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ABSTRACT

Since the discovery of the Higgs boson in 2012, the diphoton (vv) decay channel of the Higgs
boson has been one of the most potent channels due to the contrast between the smoothly falling

background and sharply peaked signal in the diphoton invariant mass.

In 2018, with up to 80 fb~! of data at /s = 13 TeV, ATLAS observed Higgs boson production in
association with a pair of top quarks (¢t H) with a significance of 5.8 o by combining measurements
in the vv, bb, ZZ, and multi-lepton Higgs decay channels. The ttH production cross-section
was measured to be 670 £ 90 (stat) T30 (syst) fb. The diphoton channel was one of the main

contributors to this result, alone providing a significance of 4.1 o.

With 140 fb~', a search for non-resonant Higgs pair production in the bby~ final state was per-
formed. No significant signal was observed and upper limits at 95% confidence level were set.
The observed limit on the SM cross-section was 130 fb, or 4.2 times the predicted value. The

observed Higgs trilinear coupling modifier was constrained to be between [-1.5, 6.7].

Both the ttH (H — ~v) and HH — bby~y analyses will benefit tremendously from the increased
statistics expected from the High-Luminosity LHC (HL-LHC). To ensure the continued efficiency
of the detector in the harsh HL-LHC environment, ATLAS will install a new Inner Tracker (ITk)
consisting of silicon pixel sensors in its innermost layer. At SLAC National Accelerator Labora-
tory, a variety of electrical tests are performed for the construction of a prototype integrated pixel

system, in order to provide early feedback and validation of the ITk design.



Chapter 1

Introduction

The Standard Model (SM) of particle physics is the theory which describes elementary parti-
cles and their interactions. While it does not yet explain all aspects of nature such as gravity or the
non-zero mass of the neutrinos, it has nevertheless been extraordinarily successful. The Standard
Model includes 12 elementary fermions and their corresponding anti-particles, grouped into three
generations of quarks (up/down, charm/strange, top/bottom) and three generations of leptons (elec-
tron/electron neutrino, muon/muon neutrino, tau/tau neutrino). In addition, 12 gauge bosons (the
photon, W, W~, and Z bosons, and 8 gluons) mediate the electroweak and strong interactions
between the various particles of the Standard Model.

The latest addition to the Standard Model is the Higgs boson, a massive scalar elementary par-
ticle predicted in the 1960’s as a consequence of the Brout-Englert-Higgs (BEH) mechanism [1-6],
which provides a framework to generate the masses of all elementary particles except for the gluon
and photon. It introduces a Higgs field, a complex scalar doublet with four degrees of freedom with
a non-zero vacuum expectation value allowing for electroweak symmetry to be spontaneously bro-
ken. After symmetry breaking, three of these degrees of freedom become the longitudinal polar-
izations of the W and Z bosons, giving them mass. The remaining degree of freedom becomes the
observed Higgs boson. In addition, the elementary fermions become massive due to Yukawa in-
teractions with the Higgs field. Thus measuring the properties of the Higgs boson and its expected
interactions with other particles would be a critical test of electroweak symmetry breaking.

In 2012, the Higgs boson was finally observed simultaneously by the ATLAS and CMS ex-
periments [7, 8] using proton-proton (pp) collision data from the Large Hadron Collider (LHC),

a 27 km long particle accelerator located near the city of Geneva, Switzerland. Its mass, a free



parameter in the Standard Model, was determined to be approximately 125 GeV. Other expected
properties such as the spin and parity were likewise verified [9, 10].

In Run 2 of the LHC, consisting of the data taking period from 2015 to 2018, the focus of
LHC physics has shifted towards validating the interactions between the Higgs boson and other
elementary particles. The expectation that the Higgs boson couples to fermions, vector bosons,
and even itself leads to wide variety of signals that could potentially be detected at the LHC.

This thesis features three major topics, two of which involve analyzing Higgs boson production
with Run 2 pp data collected by the ATLAS detector at the LHC. The first topic is the ttH (H —
~~) analysis and tt H combination. The ttH (H — ~y) analysis uses pp data collected from 2015
to 2017 to measure the production of Higgs bosons in association with two top quarks, in which
the Higgs boson subsequently decays into two photons. In the ttH combination, the results from
the ttH (H — ~v) analysis are then combined with other ¢¢H analyses in the H — bb, H —
multilepton, and H — ZZ®*) — 4l decay channels, in order to establish the ATLAS observation
of ttH production announced in 2018. The second topic, the HH — bby~y analysis, uses pp data
collected from 2015 to 2018 to search for Higgs pair production, in which one Higgs decays into
two photons and the other decays into two b-quarks. Aside from the main HH — bbyy results,
additional sub-results are also presented to give additional context. These include a statistical
combination of the HH — bbyy analysis with other double-Higgs and single-Higgs channels,
as well as an extrapolation of the bbyy analysis to the conditions expected at the future High
Luminosity LHC (HL-LHC). The third topic covers recent hardware efforts on a prototype Inner
Tracker (ITk) system conducted at SLAC National Accelerator Laboratory. A major aspect of this
work involves tests on the quality of the pixel modules and services providing data transmission,
power, and status monitoring.

Chapter 2 provides a brief review of the phenomenology of Higgs boson physics at the LHC.
Chapters 3 and 4 describe the components of the ATLAS detector and how various physics ob-
jects such as photons, electrons, muons, and jets are reconstructed and calibrated. Both the ¢t H
(H — ~v) analysis and bbyy analysis feature a similar overall analysis strategy exploiting unique
advantages of the H — ~y decay at ATLAS. Therefore Chapters 5, 6, 7, and 8 feature a high-
level overview of this common strategy for optimizing the event selection, modelling the signal

and background, evaluating systematic uncertainties, and extracting statistical results. Chapter 9



covers the details of the ttH (H — ) analysis and ¢t H combination. Chapter 10 covers the
bby~y analysis, the double-Higgs and single-Higgs combination, and the projection to the High Lu-
minosity LHC (HL-LHC). Chapter 11 describes the hardware work on the ITk upgrade at SLAC.

Finally, the main results of this thesis are summarized in Chapter 12.



Chapter 2

Phenomenology

The SM Lagrangian after symmetry breaking shows that the Higgs boson couples to elementary
fermions, vector bosons, and even itself. The strength of the coupling to elementary fermions is
proportional to the fermion mass, and the strength of the coupling to vector bosons is proportional
to the square of the vector boson mass. Also present are the trilinear and quadrilinear self-couplings

of the Higgs, which are related to the mass of the Higgs boson.

2.1 Single Higgs boson production and decays at the LHC

Figure 2.1 shows Feynman diagrams representing the main processes by which single Higgs
bosons are produced and decay at the LHC. They feature a variety of interesting experimental
signatures with cross-sections and branching ratios spanning multiple orders of magnitude [11].
Their values are summarized in Table 2.1, calculated for a center of mass energy of /s = 13 TeV
and Higgs mass my = 125.09 GeV, the value obtained from the latest ATLAS and CMS combined
measurement' [12].

Gluon fusion, ggF (Figure 2.1 (a)), is by far the largest and most common production mode
at the LHC. As the Higgs does not directly couple to gluons, the interaction proceeds through a
loop dominated by top quark contributions. Due to its large cross-section, it is often a persistent
background in the t!H (H — ~7) and bby~ analyses despite efforts to reject it using kinematic

selections.

! Since then, the precision of the Run 1 combination has been surpassed by individual ATLAS and CMS measure-

ments, but 125.09 GeV remains the preferred value for many Run 2 ATLAS Higgs analyses.
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Figure 2.1: Representative leading order diagrams for single-Higgs production via (a) gluon fusion,
(b) vector boson fusion, (c¢) associated production with a vector boson, (d) associated production
with a pair of top or bottom quarks, and (e) associated production with a single top quark. The
second row shows leading order diagrams for Higgs boson decays into (f) vector boson pairs, (g)

photon pairs or Z+y, (h) fermion pairs, or (i) lepton pairs.

Single-Higgs production modes ogy [pb] at 13 TeV Order of calculation

ggF 48.5 N*LO QCD + NLO EW

VBF 3.78 approximate-NNLO QCD + NLO EW
WH 1.37 NNLO QCD + NLO EW

qq — ZH 0.76 NNLO QCD + NLO EW

99 — ZH 0.12 NLO QCD

ttH 0.51 NLO QCD + NLO EW

bbH 0.49 NNLO QCD

tHjb 0.074 NLO QCD

tWH 0.015 NLO QCD

Table 2.1: Single Higgs boson production cross-sections and their corresponding orders of cal-
culation from the CERN Yellow Report 4. Values are reported for /s = 13 TeV and my =
125.09 GeV. The s-channel production of ¢t H jb is neglected.



The second largest production mode is vector boson fusion, VBF (Figure 2.1 (b)), characterized
by a distinctive signature of two back-to-back hard jets in the forward and backward regions of the
detector.

The next largest production mode is associated production with a vector boson, V' H, where
V = W=, Z (Figure 2.1 (c)). It is commonly detected by the presence of jets, leptons, or neutrinos
(missing energy) resulting from the decay of the W and Z bosons. Z H production includes both
the dominant qq¢ — Z H diagram and the less common gg — Z H production mode.

Associated production with a pair of top quarks, ttH (Figure 2.1 (d)), is quite rare, with a
cross-section of only 0.5 pb. However its production provides a direct, tree-level probe of the top-
Higgs Yukawa coupling. Similar to the case of W H and Z H, the decay of the top quark into a W
and b quark presents a unique signature with multiple jets and possible leptons. t¢H production is
considered the signal in the t£H analysis, as well as a major background in the bby~y analysis. Also
related is the associated production with a pair of bottom quarks, bbH (Figure 2.1 (d)).

Associated production with a single top quark, ¢/, proceeds mainly through the ¢-channel,
tH jb (Figure 2.1 (e)), or in association with a WW boson, tW H. Measurements of tH production
are often correlated to those of ttH due to the similar final states. Unlike ttH however, tH is also
sensitive to the sign of the top-Higgs Yukawa coupling; negative coupling values would lead to
massive detectable enhancements in the {H cross-section [13].

Just as with the Higgs production modes, the Higgs decay channels also span multiple orders
of magnitude, as shown in Table 2.2. The dominant Higgs decay channel is H — bb, (Figure 2.1
(h)) with a branching ratio of 58%. In contrast, the H — ~v decay (Figure 2.1 (i, j)) possesses
one of the smallest branching ratios at 0.227%. Despite this, it was one of the leading channels in
the Higgs observation [7,8] in both the ATLAS and CMS detectors due to its experimentally clean
signature with two high energy photons. Due to the excellent resolution in the electromagnetic
calorimeters, photons resulting from the / — 77 decay manifest experimentally as a sharply
peaked resonance in the diphoton invariant mass ., in contrast to background diphoton events
which constitute a smoothly falling continuum or non-resonant background. Both the ATLAS Run
2 ttH (H — ~v) and bbyy analyses use a similar strategy exploiting these features of the H — vy
decay; in the case of bby+, the role of the H — bb decay in the analysis strategy is very much

secondary to that of the H — ~~ decay.



Higgs decay channel Branching ratio [%]

H — bb 58.1
H—WW 21.5
H — gg 8.18
H— 71 6.26
H — cc 2.88
H—ZZ 2.64
H — vy 0.227
H — Z~ 0.154
H — up 0.022

Table 2.2: Theoretical Higgs boson decay branching ratios for my = 125.09 GeV.



2.2 Higgs pair production at the LHC

SM Higgs pair production (di-Higgs, double-Higgs, [/ 1) is even more rare than single-Higgs
production, with an inclusive cross-section smaller by about three orders of magnitude. Despite its
small size, it is by far the best method to probe the trilinear Higgs self-coupling Ay z . At 13 TeV,
di-Higgs production proceeds mainly through gluon-fusion (ggF) from a triangle and box diagram
(Figure 2.2). In the SM, these diagrams interfere destructively, resulting to a small production
cross-section of 31 fb (NNLO FTapprox [14, 15]) which would be difficult to observe with Run
2 LHC data. However, any changes to Ay, such as those resulting from Beyond the Standard
Model (BSM) models modifying the Higgs potential [16], could lead to large enhancements in the
amplitude of the triangle diagram, resulting in much higher detectable cross-sections. After ggF
HH, the second largest production mode is vector-boson fusion H H (Figure 2.3) with a much
smaller SM cross-section of 1.7 fb (N3LO QCD [15]).

Figure 2.4 shows the production cross-sections of various SM H H production modes as a func-
tion of centre-of-mass energy and as a function of the self-coupling modifier K\ = Aggp/ )\%J‘é o [17].
For comparison, the dependence of the single-Higgs cross-section as a function of ) [11,18,19]

is also shown.

g \ H 9 .9909900090000 <+ - H
(a) (b)

Figure 2.2: Leading order diagrams for Higgs pair production through gluon-fusion. In the SM,
destructive interference between the (a) triangle and (b) box diagrams leads to a small cross-section
of 31 fb at 13 TeV. The loops in the diagram are dominated by top quark contributions due to its

large Yukawa coupling with the Higgs.



Figure 2.3: Leading order diagrams for Higgs pair production through vector boson fusion, show-
casing (a) the HHV'V vertex, (b) the H H H vertex, and (c) the V'V H vertex. In the SM, vector

boson fusion has a cross-section of 1.7 fb at 13 TeV and therefore is subdominant to the main ggF

process.
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Figure 2.4: (a) The production cross-sections of various SM H H production modes as a function
of centre-of-mass energy. (b) The dependence of single-Higgs and double-Higgs cross-sections as

a function of k) at /s = 13 TeV. The H H cross-section reaches a minimum at around ) = 2.4,
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the point of maximum destructive interference between the box and triangle ggF diagrams.
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2.3 Continuum background in 7/ — - analyses

In the ttH (H — ~v) and bbyy analyses, the continuum background is dominated by the non-
resonant production of two prompt photons through diagrams such as Figure 2.5, accompanied by
additional jets (v + jets) resulting from further selection criteria applied in these analyses. An
additional prominent background component in these analyses originates from ¢t~ production,
which despite to its smaller cross-section, is comparable to the vy + jet component due to its
similar final state as the signal. These processes involving two genuine photons typically make
up 80% of the continuum background. A subdominant component of the background consists of
photon-jet or jet-jet processes, in which jets are misidentified as photons.

A major advantage of the H — 7~ channel is that the continuum background can be assumed to
be a smoothly falling, analytical, function of m.., whose shape and normalization parameters are
constrained by the observed data. It is therefore not necessary to require detailed simulations of the
strict composition of the background or calculations of its cross-section. The only consideration
is whether the choice of the type of function used induces any significant bias on the fitted signal,

which is determined following a procedure described in Section 5.

q Y ) v

- NANANANANANAN > NANNANANY

() (b)

Figure 2.5: Example diagrams of prompt diphoton production which constitute a majority of the
diphoton continuum background in H — ~~y analyses. For the t/H (H — ~y) and bby~y analyses,

these diagrams may involve additional jets to meet selection requirements.
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Chapter 3

The ATLAS detector

The ATLAS detector [20] is a general-purpose detector with forward-backward symmetry and
nearly full solid angle coverage around the interaction point. The interaction point defines the
origin of a cylindrical coordinate system with z being the distance along the beam pipe, and r
and ¢ the distance and azimuthal angle from the z-axis. The pseudorapidity is defined as =
— log tan(#/2), where @ is the polar angle, while the angular distance between two points is defined
as AR = /(An)? + (Ag¢)2.

The main components of the ATLAS detector can broadly be separated into the inner detector,

the calorimeter, and the muon spectrometer (MS).

3.1 The inner detector

The inner detector is responsible for the reconstruction of particle tracks from the interaction
point. It consists of a pixel detector, a silicon microstrip detector (SCT), and a transition radiation
tracker (TRT), all immersed in a 2 T solenoidal magnetic field. The pixel and SCT detectors
provide precision tracking over the region || < 2.5 and are arranged in concentric cylinders
around the beam axis in the barrel region, and as perpendicular disks in the end-cap region. The
pixel detector is closest to the interaction point, and as such, provides the most accurate readings
with the most readout channels. TRT straws are arranged parallel to the beam axis in the barrel
region or radially in wheels in the end-caps, and provide R — ¢ information for tracking up to
In| = 2.0. Despite its lower precision, the TRT complements the tracking capabilities of the pixel
and SCT due to the large number of measurements and longer measured track length. The tracking

properties of the inner detector make it critical for impact parameter measurements and vertexing
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for heavy flavour and tau lepton tagging. It is also useful for tracking converted photons, defined

as those which have produced e*e™ pairs by interacting with the inner detector.

3.2 The calorimeter

The ATLAS calorimeter system measures the energy of particles and jets and consists of the
electromagnetic (EM) and hadronic calorimeters covering the range |n| < 4.9. Both calorimeters
use sampling technology consisting of alternating layers of an absorbing material to initiate particle
showers and an active medium to measure the deposited energy.

As the name suggests, the EM calorimeter is designed to measure the energy of photons and
electrons. High energy photons interact with the calorimeter material via e™e™ pair production,
which subsequently radiate photons by bremsstrahlung. The EM calorimeter is divided into cylin-
drical barrel (|n| < 1.475) and two end-cap (1.375 < |n| < 2.5, 2.5 < |n| < 3.2) components.
The detector medium consists of liquid argon due to its linear behaviour, stability of response over
time, and radiation hardness, while an accordion geometry layout helps reduce dead zones from
components such as cables. The EM calorimeter is segmented into three sections in the precision
physics region (|n| < 2.5), while only two sections are present for 2.5 < || < 3.2. A thin presam-
pler layer in front of the EM calorimeter covers the region || < 1.8 in order to correct for energy
lost upstream of the calorimeter. The ATLAS EM calorimeter design aims to achieve a relative
energy resolution o/ E = 10% /v E & 0.7% [20], where E is measured in GeV.

The hadronic calorimeters consist of the Tile, HEC, and FCAL calorimeters which measure
the energy of hadronic interactions. The Tile calorimeter consists of steel absorber with scintillator
tiles in the barrel region (|| < 1.0) and two extended barrels (0.8 < || < 1.7) and is placed
directly outside the envelope of EM calorimeter. The Hadronic End-cap Calorimeter (HEC) con-
sists of two wheels per end-cap covering the area 1.5 < |n| < 3.2 directly behind the end-cap
EM calorimeters. Finally, the Forward Calorimeter (FCAL) covers the extreme forward region of

3.1 < |n| <4.9.
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3.3 The muon spectrometer

The muon spectrometer consists of three large air-core superconducting toroids which deflect
muon trajectories through three layers of chambers in each of the barrel and end-cap regions.
Monitored Drift Tube chambers (MDTs) and Cathode-Strip Chambers (CSCs) provide precision
muon tracking for |n| < 2.7. These are complemented by the muon triggering system consisting
of Resistive Plate Chambers (RPCs) in the barrel region (|| < 1.05) and Thin Gap Chambers
(TGCs) in the end-caps (1.05 < |n| < 2.4), which provide bunch-crossing identification, well-
defined pr thresholds, and measurements of the muon coordinates in the direction orthogonal to

that determined by the MDT and CSCs.

3.4 The trigger system

The initial event rate of 1.7 billion collisions per second is reduced to a much more manageable
100 kHz by a hardware-based L1 trigger and further to 1 kHz by the software-based high level
trigger (HLT) [21]. Both the ttH (H — ~v) and bbyy analyses presented in this thesis use the
same diphoton trigger targeting the presence of two high momentum photon-like objects. The
hardware L1 diphoton trigger requires two distinct transverse energy deposits of at least 15 GeV in
a 2x2 cluster in the electromagnetic calorimeter [22]. The L1 trigger gives region of interest (ROI)
information such as the 1 and ¢ coordinates of events passing this criteria to the HLT. The HLT
requires transverse momentum of at least 35 GeV and 25 GeV for the two highest pr photons, as
well as Loose criteria based on shower shape variables in the calorimeter. For data taken in 2017
and 2018, to account for the increase in pileup, the L1 energy criterium was raised to 20 GeV and

the HLT required the Medium shower shape criteria.
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Chapter 4

Object reconstruction

Both the ttH (H — ~v) and bbyvy analyses use a similar set of physics object definitions
summarized below. One major exception involves a change in the default jet reconstruction and b-
tagging algorithms between the publication of the ttH (H — ~+) and bbyy analyses. Furthermore,
the bby~y analysis uses an additional calibration procedure to further improve the energy of b-jets

and better identify the  — bb decay.

4.1 Photons

Photon candidates are reconstructed from topological clusters in the EM calorimeter and are
required to have |n| < 2.37 and 1.37 < |n| < 1.52 in order to be in the acceptance range of
the inner tracker and to avoid the crack region between the barrel and endcaps. In order to reject
non-prompt photons produced from hadronic jets containing neutral pions, photons must further
pass the Tight identification criteria, based on the lateral and longitudinal energy profiles of the
calorimeter showers, as well as the Fixed Cut Loose calorimeter and track-based isolation require-

ments [23]:
e topoetcone20 < 0.065E7
e ptcone20 < 0.05E7.

where topoetcone20 is the sum of energies in topological clusters and ptcone20 is the scalar sum
of track pr within a cone of AR = 0.20 around a photon.

Photons may be labeled as converted or unconverted, based on whether they have produced
electron-positron pairs before reaching the electromagnetic calorimeter. The photon energy is cal-

ibrated based on a multivariate regression algorithm and corrected using scale factors derived from
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7Z — ete” events. The direction of the photons is reconstructed by exploiting the longitudinal seg-
mentation of the calorimeter and constraints from the beam spot position, as well as (for converted

photons) position and track information associated with conversion vertex.

4.2 Diphoton vertex

Collision vertices are defined as those with at least two tracks with pp > 0.5 GeV. In many
analyses the primary vertex is chosen to be the hardest vertex, the vertex with the highest > p2. of
tracks associated with said vertex. However for I — 7 analyses this is not necessarily the best
choice as photons generally do not leave tracks in the inner tracker, although their trajectories can
still be inferred from the segmentation of the calorimeter. For photons with conversion track hits
in either the Pixel or SCT that are consistent with a collision vertex, that vertex can be selected
directly as the diphoton vertex.

Otherwise, a neural network [24] is used to identify the diphoton vertex using the following

variables as input:

® (Zeommon — Zvertex)/0z» WheTe Zyerex 1S the position of the primary vertex in the z-direction,
Zcommon 18 the weighted mean of z-positions of extrapolated photon trajectories calculated
from calorimeter pointing with a constraint from the beam spot position, and o, is the asso-

ciated extrapolation error
e > pr, the scalar sum of transverse momenta of tracks associated with the vertex
e > pA, the squared scalar sum of transverse momenta of tracks associated with the vertex

o A¢(77, vertex) the azimuthal angle between the diphoton system and the system defined by

the vector sum of tracks associated with the vertex

This NN is able to select a vertex within 0.3 mm of the true vertex for > 80% of inclusive signal
events, increasing to up to > 98% for signals with many tracks such as ¢t H. The performance is
noticeably better than the hardest vertex approach for events with low numbers of tracks. Following
the selection of the diphoton vertex, all quantities are then recalculated relative to that selected

vertex.
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4.3 Leptons

Electrons are reconstructed from energy clusters in the EM calorimeter matched to tracks in
the inner detector. Muons are reconstructed from tracks in the muon spectrometer with possibly
additional matched contributions from tracks in the inner detector. Electrons are required to have
pr > 10 GeV and |n| < 2.47, excluding 1.37 < |n| < 1.52, while muons are required to
have pr > 10 GeV and || < 2.7 [23,25]. Electrons (muons) must have an impact parameter
significance of |dy/o(do)| < 5 (Jdo/o(dp)| < 3) and |z sin )| < 0.5 mm relative to the diphoton
vertex. Both electrons and muons are further required to satisfy identification criteria and both
calorimeter and track based isolation.

For the ttH and bby~ analyses, tau leptons are not directly reconstructed, and any selections

on leptons refer only to electrons and muons.

4.4 Jets

For the ttH (H — ~7) analysis, jets are reconstructed from 3-dimensional topological clusters
in the electromagnetic and hadronic calorimeters (EMtopo) [26] using the anti-£; algorithm [27,28]
with radius parameter R = 0.4. For the bbyy analysis, the EMtopo algorithm was updated to
the particle-flow (PFlow) algorithm [29], which combines information from both the tracker and
calorimeter in order to achieve improved resolution, reconstruction efficiency, and pileup resis-
tance. In both cases, jets are required to have pp> 25 GeVand |y| < 4.4. Furthermore, a jet vertex
tagger [30] is applied to jets with pr < 60 GeV and |n| < 2.4 in order to suppress contributions

from pileup by ensuring the jet indeed originates from the correct primary vertex.

4.4.1 b-jets

For the ttH (H — ~v) analysis, jets with |n| < 2.5 (central jets) resulting from the hadroniza-
tion of b-quarks (D-jets) are identified using the MV2c10 [31] algorithm, using both object-level
variables such as jet pr and event-level variables such as the impact parameter with respect to the
primary vertex and the number of associated tracks. For the bbyy analysis, the MV2c10 algorithm
is replaced with the DL1r tagger which uses a different MVA algorithm and additional input vari-

ables to achieve superior performance [32]. For both cases, four working points are provided, with
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associated b-jet efficiencies of 60%, 70%, 77%, and 85%, and a corresponding light jet rejection
rate ranging from 1300 to 30.

For the bbyy analysis, the kinematics of the b-jets are particularly important as they are used to
reconstruct the H — bb decay, and therefore an additional b-jet energy calibration is applied. A p-
in-jet correction associates muons originating from B or D hadrons with the jets they are emitted
from, which would normally be lost from the calculation of the jet energy. A further pr-reco
correction accounts for the presence of neutrinos and out-of-cone radiation by applying a global
pr-dependent scale factor derived from t£ samples to the jet 4-vector. In HH — bby~y events, the
combination of both corrections improves the width of the m,;; distribution by 20%, while shifting

its peak closer to my.

4.5 Overlap removal

An overlap removal procedure is applied to avoid double-counting reconstructed lepton or pho-

ton candidates as jets:
e Remove electrons, muons, or jets within AR = 0.4 of any photon
e Remove jets within AR = 0.2 of any electron

e Remove electrons or muons within AR = 0.4 of any jet

4.6 Missing transverse energy

The missing transverse energy EX is calculated from the negative vector sum of all recon-
structed objects in an event. An additional track based soft-term (TST) is added to account for
non-reconstructed objects with low-p but well-reconstructed tracks associated with the diphoton

vertex.

B =— ) (D)t (4.1)

i=7,e,u,jet,soft track
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The EX*5 and direction ¢™** are consequently defined as

Errrniss — \/(E;niss)2 + (Eéniss>2
4.2)

¢mlSS — arctan(E;nlSS/E;?’llSS)
The variables £ and ¢™*° are commonly used as a proxy for neutrinos or other BSM parti-

cles that do not interact directly with detector elements.
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Chapter 5

Preselection and event categorization

The ttH (H — ~v) and bby~ analyses both use a similar strategy exploiting the diphoton mass
as a discriminant variable; their similarities in analysis strategy are therefore summarized below.

All events are selected by the diphoton trigger (Section 3.4) requiring two tight, isolated (Sec-
tion 4.1) photons with pr > 35(25) GeV. In addition, the diphoton invariant mass .., must satisfy
105 < m,, < 160 GeV, and in order to avoid the turn-on threshold of the diphoton trigger, the ratio
pr/m., of the leading (subleading) photon is required to be greater than 35% (25%). The window
120 < m,, < 130 GeV is termed the signal region as it roughly covers 95% of the expected Higgs
signal, while the remainder 105 < m,, < 130 and 130 < m.,, < 160 is defined as the sideband
region.

A set of simple additional offline selections depending on the expected signal topology are
then applied to further increase the signal to background ratio. For example, the ttH(H — ~v)
observation analysis requires additional jets and leptons consistent with the decay of a top quark,
while the bby~y analysis requires two additional b-jets. After this stage, a multi-variate analysis
(MVA) technique is used to further separate signal and background. In this way, the complicated
multi-variate phase space is reduced to a single variable ranking the likelihood of an event being
signal or background. This MVA score is then used to define different categories. This is done
by performing an exhaustive scan over all possible boundaries, with the objective to maximize the
combined significance in the selected categories, while discarding events with an extremely low
signal likelihood.

To avoid overtraining the model and artificially inflating the expected performance of the cate-

gorization strategy, the entire process is performed on a selection of events taken from either a data
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control region or from a statistically independent set of simulated events. Only at the last moment

when the analysis selection is frozen is the selection finally applied to real, unblinded, data.
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Chapter 6

Signal and background modelling

The m.,, spectrum of the signals and backgrounds are modelled separately by analytical func-
tions in each of the analysis categories. Broadly, two types of processes are considered. Processes
involving the decay of a Higgs boson to two photons form a sharply peaked resonance centered at
125 GeV. The remaining continuum, or non-resonant, background can be modelled as an analytical

smoothly falling function of m...

6.1 Modelling of Higgs boson processes

In each category, the m.. shape of the di-Higgs and single-Higgs processes is defined by a
double-sided crystal ball (DSCB) [24, 33] distribution, which is a Gaussian core with power law

tails:
ez, —ap <t<ay

f(t) = Giéa%[a—L(n—L—@L—t)]fnL, t < —Qy, (61)

np oL
1

e[ (M 0y + 1), > ap

\

with t = (m4y, — piep)/ocp and parameters pcp, ocp, &, N, o, ny. In particular, pep
controls the position of the peak and o the width of the central Gaussian. The parameters are
obtained from a fit to simulated Monte Carlo events (MC) and generally fixed in the fit, with the

exception of pcp and oo which may be modified by systematic uncertainties.

6.2 Modelling of the continuum background

The continuum 7~y background is modelled by an analytical function whose shape and normal-

ization are obtained from a fit to the data. This approach is therefore almost completely data-driven,
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with the exception of the specific choice of function. A background function with too many de-
grees of freedom may absorb a portion of a real signal, while a background function with too few
degrees of function may fit poorly and cause the appearance of a fake signal where there is none.

In every category of an analysis, the choice of background function and associated bias are
estimated with the so-called spurious signal test. First, a high-statistics background-only template
is created as a proxy for the real continuum background. The construction of the background-
only template depends on the individual analyses and are detailed in the following sections. In all
cases, the templates are validated against sideband data to ensure that they provide an adequate
description of the continuum background.

A potential background function is tested by performing a signal plus background fit to the
background-only template, with the signal extracted from such a fit denoted as Vy,. To account
conservatively for possible variations in the signal position, multiple such fits are performed for
signal peak positions in the range of [121,129] GeV, and the spurious signal is defined as the
maximum magnitude of /Ny, over that range. The function passes the test if the associated spurious
signal is small, with respect to either the expected number of signal events or the expected statistical

uncertainty on the signal:

o Max|(Ny,/Nsexp)| < 10%, where Ny ¢y, is the expected number of signal events in the

category.

o Max|(Ny,/0uke)| < 20%, where oy, is the statistical uncertainty on the fitted number of sig-
nal events when fitting the signal plus background model to the template, with the template

errors estimated from the data sideband.

For categories with extremely low statistics, the spurious signal criteria are further relaxed
to accommodate 2 o local statistical fluctuations in the background template by defining a new
variable (gt

p

N5p+2AMc, Nsp+2AMC <0

Csp = Nsp — 2AMC; Nsp — QAMC >0 (62)

0, otherwise
\

where Ay is a local statistical fluctuation of the background template. (,, should then pass the

criteria as Ny, before.
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If multiple functions pass the spurious signal test, generally the one with the smallest number
of degrees of freedom is chosen, though the exact criteria depends on the analysis. Each function
is finally tested by checking the fit quality on the data sideband. The associated bias enters the
statistical model as an additional signal whose normalization is constrained by a Gaussian centered

at 0 with magnitude equal to the value of the spurious signal.
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Chapter 7

Systematic uncertainties

In the ttH (H — ~7) and bbyy analyses, systematic uncertainties affect the normalizations
and m.,, distributions of the single-Higgs and di-Higgs samples. While the exact magnitudes of
the uncertainty vary between the two analyses, a list of the common sources of experimental and
theoretical systematics is summarized below. It is assumed that uncertainties on the m., shape
impact only the o¢cp and pcp parameters of the DSCB function. By design, the only systematic
uncertainty associated with the modelling of the non-resonant background is the spurious signal,

as described in section 6.2.

7.1 Experimental systematic uncertainties
Sources of experimental systematic uncertainties include

e The luminosity

e The value of the Higgs boson mass

e The diphoton trigger efficiency

e The photon identification and isolation efficiency.
e The photon energy scale and resolution

e The jet energy scale and resolution

e The jet vertex tagger efficiency

e The efficiency of the b-tagging algorithm
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e The lepton reconstruction efficiency
e The calculation of the Fss

e The modelling of pileup in the simulation

The photon energy scale and resolution uncertainties affect both the normalization and shape
of the Higgs processes, while the uncertainty on the Higgs boson mass affects only the shape of
the Higgs processes. All other uncertainties affect only the normalization.

The nominal integrated luminosity is obtained from measurements taken by the LUCID-2 de-
tector [34]. For the 80 fb~! and 140 fb~' datasets used in the t¢/H (H — ~) and bbyy analyses,
the uncertainty on its value is on the order of 2%.

An uncertainty of 0.19% is applied to the value of the Higgs boson mass, corresponding to the
error from the Run 1 combined mass measurement by ATLAS and CMS [12].

The uncertainty on the efficiency of the diphoton trigger is evaluated using radiative Z boson
decays and with a bootstrap technique involving events collected from prescaled lower-threshold
triggers [22]. It is on the order of 1%. Uncertainties in photon identification and isolation are
obtained from control samples of prompt photons from 7 + jet production and radiative Z decays,
and Z — ete™ events [23]. The photon energy scale and resolution uncertainties are determined
from control samples of electrons from Z boson and .J/v decays and photons from radiative Z
boson decays [23]. The impacts on the peak position and width of the DSCB signal is on the order
of 0.5% (photon energy scale) or 10% (photon energy resolution).

Uncertainties in the jet energy scale and resolution are obtained from control samples where
jets recoil against well calibrated particles such as photons, Z bosons, or other jets [35]. Other
uncertainties relating to electrons, muons, flavour tagging, the EX* calculation, and pileup mod-

elling are also evaluated and generally found to be negligible.

7.2 Theoretical systematic uncertainties

Sources of theoretical systematic uncertainties include the Higgs boson branching ratios, the
presence of higher order QCD terms, the value of the QCD coupling constant «, the parton dis-
tribution function, the choice of parton showering algorithm, and the modeling of certain single

Higgs processes in association with heavy flavour jets.
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The uncertainties on the H — ~ and H — bb branching ratios are obtained from Ref. [11].

Uncertainties due to missing higher-order terms in the perturbative QCD cross-section calcu-
lation, the PDF set, and the value of o, are estimated by considering alternative choices of fac-
torization and renormalization scales, PDF sets, and «, values. These uncertainties are factorized
into their effects on the total inclusive cross-sections, and on the migration of events between cate-
gories caused by changes in the distribution of kinematic variables. In measurements of the signal
strength 1 = o /og) both effects are included. However, in direct measurements of the signal
cross-section, the former uncertainties are then removed.

The uncertainties from the modelling of the parton shower, underlying event, and hadronization
is evaluated by comparing the yields obtained from the nominal generated samples to alternative
samples using the same generator but a different showering algorithm.

An additional systematic uncertainty is associated with the production of ggH, VBF, and VH
in association with heavy flavour jets. A conservative 100% uncertainty on the yield on these
processes is implemented based on measurements using H — ZZ ) — 4] [36], tt bb [37], and

Vb [38] [39] events.
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Chapter 8
Statistical framework

8.1 Likelihood function

The statistical results are obtained from an extended maximum likelihood fit of the m.,, distri-
bution in the range 105 < m.,, < 160 GeV, performed simultaneously over all relevant categories.

The likelihood is defined as:

where for each event ¢ in a category ¢, n. is the observed number of events, IV, is the expected
number of events, f. is the value of the probability density function, # are nuisance parameters
representing systematic uncertainties, and G(6) are Gaussian constraints on the nuisance parame-
ters. In the ttH (H — ~7) and bby~ analyses, the only unconstrained nuisance parameters are the
shape and normalization parameters of the continuum background functions.

The expected number of events N, defined in equation 8.2, is the sum of the expected yields
from all considered processes: di-Higgs (in the case of the bby~ analysis), single-Higgs, the spuri-

ous signal uncertainty, and the non-resonant background:

Nc<0) = K- NHH,C<6yield) + NH,C(Qyield) + Nsp,c : esp,c + Nnonfres,c (82)

where p1 = 0 /o)y is the signal strength, Oyicla and Oy, . represent yield systematics, as detailed
in Section 7.

The probability density function f. representing the shape information shown in equation 8.3 is
the sum of the DSCB functions modelling di-Higgs signals, single-Higgs, and the spurious signal

(Section 6.1), and the analytical function modelling the non-resonant background chosen by the
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spurious signal test (Section 6.2):

fc(m'y'ya 9) - [,LL : NHH,C(9y1e1d> . fHH,c(mv'y; eshape) + NH,C(Hyield> : fH,c(m'y'ya eshape>

+ Nsp,c : esp,c : fHH,c(m'y’ya eshape) + Nnonfres,c : fnonfres,c<m’y'ya eshape)]/Nc(eyield) (83)

where 0Ogp,ape represents shape systematics.
Variations in the nuisance parameters 6yicid, Osp.c, Oshape are propagated to the number of events

N or the PDF shape f through response functions, implemented in three ways:
e Gaussian: X (0) = Xo(1 + 00)
e Log-normal: X (0) = X, exp(log(1+ 0)6)
e Asymmetric

where o is the magnitude of the systematic uncertainty, and X is the impacted quantity: either the
yield (for yield systematics), or the ocp or jucp parameters of the DSCB (for shape systematics).
Symmetric uncertainties, where the magnitudes of the upper and lower variations are equal, use
either the Gaussian or log-normal response functions. Typically, Gaussian response functions are
used for migration uncertainties, the spurious signal, and the uncertainty on the H — 7 peak
position, while the log-normal is used for everything else. An additional application of the log-
normal distribution is for uncertainties which should never give a negative result, such as the impact
of the luminosity uncertainty on the total event yield. In practice the difference between the two
is often negligible. The asymmetric response function is used in cases where the upper and lower
variations are unequal, and is defined as an interpolation between two log-normal functions.

In a combination of different channels, such the ¢t/ combination, the combined likelihood
function is simply obtained by multiplying the individual likelihood functions together. Systematic
uncertainties in the different channels may be correlated (de-correlated) by equating (not equating)
the nuisance parameters corresponding to said uncertainties in each channel.

The value of 1 can be obtained in a fit as the value which maximizes the likelihood given in
Equation 8.1 on the data. In the case where a positive u is found, the significance of this can
be calculated; intuitively it is the chance that such an excess could not be explained purely due

statistical fluctuations alone. In the case where there is no significant excess, one can infer that
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there is some upper limit to the possible value of ;1 - otherwise an excess in the data would have

been observed. Fundamentally, the calculation of both quantities is based on the profile likelihood

Ap) = —2log ~ (8.4)

where é(u) is the value of the nuisance parameters that maximize the likelihood for the value
of 1, and ji and 0 are the unconditional maximum-likelihood values.
In both analyses, it is assumed that the presence of a signal can only enhance the total number

of events, i.e. © > 0.

8.2 Discovery significance

The level of disagreement between the data and a hypothesized value of y is quantified by the

test statistic:

—2]og Ledw) L(Ma( ) i <0
P L(0,6(0 ))) (8.5)

—2log L(“(e( )) a>0

Sl
Il

Compared to Equation 8.4, the first case asserts that observing data with downward fluctuations
it < 0 should not be counted as more evidence against the signal hypothesis than observing data
with /i = 0 (as it is assumed p > 0).

For the purpose of discovering a new signal, the null hypothesis to reject is ;+ = 0 and therefore

Equation 8.5 reduces to

N 0 <0
qgo = to = (8.6)

—2log L(O( 9(0))) i>0

It can be shown using the Wald approximation [40] that f(go|0), the distribution of the test

statistic go under the ;o = 0 hypothesis, is a half chi-square, and that the discovery significance can

be simply calculated as:

Zo =/ (8.7)
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In other words, the significance can be calculated easily from the log-likelihood difference of
two fits performed to the data; one with p fixed to 0, and one with y freely floating.

In addition, in a simple counting experiment with the Poisson likelihood function

s+0)" .
L(p) = %e (ns+b) (8.8)

where 7 is the number of events, s is the number of signal events, and b is the number of

background events, the significance reduces to the simple formula

V2(nlog® +b—n) (>0
Zo = \/To = b (8.9)

0 <0

where [ = ”T_b

Finally the SM expected significance is

Zo=/2((s + b) log(1 + s/b) — s) (8.10)

using u=1landn =s+0b
Equation 8.10 is used as a proxy for the expected significance when optimizing the ttH (H —
~v7y) and bbyy analyses as it is easy to calculate, although it does not capture the full difference in

m.~ shape between the signals and backgrounds.

8.3 Upper limits

For setting limits, the test statistic is:

L)
2log T0d0) P <0
i= o1 Lsdw) - 8.11
i 2log 7250 0<p<up (8.11)
0 > p

where the third case asserts that observing data with upward fluctuations /& > p should not be

counted as evidence against the background only hypothesis.
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From the Wald approximation [40], it can similarly be calculated that the CDF for obtaining an
upper limit of y, given a hypothesized value of 1 is
O(\/Gu — 1) 0< Gy < pPfo?
F@) =9 " | (8.12)
(I)(qr(qugu )/o ) G > 12/

The classical 95% CL limit is the value of  for which p, = 1 — F(g,|n) = 5%. However,
many ATLAS searches, including HH — beyfy, use instead the CLs definition [41] to set limits,
which requires p,, /(1 — py) = 5%, where p, = 1 — F(§,|0) is the p-value under the background-
only hypothesis. The CLs convention results in more conservative (weaker) limits but avoids
cases in which even the background-only hypothesis is excluded due to a low analysis sensitivity.

In practice, the 95% limit is obtained using an iterative procedure in which g is increased until

pu/(1 — py) exceeds 5%. In the following presented results, all limits use the CLs convention.
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Chapter 9
ttH (H — ~7) analysis and ¢ combination

9.1 Introduction

The coupling between the Higgs and the top quark is of special interest as the heaviest particle
in the SM. While the Higgs-top Yukawa can be explored through potential loop contributions in
ggF production and H — ~~ decays, ttH production provides a more direct, tree-level test of
this coupling. In 2018, ATLAS and CMS independently observed ¢t H production [42,43] through
a combination of the H — ~vy, H — ZZ® H — WW®, H — 7t~ and H — bb decay
channels, an important first step in constraining the value of the Higgs-top Yukawa coupling. This
section presents the ttH (H — ~) analysis used in the ATLAS observation analysis and its
subsequent combination with other channels. The H — 7~ channel was and still remains one of
the most competitive for probing ¢¢H production due to its high signal purity and relative ease of

background modelling discussed in Section 2.

9.2 Data and simulation samples

The dataset used for the ATLAS ttH (H — ~7) analysis corresponds to 79.8 fb~! of pp
collision data at /s = 13 TeV collected from 2015 to 2017. Simulated Higgs boson events from
ggF, VBF, V H, and tt H were generated using the POWHEG generator interfaced with PYTHIAS8 for
parton showering, hadronization, and underlying event simulation. Events from bbH, tHgb, and
tW H were generated with MADGRAPHS aMC @NLO interfaced to PYTHIA8. The generated
events were passed through GEANT4 [44] in order to simulate the response of the ATLAS detector.
The cross-sections were set to the values shown in Table 2.1

As described in Section 6.2, the modelling of the non-resonant background is data-driven and

therefore not directly represented by any MC samples. However, a ¢ty sample was generated
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using the MADGRAPHS5_aMC @NLO generator and showered with PYTHIAS in order to estimate
the non-resonant background uncertainty in certain regions. In order to save processing time, the
ttyy sample was passed through ATLFASTII [45], a fast parametric simulation of the ATLAS

detector response.

9.3 Event Selection

Events are selected using the diphoton trigger requiring two photons with pr greater than 35
GeV and 25 GeV. Photons are required to pass the isolation and identification quality requirements
(Section 4.1) and the diphoton invariant mass must be satisfy 105 < m., < 160 GeV.

The event selection strategy aims to maximize the signal-background separation power by ex-
ploiting the decay products of the top quarks and the Higgs. Over 90% of the time, the top quark
decays into a b-quark and a T/ -boson, with latter subsequently decaying into two quarks (referred
to as a hadronic top decay) or a lepton and neutrino (referred to as a leptonic top decay). Therefore,
events are first broadly separated into a Had region, requiring O leptons and at least 3 jets, of which
at least 1 must be b-tagged, and a Lep region, requiring at least 1 lepton and at least 1 b-tagged
jet. The Had region targets events in which both top quarks decay hadronically, but also includes
includes contributions from hadronic ttH decays with non-reconstructed 7 leptons and leptonic ttH
decays with unidentified leptons. The Lep region targets events in which at least one top quark
decays leptonically.

In each region, a boosted decision tree (BDT) is trained to provide additional separation power
between signal and background. In both regions, the BDT uses ttH MC as the training signal,
while the training background uses data-driven control regions as a proxy for the non-resonant ~y~y
background. In the Had region, this background consists of N7T events, defined as those in which
at least one or more photons fail at least one of the isolation or identification requirements. The
training background in the Lep region also uses NTI events, but with a further modification: the
> 1 b-jet requirement is relaxed to instead require at least one central jet, and the m.,, window
is expanded from [105, 160] GeV to [80, 250] GeV. Furthermore, the photon pt requirement of
pr/my, > 0.35 (0.25) is replaced with direct cut of pp > 35 (25) GeV. Despite slightly changing
the event kinematics, the loosening of these photon and jet requirements increases the statistics

available for training, and results in a net benefit to the effectiveness of the BDT model.
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In the Had region, the BDT uses the following training variables to distinguish between signal

and background:

e The pr/m.y,n, ¢, E/m.,, of the two photons

e The pr,n, ¢, E, and b-tag status of the 6 highest-pr jets, where the b-tag status is 1 if a jet is

b-tagged and O otherwise

e EMiss and ¢™s, the magnitude and ¢ angle of the missing transverse momentum

The Lep region uses a similar set of variables, but with the removal of the b-tag status (due
to the usage of non-b-tagged events in the training background), and the addition of the lepton

4-vector.

e The pr/m.y,n, ¢, E/m.., of the two photons
e The pr,n, ¢, E, of the 4 highest-pr jets
e The pr,n, ¢, E, or the 2 highest-pr leptons

e EMiss and ¢™5, the magnitude and ¢ angle of the missing transverse momentum

The scaling of the photon pr and energy training variables is critical in order to prevent the
BDT from simply selecting events based on the value of m.., thereby creating features in the m.,,,
distribution of the non-resonant background which may be difficult to model. Figures 9.1 and 9.2
show the distributions of the main training variables for signal and background in the Had and Lep
regions. Photons, leptons, and jets originating from the decay of a Higgs or top quark generally
have higher pr distributions than those originating from the non-resonant background, allowing
for separation. In both regions, EX*5 variables are valuable for their modelling of neutrinos or
misidentified leptons.

Following training, the BDT output in each region is shown in Figure 9.3, and demonstrates

a clear separation between signal-like and background-like processes. In each of the Had and
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Figure 9.1: The distributions of the main BDT training variables in the Had region.
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Lep regions, categories are defined based on the BDT output in order to maximize the combined

Asimov number counting significance.

Z = \/ZQ[(s+b)log(1+s/b)—s] 9.1)

For the purposes of optimization, s and b are defined as the expected number of signal and
background events in a category in each category c in the m.,, € [123,127] GeV window, a range
which covers approximately 68% of the signal. s consists of the expected ¢t H MC yield, while
b = by + bnon-res consists of the expected MC yield by from other single Higgs processes, as well
as the expected yield by, res NON-resonant background. In order to suppress fluctuations, byon.res 18
estimated from the expected yield in the NTI control region multiplied by a scale factor f = %,
with the assumption that the non-resonant background is approximately flat. As byon.res 1S €stimated
from a control region, categories are required to have at least b,o,es > 0.8, or equivalently 9 NTI

events in the sideband, as this will almost guarantee at least 2 sideband events when eventually

evaluating on the data '.
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Figure 9.3: The BDT output in the Had and Lep regions. The dashed lines denote the boundaries
of the 7 ttH categories, with events closer to 1 being more signal-like. Events in the Had (Lep)

region with score less than 0.911 (0.705) are rejected from the analysis.

I A poisson distribution with mean A = 9 will have a > 99% chance of producing at least two events.
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Four categories are created in the Had region and three in the Lep region. It was found that fur-
ther increasing the number of categories would not bring a notable sensitivity improvement, while
potentially increasing the impact of systematic uncertainties due to the addition of background-
heavy categories. The categories are labelled in order of their sensitivity, with the most sensitive
category defined by highest BDT scores denoted as Had 1/Lep 1

The final categories and their definitions are summarized in Table 9.1.

Category Definition

Had 1 BDT score € [0.996, 1.000]
Had 2 BDT score € [0.991, 0.996]

0 leptons, > 3 jets, > 1 b-jet

Had 3 BDT score € [0.971, 0.991]
Had 4 BDT score € [0.911, 0.971]
Lep 1 BDT score € [0.987, 1.000]
Lep 2 > 1 leptons, > 1 b-jet BDT score € [0.942, 0.987]
Lep3 BDT score € [0.705, 0.942]

Table 9.1: The definitions of the 7 signal-sensitive categories for the t¢H (H — ~+) analysis.

9.4 Signal and background modelling

In each category, the single-Higgs model is obtained from a combined DSCB fit to the sum of
all Higgs production modes in each category.

The continuum background is modelled using an analytical function following the spurious
signal test described in Section 6.2. Due to the low statistics available in this final state, the tem-
plates in the leptonic region are constructed from ¢ty MC samples with no photon identification
or isolation cuts or MC weights applied. The templates in the hadronic region uses an enhanced
version of the NTI data; in addition to the nominal NTI events, it also includes events with no
b-tagged jets, and the b-tag status of all central jets in all events is set to “true”. All templates are

normalized to the data sideband.
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Due to the low data statistics in these analyses, the test considers only exponential (cq - €™,
Co - eI Temiy oL geimyyteami, eamly ) and power-law ¢, - mSL type functions, where c; are
constants determined from the fit. In each category, either exponential or power functions are cho-
sen, determined by whichever has the lowest spurious signal. Using these functions, no significant
spurious signal is observed after accounting for fluctuations due to low statistics in the background

templates. The results are summarized in Table 9.2

Category  Function Ny,

Had 1 Power 0.11
Had 2 Exponential 0.36
Had 3 Power 0.63
Had 4 Power 0.96
Lep 1 Power 0.12
Lep 2 Power 0.33

Lep 3 Exponential (.24

Table 9.2: The results of the spurious signal test for the t¢tH (H — ~) analysis, showing the
chosen function and corresponding spurious signal in each category. No significant spurious signal

is observed after accounting for fluctuations due to low statistics in the background templates.

9.5 ttH combination

The results from the ¢t H (H — ~+) analysis are combined with other Run 2 ¢ H measurements
in the H — bb [46], H — multilepton [47], and H — ZZ®*) — 4] channels. The H —
multilepton analysis consists of the H — 777, H — WW®, and H — ZZ® final states,
except in the case where ZZ") — 4I. Like ttH (H — ~v), the H — ZZ®) — 4] analysis
uses 79.8 tb~! of data, while the H — bb and H — multilepton results use only the 36.1 fb~!
of data taken in 2015 and 2016. The combination is achieved with the merging of the individual
likelihood functions in each channel, as described in Section 8. In addition to the aforementioned

Run 2 combination, a second combination is performed by adding the Run 1 H — multilepton,
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H — bb, and H — 77y channels, based on integrated luminosities of up to 4.7 fb~! at /s = 7 TeV
and 20.3 fb~! at \/s = 8 TeV.

Due to a difference in the object reconstruction and calibration procedures, most experimental
uncertainties are not correlated between the between the 36.1 fb~! and 79.8 fb~! analyses. Almost
all experimental systematic uncertainties, with the exception of the e/~ energy scale and resolution
uncertainties, are decorrelated between Run 1 and Run 2 analyses. The robustness of this assump-
tion is empirically tested by correlating or decorrelating various systematics and observing that the

impact on the results is small.

9.6 ttH results

Figures 9.4 and 9.5 show the m,., distributions of the observed data in each of the seven cat-
egories for the ttH (H — ~7) analysis. Table 9.6 shows the measured ¢t H cross-sections and
significances for the both the individual channels and combined results in the ATLAS ¢tH combi-
nation. No events are observed in the H — ZZ) — 4l channel and an upper limit at 68% CL is
instead set on the t¢H production cross-section.

The combined observed significance with 13 TeV data is 5.8 o, constituting the first ever AT-
LAS observation of ¢t H production. A large part of this sensitivity is due to the H — 7~ channel,
which contributes an observed significance of 4.1 ¢ and is tied only with the H — multilepton
channel. The combined 13 TeV ttH cross-section is 670 &£ 90 (stat.) ﬂég (syst.) fb, in agreement
with the SM value of 50713, fb. With 79.8 fb~! the H — ~y and H — ZZ™ — 4] channels
are still statistically limited and will continue improving simply by the collection of additional
data even well into Run 3; in contrast, the H — multilepton and H — bb channels are already
systematically limited with 36.1 fb~!. Figure 9.7 shows the observed ttH cross-section split by
decay channel and as a function of the centre-of-mass energy, again showing compatibility with
the Standard Model.

For the H — ~~ channel, the main theoretical systematic uncertainties affecting the ¢ H cross-
section measurement are due to parton shower modelling (8%) and the modelling uncertainty in
the Higgs boson plus heavy flavour background (4%). The dominant experimental uncertainties
include the reconstruction of the jet energy (5%), the photon isolation (4%), and the photon energy

resolution (6%) and scale (4%).
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Figure 9.4: The m.,., distribution in each of the four Had t¢H (H — ~) categories observed with
79.8 fb~! of 13 TeV data. The red line shows the signal plus background fit. The blue dotted
line shows the continuum background, while the green dashed line shows the total background
consisting of the continuum background and non-t¢ H Higgs production modes. The bottom plot

shows the results after subtracting the background component of the fitted model.
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Figure 9.5: The m.,,, distribution in each of the three Lep ttH (H — ~7) categories observed
with 79.8 fb~! of 13 TeV data. The red line shows the signal plus background fit. The blue dotted
line shows the continuum background, while the green dashed line shows the total background
consisting of the continuum background and non-t¢ H Higgs production modes. The bottom plot

shows the results after subtracting the background component of the fitted model.



43

Analysis Integrated ttH cross Obs.  Exp.

luminosity [fb™!] section [fb] sign.  sign.
H — vy 79.8 710 1750 (stat.) To2° (syst.) 4.1lo 370
H — multilepton 36.1 790 £150 (stat.) T150 (syst.) 410 280
H — bb 36.1 400 139 (stat.) & 270 (syst.) l4o 160
H— Z7Z* — 4l 79.8 <900 (68% CL) 0o 120
Combined (13 TeV) 36.1—79.8 670 + 90 (stat.) t100 (syst.) 580 49¢
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1—79.8 — 630 510

Figure 9.6: The measured t¢H cross-sections and significances for both the individual and com-
bined results in the ATLAS t¢{H combination. The H — multilepton analysis consists of the
H — ZZW(except ZZ®) — 4l), H - WW®, and H — 7+7~ decay channels. No events are
observed in the H — ZZ®*) — 41 channel and an upper limit at 68% CL is instead set on the t{H
production cross-section. The combined observed significance with 13 TeV data is 5.8 o, constitut-
ing the first ever ATLAS observation of ¢t H production. The measured 13 TeV t{ H cross-section
is 670 4 90 (stat.) 710 (syst.) fb, in agreement with the SM value of 50772 fb.
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Figure 9.7: (a) The observed ttH cross-section from the 13 TeV combination split by decay chan-
nel, under the assumption that the H — ZZ®and H — W W ®)couplings are scaled by the same
factor with respect to the SM prediction. (b) The observed ttH cross-section from the 7 TeV
and 13 TeV combinations, compared to the theoretical cross-section prediction and its uncertainty

(purple band).



44

The impact of systematic uncertainties for the combined measurement are shown in Table 9.3.
In the combination, the uncertainties originate primarily from the # — bb and H — multilepton
channels. The largest theoretical systematic uncertainties due to modelling of the ¢¢ + heavy-
flavour processes in the  — bb analysis, and the modelling of the t£H process in all analyses.
The dominant experimental uncertainties are due to the estimation of leptons from heavy-flavour
decays, conversions, or misidentified hadronic jets, primarily in the H — multilepton analysis,

and the jet energy scale and resolution in all analyses.
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Uncertainty source Aoy [0 [%]
Theory uncertainties (modelling) 11.9
tt + heavy flavour 9.9
ttH 6.0
Non-tt H Higgs boson production modes 1.5
Other background processes 2.2
Experimental uncertainties 9.3
Fake leptons 5.2
Jets, Emiss 4.9
Electrons, photons 3.2
Luminosity 3.0
T-lepton 2.5
Flavour tagging 1.8
MC statistical uncertainties 4.4

Table 9.3: The impact of systematic uncertainties for the combined measurement in the 13 TeV
ATLAS ¢tH combination. Only systematic uncertainties with an impact of greater than 1% are
listed. The dominant theoretical uncertainties are due to modelling of the ¢f + heavy-flavour pro-
cesses in the H — bb analysis, and the modelling of the t£H process in all analyses. The dominant
experimental uncertainties are due to the estimation of leptons from heavy-flavour decays, conver-
sions, or misidentified hadronic jets, primarily in the multilepton analysis, and the jet energy scale
and resolution in all analyses. The MC statistical uncertainties are due to the limited number of

simulated events in the # — bb and H — multilepton analyses.
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Chapter 10
HH — bbyy

10.1 Introduction

In Run 2, the three most sensitive decay channels for 4 H searches are H H — bbbb, HH —
bbrT7~, and HH — bby, all of which rely on the high H — bb branching ratio to maximize
the cross-section of this rare process (Table 10.1). Similar to the case of ¢t¢H production, the
bby~y channel exploits the clean diphoton trigger and excellent diphoton mass resolution to obtain
extremely competitive results despite the low I — 7y branching ratio.

Previously, ATLAS searched for H H production in the bby~ channel with 36.1 fb—! of Run 2
data, considering only the ggF H H production mode [48]. In the 36.1 fb~! analysis, no significant
signal was observed; the observed (expected) 95% confidence level upper limit on the // H{ cross-
section was 22 (28) times the SM prediction, while the Higgs trilinear coupling was constrained to
the range —8.2 < k) < 13.2 at 95% CL.

Compared to the previous 36.1 fb~! analysis, the bbyy analysis presented in this thesis [49]
offers a re-optimized search strategy with the full Run 2 dataset of 139 fb=!. For the first time,
both ggF and VBF H H production modes are considered; however, the optimization of the event
selection still focuses primarily on ggF H H as the dominant production mode. Other rare H H
processes such / HV and tt H H are omitted. Furthermore it is assumed that the only BSM physics
enters through the value of «, and other couplings such as the Higgs-top Yukawa coupling are set

to their SM values.

10.2 Data and simulation samples

The dataset used for the ATLAS bby~ analysis corresponds to 139 fb~' of pp collision data at
v/s = 13 TeV collected from 2015 to 2018.



bb

WHWw-

AN/

Branching Ratio T T Yy
bb 33%
Wrw- 25% 4.6%
THr™ 7.4% 2.5% 0.39%
AV 3.1% 1.2% 0.34% | 0.076%
04 0.26% | 0.10% | 0.029% | 0.013% | 0.0005%
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Table 10.1: The branching ratios of various H H decay channels. With Run 2 data, the three most

sensitive H H channels are HH — bbbb, HH — bbrt7~, and HH — bbyy.
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Simulated ggF H H samples were generated at QCD next-to-leading-order with finite top-quark
mass in real and virtual corrections (NLO FT) [50] with POWHEGBOX [v2] [51]. PYTHIAS [8]
was used for parton showering, hadronization, and underlying event simulation. ggF H H sam-
ples for other values of ) were obtained by a reweighting method [52]. Starting from base SM
samples of k) =0, 1, and 20, weights were derived in bins of the di-Higgs invariant mass mypy
and applied to the base SM sample to produce distributions of kinematic variables corresponding
to any other value of k). The reweighting procedure was validated by comparing the event yields
and relevant kinematic distributions of the sample generated with ) = 10 to a sample generated
with k) = 1 and reweighted to x, = 10. An additional uncertainty of a few percent on the yields is
introduced to cover the small differences observed. VBF H H samples were generated at LO using
MADGRAPH5 _AMC@NLO 2.6.0 [53]. Samples were generated for k) =0, 1, 2, and 10. Finally,
smooth parametrizations of the expected ggF and VBF yields as a function of x, are obtained by
performing quadratic fits in each analysis category.

The list of single-Higgs samples is overall similar to that used for the ttH (H — ~) analysis.
ggH,VBF, WH, ZH, ttH, and bbH were generated using POWHEG and showered with PYTHIA,
while ¢t H samples were generated using MADGRAPHS _AMC @NLO and showered with PYTHIA.
A background sample of vy + jets generated and showered with SHERPA was used to represent
the continuum background in the optimization of the event selection and evaluating the spurious
signal uncertainty, but was otherwise not used for any statistical results.

Similar to the ttH (H — ~7) analysis, the cross-sections of the generated single-Higgs and
di-Higgs samples were normalized to the latest theoretical predictions. The single-Higgs samples
were passed through GEANT4 [44] to simulate the response of the ATLAS detector, while the H H

signal and vy + jets samples were instead processed by ATLFASTII [45].

10.3 Event Selection

The bby~y categorization strategy aims to achieve excellent sensitivity to the SM H H signal
hypothesis without compromising the sensitivity to BSM H H k) signals.

Similar to the t£H (H — ~v) analysis, the bbyy analysis requires two tight, isolated photons
with pr/m., > 35%(25%) and 105 < m,, < 160 GeV. In addition, events must contain two b-

jets tagged passing the 77% working point. The b-jets are ranked by the tightest b-tagging working
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point they pass, with ties broken by pr, and it is assumed that the two highest-ranked b-jets are the
result from the H — bb decay. To reduce background contamination from hadronic or leptonic £ H
decays, events must have less than 6 central jets and O leptons. Finally, events with three or more
b-jets tagged at 77% WP are rejected to maintain orthogonality with the H H — bbbb analysis.

As the relative contributions from the different production diagrams differ as a function of the
four body mass 1y, ., this variable can be used as a useful proxy to the value of . In particular,
ggF H H signals with large || will generally have a softer ;. spectrum than signals with small
|| due to the larger contribution from the triangle diagram [15].

In practice, the modified four-body mass

mltl_ww = Mppyy — (Mmyy — 125 GeV) — (myp — 125 GeV) (10.1)

is used instead due to the cancellation of detector resolution effects. Events with mZTm >

350 GeV are classified into the High Mass region, which primarily targets SM-like signals, while

events with mZBw < 350 GeV are classified into the Low Mass region, which offers additional

*

sensitivity for non-SM-like signals. Figure 10.1 illustrates the Mgy,

distributions for the ggF and

VBF H H signals with a variety of s, assumptions.
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Figure 10.1: The modified four-body invariant mass, as defined in Equation 10.1 for (a) ggF and
(b) VBF H H signals for a variety of ) assumptions. The dashed line at ngw =350 GeV denotes

the boundary between the High Mass or Low Mass regions.
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In each region, a separate boosted decision tree (BDT) is trained on MC to separate the [ H
signal from the various backgrounds. The High Mass (LLow Mass) region uses the ggF HH k) =
1 (HH k) = 10) sample as the training signal, while the background consists of a mix of vy
(representing the continuum background) and the major single-Higgs backgrounds, ggH, ZH,
and ttH. For training purposes only, the signals and backgrounds are normalized not according
to their cross-sections but to a set of empirically-optimized weights. The same set of kinematic

variables are used in both regions:
e The pr/m.,n, ¢* of the two photons
e The pr,n, ¢*, and pseudo-continuous b-tagging score of the two jets
e The pr, 7, ¢*, and mass of the I — bb candidate
e EMiss and (¢™5)*, the magnitude and ¢ angle of the missing transverse momentum

e Hr, the scalar sum of the pr of all jets

: , w2 R———
e The “single topness”, xw; = mln\/(W) + (W) , where my = 80 GeV,

m; = 173 GeV, and the minimum is taken over all possible combinations of 3 jets in the

event.

To remove one extra degree of freedom, all vectors in an event are rotated in the R — ¢ plane
so that the azimuthal angle of the leading photon is equal to 0, and the resulting azimuthal angle is
denoted as ¢*.

Figures 10.2, 10.3, 10.4, 10.5, 10.6, and 10.4 demonstrate the effectiveness of these training
variables at separating different kinds of background in the High Mass and Low Mass regions. In
particular, the E3, Hr, and yy; variables are specifically designed to control the ¢£H contami-
nation, which is in general a difficult background to reject to its similar final state as the signal.

The BDT score distributions in the High Mass and Low Mass regions after the training is
shown in Figure 10.8. After training, in each mass region, two categories are defined by selections

on the BDT output, in order to maximize the expected significance

Z = \/Z 2[(s 4 b)log (1 + 5/b) — 5] (10.2)
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Figure 10.2: The distributions of the main photon training variables in the High Mass region.



Normalized events

Normalized events

52

T T T (2] ) ) )
2000 arLAS 0 HHgoF =1 | 54 ATLAS L O HHegF=t |
1750 V/5=13TeV, 139 fo i I 3 Vs=13TeV, 139 fb ]
’ High mass region fiH B0 High mass region ttH
1.50 —1 zH % 1 zH
125 1 ogH | Eogf 1 ggH ]
’ t datasideband | 9 t  data sideband
1.00 06
0.75 *
0.4} 4
0.50 |
0.25 02—
77% 70% 60% 77% 70% 60%
Leading jet b-tag status Subleading jet b-tag status
(a) (b)
0.35 ] 2 ' ' ' ' ' '
ATLAS . [ HH ggF «, =1 Soel ATLAS [ HH ggF 1 =1
030l V/S=13TeV, 139 fb~ VY & | Vs=13Tev, 1391~ [y
’ High mass region ftH 05 High mass region ttH
0.25 1 zH % 1 zH
—— oo E04f 1 ggH
0.20 { datasideband { & t data sideband
P
0.15 0.3¢
0.10 { 0.2
0.05 t 04
+ + T‘LL%’_,TI_L 1 ,
0 50 100 150 200 250 300 350 400 pS—

[o2]
o
—
o
S
—
n
o
-
N
o
—
[e2]
o
—
©
o
n
o
o
n
n
o

PP [GeV] my; [GeV]
© (d)

Figure 10.3: The distributions of the main jet training variables in the High Mass region.
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Figure 10.5: The distributions of the main photon training variables in the Low Mass region.
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Figure 10.6: The distributions of the main jet training variables in the Low Mass region.
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where s and b are the expected number of signal and background events in the m.,, € [120, 130] GeV
range in a category c. The expected background b is obtained from the sum of single-Higgs events
and the continuum background estimated from the v~y + jet sample; to improve statistics, the con-
tinuum background yield is evaluated in the window [105, 160] GeV and scaled by 10/55 under the
assumption that its shape is sufficiently flat. Similar to the case with the ttH (H — ~7) analysis,
a minimum number of 9 expected sideband events is required in each category in order to ensure

sufficient events when applying the categorization model to the data.
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Figure 10.8: The BDT distribution after training in (a) the High Mass and (b) the Low Mass
regions for the two benchmark H H signals and backgrounds. The continuum background is rep-
resented in training by the v + jets MC; the data points are provided only as validation. The
dashed lines indicate the boundaries between the categories as defined in Table 10.2. Events in
the High Mass (LLow Mass) region with score less than 0.881 (0.857) are rejected. The inset plot

provides an enlarged view of the high-score area. Distributions are normalized to unit area.

The definitions of the four categories are summarized in Table 10.2. Figure 10.9 shows the
expected significance in each of the four categories for the two benchmark scenarios - k) = 1 and
k= 10. As expected, while the sensitivity to ) = 1 is almost completely driven by the High Mass
BDT tight category, the sensitivity to x) = 10 is comparatively more distributed among the High

Mass and Low Mass regions.
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Category Selection criteria

High Mass BDT tight my, . = 350 GeV, BDT score € [0.967, 1]
High Mass BDT loose  my; > 350 GeV, BDT score € [0.857,0.967]
Low Mass BDT tight mZz‘m < 350 GeV, BDT score € [0.966, 1]
Low Mass BDT loose  my; <350 GeV, BDT score € [0.881,0.966]

Table 10.2: Definition of the categories used in the bbyy analysis. Before entering the BDT-based

categories, events must satisfy the preselection requirements.

<05 <35
? ATLAS 1 Z = /2((s+b)log(1+s/b)-s) 4 ATLAS 1 Z = /2((s+b)log(1+s/b)-s)
e V/s=13TeV, 139 fb~ s=HH, i, =1 230F vs=13TeV,139fb~ s =HH, K, =10 .
§ 0.4F mye [120,130] GeV b = H + Continuum Bkg. é My € [120,130] GeV b = H + Continuum Bkg.
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Figure 10.9: The expected discovery significance in each of the four categories for (a) the SM

=1 and (b) the x) = 10 benchmark scenario.
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10.4 Signal and background modelling

The signal model in each category is obtained by fitting the sum of the SM ggF and VBF
H H signals to a DSCB function following the procedure in Section 6.1. In order to simplify the
statistical model, the same fitted model parameters are also used for single-Higgs backgrounds and
BSM di-Higgs signals. No significant bias was observed compared to an alternative approach in
which single-Higgs and BSM di-Higgs were separately modelled. Table 10.3 shows the DSCB o

value as an approximate indication of the signal width in each category.

Category opscs [GeV]

High Mass BDT tight 1.33 £0.01
High Mass BDT loose  1.47 +0.02
Low Mass BDT tight  1.50 £ 0.06
Low Mass BDT loose  1.64 £0.03

Table 10.3: The resolution parameter of the double-sided Crystal Ball functional form and corre-

sponding statistical uncertainty for simulated Higgs boson pair events for the four bby~y categories.

In order to evaluate the uncertainty in the continuum background due to the spurious signal,
background templates are constructed using the simulated v + jets samples. Due to the statistical
uncertainties, the relaxed spurious signal condition is used - no significant spurious signal is ob-
served after accounting for the fluctuations in the MC template. In each category, an exponential

function is chosen due to the low associated bias and its low number of degrees of freedom.

10.5 HH — bby~ results

A small but non-significant deficit of events in the signal region is observed, especially in
the High Mass BDT tight category. The observed (expected) 95% CL upper limit on the signal
strength is 4.2 (5.7). Limits are also set directly on the H H cross-section, yielding an observed

(expected) 95% CL upper limit of 130 fb~* (180 fb~'). Figure 10.10 shows the observed m.,.,
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distribution in each of the categories. Table 10.4 summarizes the number of events from simulation

and observed data in each category in the 120 < m,, < 130 GeV signal region.
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Figure 10.10: The m.,., distribution of the observed data in each of the bby~y analysis categories.
No significant excess is observed. The observed (expected) 95% CL upper limit on the signal
strength is 4.2 (5.7). The red line shows the result of a background-only fit while the green dotted
line shows the contribution from the continuum background. The peak near 125 GeV is due to

single-Higgs background and not the 7 [ signal.

Figure 10.11 shows the 95% CL upper limit on the  H cross-section as a function of xy;
the intersection between the theoretical cross-section and the limit curve results in an observed
(expected) constraint of [-1.5, 6.7] ([-2.4, 7.7]) on the value of k). The expected constraints
are obtained using a background hypothesis with no H H production. The inclusion of the VBF
H H production affects the s constraint by approximately 5% compared to an alternative fit with
only ggF H H. Figure 10.12 shows an alternative set of constraints on x) based on the negative

log-likelihood. The expected constraint on x) is obtained using a hypothesis assuming SM H H
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High Mass High Mass Low Mass Low Mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 4.9ﬂ::1,) 9.51‘}‘_? 3.71‘?:? 24.9‘_”'%:?
. : 0.29 0.6 0.09 0.33
Single Higgs boson background 0.671073 1.679°% 0237003 1.4075:%8
ggF+bbH 0.2675-28 0.4755 0.0715:08 0.271937
I 0.03 0.09 0.022 0.13
ttH 0.197503 0.4975:09 0.10719 072 0.75%0 13
0.035 0.09 0.020 0.06
ZH 0.14210 052 0.48%007 0.0407507% 0277004
Rest 0.074109%2 0.1670907 0.01279-508 0.111+9:5%9
SM HH (k) = 1) signal 0.877019 0.3775:02 0.049 79596 0.07810:69%
geF 0.867019 0.3570:51 0.04615-908 0.07215-00%
VBF (12.6713)-1073  (16.1713)- 1073  (3.2754)-1073  (6.979%)- 1073
Alternative H H (k) = 10) signal 6.575% 3.670:% 4.5T0% 8.5 %
Data 2 17 5 14

Table 10.4: The number of events from observed data and events expected from simulation in each

of the bby~y categories in the 120 < m.~ < 130 GeV signal region.
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production; because of this and other slightly different statistical assumptions, the results are not
directly comparable to that of Figure 10.11. Of particular note in the likelihood scan is that due to
the deficit observed in the data, the most probable value of ) occurs at approximately 3, corre-

sponding to the minimum possible cross-section times selection efficiency.

3 1 05 E T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T E
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L . HH—>bE)'YY [0 Expected limit +1c ]
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2 5 E== Theory prediction
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>
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Figure 10.11: The observed and expected 95% CL limits on the H H cross-section as a function of

k. The expected results are obtained under the background hypothesis that the / H cross-section

is zero. The blue (yellow) bands about the expected limit denote the +10 (4+20) variations due to

statistical and systematic uncertainties. The red band shows the value and uncertainty of the H H

cross-section predicted by theory. It is assumed that all couplings except ) are equal to their SM

values.

Compared to the previous ATLAS bby~ search with 36.1 fb~!, the limit on the production
cross-section improved by a factor of five, and the x, constraint range improved by a factor of 2.
The improvement is due partially due to the increase in luminosity but also due to the use of a

new categorization strategy based on multi-variate techniques and better object reconstruction and

calibration.
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Figure 10.12: The observed and expected negative log-likelihood ratios as a function of x). The
expected results are obtained from an Asimov data set generated under the SM hypothesis. The
dashed horizontal lines indicate the values of the negative log-likelihood ratio corresponding to the
1o and 20 confidence levels. It is assumed that all couplings except « are equal to their SM values.
Due to the deficit observed in the data, the most probable value of k) occurs at approximately 3,

corresponding to the minimum possible cross-section times selection efficiency.
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Table 10.5 shows the the impact of various systematic uncertainties on the expected 95% upper

limit on the H H cross-section. While the spurious signal uncertainty is one of the largest system-

atic uncertainties, its impact on the overall results is still small as the the analysis is almost entirely

statistically limited. Other important systematic uncertainties include the photon energy resolution

and the parton showering model.

Source Type Relative impact of the systematic uncertainties [%]
Experimental

Photon energy resolution Norm. + Shape 0.4

Theoretical

Factorization and renormalization scale Normalization 0.3

Parton showering model Normalization 0.6

Heavy-flavor content Normalization 0.3

B(H — ~v,bb) Normalization 0.2

Spurious signal Normalization 3.0

Table 10.5: The impact of various systematic uncertainties on the expected 95% upper limit on

the H H cross-section, calculated by re-evaluating the limits after fixing the relevant nuisance

parameters to their best fit values while floating the remaining nuisance parameters. Systematic

uncertainties with an impact of < 0.2% are omitted. The majority of the systematic uncertainties

have a negligible effect on the m,., shape and consequently only affect the normalization of the

signal and background processes.

10.6 HH and H combination

The results in the bby~y channel are extremely competitive with the bbr* 7~ and bbbb channels,

which used a similar dataset to observe signal strength limits of 4.7 and 5.4 [54]. A statistical

combination of all three channels resulted in an observed signal strength limit of 2.4, as shown in

Figure 10.13. In addition, Figure 10.14 shows the likelihood scan for ) from the combination of
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the three [ H channels; the observed (expected) 95% CL constraint on ) is found to be —0.6 <

Ky < 6.6 (—2.1 < k) < 7.8), with an observed best-fit value of k) = 3.1.

ATLAS
Vs =13 TeV, 126—139 fb-"
Ogat . ver(HH) =32.7 fb

—— Observed limit

Expected limit
(UHH =0 hypothesis)

[ Expected limit +10
[ Expected limit +20

Obs. Exp.
bbyy * 4.2 5.7
bbt*t | * 4.7 3.9
bbbb}- + 54 8.1
Combined|- 0 2.4 2.9
L | I [ T T T T T T M AT T A ST N [N T N N
0 5 10 15 20 25 30

95% CL upper limit on HH signal strength uyy

Figure 10.13: The observed and expected 95% CL upper limits on the // [{ signal strength from

the individual bbbb, bbr*7~, and bbyy channels and their combination. The expected limits are

obtained under the assumption of no H H production.

Finally, the constraints on x) can be further enhanced by yet another combination with analyses

targeting single-Higgs boson production in the vy, ZtZ~, W*W~, 777, and bb decay channels,

as summarized in Table 10.6. Figure 10.15 shows that under the assumption that the other coupling

modifiers x;, Ky, kp, k- are fixed to the SM, the combined observed constraintis —0.4 < k) < 6.3

(—1.9 < k) < 7.6), with a best-fit value of k), = 3.0. An alternative model in which these coupling

modifiers are instead allowed to float results in a similar constraint.
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Figure 10.14: The (a) observed and (b) expected likelihood curves as a function of ) from the
individual bbbb, bbr* 7, and bbyy channels and their combination. The expected results assume

SM H H production.

Channel Integrated luminosity [fb!]
HH — bbyy 139
HH — bbrtr™ 139
HH — bbbb 126
H — vy 139
H—Z"7 —4 139
H— 7t~ 139
H — W*tW~ — evuv (ggF, VBF) 139
H — bb (VH) 139
H — bb (VBF) 126
H — bb (ttH) 139

Table 10.6: The list of input channels and their integrated luminosity used in the Run 2 ATLAS
single-Higgs plus double-Higgs combination.
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Figure 10.15: The (a) observed and (b) expected likelihood curves as a function of x, for the

combination of double-Higgs and single-Higgs analyses. In the HH + H k), only model, the

coupling modifiers x;, Ky, Ky, K, are fixed to their SM values; in the HH + H k) generic model,

they are instead allowed to float freely.
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10.7 HL-LHC projections

While no significant 4 H signal was observed, it is yet unclear whether this is due to new
physics or simply because of the miniscule SM H H cross-section. Under the latter assumption,
projection studies have been performed extrapolating the sensitivity of the present bby~ analysis
to a luminosity of 3000 fb~! and /s = 14 TeV, mimicking the the conditions expected at the High
Luminosity LHC [55]. In the bby~y channel alone, it is projected that ATLAS will be able to achieve
a signal significance of over 2 o for the SM H H signal and measure x, to [0.3,1.9] at 1 . One
key assumption in the projection is that at the HL-LHC, improvements in object reconstruction will
cancel out with the degradation in environmental conditions, resulting in an object reconstruction
efficiency effectively identical to that of Run 2. Furthermore, in the Baseline HL-LHC scenario,
it is expected that many experimental and theoretical systematic uncertainties will be reduced by
up to a factor of 50% [56]. Figure 10.16 shows the projected negative log-likelihood ratio as a
function of k) for a variety of HL-LHC scenarios.

The bbyy channel will remain one of the most competitive / H decay channels for the foresee-
able future. A projected combination with the HH — bbrt7~ and HH — bbbb with 3000 fb~!
predicts a significance of 3.4 o [57] for SM H H production. With the inclusion of additional H H
decay channels, further improvements in analysis strategy and object reconstruction, and a poten-
tial ATLAS-CMS combination, it may be possible to obtain a 5 o observation of H H production
at the HL-LHC.
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Figure 10.16: The negative log-likelihood ratios as a function of k), obtained by projecting the
Run 2 bbyy analysis to the conditions of the HL-LHC. In (a), results for four different systematic
uncertainty scenarios are shown. The Baseline scenario assumes that systematic uncertainties are
reduced following the prescription described in Section 10.7; the 1 o constraint on ) is [0.3,1.9].
The Theoretical unc. halved scenario assumes that only theoretical systematic uncertainties are
halved while experimental systematic uncertainties are unchanged from their Run 2 values. The
Run 2 syst. unc. scenario assumes that all systematic uncertainties remain unchanged from their
Run 2 values. The degradation in sensitivity in this scenario is due to the projected scaling of the
spurious signal systematic which may be overly pessimistic. In (b), the Baseline scenario curve is
split into contributions defined by the two High Mass and two Low Mass regions as defined in
Table 10.2. The product of cross-section and selection efficiency results in degeneracies at different
values of x, for the Low Mass and High Mass categories, so that the degeneracy is resolved in
the combined curve. The expected results are obtained from an Asimov data set generated under
the SM hypothesis. The dashed horizontal lines indicate the values of the negative log-likelihood
ratio corresponding to the 1 o and 2 o confidence levels. It is assumed that all couplings except x

are equal to their SM values.
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Chapter 11

The ITK upgrade

The high luminosity LHC (HL-LHC) is planned to begin operating around 2028. Featuring a
planned instantaneous luminosity five times that of Run 2 and and a total integrated luminosity of
up to 3000 fb~1, it will bring sensitivity to rare processes such as Higgs pair production which are
currently inaccessible. At the same time, the ATLAS detector will need to also be upgraded due to
the harsh conditions resulting from such a drastic increase in luminosity, such as increased pileup
and radiation damage.

A critical component under consideration is the inner detector, which will be completely re-
placed with a new inner tracker (ITk) [58]. The ITk project is arguably the most important upgrade
to the whole ATLAS detector. As the closest component to the beamline, it is responsible for
tracking, and by extension, b-tagging. At the same time, this proximity means that it is affected the
most by hazards such as radiation damage.

SLAC national accelerator laboratory is the designated site for integrating the inner system,
which consists of the two innermost layers of the ITk. At SLAC, pixel modules consisting of a
readout chip and a silicon sensor will be glued onto local mechanical supports, and then connected
with data and power services for eventual delivery to CERN. As a test run prior to production of the
actual detector components, SLAC aims to complete a portion of the inner system with prototype
materials in order to demonstrate the feasibility of the loading plan and the inner system design.
This prototype project aims to provide crucial feedback concerning the many new challenging
design aspects of the ITk detector, such as the large serial power chains, simultaneous readout of

large numbers of channels, and thermal-mechanical compliance.
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11.1 ITKk layout

Figure 11.1 shows a schematic of one quadrant of the planned ITk layout [59], consisting of a
series of nested barrel and ring layers, indexed from inside to out by increasing r. The inner system
is defined as the innermost two layers of the ITk. In the inner system, the rings for layers 0 and 1
are coupled together at low z, and there are also rings in between the two layers (layer 0.5) at high

zZ.
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Figure 11.1: Schematic of one quadrant of the planned ITk layout. The blue (red) areas indicate
silicon strip (pixel) sensor technologies. The inner system consists of the innermost two layers.

Coupled rings are present in the inner system at low z.

11.2 Pixel modules

A pixel module consists of a silicon sensor bump bonded to a readout chip. Charged particles
traversing the sensor ionize the silicon bulk, depositing charges which are then collected, digitized,
and output by the readout chip for further processing. As of late 2022, there are two main designs
of readout chip for the ATLAS ITk. The RD53A design [60] is a prototype pre-production chip,
with relatively widespread availability but known peculiarities, while the ITkPixV1 chip [61] is
considered to be more stable and closer to the final design specification, but is quite new with

limited accessibility. The sensitive area of an ATLAS RDS53A chip consists of a matrix of 192 x
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400 pixels of 50 um x 50 um, divided into three regions: synchronous, linear, and differential,
named after their front end circuit designs. In contrast, the ATLAS ITkPixV1 chip will have twice
the number of pixels at 384 x 400 pixels, all running the differential front end circuit.

For both the RD53A and ITkPixV1 designs, there are multiple types of module architectures
depending on their intended use and position in the detector. The single chip card (SCC) consists
of a single front end chip and is used for debugging purposes only due to its self contained nature
and ease of use. Triplet modules containing three chips, will be present in the LO stave and LO and
LO0.5 rings, while quad modules containing four chips are designed for the remainder of the ITk
pixel system [59]. In addition, triplet modules are attached to 3D sensors while quad modules are

attached to planar sensors. The RD53A design will be assumed in the remainder of this section.

11.3 Electrical prototype

One major goal of the electrical prototype at SLAC is to assemble and test the coupled R0/1 ring
and L1 staves. As many components such as modules and the local supports are not manufactured
at SLAC, it is first important to check the quality of these components upon arrival. The electrical
performance of the modules are characterized by standardized reception tests which are performed
both by the sending institution and at SLAC. Once modules have passed the reception test, they
are then loaded onto local supports. Modules are tested again after loading with the same tests
in order to check for potential defects due to the loading process. After that, additional tests aim
to characterize the performance of the additional service components used for data transmission,

power, and monitoring on the loaded local supports.

11.4 Module reception test

Upon arrival at SLAC, all modules first undergo a series of reception tests. It is then possible
to determine whether any future observed problems are due to the shipping process or from the
loading and handling process at SLAC. The reception tests consist of three parts: visual inspection,
sensor IV scans, and basic electrical tests. For each of these, any potential anomalies are noted and

compared to results from the sending institution.
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Figure 11.2 shows the reception stand used for the sensor I'V scans and the electrical tests. Data
is passed through the flexes, an adapter, and through a commercial DisplayPort cable to the readout
computer. Two power supplies are present; one low voltage to power the front end, and one high
voltage to reverse-bias the sensor. For RD53A, a front end module typically draws a current of
1.15A per chip, and a voltage of around 2V. The sensors are typically operated at a bias voltage
of around 50V. In this reception setup, the module is supported underneath by a thermal pad and
fan in order to prevent overheating, and the temperature and voltage consumed by the module are
monitored using sense wires connected to a Raspberry Pi.

Quad module

Adapter cards under test

High voltage bias

Triplet module
under test

Low voltage power

Cooling fan

Figure 11.2: The reception stand used to perform electrical tests on the modules after the visual
inspection. The image shows a triplet (‘3DB’) on the left and a quad module on the right, both of
which are covered by a carrier to prevent accidental damage. The modules are situated on top of
fans to prevent overheating. Data is output to the test machine via the brown flexes connected to
the green and blue adapter cards in the background. The low voltage (bottom) and high voltage
(top) power supplies can be seen stacked on the right. A Raspberry Pi monitors the temperature

and voltage consumed.

11.4.1 Visual inspection

In this first step, the module is inspected for obvious visible physical defects, done by eye

with an optical microscope. Particular focus is given to the wirebond connections, which are
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especially delicate. The condition of the packaging, as well as the data recorded by shock and
humidity sensors, is also noted. The visual inspection process aims to give only a quick survey
of the module quality before proceeding with the more detailed and informative electrical tests.
Figure 11.3 shows microscope images of a quad and triplet module. For the visual inspection, the

top of the protective module carrier is removed.
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Figure 11.3: An overview image of (a) a quad module and (b) a triplet module taken by the SLAC
visual inspection microscope. The area roughly corresponding to an individual chip is highlighted
in orange. Wirebonds are visible on the top and bottom sides of the image. Data is transmitted
through the brown flex passing to the left of the quad module and the three brown flexes at the

bottom of the triplet.
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11.4.2 Sensor IV scan

The performance of the silicon sensor is characterized by applying a range of bias voltages (V)
and measuring the resulting leakage current (I). Increasing the bias voltage past a certain threshold
will cause sensor breakdown, in which the leakage current increases rapidly with the current, and
can lead to permanent damage to the sensor. The resulting IV curve is compared with that obtained
from the sending institution, in order to ensure that the sensor characteristics have not changed, and
that the nominal bias voltage working point does not exceed the breakdown threshold. Figure 11.4
shows an example of an IV curve for 3 chips from a given triplet module. The measured leakage

current is sensitive to both temperature and the presence of light.

—— ./data/IV/20UPIMS0010002_chipl_23C_46
.Jdata/IV/20UPIMS0010002_chip2_23C_46
—— /data/IV/20UPIMS0010002_chip3_23C_45
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Figure 11.4: The sensor IV curve for each of the three chips from a triplet module measured at

SLAC.

11.4.3 Basic electrical tests

Finally, the performance of the front end is tested. A series of basic electrical tests on the
module is carried out with the YARR readout system [62].

The following scans are performed:
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Digital

Analog

Threshold

Time over threshold

Disconnected bump bond (cross-talk based)

The digital and analog scans test the basic responsiveness of the module, with the digital scan
bypassing the analog front end circuit, by injecting a known pulse multiple times into each of the
pixels, and checking the resulting number of hits in each pixel (the occupancy). The threshold scan
tests the level of charge at which the pixels are triggered; in an ideal front end, all pixels should
have a consistent threshold level with very little dispersion among different pixels. The time over
threshold scan measures the amount of time for which a known, fixed injected charge exceeds the
threshold value. Finally, of particular interest is the disconnected bump bond scan, which checks
for the presence of any disconnected bump bonds between the sensor and the front end, and is
therefore particularly sensitive to potential changes due to the mechanical action involved in the
loading process. The disconnected bump bond test carried out at SLAC involves injecting charges
into specific pixels and looking for the presence of cross-talk in neighbouring pixels. A lack of
cross-talk indicates that one or more bump bonds have failed. While this scan avoids any need for
a radioactive source and associated safety requirements, one downside is that it can only detect
general areas of failure and not the specific pixels which have failed.

Electrical scan results for each module are backed up to a localdb database [63], for future
integration with the global ITk production database [64]. In this way, it will be possible to track

the history of the individual module components and their performance results.

11.4.4 Reception results

Common observed issues with the modules received at SLAC include broken front-end chips,
early sensor breakdown, data transmission problems, noisy front-ends, or areas of disconnected
bumps. However, due to their prototype status, the most important check is not their absolute

quality but whether the results are consistent with those obtained from the sender. That said, the
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quality of the modules is still valuable for purposes of evaluating the loading procedure at SLAC
- for example, a module with only two out of four working chips would not nearly give as much
useful data as a fully working module. As of November 2022, a total of 23 quad modules and 6
triplets have been reception tested at SLAC. Of these, 10 quad modules and 3 triplets have been

loaded onto the LO/1 coupled ring. The L1 stave has been half-loaded with 6 quad modules.

11.5 Post-loading electrical tests

Figure 11.5 shows a fully-loaded LO/1 coupled ring (10 quads and 3 triplets) as well as a half-
loaded L1 stave (6 quads). Following loading, the electrical tests in Section 11.4.3 are repeated for
each individual module and the results are compared with the pre-loading results in order to check
for anomalies. As the loading procedure involves removing the modules from their protective
carriers, leaving their wirebonds permanently exposed, special additional mounts are designed
in order to adapt the reception test setup for these post-loading tests. Of particular note is the
difference in cooling system - while the module in reception was cooled from below through
thermal contact with the carrier and a fan, the module in post-loading is now cooled by a fan
held some distance above the module, leading to a slightly warmer temperature.

In general, it was found that for the 19 loaded modules, there were no large differences on the
electrical scan results between reception and post-loading, and it was concluded that the loading
procedure was safe. Certain modules showed small discrepancies in the threshold values, which is
currently hypothesized to be due to the aforementioned temperature differences. Furthermore, due
to the inherent risk in working with such exposed modules, it is unlikely that these post-loading

tests will be needed for final production.

11.6 Data, power, and monitoring services

The treatment of data, powering, and monitoring services on the reception test stand is different
from that in the final detector, and must therefore be accounted for at this stage.

On the reception test stand, modules are connected to data and monitoring services via a special
adapter card, a setup which is obviously not feasible for the final detector layout. For the modules

loaded onto the coupled ring, the data and monitoring information from all the modules will be
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Figure 11.5: (a) A fully loaded LO/1 coupled ring and (b) the custom test stand for post-loading

tests. (c¢) The half-loaded L1 stave and (d) its corresponding test stand.

collected en-masse by an additional type-0 ring, which in turn interfaces with a patch panel (pp0),
after which the signal will interface with DisplayPort (DP) cables for the pre-production testing
setup.

Similar concerns exist for module powering. While the modules on the reception stand are
individually powered, the modules on the detector will require the use of serial powering chains, in
which groups of modules are powered in series, in order to save material on cabling. The coupled

ring has two serial powering chains: one for the 10 quad modules, and one for the 3 triplet modules.
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It is important to validate that in this serial powering chain setup, each module will self-regulate
and draw only the allotted amount of voltage.
Figure 11.6 shows a schematic of the type-0 ring, with 9 connectors for the 3 triplet modules

and 10 connectors for the 10 quad modules, labelled as T1 - T9 and Q1 - Q10, respectively.

Figure 11.6: A schematic of the type-0 ring. 9 white ZIF connectors on the edge of the ring and
10 white ZIF connectors in the middle of the ring transfer data for the 3 triplet modules and 10
quad modules, respectively. In this thesis, they are referred clockwise from the top as T1 - T9 and
QI- Q10, respectively. The data is passed to the two rectangular LPAM connectors at the top, and
through two special flexes to arrive at the pp0O (not shown). The right LPAM services Q1 - Q5 and
T1 - T3, while the left LPAM covers Q6 - Q10 and T4 - T9.

11.6.1 Data transmission tests

The trigger rate of the new ITk Pixel detector is expected to be ten times higher than that of
the current ATLAS detector. Each front end chip will contain one command lane operating at a
bit rate of 160 Mbps and four output data lanes at a rate of 1.28 Gbps [58]. The total signal loss,
from the front end chip to the receiving optical converter step of the detector, is required to be at
worst -20 decibels (dB)! according to official design specifications [58]. A network analyzer is
used to measure the signal loss as function of signal frequency; a frequency of 640 MHz is chosen

to correspond with the nominal bit rate of 1.28 Gbps.

' A -10 dB corresponds to a 10 times reduction in the power.
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Table 11.1 shows preliminary loss numbers in dB measured including the module flex, type-0
ring, ring to pp0 flex, and ppO components. Unfortunately, a slight defect in the design of the ring
to pp0 flex resulted in open connections for certain positions, leading to uncharacteristically high
loss values. This is expected to be solved in the next design iteration of the connector. However,
in general, the losses increase with the physical distance the signal is required to travel, with the
largest distances corresponding to positions Q5 and Q6. For the unbroken connections, the average
loss values of 4 - 6 dB, plus an anticipated 11 dB from additional cabling, results in a total loss that
is within the required 20 dB budget. A similar test was conducted for the triplet positions, with

similar conclusions.

Signal loss measurements for quad positions on the type-0 ring [-dB]

Lane Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

DATAO 34 42 54 45 285 134 38 52 32 -
DATA1 53 122 55 238 132 6 49 37 37 -
DATA2 41 48 53 51 >40 82 4 37 36 -
DATA3 38 48 52 29 56 54 62 39 37 -
CMD 45 52 154 121 161 139 45 43 47 -

Table 11.1: A measurement of data losses for a signal frequency of 640 MHz for various positions
on the type-0 ring. Highlighted outlier values are speculated to be due to open connections in
the flex connecting the type-0 ring with the pp0, which will be solved by using a new connector
design. For the remaining connections, the average loss values of 4 - 6 dB, plus an anticipated 11
dB from additional cabling, results in a total loss that is within the required 20 dB budget. Due to

the prototype nature of the ring, the Q10 position was inaccessible for testing.

In addition to the signal loss measurements, the data transmission quality is alternatively quan-
tized through a bit error rate (BER) test. For a data transfer rate of 1.28 Gbps, the unit interval
(UI), the time for one bit to be transferred, is approximately 780 ps. Due to the periodic nature of
the output data stream, it is possible to add a time delay of up to one UI before sampling the signal.

Thus by running multiple digital scans at various points in a U, it is possible to test the fraction of
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the UI robust to data transmission errors. In particular, points near the transition point between bit
changes are generally unstable due to random bit flips caused by signal jitter.

In practice, as a balance between precision and resource consumption, a point in the Ul is
defined to pass only after 20 successful digital scans without errors, roughly corresponding to a
bit error rate of 107!°. In order to perform the digital scans at a rate of 1.28 Gbps, a readout
system based on the SLAC RCE platform [65] was used instead of YARR, which at the time of
testing only supporting speeds of up to 640 Mbps. In general, the signal loss decreases quickly
with readout frequency; thus it is imperative to use the full expected transmission rate in order
to detect the presence of possible data transmission issues. In addition, the BER tests provides
important information complementary to the signal loss measurements as it directly evaluates the
performance of the modules.

Table 11.2 shows the obtained widths for a fixed triplet module on various positions on the

type-0 ring, showing relatively consistent performance.

Triplet position Width at BER 1071 [ps]

T4 207
TS 179
T6 207
T7 172
T8 217

Table 11.2: The bathtub widths corresponding to a bit error rate of 1071° obtained from repeated
digital scans for a fixed triplet module connected to various positions on the type-0 ring. The
maximum possible width is approximately 780 ps. The measurement includes the type-0 ring, ring

to pp0 flex, pp0, and an additional 0.5 m DP cable.

Finally, the flexes and cables were also scrutinized for potential data transmission problems.
Due to the commercial nature of the DisplayPort cables, a selection of different cable brands were
compared in order to determine the one with the best data transmission performance. Different

cables from the same brand were also tested to ensure consistent performance. A similar procedure
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was carried out for the data flexes which were custom made for the inner system, but did undergo

several revisions.

11.6.2 Power and monitoring services

The type-0 ring provides not only data but also power and monitoring services to the quad
and triplet modules. Real-time services for monitoring the voltage draw and temperatures of the
modules are required both for debugging purposes as well as for monitoring once the detector is
fully assembled. These systems will eventually be connected to an interlock to immediately shut
down the module upon detecting any problems.

Figure 11.7 shows the front and back sides of the coupled ring once power and monitoring
services have been attached. Note that the specific layout is subject to change with further iterations
of the design; in particular, the additional 3D-printed ring on the backside is simply a temporary

mechanical support and not expected to be used for the final detector.

11.6.3 Performance inside the QC box

Once the services have been attached, the modules can no longer be individually powered and
therefore cannot be individually tested with the reception setup due to heating issues. Conse-
quently, the ring is inserted into a special climate-controlled QC (Quality Control) box to control
the temperature and humidity of the environment, shown in Figure 11.8.

Inside the QC box, the functionality of the monitoring services was validated as the tempera-
tures and voltages of each module were successfully read out. The serial powering chain was also
validated with each module drawing its expected voltage without any complications. Finally, elec-
trical scans on the modules were conducted. While some module positions were not testable due to
known damage in the LPAM connector, the results for the remaining modules were consistent with
those obtained upon reception at SLAC. Figure 11.9 shows the result of a disconnected bump bond
scan on a module before it is loaded and inside the QC box. While a large area of disconnected
bump bonds is observed near the right edge of the module, its size is consistent between the two

results and therefore does not indicate any damage due to the loading process.
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Figure 11.7: (a) The type-0 ring mounted on top of the loaded ring. On this top face, the brown flex
connectors route data from the triplet and quad modules to the type-0 ring and monitoring for the
triplets. The large rectangular card collects information from monitoring services for the triplets
and quads, and also distributes power for the quads. Serial powering for the triplets is achieved by
simply soldering adjacent power connectors together. For the purposes of the electrical prototype
only, an additional 3D-printed ring (b) is also attached to the back of the loaded ring in order to
hold additional connectors required for powering and monitoring. On this bottom face, the brown
flex connectors provide power to the quads. The small rectangular black cards constitute the quad
serial powering and send monitoring information. Triplet power is provided through the red and

white 4-pin power connectors.
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Figure 11.8: The environmentally-controlled box for holding the loaded ring and eventually the
stave. Data, power, and monitoring services are output through a long bundle of cables to the

electronics rack on the right.
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Figure 11.9: Disconnected bump bond scan for the same quad module (a) upon reception at SLAC
and (b) inside the QC box at a temperature of -5° C. While a small area of disconnected bump
bonds (indicated by low occupancy pixels) is observed near the right edge of the module, its size is
consistent between the two results and therefore does not indicate any damage due to the loading

process.
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Chapter 12

Conclusion

Despite its low branching ratio, the H — 7~ decay channel remains one of the best channels
to probe Higgs couplings due to the excellent ATLAS photon resolution and clean signature of two
high pt photons. With 79.8 b= of 13 TeV data, the ttH (H — ~7) channel was vital to the ob-
servation of ¢¢H production in the ATLAS combination, alone contributing an observed (expected)
significance of 4.1 o (3.7 o). Since then, the ttH (H — ~7) analysis has been updated several
times in Run 2. In 2019, the ttH (H — ~7) analysis was updated to use 139 fb~! of data collected
from 2015 to 2018 [66]. The analysis categorization was unchanged from the 79.8 fb~! analysis,
and the resulting single channel significance of 4.9 ¢ (4.2 o expected) reinforced the importance of
this channel in probing t¢H properties. A 2020 measurement of the C'P properties of the Higgs-
top coupling also used the same analysis selection in conjunction with additional selections in
order to measure the C'P properties of the Higgs-top Yukawa coupling [13]. Finally, in 2022, a
simultaneous measurement of all Higgs production modes in the ' — ~ channel [67] included
a reoptimization of the strategy for measuring t¢H. In this coupling analysis, the sensitivity of
the H — ~~ channel allowed for one of the first measurements of ¢t H production in bins of the
Higgs pr, which provides additional sensitivity to ) compared to inclusive production [68]. The
coupling results were also included in a combination of all Higgs properties celebrating the tenth
anniversary of the Higgs discovery [69].

The Run 2 H H — bbyy analysis likewise exploited features of the H — ~+ decay in order to
search for Higgs pair production in 139 fb~! of 13 TeV data. No significant excess was observed,
and the observed (expected) 95% CL limit on the // H signal strength was found to be 4.2 (5.7). A
scan of the limit as a function of x resulted in an observed (expected) constraint on « of [-1.5, 6.7]

([-2.4, 7.7]). The results in the bbyy channel are extremely competitive with the HH — bbr 7~
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and HH — bbbb channels, which used a similar dataset to observe signal strength limits of 4.7
and 5.4, respectively, for a total combined limit of 2.4 with all 3 channels [54]. While no signal
was discovered in Run 2, projection studies indicate that the prospects of a discovery in the far
future of the HL-LHC are optimistic. In the near future, developments in this channel may aim to
additionally constrain the k9, modifier through the VBF H H production mode, which is currently
included in the analysis as a signal but otherwise not targeted for optimization.

Finally, the importance of the ITk upgrade to the future performance of the ATLAS detector
in the HL-LHC should not be understated. As the innermost part of the detector, it is critical for
tracking and b-tagging, the latter of which is vital for the main H H channels which all rely on
the H — bb decay. At SLAC, the process of building the module reception stands, carrying out
data transmission tests, and evaluating the functionality of the services yielded many interesting
lessons regarding all the various aspects of the inner system. These include not only electrical
but also subtle mechanical problems which can be difficult to spot without the act of physically
assembling the prototypes. So far, all tests show that the loading procedure at SLAC does not
degrade the electrical performance of the module. Future planned ITk activities at SLAC may
include repeating the established tests for the L1 stave in the QC box, developing the simultaneous
readout of multiple modules, and eventually completing an integrated quarter shell consisting of a

coupled ring and stave.
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