chosen
that improved the analytic description of the high-mass tails and resulted in a lower
x? probability than the Crystal Ball plus Gaussian PDF when fitted to the high-mass
scalar signal simulations. Figure 7.1 illustrates the components of the double-sided
Crystal Ball PDF [142], while the mathematical description of the double-sided Crystal

Ball PDF is given in Equation 7.3:
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(7.3)
In Equation 7.3, t = (m,, — mx — dmx)/ocs, where mx is the mass of the scalar
resonance, 0myx represents an offset factor for the peak position and the scalar mass,
ocg represents the diphoton invariant mass resolution, N is an overall normalization
factor, and oy, Niow, Qhigh, and nyigh are related to the power-law damping of the low
and high-mass tails, respectively. Overall, the PDF consists of six shape variables, the
values of which were obtained with maximum-likelihood fits to the high-mass scalar

signal simulations discussed in Section 4.2.2.

7.1.2 Parameterization of the resolution

In the search for the Standard Model Higgs boson, the six shape variables associ-
ated with the Crystal Ball plus Gaussian PDF were parameterized as a function of mpy
in order to provide an analytic description of the signal resolution that was continuous
over the Higgs mass hypotheses. The dmpy, ocg, and a variables were parameterized
as linear functions of my, while n, ogauss, and {cg were constant with respect to my.
A simultaneous maximum-likelihood fit of the parameterized shape was performed for
each analysis category on simulated Higgs boson signals with masses between 100 GeV
and 150 GeV at increments of 5 GeV. The expected signal resolution as determined
by the resolution model is provided in Table 6.2 for a Higgs boson mass of 126.5 GeV.

The expected Standard Model Higgs boson signal yields for each of the five



myg ggH VBF WH ZH ttH Total
[GeV] | € [%] New. | € [%] Nevi. | € [%] New. | €[] News. | € [%]  Nev. | New.
110 373 717|379 52 | 335 28 |335 15 | 337 04 81.6
115 395 738 | 40.1 55 | 349 28 | 355 15 | 349 0.3 83.9
120 409 735|421 58 | 370 26 | 369 14 | 359 0.3 83.6
125 42.0 709 | 438 58 | 381 24 | 384 13 | 372 0.3 80.7
130 431 66.3 | 448 57 | 393 21 |399 12 | 378 0.3 75.6
135 44.6 59.8 | 469 5.3 | 40.7 1.8 | 40.8 1.0 | 387 0.2 68.1
140 452  51.7 | 487 4.8 | 41.8 1.5 | 423 09 | 395 0.2 99.1
145 45.8 423 | 498 4.1 | 425 1.2 | 436 0.7 | 405 0.2 48.5
150 458 316 | 49.7 3.1 | 441 0.9 | 447 0.5 | 40.7 0.1 36.2
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Table 7.1: The expected signal efficiency, €, and event yield, Ngy., for the Standard
Model H — ~ process after event selection in 4.8 fb™! of /s = 7 TeV data.

my ggH VBF WH ZH ttH Total
[GeV] | € [%]  New. | € [%] Nevt. | € [%]  New. | € [%] Newe. | € [%]  Nevt. | Newt.
110 33.8 1006 | 345 74 | 299 3.7 | 295 21 |273 06 | 1144
115 35.6 103.8 | 36.2 79 | 306 3.6 | 325 2.1 | 279 0.6 | 118.0
120 372 103.6 | 38.1 82 | 327 34 | 329 20 | 294 06 | 117.8
125 383 1003|396 83 | 339 32 | 342 1.8 | 297 0.5 | 114.1
130 39.1 94.1 | 41.2 80 | 351 28 | 359 16 | 31.1 0.5 | 107.0
135 404 853 | 424 76 | 3.7 24 | 366 14 | 322 04 97.1
140 41.1 740 | 430 6.8 | 370 20 | 36.8 1.2 | 324 0.3 84.3
145 41.6 60.6 | 43.7 58 | 380 16 | 385 09 | 336 0.3 69.2
150 41.7 453 | 448 4.4 | 38.2 1.1 | 39.2 0.7 | 340 0.2 51.7

Table 7.2: The expected signal efficiency, €, and event yield, Neys., for the Standard
Model H — ~v process after event selection in 5.9 fb=! of /s = 8 TeV data.

dominant production modes were also parameterized over the 100 GeV < mpy < 150

GeV mass range with a second order polynomial. The expected signal efficiencies and

yields for a range of Higgs boson masses are shown for /s = 7 TeV data in Table 7.1

and for /s = 8 TeV data in Table 7.2.

For the high-mass scalar search, the double-sided Crystal Ball description of the

signal resolution was also parameterized. Due to the significantly larger search range
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Variable | Parameterization a b ¢
dmx a+bmn, X +cm?  -0.0357 -0.0466  2.90 x 1074
OCB a + bmmx 1.646 0.697

Mlow a+bm, x + cmi’X 1.536 —8.62x107* —1.69 x 10~*
Now a 12.5

Qthigh a+bm, x + cm?L’X 1.889 0.0140 —5.54 x 10~*
Thigh a 9.9

Table 7.3: Parameterizations of the double-sided Crystal Ball variables for the high-
mass scalar search. In order to improve the fit convergence, the variable m, x =

%&Sw was used to parameterize the shape with respect to the resonance mass.

(from mx = 200 GeV to myx = 2400 GeV), linear parameterization functions were
not suitable for some of the shape variables. As shown in Table 7.3, second-order
polynomials were necessary for describing the dmx, quow, and ayign variables, ocp was
modeled as a linear function of mx, and nie and nyien Were constant with respect to
mx.

A simultaneous fit of the parameterized resolution model was performed on sim-
ulations of narrow-width high-mass scalar particles with masses between 200 GeV and
2.5 TeV. Figure 7.2 compares the values of the double-sided Crystal Ball variables from
the simultaneous fit of the parameterized resolution at all mass points to resolution
fits at individual mx points. The individual and parameterized fit results were in ex-
cellent agreement. As can be seen from the plot of o¢g, the diphoton invariant mass
resolution varied from 2.3 GeV for myx = 200 GeV to 17.5 GeV at myxy = 2.4 TeV.

Since the high-mass scalar signals did not have a cross-section defined by theory,
the kinematic acceptance and the efficiencies of the reconstruction and identification
were parameterized as a function of my. The fiducial acceptance was defined as the

number of generator-level events passing the F¥° requirement described in Section
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Figure 7.2: A comparison of the double-sided Crystal Ball shape variables from fits
to individual mx hypotheses and from a single parameterized fit for the entire myx
range. Comparisons are shown for dmx (top left), ocp (top right), aiey (bottom left),
and amign (bottom right).

5.1.4 as well as the |n| and E7 requirements described in Section 6.2.3. Acceptance
for the signal ranged from 54% at mx = 200 GeV to 61% at myx = 700 GeV. The
efficiency was defined as the ratio of the number of signal events expected to pass the
reconstruction and identification requirements to the expected number of accepted
signal events. The reconstruction and identification efficiency varied from 66% at
my = 200 GeV to 74% for myx = 700 GeV. The expected high-mass scalar signal yield

was calculated as the multiple of the cross-section times branching ratio to v, the

acceptance of the kinematic selection, and the efficiency of the photon reconstruction
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and identification. Search results were interpreted using the fiducial cross-section,
defined as the product of the cross-section times branching ratio to v+ within the

fiducial acceptance.

7.1.3 Modeling large width signals

The parameterized signal resolution model described in Section 7.1.2 was suffi-
cient for searches involving narrow-width resonances in which the detector resolution
was significantly larger than the I' = 4 MeV signal width. However, the high-mass
scalar search also considered signal models with larger values of I'x /m .

In order to model the large-width scalar signals, the parameterized detector reso-
lution was convoluted with the mass line-shape at the generator level. The theoretical
line-shape was the multiple of three components: the Breit-Wigner implemented in
MADGRAPH5_AMC@NLO [106], the parameterization of the gluon-gluon parton lu-
minosity from NNPDF3.0 NLO [107], and the matrix element of the effective field
theory [143] times the flux factor and the phase space.

The large width model agreed well with the high-mass scalar Monte Carlo, as
shown in Figure 7.3b. This figure presents a direct comparison, and not a fit, of
the convolution of the detector resolution and line-shape with the large-width scalar
simulation for my = 800 GeV and I'x /mx = 6%. Figure 7.3a shows the corresponding
detector resolution component from a fit to the narrow width scalar simulation for

mx = 800 GeV.
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Figure 7.3: The expected m,, distributions for a scalar resonance of mx = 800 GeV
and a width of I'y = 4 MeV (Figure 7.3a) or 'y /myx = 6% (Figure 7.3b). The blue
analytic signal PDF is compared with the black distribution of simulated events.

7.1.4 Systematic uncertainties affecting the signal

Systematic uncertainties affecting the expected signal in the search for the Stan-
dard Model Higgs boson and the high-mass scalar search could be broadly classified as
yield systematics or shape systematics. Yield systematics, described in Section 7.1.4.1,
affected either the overall normalization of the expected signal or the distribution of
expected signal events among the analysis categories. Shape systematics, described in

Section 7.1.4.2, affected the diphoton mass resolution and the mass scale.

7.1.4.1 Uncertainties on the signal yield

The uncertainties affecting the total number of expected signal events for the
Standard Model Higgs boson search are listed below. A summary of the systematic

uncertainty values is also provided in Table 7.4.

e An uncertainty on the integrated luminosity of 1.8% for /s = 7 TeV data
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and 3.6% for /s = 8 TeV data was calculated using the method in Ref. [100].
The luminosity uncertainties for /s = 7 TeV and /s = 8 TeV data were

uncorrelated.
The uncertainty on the loose diphoton trigger efficiency was found to be 1.0%.

The uncertainty of the photon identification efficiency was measured using Monte
Carlo signal simulations and data-driven measurements with Z — ete™ v and
Z — eTe” events. For /s =7 TeV data, the relative systematic uncertainty of
the neural-network photon identification algorithm was approximately 4% per
photon. A relative uncertainty of 8.4% on the expected signal yield in /s =7
TeV data was found by fully correlating the photon identification uncertainties
between photons in each event. In the /s = 8 TeV analysis, the photon identifi-
cation uncertainty was 5% for photons in the barrel region and 7% for photons in
the end-cap region. This corresponded to an uncertainty on the expected signal
yield of 10.8% in /s = 8 TeV data after fully correlating the uncertainties due

to each photon in the event.

An uncertainty on the expected signal yield due to the efficiency of the isolation
cut was found to be 0.4% per event in /s = 7 TeV data and 0.5% for /s = 8
TeV data. The size of the systematic uncertainty was evaluated by comparing

the isolation cut efficiency on Z — ete™ events in data and Monte Carlo.

An uncertainty due to the presence of pileup events of 4% was assigned to the
expected signal yield. The effect was observed by comparing the numbers of

selected events in samples with p greater than and less than the mean in data.
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e Uncertainties related to the photon energy scale, which are described more in

Section 7.1.4.2, contributed a 0.3% uncertainty on the expected signal yield.

Theoretical uncertainties related to the Standard Model Higgs boson production
cross-sections and the decay branching fraction for H — ~7 also affected the expected
signal yield. The dominant uncertainties on the cross-section were due to the QCD
perturbative uncertainties for the gluon fusion process [47,48] and the parton dis-
tribution function uncertainties associated with the CTEQ [114], MSTW [51], and
NNPDF PDF sets [144]. A 5% branching fraction uncertainty was implemented [145].

Systematic uncertainties also affected the expected distribution of signal events
among the analysis categories in the search for the Standard Model Higgs boson. These
sources of uncertainty, referred to as migration systematic uncertainties, are listed
below. Correlations between the migration systematics in each analysis categories
ensured a constant total signal yield. A summary of the systematic uncertainty values

is also provided in Table 7.5.

e Uncertainties related to pileup events contributed to migrations of expected
signal events between the analysis categories with unconverted and converted
photons. In /s = 7 TeV data, the uncertainty was found to be 3% for categories
with unconverted photon, 2% for categories with converted photons, and 2% for
the two-jet category. The uncertainty was found to be 2% for categories with
unconverted photon, 2% for categories with converted photons, and 12% for the

two-jet category in /s = 8 TeV data.

e Uncertainties on the material description of the ATLAS detector also contributed

to migrations of expected signal events between the conversion categories. Sim-
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ulations were performed with 5% and 20% extra material upstream from the
electromagnetic calorimeter, and the differences in event yields between the cate-
gories were measured. Material distributions primarily affected conversion rates,
and migration uncertainties of 4% and 3.5% were assigned to categories with un-

converted and converted photons, respectively.

The selection of the primary vertex had a negligible impact (< 0.1%) on migra-

tions of events between categories.

Uncertainties on the jet energy scale affected migrations of expected signal events
for the two-jet categories. Variations of the scale corrections from Ref. [134] were
used to calculate the jet energy scale uncertainty, which produced an uncertainty
on the expected signal yield of 19% for the two-jets categories and 4% for the

other categories.

Jet energy resolution uncertainties had a negligible impact on the expected signal

yield in each analysis category.

The perturbative uncertainty on the ggH contribution to the two-jet categories
was evaluated separately from the total cross-section uncertainty according to
the procedure in Ref. [146]. An uncertainty of 25% on the expected signal yield

for the two-jet categories was computed for the ggH process [147].

A migration uncertainty resulting from the underlying event modeling was esti-
mated by comparing different tunes of the underlying event simulation [148]. A
30% uncertainty was assigned to contributions from the ggH and VH processes,

while a 6% uncertainty was assigned to the contributions from the VBFE process.
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Systematic uncertainty ‘ Vs =17 TeV [%] Vs =8 TeV [%]
~ identification +8.4 +10.8

pileup +4

~ energy scale +0.3

~ isolation +0.4 +0.5

trigger +1

luminosity +1.8 +3.6

OHiggs (Perturbative) ggH: 3% VBF: £0.3, ggH: T1 VBF: £0.2,

WH: *52 ZH: ‘16, #tH: T3, WH: 02 ZH: "8 #tH: *3
g9H + 2 jets: £25

Oniggs (PDF+ay) ggH: 7%, VBF: %3, ggH: T3 VBF: 1358,
VH: +3.5, ttH: +9, VH: +3.5, TH: +8,

BR(H — ~y) +5

underlying event (2-jets) VBF': +6, others: +30

Table 7.4: A summary of the systematic uncertainties on the expected signal yield for
a Standard Model Higgs boson with my = 125 GeV.

e The jet vertex fraction migration systematic uncertainty was evaluated by com-

paring efficiencies in data and Z + 2-jets simulations. A 13% uncertainty was

assigned for /s = 8 TeV data.

e The expected kinematics of the Higgs boson signal affected the expected distri-
bution of events among the categories, particularly as a result of the classification
according to diphoton pr;. The uncertainty due to the Higgs boson modeling was
quantified by varying scales and PDFs with HqT2 [48]. Uncertainties of 1.1%,
12.5%, and 9% were obtained for the low-pr; categories, high-pr; categories, and

two-jet categories, respectively.

In the high-mass scalar search, uncertainties on the efficiency of the reconstruc-
tion and selection algorithms came from several sources. An uncertainty of £0.6%
was related to the efficiency of the loose diphoton trigger. The photon identifica-

tion efficiency contributed a mass-dependent systematic uncertainty of £2% to +3%,
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Systematic uncertainty | /s =7 TeV [%] Vs = 8 TeV [%)]
material unconv: +4, conv: F3.5
pileup unconv: +3, conv: F2 unconv: £2; conv: F2
2-jets: £2 2-jets: £12
jet energy scale low-pry
ggH: £0.1, VBF: £2.6, g¢ggH: £0.1, VBF: £2.3,
others: £0.1 others: £0.1
high-pr+
ggH: £0.1, VBF: +4
others: £0.1
2-7ets
ggH: 719, VBF': F8, ggH: F18, VBF': F9,
others: F15 others: F13
jet vertex fraction 2-jets: £13, others: 0.3
Higgs pr modeling low-ppy: £1.1, high-pry: F12.5, 2-jets: F9

Table 7.5: A summary of the systematic uncertainties on the expected distribution
of signal events among the analysis categories for a SM Higgs boson with my = 125
GeV. The signs on each value represent the correlations between analysis categories.
while the photon isolation efficiency contributed another mass-dependent 1% to 4%
uncertainty to the expected signal yield. Photon energy scale and energy resolution
uncertainties had a negligible impact on the expected signal yield and were not imple-
mented in the statistical model. Selected events in the high-mass scalar search were

not categorized according to event topology or photon characteristics, so migration

uncertainties were not necessary for the analysis.

7.1.4.2 Uncertainties on the signal shape

In the search for the Standard Model Higgs boson, the mass scale, or position
of the resonance peak, was influenced primarily by systematic uncertainties related
to the photon energy scale. A systematic uncertainty due to the electromagnetic

calorimeter pre-sampler energy scale was estimated to be 5% for the barrel region and
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10% for the calorimeter end-cap region. An additional uncertainty due to material
effects for the extrapolation of the electron energy scale to photons was also evaluated
separately for the regions |n| < 1.8 and |n| > 1.8. Multiple uncertainties related to
the in-situ calibration technique discussed in Section 5.1.2 were also applied. Overall,
a 0.6% uncertainty was assigned to the mass scale parameter, dmy. This mass scale
systematic uncertainty was correlated between the /s = 7 TeV and /s = 8 TeV data
categories.

Several sources of uncertainty affected the signal resolution in the search for the
Standard Model Higgs boson. One source of uncertainty was related to uncertainty
on the constant term of the parameterization of the calorimeter resolution described
in Ref. [126]. The constant term was 1% in the barrel of the calorimeter and up to
2.1% in the end-cap region. A 12% systematic uncertainty on the m.,. resolution was
assigned for the constant term of the calorimeter resolution. The extrapolation of the
calorimeter response for electrons to photons contributed another 6% to the resolution
uncertainty. Pileup events also affected the mass resolution. The effect was observed
by comparing the full-width-half-maximum of the signal peak in events with p greater
than and less than the average from data. The impact of pileup on the m., resolution
was found to be 4%. Finally, the impact of an incorrect primary vertex selection on
the mass resolution was evaluated and found to be negligible (on the order of 0.2%).
Overall, the mass resolution uncertainty was 14%. This systematic uncertainty was
applied to the Crystal Ball and Gaussian resolution variables ocg and oga and was
correlated between the /s = 7 TeV and /s = 8 TeV data categories.

For the high-mass scalar search, the relative uncertainty on the diphoton mass

resolution was dominated by the constant term of the energy resolution parameteriza-
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tion. It varied from £17% at mx = 200 GeV to £40% at mx = 2 TeV. The systematic
uncertainty on the mass scale resulting from the photon energy scale uncertainty was

found to be small and was neglected in the search.

7.2 Continuum background model

7.2.1 Background composition

In order to properly model the shape of the non-resonant background for the
search for the Standard Model Higgs boson, it was necessary to determine the con-
tributions from the irreducible v+ and reducible y-jet + dijet processes. A method
involving control regions obtained by relaxing the photon identification and isolation
requirements was used to estimate the number of events in which jets were misiden-
tified as photons [131,149]. Photon isolation and identification variables were chosen
because of their nearly orthogonal rejections of fake backgrounds. The Drell Yan back-
ground was determined by measuring the probabilities for electrons to be reconstructed
as photons with Z — e*e™ events.

For the y/s = 7 TeV data in the Higgs boson search, (80 + 4)% of non-resonant
events were estimated to be from 7 processes, while (194 3)% were found to be from
v-jet and (1.8 +0.5)% from dijet processes. In /s = 8 TeV data, the corresponding
vv, v-jet, and dijet fractions of the non-resonant background were measured to be
(754+3)%, (22+2)%, and (2.6 £0.5)%, respectively. Uncertainties on the composition
estimates were related to the statistical uncertainties in the data samples, the defini-
tions of the control regions, the modeling of the isolation distribution, and possible

correlations between the isolation and identification variables. Figure 7.4 shows the
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Figure 7.4: The estimated contributions from the 7, y-jet, and dijet processes to the
non-resonant background in the search for the Standard Model Higgs boson.

purity measurement for both datasets in bins of m..,. The very small contribution to
the background from the Drell-Yan process was included in the v+ component.

The composition of the non-resonant background was also measured for the
high-mass scalar search. A matrix method [150] and a 2 x 2D sideband method [151]
were used to estimate a diphoton purity of (90%3,)%. Both methods relied on relaxed
photon isolation and identification control regions as in the purity measurement for the
search for the Standard Model Higgs boson. The purity of the high-mass search was
significantly better than in the lower mass Higgs search, since selection criteria such as
the photon identification improve with photon pr. Figure 7.5 shows the composition of
the high-mass scalar search data collected during 2015 in bins of m.,. Purity estimates
from both the matrix and 2 x 2D methods are shown, and were found to agree within

uncertainties.
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Figure 7.5: The estimated contributions to the high-mass scalar search non-resonant
background in 2015 data from the v, v-jet, and dijet processes using the 2 x 2D and
matrix methods.

7.2.2 Background PDF for m.,

The parameterization of the non-resonant background in the search for the Stan-
dard Model Higgs boson was chosen separately for each analysis category. Multiple
functional forms were considered for the background shape, including Bernstein poly-
nomials up to seventh order, exponential functions with polynomial exponents up to
three orders, and exponential functions with modified turn-on behaviors. The param-
eters of each function, including the overall normalization, were unconstrained and
allowed to float in fits to data.

In order to choose between the analytic background PDF candidates, maximum
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likelihood fits in the mass range 100 GeV < m., < 160 GeV were performed on
the high-statistics smeared Monte Carlo simulations of the background described in
Section 4.2.3. The background model under consideration, together with the expected
signal shape with a floating normalization, were fit repeatedly for a scan of the full
range of my hypotheses (between 110 GeV and 150 GeV). At each point, the number
of fitted signal events was measured. This spurious signal corresponded to the bias
in the fitted signal yield for a particular Higgs mass hypothesis resulting from the
parameterization of the background.

Candidate background functions were only considered to be viable if the mea-
sured bias on the signal yield was less than 20% of the uncertainty on the fitted signal
yield and less than 10% of the expected number of signal events in the analysis cate-
gory. Additionally, background models were discarded when the fits did not converge
reliably. These requirements had to be satisfied for every Higgs mass hypothesis. The
background model that passed all of the requirements and gave the best expected
sensitivity to the Higgs boson signal was chosen.

The bias on the signal yield resulting from the background modeling was used
to define a shape systematic uncertainty for the Higgs search background. Table
7.6 lists the selected background model for each of the analysis categories in the
search for the Standard Model Higgs boson, along with the magnitude of the spurious
signal systematic uncertainty. The implementation of the spurious signal systematic
uncertainty in the likelihood model is discussed in Section 8.1.2.

The normalization of the background was represented by an unconstrained nor-
malization parameter in the fit model, the value of which was determined by the num-

ber of events the observed data. As a consequence of this freedom in the background
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Category Background PDF Uncertainty [Neyents)
VE=TTeV /5=8TeV
Unconverted, central, low pry | Exp. of O(2) polynomial 2.1 3.0
Unconverted, central, high pr; | Exponential 0.2 0.3
Unconverted, rest, low pry O(4) polynomial 2.2 3.3
Unconverted, rest, high pry Exponential 0.5 0.8
Converted, central, low pr; Exp. of O(2) polynomial 1.6 2.3
Converted, central, high pr; Exponential 0.3 0.4
Converted, rest, low pry O(4) polynomial 4.6 6.8
Converted, rest, high prs Exponential 0.5 0.7
Converted, transition Exp. of O(2) polynomial 3.2 4.6
2-jet Exponential 0.4 0.6
Inclusive O(4) polynomial 7.3 10.6

Table 7.6: The systematic uncertainty on the number of fitted signal events resulting
from the background parameterization in each analysis category. The size of the
uncertainty, in terms of number of events, was determined for integrated luminosities
of 4.8 fb~! for \/s = 7 TeV data and 5.9 fb~! for \/s = 8 TeV data.
model, no systematic uncertainties on the background yield were necessary.

The analytic background PDF for the high-mass scalar search was selected in a
similar manner to the background model in the Higgs search. As a consequence of the
vastly expanded high-mass search range, different classes of functions had to be con-

sidered for the background model. A set of functions developed for dijet searches [152]

was chosen to describe the invariant diphoton mass distribution at high-masses:

Fulz, b, {ax}] = N(1 — 2/3)0 . X502 (oa@) (7.4)

where b and a5 were unconstrained parameters, N was a normalization parameter, and
T = My /+/s. A model f; thus corresponded to k + 2 free parameters, not including
the normalization.

Maximum likelihood fits of the background functions were performed to background-

only samples in the mass range m., > 150 GeV for 2015 data and m,, > 180 GeV
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for 2016 data. The background-only samples was composed of the SHERPA vy Monte
Carlo discussed in Section 4.2.3 and data-driven estimates of the v-jet and dijet back-
grounds obtained by relaxing the photon identification criteria. These samples were
mixed according to the background composition measurement discussed in Section
7.2.1. The background model under consideration, together with the expected signal
shape with a floating normalization, were repeatedly fitted to the background sam-
ple as the signal mass and width were scanned across the full search range (200 GeV
< mx <2400 GeV, and 'y > 4 MeV with I'x /myx < 10%). The signal yield resulting
from signal plus-background fits to the background-only samples corresponded to the
spurious signal bias on the signal yield measurement.

The spurious signal requirements for background functions were relaxed in the
high-mass scalar search with respect to the Higgs boson search. Since the scalar
signal lacked a well-defined theoretical cross-section expectation, the requirement on
the expected signal yield was abandoned. The requirement that the spurious signal be
less than 20% of the statistical uncertainty on the fitted signal yield was also loosened
to 30% for the scalar search. Since over-fitting becomes a concern for functions with
too many degrees of freedom, the background function with the fewest degrees of
freedom that passed the selection criteria was chosen for the analysis. Using this
procedure, the fi—o background PDF with two free shape parameters was chosen.

The bias on the signal yield resulting from the analytic background PDF was used
to define a shape systematic uncertainty for the high-mass scalar search background.
For the narrow signal-width hypothesis, the spurious signal for the selected background
model was found to decrease from 18 events at mx = 200 GeV to 0.012 events at

myx = 2400 GeV with the 201542016 data. Similarly, the spurious signal decreased
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from 117 events at mx = 200 GeV to 0.35 events at mx = 2400 GeV for signals with
['x/mx = 10%. In order to define a continuous systematic uncertainty for the search,
the envelope of the magnitude of the spurious signal was parameterized as a function
of mx.

The spurious signal was the only systematic uncertainty defined for the high-
mass scalar search background. Additional systematic uncertainties on the background
yield and shape were not necessary, since the background shape and normalization

parameters were unconstrained and determined entirely in-situ by the observed data.
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Chapter 8

Statistical methodology

This chapter describes how the observed data are characterized using profile likelihood
ratio test statistics [139] in the search for the Standard Model Higgs boson in the
H — ~v channel and the search for additional scalar particles in the high-mass vy~
final state. The statistical procedures implemented in both analyses are based on
the recommendations provided by Ref. [153]. Section 8.1 describes the construction
of a likelihood model for the signal-plus-background and background-only hypotheses
that can be tested against the observed data. Profile likelihood ratio test statistics
for evaluating the data under these hypotheses are discussed in Section 8.2. Pseudo-
experiment and asymptotic methods for determining the sampling distributions of
the test statistics are described in Sections 8.3 and 8.4, respectively. Methods for
quantifying the look elsewhere effect and measuring the global significance of a local
excess in data are mentioned in Section 8.5. Finally, the statistical procedure for
parameter measurements is outlined in Section 8.6.

Maximum-likelihood fits were performed for the analyses using the ROOF'1IT li-

brary [154] in the ROOT data analysis framework [155]. The ROOSTATS library [156]
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was used to implement algorithms related to the hypothesis tests.

8.1 Likelihood model

A likelihood function, £(data|H) was used to evaluate the likelihood of a dataset
given a certain hypothesis, H. The function was composed of a statistical component,
based on the Poisson probability for the observed event count with respect to the
expectation, and a systematic component, based on the constraint terms associated

with each source of uncertainty.

8.1.1 Statistical component of the likelihood

The number of expected signal events in the analysis was expressed in terms of
the signal cross-section (o), the branching ratio to vy (BR,,), the signal efficiency

times acceptance (e.A.), and the luminosity (L) for a given category (c):

S.= (0 x BR,,) €A, - L. (8.1)

This model worked well for the Standard Model Higgs boson search, where the ex-
pected signal phenomenology was well understood. A theoretical cross-section was
less well defined in the high-mass diphoton search, however. In that instance, it
made more sense to derive results using a fiducial cross-section times branching-ratio
(0 X BR,,)fia. along with a fiducial acceptance correction factor.

The total expected number of events for a single analysis category was the sum

of signal and background expectations:

N. = uS. + B, (8.2)
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where S, represents the number of signal events and B, represents the number of
background events. The number of background events, B,., was a free parameter that
was profiled to data in each analysis. A signal strength parameter, p = Oopserved /s,
was used to construct a single continuous likelihood model that incorporated both the
background-only and signal-plus-background hypotheses. The signal-plus-background
hypothesis corresponded to the model with ¢ = 1, while the background-only hypoth-
esis corresponded to the model with p = 0.

In each analysis, unbinned likelihood models were profiled to the distribution of
the m,. observable. Equation 8.3 expresses the statistical component of the unbinned

likelihood function for k events observed in a single analysis category [153]:

k
L (datalp) = k71 H (MSC +fselmanil + Be - fB,C[mw,iD et Be), (8.3)

In this equation, the normalized signal and background probability density func-
tions (PDFs) for the m., observable in category c are represented by fg.[m,,] and
[B.[m4,], respectively. Given a hypothesis that predicts S, fs., B., and fp., Equa-
tion 8.3 represents the probability to observe k events with observable values of
Mgy 15 Moy 2, ooy Moy -

For analyses with multiple categories, the statistical likelihood terms for each
category were multiplied together in order to construct the full statistical likelihood,

as shown in Equation 8.4:

Nc
Lyar.(data|p) = [ ] £ (datalp). (8.4)
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8.1.2 Systematic component of the likelihood

In order to incorporate theoretical and experimental systematic uncertainties in
the likelihood model, the event expectation term given in Equation 8.2 was modified

as shown in Equation 8.5.

Nc == ,U/Sc(657 63) + Bc(eBa 63) + Nspur,c : 5spur,c- (8’5)

In this equation, €g represents the relative uncertainties from all of the systematic
uncertainties influencing the signal yield, while dg represents the nuisance parameters
associated with those same systematic uncertainties. The same applies for €eg and dp
with respect to the background. The spurious signal systematic described in Section
7.2.2 was implemented by adding the term (Ngpur - Ospur.c), Where Ny, - represents the
number of spurious signal events in category c. The values of the relative uncertainties,
€, were know a priori from studies of the systematics, while the values of the nuisance
parameters, d, were obtained by profiling data.

In addition to influencing the expected event yield, sources of uncertainty af-
fected the expected distribution of the m.., observable. For example, the photon
energy scale systematic uncertainty affected the position of the signal peak in m.,.
The signal and background PDFs were generalized to the forms fg.[m.,, €s, 5] and
fB.c[myy, €5,0p].

Systematic uncertainties were incorporated into the likelihood model via re-
sponse functions that were multiplied with the affected model parameters. In the
case of Gaussian systematic uncertainties, the response functions were of the form

(1 +¢€ -6;). For log-normal systematic uncertainties, the response functions were of
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the form em(+eidi),

Log-normal systematics were used in cases where negative val-
ues for the affected parameter did not make sense. Resolution uncertainties used
log-normal systematics, for example, since negative resolutions are unphysical.
Nuisance parameters associated with uncertainties were constrained by Gaus-
sian PDFs, represented by G;(m;|d;) for the i*" source of uncertainty. The constraint
terms were incorporated in the full likelihood model £ via multiplication, as shown in
Equation 8.6:
L= Lgar. - H Gi(m;|6;), where G;(m;|d;) = \/%6—%(%—51-)2. (8.6)
l
In this equation, m; represents the auxiliary measurement of the i** systematic uncer-
tainty that provides the nominal value of the systematic uncertainty. As before, 07
represents the nuisance parameter corresponding to that systematic uncertainty. The

constraint term introduced a likelihood penalty when the nuisance parameter §; was

pulled to a very different value in data than the associated auxiliary measurement m,.
8.2 Hypothesis tests

8.2.1 Profile likelihood ratio

The compatibility of observed data with various hypotheses was compared using

the profile likelihood ratio [139]:

_ L(dataln,6,)

M) = i),
W)= atali.0)

(8.7)

~

In this equation, £ and @ represent the global maximum-likelihood values for the

signal strength p and the nuisance parameter set 8, respectively. The éu parameter
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corresponds to the conditional maximum-likelihood values of the nuisance parameters,
given the signal strength pu.

The likelihood ratio A(u) compares two hypotheses. The numerator likelihood,
L(data|pu, éu)> corresponds to a fixed-p hypothesis: © = 1 corresponds to the signal-
plus-background hypothesis while ;1 = 0 corresponds to the background-only hypothe-
sis. The denominator likelihood, £(datalfi, 8), corresponds to the maximum-likelihood
hypothesis in which p is free to assume the value preferred by data. Two fits were
thus required to construct the likelihood ratio: one conditional maximum-likelihood
fit for the numerator in which p was fixed to the value of interest, and one maximum-
likelihood fit for the denominator in which the signal strength parameter was allowed
to float.

In analyses with small sample sizes such as the high-mass diphoton search, a
positive signal strength was required in order to prevent unphysical negative PDFs
from entering the likelihood. The modified likelihood ratio A(z) imposed the > 0

requirement:

L(datam,éﬂ)

Taap e P20

Mu) = (8.8)

L(datalp.8,) - <0
£(datal0,80)

Equation 8.8 accounts for the fact that the best agreement between data and the
likelihood model would be found with g = 0 when the data would prefer i < 0.
The variable 6, represents the conditional maximum-likelihood values of the nuisance

parameters when p = 0.
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8.2.2 ¢, test-statistic

The g, test statistic, shown in Equation 8.9, is based on the profile likelihood
ratio and was used to determine the compatibility of the data with a signal-plus-

background hypothesis.

gy is small if the maximum-likelihood fit to data favors the signal-plus-background
hypothesis and is large if the maximume-likelihood fit to data favors the background-
only hypothesis. The g, test-statistic was structured so that fluctuations of the dataset
with profiled signal strengths greater than the signal strength of the tested hypothesis
were considered compatible with the signal-plus-background model (g, = 0 if i > p).

For the high-mass search, where u > 0 was required, the test-statistic g, was

defined using the A(y) profile likelihood ratio:

(
—2In () i <p, o)
G — £(u0 .
Qu = = —QIH% 0<i<up, (8.10)
0 >,
0 >
\

Strong background-like fluctuations of the data, where i < 0, would have a truncated

g, value (G, < qu).



38

8.2.3 (L, exclusion limits

Exclusion limits on a signal hypothesis were computed for the data using the g,
test-statistic. The normalized distribution of g, under the signal-plus-background hy-
pothesis — f(G,|x, é uobs.) — and the normalized distribution of g, under the background-
only hypothesis — f (qu|0,f9070bs,) — were integrated to calculate p, and pp, respec-
tively. The sampling distributions of the test statistics were determined via pseudo-
experiment or asymptotic methods, as discussed in Sections 8.3 and 8.4. The g, dis-
tributions can be thought of as the distributions of the test statistic that would result
from multiple repetitions of the experiment given a certain hypothesis, in which sta-
tistical variations of the observed data and fluctuations in the values of the systematic
uncertainties affect the outcome.

The normalized distribution of ¢, generated under the signal-plus-background

hypothesis was integrated to compute p, for the observation:

oo

Pu = f(g,u|:u7 éu,obs>dq,u- (811)

qu,obs

Equation 8.11 represents the fraction of experiments performed on signal-plus-background
data that gave a value of ¢, greater than or equal to the observed value. This cor-
responds to the fraction of experiments conducted under the signal-plus-background
hypothesis that showed worse agreement with that hypothesis. From a frequentist
perspective, p, can be interpreted as the probability that the observed data were gen-
erated by the signal-plus-background hypothesis. p,—; is sometimes quoted as the
CLg, p limit.

Similarly, the normalized distribution of g, generated under the background-only
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hypothesis was integrated to compute pp for the observation:

q/,l.,obs N
bB = / f(%|07 00,obS)dQ~u' (8-12)

oo

Equation 8.12 represents the fraction of experiments performed on background-only
data that gave a value of g, less than or equal to the observed value. This corresponds
to the fraction of experiments conducted under the background-only hypothesis that
showed better agreement with the signal-plus-background hypothesis. pgp can be in-
terpreted as the probability that the observed data were generated by the background-
only hypothesis. 1 — pg is sometimes referred to as the background-only hypothesis
confidence level, or C'Lp.

The search results in this thesis are presented in terms of exclusion limits using

the C'Ls method [157,158]. Equation 8.13 defines the C'Ly limit:

CLs(n) = 1 f“pB. (8.13)

A hypothesis with a specific value of the signal strength, i, was excluded at 95% CL
when C'Lg(p) < 0.05. In the search for the Standard Model Higgs boson, a particular
value of my was excluded at 95% CL when the u = 1 hypothesis at that mass was
excluded at 95% CL. Exclusions were performed in terms of (¢ x BR.,)q for the
high-mass diphoton search, where an expectation for © = 1 was not well-defined.
The expected C'L, exclusion was calculated in a similar manner to the observed
CL,, except that the median value of ¢, under the background-only hypothesis was
used instead of the observed value of ¢,. Equations 8.11 and 8.12 were modified

by substituting G, exp for guobns in the integration limits, where G, e, was the me-
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dian of f(g,|0, é(],obs)- This convention reflects the requirement that pg = 0.5 for the
background-only expectation. A procedure for calculating the +10 and +2¢ uncer-

tainty bands on the expected limit is explained in depth in Ref. [159].

8.2.4 ¢ test-statistic

The compatibility of the data with the background-only hypothesis was com-

puted using the gy profile likelihood ratio test-statistic:

o (8.14)

The qq test-statistic is structured so that downward fluctuations of the dataset are
compatible with the background-only hypothesis. Greater compatibility of the data
and the background-only hypothesis are represented by smaller values of ¢y, whereas
signal-like fluctuations in the data that are less compatible with the background-only

hypothesis correspond to larger values of qp.

8.2.5 py probability

The py probability was used to quantify the level of agreement between the
observed data and the background-only hypothesis. It was calculated by integrating
the normalized distribution of gy generated under the background-only hypothesis —

f(qol0, éopbs) — from the observed value of ¢y to infinity, as in Equation 8.15:

o0

Po = f(q0l0, éO,obs)dqo- (8.15)

q0,0bs
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po represents the fraction of experiments performed on background-only data that
give a value of gy greater than or equal to the observed value. From a frequentist
perspective, pg can be interpreted as the probability that the observed data repre-
sent a fluctuation of the background-only hypothesis. To discover a new phenomenon,
the background-only hypothesis must be tested against the alternative signal-plus-
background hypothesis and rejected at the level of 5 standard deviations, correspond-

ing to pp < 2.87 x 1077.

8.3 Pseudo-experiment ensembles

The sampling distributions of the ¢, and qq test-statistics under the signal-plus-
background and background-only hypotheses were needed in order to calculate C' L ex-
clusion limits and py probabilities. Pseudo-experiment ensembles provided one method
of constructing the f(g,) and f(qo) distributions.

The full likelihood model (Equation 8.6) was used to generate randomized simu-
lated datasets, called toy Monte Carlo. In order to generate a dataset for a particular

hypothesis i/, a conditional maximum-likelihood fit was performed on data that max-

~
~

imized the corresponding likelihood model, £(4', 8,/ obs). This fit provided the condi-
tional maximum-likelihood values of the nuisance parameters, 429,,70;,5, that were used
to randomize the associated auxiliary measurement terms in each toy Monte Carlo
dataset according to the associated constraint PDF. Auxiliary measurement random-
ization was implemented for the purpose of propagating variations in the data due
to sources of uncertainty into the pseudo-data ensemble. For each toy Monte Carlo

dataset, the distribution of the m,. observable parameter was also generated randomly

according to the PDF defined by the likelihood model.
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Once a toy Monte Carlo dataset was generated, the corresponding values of ¢,
or qo were obtained by profiling the likelihood. A distribution of the test statistics
was build by repeating this procedure on thousands of randomized toy Monte Carlo
datasets. In order to compute the CL; exclusion, toy Monte Carlo datasets were
generated for the signal-plus-background and background-only hypotheses, and the g,
distributions were built for both (f(g,|u, éu,obs.) and f(q,|0, éO,obs.))~ The py calcula-
tion only required the generation of toy Monte Carlo datasets corresponding to the

background-only hypothesis, which were used to construct f(go|0, 9070135).

8.4 Asymptotic methods

Asymptotic forms of the f(g,|¢) and f(go|0) sampling distributions were in-
troduced in Ref. [139] and were used for both the search for the Standard Model
Higgs boson and the search for high-mass diphoton resonances. The derivations re-
lied on approximate forms of the profile likelihood ratio —2In A by Wilks [160] and
Wald [161] that contain corrections of @(1/v/N) , where N is the sample size. Thus,
the asymptotic test-statistic approximations are valid for very large datasets but re-
quire validation in low-statistics search regions.

The sampling distribution f(qo|0) was approximated by two components: a y?

distribution for a single degree of freedom and a delta function centered at zero.

+o——
2 \/27TQ()

The corresponding py probability was related to the Gaussian cumulative distribution

F(@l0) = 55(a0) (5.16)

function ®:
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Po.obs. = 1 — P(\/q0.0bs.)- (8.17)

Similarly, the sampling distribution f(g,|x') with p/ # p was approximated:

;N2
_1 P e 7} ~
~ / W—p - %% lqﬂe 2( o 7 ) O<QM S/I’2/0-27
F@uln') = (5Z5)0(qu) + L, (8.18)
1 _l<(q;r(u *2w2)/0 ) ) ~ 5 o
V¢ G > 112/,

o represents the standard deviation of the expected distribution of i with a mean value
of 4/ in Equation 8.18. It was calculated using Asimov data [139]. The cumulative

distribution function for f(§,|x') was given by the expression:

’

O(Va —F)  0<qu<p/o?
F(qulp') = (8.19)
(D(qr(uzj(/;u)/a ) Gy > 12 /o2,
The values of p,, and pp necessary for the C'Lg method were calculated using F'(q,|1')

as shown in Equations 8.20 and 8.21:

Pu=1—F(qulp), (8.20)

pB = F(q,|0). (8.21)

Asymptotic formulae were advantageous because they significantly reduced the
CLg and py computation times and became more accurate as the sample sizes in-
creased. However, the high-statistics requirement of Wilks’ theorem [160] necessitated

the validation of the accuracy of the asymptotic methods using pseudo-experiment
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ensembles. This was done for f(g,|n) and f(go|0) in both the search for the Stan-
dard Model Higgs boson and the search for high-mass diphoton resonances using the

procedure outlined in Ref. [159].

8.5 Look-elsewhere effect and global significance

The po probability discussed in Section 8.2.5 corresponds to a local probability:
the probability of the background creating a signal-like fluctuation at a single point in
the signal space. However, searches often take place over a range of signal parameter
values. For instance, the search for the Standard Model Higgs boson was conducted
over a large range of mpy values. The search for high-mass diphoton resonances was
conducted over an even larger range of my as well as a range of signal widths I"y.
When this large space of partially correlated searches is considered, the probability
that the background will fluctuate to produce any given local py value is actually
significantly higher (p&°*™ > ploc@). This is the so-called look elsewhere effect.

Several methods exist to quantify the global py probability. A brute force ap-
proach involves generating large pseudo-experiment ensembles, fitting them with every
signal-plus-background hypothesis in the search, and integrating the distribution of
the minimum p, values profiled to each pseudo-experiment from pg ops. to 00 to calcu-
late the global py. This approach is outlined in greater detail in Appendix A, and was
used as the baseline method for the high-mass diphoton search.

The search for the Standard Model Higgs boson used the trial factor method [162],
which approximates the global Z, for searches in one dimension. In this method, a
small number of pseudo-experiments were generated in order to calculate a trial fac-

tor related to the average number of times the observed local-py curve in the one-
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dimensional search crossed the expected local-py curve. This trial factor was used to
calculate the global py corresponding to the minimum local-py observed in the search.

Another method based on the properties of random fields can also be used to
determine the global significance of a search in multiple dimensions [163]. It can
be thought of as a generalization of the trial factor approach to higher dimensions,
and also requires a small batch of pseudo-experiments for tuning two extrapolation
parameters. The random field method was used as a cross-check for the high-mass
diphoton search. Both the trial factor and random field approximations performed well
for large global significances but diverged from the expected result when the global
significance was small. This is generally not a problem, as the global significance
is only of interest when searches uncover large deviations from the background-only

hypothesis.

8.6 Parameter measurements

In order to measure one or more parameters of the likelihood model, the profile
likelihood ratio from Equation 8.7 was extended:
B L(data|v,8,)

Ap) = (Gl B (8.22)

v represents the set of parameters of interest for a particular hypothesis, while
represents the maximum-likelihood values of the nuisance parameters. In the simple
case of a signal strength measurement, v = (u) as in Equation 8.7. For a two-
dimensional measurement of the Higgs mass and Higgs signal strength, v = (u, my).

The profile likelihood ratio for multiple parameters of interest from Equation

8.22 was used to construct a test-statistic ,:
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t, = —2In (). (8.23)

As with ¢y and §,, an asymptotic form of the sampling distribution was de-

rived [139]. For one parameter of interest,

F(tuli) = %% (5.24)

For multiple parameters of interest, the asymptotic sampling distribution follows a
x? distribution for n degrees of freedom, where n is the dimensionality of ©. The

one-dimensional sampling distribution has a cumulative distribution function given

by:

F(tup) =20(\/t,) — 1. (8.25)

The maximum-likelihood values of the parameters of interest, &, were used for

the central values of the parameter measurements. The standard deviations were
found by solving for —2In A(u) = 1 [160]. In practice, this was done by performing
a likelihood scan in the space of v and looking for the points v_ and v, where the
likelihood curve crossed 1. For a single parameter such as pu, the measurement and

uncertainty were quoted as ﬂtggt;ﬁ;
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Chapter 9

Results

9.1 Search for the Standard Model Higgs boson

This section summarizes the results of the search for the Standard Model Higgs
boson in the diphoton decay channel using 4.8 fb=! of data collected at a center-of-
mass energy of /s = 7 TeV and 5.9 fb~! of data collected at /s = 8 TeV during
2011 and 2012. Section 9.1.1 presents the observed diphoton invariant mass distri-
butions for selected events from data, Section 9.1.2 provides the compatibility of the
observations with the background-only hypothesis, Section 9.1.3 gives the exclusion
limits on Standard Model Higgs bosons calculated using the data, and Section 9.1.4
shows the signal strength of the observed excess of events. Finally, Section 9.1.5 dis-
cusses the statistical combination of the H — v results with observations from the

H— 77— 4l and H — WW* — [vlv channels.
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9.1.1 Invariant mass spectra

The invariant mass distributions for selected events in each analysis category of
the H — v search are shown in Figures 9.1 - 9.10. Each histogram compares the
observed data to the background-only hypothesis, illustrated with a solid red line,
and the signal-plus-background hypothesis for a Higgs mass of 126.5 GeV, illustrated
with a dashed red line. Sub-figures provide the background-subtracted distribution of
invariant masses.

Figure 9.11 shows the inclusive invariant mass distribution, which includes all of
the analysis channels for both center-of-mass energies. Figure 9.12 shows the inclusive
invariant mass distribution after each event is given a weight, w;, based on the signal-
to-background ratio (S;/B;) of the category (index i) into which it was sorted: w; =
In(1+ g—) In these figures, the inclusive background is modeled by a fourth-order
Bernstein polynomial function. The Higgs signal hypothesis is superimposed on the
background for a hypothetical Higgs mass of myg = 126.5 GeV. Both distributions
reveal an excess of events near this Higgs boson mass, and agreement is qualitatively
better between the data and the signal-plus-background model than the background-

only model.
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Figure 9.1: The diphoton invariant mass spectrum for selected events in the uncon-
verted, central, low-pr; category for 2011 and 2012 data.
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Figure 9.2: The diphoton invariant mass spectrum for selected events in the uncon-
verted, central, high-pp, category for 2011 and 2012 data.
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Figure 9.3: The diphoton invariant mass spectrum for selected events in the uncon-
verted, rest, low-pr; category for 2011 and 2012 data.
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Figure 9.4: The diphoton invariant mass spectrum for selected events in the uncon-
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Figure 9.5: The diphoton invariant mass spectrum for selected events in the converted,
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Figure 9.6: The diphoton invariant mass spectrum for selected events in the converted,
central, high-pr,; category for 2011 and 2012 data.
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Figure 9.7: The diphoton invariant mass spectrum for selected events in the converted,
rest, low-pr; category for 2011 and 2012 data.
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Figure 9.8: The diphoton invariant mass spectrum for selected events in the converted,

rest, high-pp; category for 2011 and 2012 data.
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Figure 9.9: The diphoton invariant mass spectrum for selected events in the converted,

transition category for 2011 and 2012 data.
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Figure 9.10: The diphoton invariant mass spectrum

category for 2011 and 2012 data.

(b) /s = 8 TeV data.

for selected events in the two-jet
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Figure 9.11: The unweighted distribution of diphoton invariant masses for selected
events in the combined /s = 7 TeV and /s = 8 TeV dataset.
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Figure 9.12: The weighted distribution of diphoton invariant masses for selected events
in the combined /s = 7 TeV and /s = 8 TeV dataset. Data are weighted according
to the signal-to-background ratio in the associated analysis category.
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9.1.2 Compatibility with the background-only hypothesis

In order to provide a more quantitative assessment of the data, the py test
described in Section 8.2.5 was used to evaluate the compatibility of the observed data
with the background-only hypothesis. A scan of the py probability was performed
for the range of hypothetical Higgs boson masses 110 GeV < mpy < 150 GeV with
a step size of 0.5 GeV. Figure 9.13 shows the results of the scans for the individual
analysis categories separately for each center-of-mass energy. The plots demonstrate
that multiple categories contribute to the excess of events observed near a mass of
126.5 GeV. The py results obtained by combining all of the analysis categories and
the datasets from /s = 7 TeV and /s = 8 TeV are provided in Figure 9.14. The
observed pgy values, shown with solid curves, are compared to the expected p, values
for Higgs bosons as a function of Higgs mass, shown with dashed curves.

An excess of events, corresponding to a local significance of 4.7 standard devi-
ations, is observed in the search for the Standard Model Higgs boson using the ~~
decay channel for a signal mass of my = 126.5 GeV. This result is driven by separate
excesses of 3.4 standard deviations at my = 126 GeV in the /s = 7 TeV data and
3.2 standard deviations at my = 127 GeV in the /s = 8 TeV data. The impact of
energy-scale systematic uncertainties on the result is shown with circled points near
the minima of the pg curves in Figure 9.14. When the energy scale systematics are
incorporated in the fits, the significance of the excess in the combined dataset drops
to 4.5 standard deviations. The range of compatible Higgs boson mass values also

increases, as demonstrated by the broadening of the py curves near the minima.
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Figure 9.13: The compatibility of the data with the background-only hypothesis, as
a function of the hypothetical Higgs mass. Each curve in the plot represents the pg
probability from a single analysis category.
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Model Higgs boson with the H — v channel, after combining the individual analysis
categories and the /s =7 TeV and /s = 8 TeV datasets.

9.1.3 Exclusion limits on the Standard Model Higgs boson

The observed data were used to compute 95% CL exclusion limits on the Stan-
dard Model Higgs boson in the mass range 110 GeV < mpy < 150 GeV. Figure 9.15
shows the expected and observed CL limit on the signal strength. The search was
expected to exclude Standard Model Higgs bosons with masses between 110 GeV and
140 GeV. Given the excess of events observed near my = 126.5 GeV, the exclusion
was limited to the mass ranges 112 GeV < my < 123 GeV and 132 GeV < my <

143 GeV.
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Figure 9.16: The signal strength in each of the analysis categories, for /s = 7 TeV and
Vs = 8 TeV data, separately. The measurements are performed using the maximum-
likelihood mass of my = 126.5 GeV.

9.1.4 Signal strength measurement

The compatibility of the cross-section of the excess with the expectation for the
Standard Model Higgs boson was measured. The signal strength, u = oops /osm was
profiled for each analysis category independently in /s = 7 TeV and /s = 8 TeV
data (Figure 9.16) and with the combined dataset (Figure 9.17). For the maximum-
likelihood mass of my = 126.5 GeV, the corresponding inclusive signal strength was
1 =19+£0.5.

A full 2D likelihood contour scan in the plane of mpy and p was performed.
Figure 9.18a shows the maximum-likelihood fit value along with the 68% and 95% CL
contours. The separate signal strengths for Higgs boson production via ggH or ttH
and VBF or VH were also measured using a 2D likelihood contour scan in the plane
of pggrm and pyprpyvy. The maximum-likelihood fit result, along with the 68%

and 95% CL contours, are shown in Figure 9.18b.
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Figure 9.18: A two-dimensional likelihood scan of the mass and signal strength of
the observed particle is shown in Figure 9.18a. The lighter colored contours show the
results when the energy scale systematic uncertainties are fixed. A two-dimensional
likelihood scan of the signal strength of the observed particle in the decays to ggH +tt H
and VBF+ VH is shown in Figure 9.18b. Both figures show the maximum-likelihood
values from the scan, along with the 68% and 95% CL contours.
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Figure 9.19: Statistical results from the combined search for the Standard Model Higgs
boson using the H — ~vy, H — ZZ* — 41, and H — WW* — [vlv decay channels.
Figure 9.19a shows the 95% CL exclusion limit on the Standard Model Higgs boson,
while Figure 9.19b shows the py, compatibility of the data with the background-only
expectation.

9.1.5 Combination with other Higgs decay channels

Observations from the H — 7~ decay channel were combined with the H —
427* — 4l and H — WW* — evuv decay channels to increase the statistical power
of the search for the Standard Model Higgs boson [19]. Figure 9.19 summarizes the
results of the statistical combination of channels. Figure 9.19a provides the expected
and observed 95% CL exclusion limits on the Standard Model Higgs boson, in units of
signal strength and as a function of hypothetical signal mass. The search was expected
to exclude the mass range 110 GeV < mpy < 582 GeV, but the observed exclusion was
limited to the regions 111 GeV < myg < 122 GeV and 131 GeV < mpy < 559 GeV.

Figure 9.19b shows the py value for the combined search for the Standard Model

Higgs boson. The compatibility of the background-only hypothesis with the observed



111

datais py = 1.7x107? for a hypothetical Higgs boson mass of 126.5 GeV, corresponding
to 5.9 standard deviations. Once the look-elsewhere effect is taken into account for the
mass range 110 GeV < mpy < 600 GeV, the global significance of the excess is reduced
to 5.1 standard deviations. This level of incompatibility of the observations with
the background-only hypothesis in favor of the Higgs boson signal-plus-background
hypothesis constitutes a discovery of a new particle.

Figure 9.20a shows the measured signal strength for a Higgs boson as a function
of my in the combined analysis. The results are compatible with zero (background-
only expectation), except for points near my = 126.5 GeV, where the signal strength
is more compatible with the Standard Model Higgs boson expectation. The high-
resolution H — vy and H — ZZ* — 4l were used to calculate a maximum-likelihood
Higgs boson mass of my = 126.0 GeV £0.4 GeV (stat.) £0.4 GeV (sys.). Figure
9.20b shows the signal strengths for the individual Higgs boson decay channels along
with the combined measurement of i = 1.4 £ 0.3 for the maximum-likelihood mass

value.
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Figure 9.20: The profiled signal strength from the combined search for the Standard
Model Higgs boson using the H — vy, H — ZZ* — 4], and H - WW* — [vlv decay
channels is shown in Figure 9.20a as a function of Higgs boson mass. Figure 9.20b
shows the profiled signal strengths from the individual channels for the maximum-
likelihood Higgs boson mass of my = 126.0 GeV.
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9.2 Search for high-mass scalar resonances

This section summarizes the results of the search for new scalar particles in the
resonant high-mass diphoton final state using 15.4 fb™! of data collected with a center-
of-mass energy of \/s = 13 TeV during 2015 and 2016. Section 9.2.1 summarizes the
observed invariant mass distributions of selected diphoton events, Section 9.2.2 dis-
cusses the compatibility of the data with the background-only hypothesis, and Section

9.2.3 provides the exclusion limits placed on the fiducial cross-sections of signals.

9.2.1 Invariant mass spectra

Figures 9.21a and 9.21b show the distributions of invariant diphoton masses for
selected events in the 2015 and 2016 datasets, respectively, while Figure 9.22 shows the
sum of the two datasets. The red curves in these figures correspond to the background-
only hypothesis after performing a maximum-likelihood fit. The sub-figures provide
the background-subtracted data. From all of the selected events, the highest mass
diphoton pair was seen in 2016 with m,., = 2.2 TeV. Considering this, the statistical
analyses were limited to the mass range 200 GeV < m,, < 2400 GeV. Qualitatively,

good agreement was observed between the data and the background-only hypothesis.

9.2.2 Compatibility with the background-only hypothesis

The pg test described in Section 8.2.5 was used to evaluate the compatibility
of the observed data with the background-only hypothesis. The pg probability was
scanned for a range of hypothetical scalar masses (200 GeV < myx < 2.4 TeV) and

widths (I'y >4 MeV and I'x/mx < 10%). Figure 9.23 shows the results of py scans
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Figure 9.21: The diphoton invariant mass spectrum for selected events in the 2015
data (Figure 9.21a) and the 2016 data (Figure 9.21b). The black data points are
compared with the red background-only fit result. The sub-plot shows the observed
data after subtraction of the background-only fit result.
as a function of mass for several values of the relative width. Figure 9.24 shows the
zp significances corresponding to the observed pg, in units of standard deviations, for
the full two-dimensional space of hypothetical scalar masses and widths.

No significant deviations from the background-only hypothesis were observed.
The largest deviation from the background expectation was found for a hypothetical
signal mass of 1.6 TeV and a narrow width (I'y = 4 MeV), and corresponded to a local
significance of 2.4 standard deviations. The pseudo-experiment procedure detailed in
Appendix A was used to calculate a global significance of —0.80 + 0.05¢. In other
words, the median background-only experiment would see a larger fluctuation (2.6

standard deviations) than the one actually observed in data.

In the standalone publication of 2015 data [31], the high-mass diphoton search



115

—— s
10" = ATLAS Preliminary
Data

10° —— Background-only fit

Events / 20 GeV

Spin-0 Selection

10?
Vs =13 TeV, 15.4 fb*

10

5

10

+
[ j
alodod b ool cend cod cod ol 1l

©

g 15

2 10R ﬁ

5 ﬁ

o H

3 o ‘w“ﬁwu_w_;

i J i,

o H

% -10f

a L ‘ ‘ ‘ E
500 1000 1500 2000 2500

m,, [GeV]

Figure 9.22: The distribution of diphoton invariant masses for selected events in the
combined datasets from 2015 and 2016. The red background-only fit result is compared
with the black data entries. The sub-plot shows the observed data after subtraction
of the background-only fit result.

found a local deviation from the background-only hypothesis of 3.9 standard deviations
for a hypothetical signal with my = 750 GeV and T'x /mx = 6%. The corresponding
global significance of that observation was 2.1 standard deviations. After implementing
improvements to the photon reconstruction algorithms, the significance of the excess
in 2015 data with the current analysis strategy was reduced to 3.4 standard deviations
with maximum-likelihood fit values for the mass and relative width of mx = 730 GeV
and I'x /mx = 8%. The compatibility between the 2015 and 2016 data for this mass

hypothesis was found to be 2.7 standard deviations.

9.2.3 Exclusion limits on new scalars

The observed high-mass diphoton data were used to calculate 95% CL exclusion

limits on the cross-section times branching ratio to vy for new scalars. In order to
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minimize the model dependence of the results, the limits were based on the cross-
section within the fiducial acceptance. Figure 9.25 shows one-dimensional scans of the
expected and observed limits as a function of hypothetical resonance mass for multiple
values of the signal width, including I'x = 4 MeV, I'x /mx = 2%, I'x /mx = 6%, and
I'x/mx = 10%. Figure 9.26 provides the expected and observed limits in a two-
dimensional plane of hypothetical signal masses and relative widths. The limits vary
from 50 fb for my = 200 GeV and 'y /mx = 10% to 0.2 tb for mx = 2.4 TeV and

FX =4 MeV.
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Figure 9.23: py scans showing the compatibility of the observed data with the
background-only hypothesis as a function of the mass of hypothetical scalar sig-
nals. Results are shown for four signal width hypotheses, including the narrow-width
approximation, where I'y = 4 MeV (Figure 9.23a), I'x/mx = 2% (Figure 9.23b),
[x/mx = 6% (Figure 9.23c), and I'x /mx = 10% (Figure 9.23d).
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Figure 9.25: Expected and observed 95% CL exclusion limits on the fiducial cross-
section times branching ratio to vy at y/s = 13 TeV as a function of mass for hypo-
thetical scalar signals. Results are shown for four signal width hypotheses, including
the narrow-width approximation, where I'y = 4 MeV (Figure 9.25a), I'x/mx = 2%
(Figure 9.25b), T'x /mx = 6% (Figure 9.25¢), and I'x /mx = 10% (Figure 9.25d).
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Chapter 10

Conclusions

10.1 Discovery of a Standard Model Higgs boson

A search for the Standard Model Higgs boson decaying to two photons was
conducted with 4.8 fb™! of /s = 7 TeV data and 5.9 fb™! of \/s = 8 TeV data
collected with the ATLAS detector at the LHC. The search was expected to exclude
Higgs boson mass hypotheses at 95% CL between 110 GeV and 139.5 GeV, but the
observed exclusion was limited to the mass regions 112 GeV < mpy < 122.5 GeV and
132 GeV < mpy < 143 GeV. An excess of events above the background-only hypothesis
expectation was observed at 126.5 GeV which corresponded to a significance of 4.5
standard deviations.

The H — ~yy search was combined with the H — ZZ* — 4l and H - WW* —
evuv decay channels in ATLAS in order to improve the sensitivity of the Standard
Model Higgs boson search. With the exception of the mass range 122 GeV < mpy <
131 GeV, the Higgs boson mass hypotheses between 111 GeV and 559 GeV were

excluded at 95% CL. An excess of events in all three decay channels was observed



122

with a local significance of 5.9 standard deviations at a mass of 126.0 £ 0.4 (stat.)
+0.4 (sys.) GeV. Once the look-elsewhere effect was taken into consideration for the
search region, the global significance of the excess was 5.1 standard deviations. This
constituted the discovery of a new particle. The signal strength was measured to be

1.4 £ 0.3 times the Standard Model signal strength.

10.2 Concluding the high-mass diphoton search

A search for high-mass scalar resonances in the vy channel was conducted with
15.4 fb=! of data collected at /s = 13 TeV during 2015 and 2016. Overall, the data
were consistent with the background-only hypothesis. The largest deviation from
the background expectation occurred for a scalar mass hypothesis of 1.6 TeV and
had a local significance of 2.4 standard deviations. However, this fluctuation was
not globally significant, after accounting for the look-elsewhere effect. 95% CL limits
were calculated for scalar mass hypotheses between 200 GeV and 2.4 TeV and width

hypotheses between I'y =4 MeV and 'y /my = 10%.

10.3 Prospects for experimental high-energy physics

Since the discovery of the Higgs boson, measurements of the spin [22], production
rates, and decay rates [23] have been in excellent agreement with the Standard Model
predictions. Searches for supersymmetry, dark matter, and other extensions to the
Standard Model have also failed to uncover any new phenomena.

Having accomplished the last energy upgrade intended for the LHC, it is natural
to wonder about the prospects for discovery moving forward. Datasets with signifi-

cantly larger integrated luminosities will certainly benefit precision measurements, but
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they do not improve search sensitivities nearly as much as increased center-of-mass en-
ergies. Four-fold increases in sample sizes are necessary to double discovery potential,
while a doubling of /s can increase production cross-sections by orders of magnitude
for some BSM processes.

It therefore seems in the best interest for the field to pursue future accelerators
with higher center-of-mass energies instead of higher luminosities. Dark matter, dark
energy, inflation, and gravitation are just a few of the known physical phenomena
that lack an experimentally verified field theory description. It is possible that none
of these phenomena would impact TeV-scale experiments.

Another step towards the energy frontier is necessary, yet there is no strong
motivation for doing so from observations. This makes a future accelerator difficult
to sell, and raises the stakes for future results. If the superconducting supercollider is
any guide, large scale accelerators without a clear physics motivation have difficulty
sustaining funding and rallying support in the field. But one must continue the search,
for there is always more knowledge to be gained and new questions to be asked. And
the greatest discoveries are often unexpected. Experimental high-energy physics will
continue. The only question is whether we will be the ones lucky enough to first

glimpse the new horizon.
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Appendix A

Global significance

This chapter extends the discussion from Section 8.5 on methods for quantifying the
look-elsewhere effect and measuring the global significance for the high-mass scalar
search. Section A.1 summarizes the pseudo-experiment procedure that was developed
and optimized for the analysis, while Section A.2 introduces an approximation formula
that can be extrapolated to 5 standard deviation global significances. These studies
were initially motivated by excesses of events above the Standard Model expectation
in 2015 data that represented local deviations from the background-only hypothesis
of 3.9 standard deviations and 3.8 standard deviations in the scalar and graviton

searches, respectively [31].

A.1 Pseudo-experiment method

The value of Zj gioba1 as a function of Zj j,ca1 was computed using fits to background-
only pseudo-experiment ensembles. The procedure for creating randomized pseudo-
experiments from a likelihood model is described in Section 8.3. An wunconditional

pseudo-experiment ensemble was generated in which the auxiliary measurements cor-
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responding to each systematic uncertainty were randomized with a Gaussian con-
straint around the nuisance parameter values obtained through a background-only
hypothesis-conditional maximume-likelihood fit to the observed data. The diphoton
invariant mass observable was also randomized according to the background PDF
defined in the likelihood model.

Following the generation of the pseudo-data, the largest deviation from the
background-only hypothesis, corresponding to the maximum local Z;, had to be identi-
fied. Repeating the simple scan over width and mass hypotheses in the analysis would
have required tens of thousands of maximum-likelihood fits to each pseudo-experiment
in an ensemble consisting of thousands of pseudo-experiments. Considering the fact
that a single maximum-likelihood fit required several minutes of CPU time, such an
analysis was considered impractical.

An alternative was developed in which multiple unconditional maximum-likelihood
fits with floating parameters of interest (mx, I'x, ox) were performed on each dataset.
Prior to every fit, the initial values of the parameters of interest were randomized
within the signal parameter space of the search. The fit giving the minimum negative-
log-likelihood value was assumed to correspond to the maximum Zjjoca from the
pseudo-experiment.

Repetition of the maximum-likelihood fits was necessary due to the number
of local minima in the likelihood space. Studies of the quality of the result as a
function of the number of fit retries were performed. Figure A.1 shows the mean and
Gaussian width of the distribution of local-Z, values as a function of the number of
attempted maximum-likelihood fits. The distribution stabilized after approximately

50 retries, which indicated that a reasonable approximation of the maximum-likelihood
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Figure A.1: The mean value (Figure A.la) and Gaussian width (Figure A.1b) of the
distribution of local-Z;, values as a function of the number of attempted maximum-
likelihood fits for the high-mass scalar analysis.

fit (and the maximum local significance) had been achieved for most pseudo-datasets.
Furthermore, Figure A.2 indicated that the average improvement in the — In £ dropped
to a level that was unlikely to significantly impact the global significance calculation.
Furthermore, there was reason to believe that multiple fit retries primarily assisted
in the identification of the maximum-likelihood fit result for datasets with relatively
small values of the maximum Zjjocal.

The distribution of Zj joca1 from statistical tests on the background-only pseudo-
experiments was used to derive the Zjgona. An example distribution from 2500
pseudo-experiments is shown in the top plot of Figure A.3 for the high-mass graviton
search described in Ref. [31] . In this example, the median experiment searching for a
graviton would observe a local significance at least as large as 2.6 standard deviations.

To calculate Zg;sl;)bal for a given Zghs.., the distribution of Zgecal, represented

by f(Zo10cal), Was integrated from the observed value to infinity:
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Zobs.

0,local

obs.

Binomial errors, based on the number of pseudo-experiments and the pgy .,

were used to derive an uncertainty on the measurement. The conversion of local
significance to global significance is shown in the bottom plot of Figure A.3. For the
graviton example, a local significance of 3.8 standard deviations was observed, and the
corresponding global significance was measured to be 2.15+ 0.04 standard deviations.
The results were compared to the trial factor method [162] and random field method

[163], and were found to agree within 10%.

A.2 Analytic approximation

Despite the improvements that were made to the pseudo-experiment calculation

of the global significance described in Section A.1, the procedure was not feasible for
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Figure A.3: The distribution of Zjocar in fits to pseudo-experiments in the graviton
analysis. Bottom: measurement of Zj 4. as a function of the local significance.
Binomial errors due to the pseudo-experiment sample size are illustrated in yellow.

estimating large global significances. Given typical CPU consumption of 1 minute
per fit and 1 hour per pseudo-experiment, a toy ensemble capable of delivering a 5
standard deviation global significance estimate would require millions of CPU hours.
To overcome this obstacle, an analytic approximation algorithm was developed for the
purpose of extrapolating the pseudo-experiment measurement of the global significance

obtained using a small ensemble to very large global significances.
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A.2.1 Derivation of the approximation

The derivation assumed that a physics search in a large signal space could be
approximated by N uncorrelated statistical trials. This was a slight simplification,
since most searches look for new phenomena in continuous signal spaces such as a
mass variable or width variable. With this assumption, it was straightforward to

derive a global p-value for a given local p-value. The steps are explained below.

® (1 — pojocar): the probability of not observing a background fluctuation with a

smaller value of pgocal.

e (1 —poocal)”: the probability of not observing a background fluctuation with a

smaller value of pgocal in N separate trials.

e [1— (1 —poioca)]: the probability of observing at least one background fluctu-

ation with a smaller value of pg jocal in any one of the N trials.

Thus, a search across N independent trials with a local observation of pgiocal
would have a pg gioba given by Equation A.2. The corresponding sampling distribution
of Po local in multiple experiments is described by Equation A.3. As expected, pg global =

Po,local in the trivial case of N = 1.

Pogiobal = [1 = (1 = potocar)™] (A.2)
dpo global — N(1 = posoea)™ ! (A3)
de,local ’

The expressions for the distributions of Zjjocar and the value of Zj giopat were

then calculated as in Equations A.6 and A.7.
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ZO,global - (I)_l ((I)(ZO,local)N)a (A4)
d oba -
CP0Lbl _ N(D(Zopoeat)) " ¥ (Zotocal): (A.5)
dZO,local

In these equations, ® represents the cumulative distribution function of the Gaussian
function, ®~! represents the quantile of the Gaussian function, and @' represents the
Gaussian function. As expected, Zjgiobal = Z0,10cal a0d (dPo global/dZ0 10ca1) Simplifies
to a Gaussian in the trivial case of N = 1.

An additional parameter was added to the analytic expression in order to account
for non-asymptotic behavior of the gy sampling distribution discussed in Section 8.4.

This was done by substituting (1 4+ &) Zp10cal f0r Zpjocal in Equation A.6:
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with the simplified likelihood model described in Section A.2.2.

ZO,global = (b_l ((I)((l + a)ZO,local)N)a (A6)

dpo global
dZO,local

— N(®((1 4 @) Zojoear)) " (1 + @) Zo joca) (1 + ). (A.7)
The analytic expression thus uses two parameters, N and «, to convert a local signifi-
cance measurement to a global measurement. In order to be of practical use, values of
the parameters had to be set. Various methods for estimating the values of N and «

were investigated, but fitting Equation A.7 to the distribution of Zj joca) from a limited

sample of pseudo-experiments was found to be the most reliable method.

A.2.2 Validation of the approximation

A simple likelihood model was used to generate 10° pseudo-experiments to vali-

date Equations A.6 and A.7. The likelihood model described a search for a resonance
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across a 100 GeV to 1 TeV mass (mx) range, with a background described by a simple
exponential function and a signal described by a Gaussian that scaled with resolution
according to ox = mx/50. No systematic uncertainties were implemented. As a
result, the model had four free parameters: the background normalization and slope,
the signal normalization and mean value. The model was deliberately made as simple
as possible in order to reduce the time required by each maximum-likelihood fit to a
few seconds. Figure A.5 shows the mass distribution for one of the background-only
pseudo-experiments.

A comparison of Equations A.6 and A.7 to the results from simplified pseudo-
experiments is shown in Figure A.6. The approximation agreed with the pseudo-
experiment result within 5%. Fitting A.6 to sub-samples of the simplified pseudo-
experiment ensemble also provided agreement in the Zj gopa result within 10% for a 5
standard deviation global significance when the sub-sample consisted of 1000 or more

pseudo-datasets.

A.2.3 Implications of the approximation

A few observations about the global significance computation can be made using
the analytic approximation formula in Equation A.6. First, the global significance is
only dependent on the range of the signal parameters in the search, the resolution of
each parameter, and the correlations between the signal parameters — anything that
can alter the trial factor V. This means that systematic uncertainties, other than those
affecting the signal resolution, do not have any impact on the global significance. Even
the choice of background model does not affect the relation between local and global

significance, though a bad model could produce an invalid local significance.
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Figure A.6: Top: a comparison of the distribution of Zjoca in simplified pseudo-
experiments to a fit of the analytic description from Equation A.7. Bottom: a com-
parison of the integral of Zjocal to the analytic description from Equation A.7.

The global significance also has a logarithmic dependence on the size of the search
region, as illustrated in Figure A.4b. Order of magnitude increases in the size of the
search range, approximated by N, lead to linear decreases in the global significance.

The lesson is that the search region used to compute the global significance does not

need to be determined with a high degree of precision.
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A.3 Discussion of high-mass scalar search observations

The global significance corresponding to the maximum local significance observed
in the high-mass scalar search was calculated using 1,000 pseudo-experiments. For the
maximum observed local significance of 2.3 standard deviations, the global significance
was found to be —0.8 £ 0.05 standard deviations. The uncertainty on the global
significance was due to the sample size of the pseudo-experiment ensemble.

The median experiment conducted under the background-only hypothesis would
identify at least one signal point in the search space with a deviation from the back-
ground hypothesis greater than 2.5 standard deviations. The maximum local signif-
icance of 2.5 standard deviations in the high-mass scalar search thus represented a
global downward fluctuation of the data. In other words, 79% of searches would iden-
tify a larger deviation than the one observed. The data were more consistent with the

background-only hypothesis than expected.
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