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Abstract

ATLAS Measurements of the Higgs Boson Coupling to the Top Quark in the Higgs to
Diphoton Decay Channel

by
Jennet Elizabeth Dickinson
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Marjorie Shapiro, Chair

During Run 2 of the Large Hadron Collider, the ATLAS experiment recorded proton—
proton collision events with a center of mass energy of 13 TeV, the highest energy ever
achieved in a collider. Analysis of this dataset, which corresponds to an integrated luminosity
of 139 tb~!, has provided new opportunities for precision measurements of the Higgs boson.
The interaction between the Higgs boson and the top quark, the heaviest known particle, is
a fundamental probe of the Higgs mechanism, which describes how Standard Model particles
obtain mass.

The coupling of the Higgs boson to the top quark can be directly probed through the
production of a Higgs boson in association with a top-antitop quark pair (t¢H) at the LHC.
A statistical combination of ATLAS searches in multiple Higgs boson decay channels using
79.8 fb~! of the Run 2 dataset yielded the first observation of t£H production at the level of
6.30.

The Higgs to diphoton (y7v) decay channel is among the most sensitive for tt H measure-
ments due to the excellent diphoton mass resolution of the ATLAS detector and the clean
signature of this decay. A powerful multivariate analysis was developed to select ttH (y7)
events based on the momenta of jets, photons, and leptons in the final state. The ttH cross
section times H — 77 branching fraction was measured to be oy x B, = 1.59 7533 b
using the full Run 2 ATLAS dataset. Top quarks were reconstructed with high probability
in selected ttH (v7) events.

Following the observation of the ttH process, a direct measurement of the CP properties
of the Higgs-top interaction was carried out in the H — ~~ decay channel. A CP-sensitive
multivariate categorization was developed using reconstructed top quark variables, yielding
an observed ttH significance of 5.20 and an upper limit on the cross section of single-top-
plus-Higgs (tH) production of 11.6 times the SM expectation. The observed data excludes a
fully CP odd Higgs-top coupling at the level of 3.90, and the CP mixing angle is constrained
to |a| > 43° at 95% confidence level.
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Chapter 1

Introduction

The Standard Model of Particle Physics (SM) has enjoyed widespread experimental suc-
cess over the last fifty years: its predictions have been confirmed by many experiments
studying a large range of energy scales, with few exceptions. The list of fundamental parti-
cles included in the Standard Model is complete to the best of our knowledge. These particles
are shown in Figure 1.1, and an overview of their basic properties is presented in Table 1.1.

Figure 1.1: Constituents of the Standard Model of particle physics [1].

In addition to a list of fundamental particles, the Standard Model also provides a set
of rules governing particle interactions. The Standard Model includes Strong, Electromag-
netic, and Weak interactions, which are breifly described in Chapter 2. The well-known
Gravitational interaction is not part the Standard Model, and its contribution is typically
neglected in high energy physics experiments: the effects of gravity are more than 1030 times
weaker than SM interactions. Many Beyond the Standard Model (BSM) theories seek to
include gravity, and some theories predict signatures that are accessible to current collider
experiments [2] [3]. Appendix A includes a search for such signatures.
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The final Standard Model particle to be experimentally observed was the Higgs boson,
which was discovered in 2012 by the ATLAS and CMS experiments [4] [5] during the first run
of the Large Hadron Collider (LHC), which delivered a large dataset of proton—proton colli-
sions with a center of mass energy +/s of 7-8 TeV. In the second run of the LHC (2015-2018),
an even larger dataset and higher center of mass energy (y/s = 13 TeV) have facilitated the
observation of new Higgs boson production and decay modes, as well as improved measure-
ments of Higgs couplings to fermions and bosons.

The coupling of the Higgs boson to the top quark, the heaviest particle in the Standard
Model, is a fundamental probe of the nature of the Higgs boson. The measurement of this
coupling is a sensitive test of the Higgs Mechanism, which describes how Standard Model
particles obtain mass through their interaction with the Higgs field. Prior to LHC Run
2, the ATLAS and CMS collaborations performed indirect measurements of this coupling
[6]. However, these measurements were predicated on assumptions that no BSM physics
processes contribute to Higgs boson production. LHC Run 2 presents an opportunity to
probe the Higgs-top coupling directly through Higgs boson production in association with a
top-antitop quark pair (¢¢H). This process is expected to be rare: it makes up only 1% of
the Standard Model Higgs boson cross section at /s = 13 TeV.

This Thesis presents a series of measurements of ¢tH production using the ATLAS de-
tector at the LHC. The first observation of ¢ttH production is reported, which establishes
a direct measurement of the interaction between the Higgs boson and quarks. Measure-
ments of combined and single channel ¢ZH cross sections are described, and a study of the
charge-parity (CP) symmetry of the Higgs-top interaction is presented.

The measurements presented in this work focus on ttH production in conjunction with
the Higgs boson decay to a pair of photons (H — 77), which has a low branching fraction
but clean signature in the ATLAS detector. H — v measurements are performed by fitting
to the diphoton invariant mass spectrum in data

My = \/2E71E72(1 — €05 6.,) (1.1)

where E,; and E., represent the energies of two photons separated by an angle 6,,. Due to
the high diphoton mass resolution in ATLAS, the Higgs boson signal appears as a narrow
peak in this distribution. By using a fit function composed of a smoothly falling background
distribution plus a signal peak, the background for H — ~7 processes is estimated in a fully
data-driven way.

This Thesis is organized as follows: Chapter 2 reviews the phenomenology of collider
physics, including a detailed look at Higgs production in proton—proton collisions. Chapter
3 describes the experimental setup, including the Large Hadron Collider and the ATLAS
detector. Chapter 4 describes the reconstruction of particles from their signatures in the
ATLAS detector. The data and simulated samples used to study ¢tH production in con-
junction with the diphoton decay (ttH(7y7y)) are detailed in Chapter 5, and the statistical
tools required to perform the fit to m,., are presented in Chapter 6. Chapter 7 gives a brief
introduction to Machine Learning and the multivariate techniques used in this work. In
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Chapter 8, a novel method for reconstruction of top quark decays using Machine Learning
is presented. This technique is applied extensively in later Chapters to calculate variables
dependent on top quark kinematics. The development of a multivariate analysis selection
sensitive to ttH production in the H — v decay channel is outlined in Chapter 9. Chapter
10 presents the first observation of ttH production in ATLAS, including measurements of
combined and single channel cross sections. Finally, Chapters 11-12 present a search for
violation of charge-parity (CP) symmetry in the interaction between the Higgs boson and
the top quark, which could contribute to the observed asymmetry between matter and anti-
matter in the universe [7]. Chapter 11 describes the development of multivariate analysis
categories sensitive to the CP properties of t¢H and tH production. Chapter 12 presents the
results of this study, including stringent limits on CP mixing. Conclusions and final thoughts
are included in Chapter 13. Appendices A-G contain short summaries of additional ATLAS
work by the author of this Thesis.

Name Symbol Mass Electric charge Spin Antiparticle
Bosons

Higgs Boson H 125.09 GeV 0 0 H

W Boson W+ 80.379 GeV +1 1 W~

Z Boson Z 91.188 GeV 0 1 Z
Photon y 0 0 1 ~y
Gluon g 0 0 1 g
Fermions

Quarks

Up u 2.16 MeV +2/3 1/2 u
Down d 4.67 MeV -1/3 1/2 d
Strange s 93 MeV -1/3 1/2 5
Charm c 1.27 GeV +2/3 1/2 ¢
Bottom b 4.18 GeV -1/3 1/2 b

Top t 172.9 GeV +2/3 1/2 t
Leptons

Electron eore” 511 keV -1 1/2 eoret
Muon por u~ 105 MeV -1 1/2 for pt
Tau Tor7 1.78 GeV -1 1/2 TorTh
Electron Neutrino Ve <2eV 0 1/2 . (?7=vrp)
Muon Neutrino v, <2eV 0 172 v, (?=v,)
Tau Neutrino Vr <2eV 0 12 v (?=v,)

Table 1.1: Summary of properties of the fundamental particles in the Standard Model, from
the Particle Data Group |[8].



Chapter 2

Phenomenology

The primary goal of high energy collider experiments is to test the predictions of the
Standard Model. Direct searches for Beyond the Standard Model (BSM) physics exploit
the high center of mass energy reached by colliders to produce new particles and processes.
Indirect measurements rely on the high statistics of collider data to make precision measure-
ments of Standard Model interactions in order to identify deviations that could arise from
new physics via loop processes.

This Chapter presents the relevant theory for calculating Standard Model and Beyond the
Standard Model predictions. Section 2.1 focuses on the strong interaction and the framework
used to perform difficult calculations. The theoretical necessity of the Higgs boson is its
role in electroweak symmetry breaking is discussed in the Section 2.2. Production and
decay modes of the Higgs boson are described in detail in Section 2.3. Finally, Beyond
the Standard Model Higgs scenarios, including the introduction of CP violation in the top
Yukawa coupling, are addressed in Section 2.4.

2.1 Theory of strong interactions

In order to study physics at the highest energies and smallest distance scales, collider
experiments focus on hard scatter interactions, in which there is a large momentum transfer
(Q?) between two incident particles. During the course of a single proton—proton event, many
interactions occur with widely varying Q*. This presents a major challenge for calculating
properties of proton—proton events due to the changing behavior of the strong interaction at
different energy scales.

Strong interactions between quarks and gluons are described by the non-Abelian SU (3)color
gauge theory known as quantum chromodynamics (QCD). The rate, or cross section
o, of any strong interaction can be expanded as a power series in the strong force coupling
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ag:

o0

o= Zciozfg (2.1)

i

For small enough «g, this expansion is perturbative: the contribution of each subsequent
term is small compared to the previous terms. Summing over a finite number of terms
therefore gives a good approximation of ¢, and high order terms can be safely neglected. If
the highest order term included in a calculation of ¢ is linear in ayg, the calculation is called
“leading order” (LO). If the sum is completed up to the quadratic, cubic, or quartic term in
ag, the calculation is called “next-to-leading order” (NLO), “next-to-next-to-leading order”
(NNLO), or “next-to-next-to-next-to-leading order” (N3LO).

The primary computational challenges in collider physics arise from a unique property of
QCD: interactions at low Q? (long distance) are stronger than interactions at high Q? (short
distance). The running of the strong coupling (that is, its dependence on a renormalization
scale ) is shown in Figure 2.1 for p% = Q*. As the renormalization scale is varied, each
term in the perturbative expansion in Equation 2.1 changes, though the infinite sum remains
unchanged. Typical values of u% used in calculations are O(Q?), which ensure that higher
order terms remain small.

Due to the self-interaction of gluons, the strong coupling avg grows large at small Q?: this
results in the confinement of quarks and gluons into SU(3)clor-singlet states (hadrons).
However, at high % the strong coupling is very small and quarks are not confined to bound
states: this is known as asymptotic freedom.

This behavior of the strong interaction contrasts strikingly with quantum electrodynam-
ics, for example, where interaction rates fall nearly to zero for particles that are separated
by very long distances. This difference in the behavior of these forces is a result of different
running of the couplings: the electroweak coupling decreases with 2, and its magnitude
varies by less than 10% over the range 1 GeV < Q* < 10* GeV [9].

In order to perform perturbative calculations, the smallness of the coupling is imperative.
For this reason, calculations of collider phenomena are factorized into two components [10]
[11] [12]:

1. Physics at short distance (high Q?, perturbative in QCD)
2. Physics at long distance (low Q?, non-perturbative in QCD)

The factorization scale up separates these two regimes. Above the factorization scale,
ag is sufficiently small that cross sections can be calculated at fixed order in perturbation
theory. Below the factorization scale, predictions rely heavily on data and phenomenological
models of low-energy processes. Like the renormalization scale, u2 is typically taken to be
0Q?).

Cross sections and kinematic distributions calculated at high enough order in perturba-
tion theory are independent of the renormalization and factorization scales. However, small
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Figure 2.1: Measurements of the running of the strong coupling collected by the Particle
Data Group [8].

residual dependence on ugr and pp are expected from finite perturbative expansions: these
effects are considered as systematic uncertainties.
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2.1.1 Factorization of proton—proton collisions

In proton—proton collisions, one constituent parton (quark, antiquark, gluon) of each
incoming proton participates in the hard scatter interaction. The remaining partons con-
tribute low-energy hadronic activity to the final state of the event: this is referred to as the
underlying event (UE). Figure 2.2 shows a diagram of a proton—proton event containing
a hard scatter interaction of cross section &.

Py

Figure 2.2: Feynman diagram of an example proton—proton event containing a hard scatter
interaction of cross section 4.

The incoming proton constituents and their momenta are described by parton distri-
bution functions (PDFs), which are convolved with parton—parton hard scatter cross
sections & to obtain the full proton—proton cross section o:

o(Pr, Py) = Z/dxldIZfi(xla/L%‘)fj(w%,u%)&ij(plap%O‘S(/ﬁ«“)aQ2//ﬁ«“> (2.2)
12
where ¢ and j represent the different types of partons. The cross section of the hard scatter

interaction & is calculated to fixed order in perturbation theory for all combinations of

incoming partons %, j.
The PDFs f; depend on:

e the Bjorken x such that p'= 2P where p is the parton momentum and P the proton
momentum

e the factorization scale pp

Measurements of parton distribution functions are primarily based on data from Deep
Inelastic Scattering, with additional input data from neutrino scattering and hadron collider
measurements [12] [13]. An example of parton distribution functions at two values of p2 = Q?
are shown in Figure 2.3. At high values of %, the gluon is by far the dominant proton
constituent.

Heavy bottom quarks in the PDF can be treated in two ways: in the five-flavor (5F)
PDF scheme, a massless b quark is included among the constituents of the proton; in the
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Figure 2.3: Parton distribution functions from the MMH14 PDF set [14], at two values of
Q?. Note the dominance of the gluon PDF at low x.

four-flavor (4F) scheme, the presence of b quarks in the proton is possible only through initial
state gluon splitting.

After the calculation of the hard scatter cross section, additional QCD radiation below
the factorization scale is modeled by parton showering algorithms. Parton showering
algorithms simulate chains of low-energy and small-angle QCD radiation using a variety of
models, including angular ordered [15] and dipole [16] showering. In order to combine a
parton showering algorithm with a hard scatter matrix element calculation, matching and
merging algorithms are used to ensure the calculations are consistent and no diagrams are
over-counted [17].

During parton showering, quarks and gluons lose energy and pass from the regime of high
Q? to that of confinement. During this transition, known as hadronization [18], partons
form SU(3)color-singlet states, resulting in a columnated jet of hadrons. Multiple models
are available for simulating hadronization and color flow in hadronic final states: the most
widely used are the string [19] and cluster [20] models.

Because the underlying event, parton shower, and hadronization (UEPS) are low Q2
processes that are non-perturbative in QCD, parameters of these models are typically tuned
to data rather than predicted a priori. These tunes are applied extensively in predictions
and simulations [21]. Differences in the predictions from multiple UEPS models are taken
as a source of systematic uncertainty.

For a discussion and comparison of different models of strong interactions in Monte Carlo,
see Appendix B.
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2.2 Theory of electroweak interactions

The Glashow-Weinberg-Salam theory unifies the weak and electromagnetic forces under
the gauge group SU(2), x U(1)y [22] [23] [24]. SU(2)y, is the weak isospin group, and its
generators in the spinor representation are the Pauli matrices:

() I (K B

Weak isospin I3 is the eigenvalue of the operator o3. The generator of U(1)y, the Abelian
hypercharge group, is simply denoted 1, and its eigenvalue hypercharge by Y.

A scalar field ¢ is introduced that transforms as a doublet under SU(2), and is symmetric
under gauge transformations of the form

¢ — 7" 25)2g (2.4)

for all values of o', a?, a® and . The electroweak Lagrangian is constructed from a kinetic
term and a potential term for ¢:

£ = D2 +V(9) (2.5)

where D, is the electroweak covariant derivative. To ensure invariance of the kinetic term

under the gauge transformation in Equation 2.4, the covariant derivative must take the form

D= (0, —ilB, — idWis)o (2.6)

n® = \Gu o Pn T W LT .

where W23 and B are the field strengths of the gauge groups SU(2)y and U(1)y, respec-

tively. Expanding Equation 2.5 in terms of field tensors and making use of Pauli matrix
identities, the Lagrangian becomes

12

2 /
g g j 99
£=10,07 + L BB + LWIWIo + LLBIH (Gows + (0x6)10) +V(9)  (27)
The following substitutions simplify the interpretation:
. Wi
8 V2
9By —gW,
7, =tk (2.8)
/g/2 + g2
A 9Bt gw3

The transformed field strengths WJ , W, and Z,, correspond to the W and Z bosons, and
A, corresponds to the electromagnetic field and has eigenvalue Q) = I3 + Y.
The simplified Lagrangian becomes

£ 10.6P + LT P+ Lo - v 9
—‘u¢|+Tu |¢’+3 P 91" + V(o) (2.9)
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2.2.1 The Higgs mechanism

The theory of weak interactions thus far contains only massless gauge bosons. However,
the masses of the W and Z bosons have been measured to be substantial (80.379 GeV and
91.188 GeV, respectively [8]). The introduction of mass for the W and Z bosons while
maintaining the gauge invariance of £ is accomplished through electroweak symmetry
breaking.

The above gauge symmetry is spontaneously broken by means of the Higgs Mechanism
[25] [26]. The potential for the doublet ¢ is taken to be

V(9) = ~12616 + 5(6'0) (2.10)

For p2 > 0, this potential has a minimum, or vacuum expectation value, at ¢ = (0, v)
where v = /u?/\. The shape of this potential is shown in Figure 2.4.

V(9)

[\\\‘\\\‘\\\!\\\‘\\\‘\\\\\\\\

Figure 2.4: Functional form of the potential of the scalar field ¢.
The field ¢ can be expressed as oscillations about this constant minimum:
¢ = (0,v+ H) (2.11)
where H represents the Higgs boson. Performing this substitution, the Lagrangian becomes

L= (8,H)?+ Z,2"(v+ H)? + g*WiW (v + H)? + V(v + H) (2.12)

Thus mass terms for the W and Z bosons have been obtained (my = %vg and my =
%v\/ g"? + ¢?) in addition to interactions between these particles and the Higgs field H. One
gauge boson, the photon, remains massless and has no tree-level interactions with the Higgs
boson.
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The final term in Equation 2.12 gives a mass term for the Higgs boson (mpy = \/ﬁv),
as well as interactions between the Higgs boson and itself. This Higgs boson self-coupling is
a parameter of great interest, and experimental searches are underway [27] [28]. However,
unless this coupling is enhanced by Beyond the Standard Model physics, there is no sensitivity
to the Standard Model Higgs boson self-interaction at the LHC during Run 2 or even Run
3 [29] [30].

2.2.2 Fermion masses and interactions

The Lagrangian for a fermion field ¢ can be written
Ly = $iPy = Piy'Dyyp (2.13)

where the co-variant derivative D,, is that defined in Equation 2.6. This can be broken into
separate terms for the left- and right-handed components of the field:

ViD= PPy + YriPYr (2.14)

Since the W boson couples only to the left-handed components of a fermion field, left-
handed fermions are represented as doublets in the SU(2); gauge group, while right-handed
fermions are represented as singlets. Thus, right-handed fermions have weak isospin I3 = 0
and hypercharge Y = @, and left-handed fermions have Iy = 3 and Y = Q =+ 3.

The Standard Model left-handed lepton doublets are

(1) _ (VeL\ . p@ _ (VuL) . p®) _ (VrL
1) —<€L> ; B _(m) ; By —(TL) (2.15)

and the left-handed quark doublets are

O _ (ur) . H@ _ [(cL) . A6 _ [t
=) 0= (2) o= (1)

The Lagrangian for a single generation of fermions (for simplicity) can be written
L= ELiZDEL+éRilDGR+QLiZDQL+ﬂRilpuR+CZR’ilDdR (217)

Expansion of the covariant derivative gives kinetic terms for each fermion, as well as inter-
actions between the fermions and gauge bosons.

While the mass terms for the W and Z bosons result directly from the Higgs mechanism,
no fermion mass terms are explicitly required by electroweak symmetry breaking. However,
mass terms can be naturally added with the form

L= )\eE_’Li¢€Rj (2-18)



CHAPTER 2. PHENOMENOLOGY 12

where ¢ is the Higgs doublet and ). is the (real-valued) electron Yukawa coupling. Continuing
with the first generation leptons as an example, this becomes:

L.= % {(yeL,eL) (U fH) er+ ér (0,0 + H) (VGLL)} (2.19)

This yields both a mass term for the electron and a Higgs boson coupling to the electron:

—v\ -
‘erep+ ——Here 2.20
\/§ LECR \/§ LCR ( )

The electron mass obtained is m. = A\.v/v/2, and the strength of the Higgs boson coupling
is proportional to m.. The same procedure can be used to generate mass terms and Higgs
boson coupling terms for other charged leptons and down-type quarks. The gauge-invariant
transformation ¢ — —ioy¢™ gives Yukawa terms of a slightly different form, which generate
mass terms for up-type quarks (and Dirac neutrinos):

L=

L, = —i\Qro2d up (2.21)

In the case of the top quark, which is the primary interest of this work, the mass and
coupling terms are completely analogous to the case of the electron:

oA A

trtr +
V2 TR

with the top mass proportional to the Yukawa coupling via m; = \v/ V2. Thus for the
top quark (and for all fermions), the mass is not predicted directly by the Standard Model.
Instead, the Standard Model provides an explicit prediction of the relationship between the
mass of fermion f and its coupling to the Yukawa coupling A;.

L= Htptg (2.22)

2.3 Higgs boson physics

It was demonstrated in the previous Section that particles with higher mass have stronger
couplings to the Higgs boson. This has been confirmed by all measurements of Higgs boson
couplings to date [31] [32]. Higgs boson production is therefore dominated by interactions
between the Higgs boson and the heaviest Standard Model particles: the top quark, W
boson, and Z boson.

2.3.1 Production mechanisms

A Higgs boson can be produced in many ways in proton—proton collisions. Cross sections
of the dominant Higgs boson production processes are shown in Figure 2.5 as a function of
proton—proton center of mass energy. The best available calculation of the cross sections at
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Figure 2.5: Standard Model cross section as a function of proton—proton center of mass
energy for different Higgs boson production modes [34].

Process o(v/s =13 TeV) [pb] Order of calculation
ooF 18.52 NPLO(QCD) + NLO(EW)
VBF 3.779 NNLO(QCD) + NLO(EW)
WH 1.369 NNLO(QCD) + NLO(EW)
qq/q9 — ZH 0.7612 NNLO(QCD) + NLO(EW)
9g — ZH 0.1227 NLO + NLL(QCD)
{TH 0.5065 NLO(QCD) + NLO(EW)
bbH 0.4863 5FS NNLO or 4FS NLO(QCD)
tHjb 0.07426 4FS NLO(QCD)
tWH 0.01517 5FS NLO(QCD)

Table 2.1: Most accurate available cross sections for Standard Model Higgs boson production,
calculated at my = 125.09 GeV [34].

Vs = 13 TeV is reported in Table 2.1. See [33] for Higgs boson production cross sections at
lower center of mass energies.

In proton—proton collisions, the Higgs boson production cross section is dominated by
gluon fusion through a quark loop (ggF, or ggH). In the Standard Model, this loop is domi-
nated by the contribution from the top quark due to its high mass. In BSM models, massive
particles that are charged under SU(3)co1or can also contribute to the rate of ggF production.

Sizable contributions to the total Higgs boson cross section also arise from vector boson
fusion (VBF) and vector boson associated production, where a Higgs is radiated off of a W or
Z boson (qq/qg — V H or simply V H, also known as Higgs-strahlung). Feynman diagrams
of these three processes are shown in Figure 2.6. An additional small contribution to the
ZH final state comes from gluon-initiated production (gg — ZH). Feynman diagrams for
this process are shown in Figure 2.7.
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The primary focus of this work is a rare process in which a Higgs boson is produced in
association with a top-antitop quark pair (¢¢H). The lowest order Feynman diagrams for
ttH production are shown in Figure 2.8. The ttH cross section comprises only 1% of the
Standard Model Higgs boson cross section at /s = 13 TeV.

A Higgs boson is produced in association with a bottom-antibottom pair through dia-
grams analogous to those shown in Figure 2.8 for ttH. At /s = 13 TeV, the bbH cross
section is similar to that of ttH.

Higgs boson production in association with a single top quark (¢H) is also predicted by the
Standard Model, but with much lower cross section than ¢ttH due to destructive interference
between Higgs-top and Higgs-W diagrams. The sum of all tH processes is displayed in light
purple in Figure 2.5. Many models of BSM physics, including those discussed in Section
2.4.1, predict a large enhancement of tH cross sections: any observation of this process
during LHC Run 2 would be a clear sign of new physics.

Figure 2.9 shows the lowest order diagrams for the tHj process as calculated five-flavor
(5F) PDF scheme, which includes massless b quarks among the constituents of the proton.
Figure 2.10 shows the leading diagrams for the ¢Hj process in the four-flavor (4F) PDF
scheme: these are similar to the 5F diagrams, but the incoming b quark is produced by
gluon splitting in the 4F scheme.

The primary difference between the 4F and 5F calculations is in which diagrams are
considered “higher-order.” The two predictions converge if the calculations include terms to
high enough order in g [35]. Because the shapes of kinematic variables such as Higgs boson
pr and bottom quark pr are described with smaller uncertainties in the 4F scheme, the t Hj
process is calculated in the 4F scheme and referred to as tH jb for the remainder of this work.
The small contribution from quark-initiated s-channel ¢tHj production is neglected.

The leading diagrams for tW H production are shown in Figure 2.11. At leading order,
this process only occurs in the 5F PDF scheme. At next-to-leading order (NLO), there is
interference between the tW H and ttH processes [36], as demonstrated in Figure 2.12. The
treatment of this interference in simulation is discussed in Chapter 5.

g q q

g q q W, Z

Figure 2.6: Lowest order Feynman diagrams of the three Higgs boson production modes with
highest cross section in 13 TeV proton—proton collisions. From left to right: gluon—gluon
fusion, vector boson fusion, vector boson associated production.
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9 A

Figure 2.7: Lowest order Feynman diagrams of the gg — ZH process.

g t q t g t g t
Ea%%\[{ >Qm<\ﬁ ii\ﬂ i:iff
g t q t g t g t

Figure 2.8: Lowest order Feynman diagrams of the ttH process. Additional diagrams can
be obtained by allowing a Higgs boson to radiate from the antitop, or by crossing the lines
of initial gluons in t-channel diagrams.

b t b t
X\ H :Z H
q ¢ 4 q

Figure 2.9: Lowest order Feynman diagrams of the ¢t Hj process in the five-flavor PDF scheme.
Additional diagrams can be obtained by reversing the fermion lines, or by crossing the lines
of initial particles.
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g b g t g t
t S~ H - H
N b b

q ¢ 1 qg 1 q

Figure 2.10: Lowest order Feynman diagrams of the tHjb process in a four-flavor PDF
scheme. Additional diagrams can be obtained by allowing a Higgs boson to radiate from the
W boson, by reversing the fermion lines, or by crossing the lines of initial particles.

g t g t g t
E\\ H ﬁ H %\<\\ H
b w b w b wW

Figure 2.11: Lowest order Feynman diagrams of the tWW H process. These diagrams can only
occur in a five-flavor PDF scheme. Additional diagrams can be obtained by allowing a Higgs
boson to radiate from the W boson, by reversing the fermion lines, or by crossing the lines
of initial particles in ¢-channel diagrams.

Y b 9 t

Figure 2.12: NLO Feynman diagrams of tW production (left) and t¢ production (right)
that produce interference. These are extended to the tW H and ttH case by adding Higgs-
strahlung from the ¢ or W lines.
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2.3.2 Decay channels

Higgs decays to massive gauge bosons and fermions occur at tree level, as shown in Figure
2.13. Higgs decays to massless particles, including a pair of gluons or photons, occur through
loop diagrams and are suppressed accordingly.

Figure 2.13: Tree-level diagrams Higgs boson decays to fermions (left) and vector bosons
(right).

The total width of the SM Higgs boson 'y is shown in Figure 2.14 as a function of the
Higgs boson mass my. Figure 2.14 also shows the branching fractions B of the SM Higgs
boson as a function of the Higgs boson mass, where

I'H — X)
Iy
The best measurement of the Higgs mass to date comes from the ATLAS/CMS combined
Run 1 measurement [37]:

mpy = 125.09 +0.21 (stat) +0.11 (syst) GeV (2.24)

Table 2.2 lists the branching fractions of the SM Higgs boson at this value of my. Note that
the decay of a Higgs boson to top quarks is energetically forbidden.

The number of Higgs boson events produced is larger in decay channels with higher
branching fractions. However, when seeking to maximize experimental sensitivity to the
Higgs boson, there are additional factors that must be considered. These include the rate of
background processes, and the detector’s ability to identify and reconstruct the Higgs boson
decay products. Despite the low branching fraction, the H — v~ decay channel is among the
most powerful for Higgs boson measurements due to the excellent diphoton mass resolution
of the ATLAS detector. The bulk of this work will focus on the H — v decay, and its
advantages are further discussed in later Chapters.

The lowest order diagrams contributing to the H — 77 decay are shown in Figure 2.15.
In the Standard Model, this loop is dominated by the Higgs coupling to the W boson, and
the decay through a quark loop provides some small sensitivity to the top Yukawa coupling.
Destructive interference between the Higgs-top and Higgs-W diagrams suppresses the rate.
In BSM models, massive particles that are electrically charged can also contribute to the
rate of the H — ~v decay.

B(H — X) = (2.23)
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Decay mode Branching fraction [%)]
H — bb 575+ 1.9
H—-WW 21.64+0.9

H = gg 8.56 + 0.86
H— 11 6.30 + 0.36

H — cc 2.90 £0.35
H—ZZ 2.67+£0.11

H =y 0.228 + 0.011

H — Z~ 0.1554+0.014

H = up 0.022 + 0.001

Table 2.2: Branching fractions of the Standard Model Higgs boson [34].
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Figure 2.14: Total width (left) and branching fractions (right) of the Standard Model Higgs
boson as a function of Higgs boson mass [34].

Figure 2.15: Lowest order Feynman diagrams contributing to the H — ~~v decay.

The

fermion loop in the right-most diagram is dominated by the contribution from the top quark.
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2.3.3 Coupling measurement framework

When measuring Higgs boson couplings, it is convenient to refer to the ratio to the
Standard Model prediction rather than the absolute coupling:

meas
)\i

ki = s (2.25)

for particle type i. This k parameter is called the coupling strength, and measurements
of k that differ from one indicate deviations from the Standard Model prediction. This
convention is known as the s framework [38].

Table 2.3 shows the SM Higgs boson production cross sections calculated in terms of the
coupling strengths s at /s = 13 TeV (see [6] for comparable parameterizations at lower
center of mass energies). The cross section of ttH production is dependent only on the top
coupling strength k;, and therefore provides a direct probe of the top Yukawa coupling. The
cross sections of tHjb and tW H production depend on both the Higgs-top (k) and Higgs-
W (kw) couplings. The cross term (~ k;xy ) represents the interference, which provides
sensitivity to the relative sign of x; and ky. Indirect constraints on x; also come from top
quark contributions to the gluon fusion loop.

Table 2.2 shows the dependence of each partial decay width on the coupling strengths
k at myg = 125.09 GeV. Because the decay of a Higgs boson to top quarks is energetically
forbidden, none of the SM Higgs boson decay modes provides a direct probe of ;. However,
Higgs boson decays through loop processes, including H — =7, have some indirect sensitivity
to K.

The resolved coupling modifiers in Tables 2.3-2.2 are calculated assuming the Standard
Model. However, the presence of new particles in loop processes would introduce additional
terms to these modifiers. In order to account for potential new physics in loop processes,
effective coupling strengths are often preferred.

For loop-induced production processes such as gluon fusion, the effective coupling strength
is defined by taking the ratio of the measured to Standard Model cross section:

meas
o

2 _ “g9F
g9F”

The effective coupling strengths for loop decays are defined in an analogous way from the
decay width:

'meas
2 Y
Y

Because these effective couplings are not explicitly dependent on each particle contribut-
ing to the loop, the effective parameterization is more model independent than the resolved
parameterization. Depending on the assumptions made in a given statistical analysis, re-
solved and effective loop couplings can both be useful. See Chapter 12 for an example of an
analysis that uses both.
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Production mode

20

Effective modifier Resolved modifier

1.04;@% + 0.002/{% — 0.04kK,ky
0.73k%, + 0.27K%
2
Ky
K
2.46Kk% + 0.46K7 — 1.90k 754
2
Ky
Ky
2.63k2 + 3.58k%, — 5. 21Kk
2.91k2 + 2.31k%, — 4.22Kk4kw

Table 2.3: Production modes of the Standard Model Higgs boson in 13 TeV proton—proton
collisions and their parameterization in the s framework [34].

Decay mode

Effective modifier

Resolved modifier

H — bb ki

H—WW Ky

H — gg 11167 4 0.01k7 — 0.125, 5,
H— 711 K2

H — cc K2

H—ZZ K%

H — vy 1.59k%, + 0.07k? — 067Ky Ky
H — Zv 11263, — 0.12ky Ky

H — pp Iii

Table 2.4: Decay modes of the Standard Model Higgs boson and their parameterization in

the x framework [34].

The k framework is widely used for measurements of Higgs boson couplings. Figure 2.16
shows the measured value of each k parameter as a function of particle mass. Note that the
vertical axis of this Figure differs for bosons and fermions. No significant deviation from the
Standard Model expectation (represented as a dashed blue line) has yet been observed.
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Figure 2.16: Predicted and measured values of Higgs boson couplings to Standard Model
particles and their relationship to particle mass [31]. Note that the vertical axis differs for
bosons and fermions.

2.4 Beyond the Standard Model Higgs

The simple theory of electroweak symmetry breaking outlined in Section 2.2 can be
extended to include additional Higgs bosons and new interactions between the Higgs bosons
and SM particles. Such theories include two-Higgs-doublet models (2HDM) [39] [40] and
models containing Higgs triplets [41].

These scenarios are being probed by dedicated searches for additional Higgs bosons [42]
[43] [44] and global fits of effective field theory (EFT) parameters to collider data [45]. So
far, there is no evidence indicating that the Higgs sector is more complex than the single
SU(2) doublet model.

2.4.1 CP violation in the Higgs sector

As Higgs boson couplings are measured with greater precision, it becomes possible to
explore the charge-parity (CP) symmetry of Higgs interactions. The Standard Model pre-
dicts that all Higgs boson interactions are CP-conserving (CP even): that is, if particles and
antiparticles are interchanged and spatial coordinates are inverted, all Higgs boson inter-
actions are unchanged. The measurement of even a small CP-violating component in any
Higgs boson coupling would constitute a discovery of physics beyond the Standard Model
and would potentially address one of the key open questions in particle physics today: the
understanding of the matter-antimatter imbalance in the Universe.
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Measurements of Higgs couplings to vector bosons have constrained any CP violating
component to be small [46] [47] [48]. However, CP-violating contributions to these bosonic
couplings can only enter via higher order operators that are suppressed by powers of 1/A?
where A is the energy scale of new physics in the EFT.

The CP properties of Higgs-fermion interactions remain largely unexplored, and CP vio-
lating terms can enter at the same order as the CP even terms of the SM. These measurements
are therefore expected to give higher sensitivity than measurements of Higgs couplings to
vector bosons.

As the largest Yukawa coupling, the Higgs-top coupling is a natural choice for testing CP
properties. Measurements of electric dipole moments have provided indirect and constraints
on the CP properties of the Higgs-top interaction [49], though these rely on assumptions of
SM Yukawa couplings for light fermions such as the electron. In addition, hadron collider
measurements of ggF production and H — v decay at /s = 8 TeV have provided some
indirect constraints [50], but again the results rely on an assumption of SM contributions to
these loops. With LHC data at /s = 13 TeV, the CP properties of the Higgs-top interaction
can be probed directly using the t¢H and tH processes.

The Higgs Characterization (HC) model [51] provides a framework for describing different
couplings, including scalar, pseudo-scalar, or some combination thereof. Within this model,
the effective Lagrangian that describes the top Yukawa coupling can be expressed as:

L= —%(/{t cos()tt + ik sin(a)tyst) H (2.28)
where « is the CP mixing angle. The Standard Model coupling corresponds to v = 0° and
k¢ = 1, while a fully CP odd coupling is realized when o = 90°. In this parameterization, s,
is restricted to be > 0 and « is in the range (—180°,180°).

The dependence of the ttH and tH cross sections on the model parameters s, and a can
be calculated from the Lagrangian in Equation 2.28. The ttH cross section takes the form

o = ARZcE + BrZs2 + EK}54Cq (2.29)

where s, and ¢, represent the sine and cosine of «, respectively. The coefficient A corre-
sponds to the CP even contribution to the cross section, and B corresponds to the CP odd
contribution. The interference between CP even and CP odd is represented by coefficient
E, which is expected to be small.

For tH jb and tW H, the interference between the top quark and W boson couplings must
also be taken into account. The cross section of both tHjb and tW H take the same form
(though with different values of the coefficients):

o = ARZCE + Br2s2 4 Chyco + DEiSq + ExlSqCo + F (2.30)

The coefficients A, B, and E have the same meanings as in the ttH case. The Higgs
coupling to the W boson is assumed to obey the Standard Model (ky = 1). The coefficient
C corresponds to the interference between the CP even top-Higgs and W-Higgs couplings,
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D to the interference between the CP odd top-Higgs and W-Higgs couplings, and F' to the
contribution of the pure W-Higgs coupling.

Using the HC model and its implementation in the MG5_aMC@NLO Monte Carlo gen-
erator [52] [53], the cross sections for ttH, tHjb, and tW H are calculated at multiple values
of k; and a. The NLO inclusive cross sections calculated by MG5_.aMC@NLO are shown in
Table 2.5. These cross sections (normalized to the Standard Model prediction) are shown
in Figure 2.17 as a function of a with k; fixed to unity. The parameterizations of the loop
processes ggH (k,) and H — vy (k) in terms of a are taken from [50].

Parameters o(y/s =13 TeV) [pb]

Kt a ttH  tHjb tWH
1 0° (SM) 0.458 0.0606 0.0167
1 15° 0.443 0.0636 0.0184
1 30° 0.396 0.0743 0.0231
1 45° 0.329 0.0958 0.0308
1
1
1

60° 0.265 0.1374 0.0422

75° 0.217 0.1970 0.0563

90° 0.199 0.2707 0.0726

-1 0° 0.458 0.6971 0.1490
0.5 0° 0.1145 0.0939 0.0148
2 0° 1.832  0.2406 0.0924

2 45° 0.2055 0.1095
Table 2.5: NLO inclusive cross sections from MG5_aMC@QNLO for the ttH, tHjb, and tW H
processes in different CP scenarios. For k; = 2 and a = 45°, no ttH cross section is
calculated.

The cross section of ttH decreases as the CP odd component becomes larger and is
minimized at o = 90°. However, the Standard Model point represents a global minimum
of the cross section for both tH processes: the rate can only increase with changes in «.
Note that at a = 180°, the sign of the interference term between the top-Higgs and W-Higgs
couplings is flipped with respect to the SM. This switch from destructive to constructive
interference accounts for the large change in tH rate at a = 180°.

In addition to its impact on overall cross sections, the introduction of a CP odd component
to the Higgs-top coupling also alters the shapes of sensitive kinematic observables in t¢H and
tH. Such observables are discussed at length in Chapter 11, which presents a multivariate
analysis strategy that exploits the shape dependence of kinematic distributions on the CP
mixing angle «.
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Figure 2.17: NLO ¢tH and tH cross sections as a function of the CP mixing angle « (for
k¢ = 1), normalized to the Standard Model prediction. The dependence of k, and k., on «
is taken from [50].



25

Chapter 3

The ATLAS experiment

Experimental high energy physics in the twenty-first century requires collaboration on
an unprecedented scale. The design and construction of the world’s highest-energy collider,
a complex detector the size of the White House, and novel technologies that withstand
immense radiation are ambitious projects that necessitate the formation of large international
collaborations.

The ATLAS collaboration is made up of over 3000 scientists from 38 nations, all of whom
have contributed to the experimental setup described in this Chapter. The first Section
describes the accelerator itself, the Large Hadron Collider (LHC). The second describes the
layout and function of the general-purpose ATLAS detector and its subsystems.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [54] [55] is a high energy particle accelerator
located at the Organisation FEuropéenne pour la Recherche Nucléaire (CERN) outside of
Geneva, Switzerland. The LHC occupies a circular tunnel with a circumference of 27 km,
spanning the border between Switzerland and neighboring France. The LHC began collecting
proton—proton collision data in the fall of 2009. During the first run of the LHC (2009-2012),
protons were collided with center of mass energy /s = 7 and 8 TeV. During the second run
of the LHC (2015-2018), the center of mass energy was increased to /s = 13 TeV, the
highest energy ever achieved by a collider.

LHC protons originate from a bottle of hydrogen gas. Once the electrons have been
stripped away using an electric field, Linear Accelerator 2 (LINAC2) [56] accelerates the
protons using radiofrequency (RF) cavities, which use oscillating electromagnetic fields to
accelerate protons to an energy of 50 MeV. The timing of a proton’s arrival at a given point
in the RF cavity determines how much it will be accelerated (or decelerated): this results in
a regular pattern of distinct proton bunches [57].

From LINAC2, the protons are injected into three successive synchrotron systems: the
Synchrotron Booster (BOOSTER) [58], which accelerates the protons to 1.4 GeV; the Proton
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Synchrotron (PS) [59], which accelerates the protons to 25 GeV; and the Super Proton
Synchrotron (SPS) [60], which accelerates the protons to 450 GeV. Finally, the protons are
injected into the LHC. The layout of the CERN collider complex, including each of these
injectors, is shown in Figure 3.1.

CERN's accelerator complex

CMS

LHC

Nc}j‘th Area

ALICE

SPS

ATLAS

CNGS
BEH  Gronsasso

East Area

X LINAC 2
neut S LElR ‘E'
h lhcs
» ion » neutrons » p(antiproton) —H— ,/antiproton conversion  » neutrinos  » electron
LHC  Large Hadron Collider  SPS Super Proton Synchrotron  PS  Proton Synchrotron
AD  Antiproton Decelerator CNGS  Cern Neutrinos to Gran Sasso  ISOLDE  Isotope Separa
LEIR Low Energy lon Ring ~ LINAC LINear ACcelerator n-ToF Neutrons Time Of Fligh
EA' European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire © CERN 2008

Figure 3.1: Diagram of the CERN collider complex [61].

The LHC itself is composed of eight straight segments, each about half a kilometer
long, where RF cavities accelerate protons to 6.5 TeV in bunches separated by 25 ns (50
ns in Run 1). The straight segments are connected by eight rounded arcs, which each
contain three superconducting dipole magnets (for bending the particle trajectories) and
one superconducting quadrupole magnet (for focusing) [54]. Two beams of protons circulate
through the LHC in opposite directions, passing through twin bores in the dipole magnets.
The beams cross at four points: the locations of the ATLAS [62], CMS [63], LHCD [64], and
ALICE [65] experiments.

Luminosity

For a given process P, the expected rate of interactions at the LHC is given by

dNp

WZUPXL (31)
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where op is the cross section for process P, and L is the instantaneous luminosity de-
livered by the machine. For two beams of identical Gaussian profile colliding head-on, the
instantaneous luminosity is

L i

dro,oy

(3.2)

where n,, is the number of protons per bunch, n; is the number of bunches, f is the revolution
frequency, and o, and o, are the beam resolutions in the plane transverse to the beam.
Additional corrections are required to account for beams crossing at slight angles, correlations
between o, and o, and other effects [66]. The ATLAS detector was designed for a maximum
instantaneous luminosity of 103* cm=2s7*.

The total number of interactions of process P produced at the LHC during time T is
T
NPZOPX/ ﬁdt,:UpXEint (33)
0

The integrated luminosity L, is typically measured in inverse femtobarns (fb™!).
The integrated luminosity delivered to ATLAS during LHC Run 2 was measured by the
LUCID-2 detector, which is located around the LHC beam pipe on either side of the ATLAS
detector [67].

3.2 The ATLAS detector

The ATLAS detector is a general-purpose particle detector located 100 m underground
on the LHC ring. The cylindrical detector geometry uses the LHC beam pipe as its axis, and
the forward-backward symmetry gives nearly 47 coverage in solid angle. Figure 3.2 shows a
diagram of the ATLAS detector, which extends 44 m long and 25 m high. It is estimated
that the detector (including both sensitive area and structural components) weighs 7000
tons.

The detector is described using a right-handed coordinate system with origin correspond-
ing to the proton—proton collision point at the center of the detector. The direction of the
incoming proton beams defines the z-axis, the x-axis points towards the center of the LHC
ring, and the y-axis points upwards.

Due to the azimuthal symmetry of the detector, cylindrical coordinates r and ¢ (az-
imuthal angle around the z-axis) provide a convenient description. Each particle’s momen-
tum is projected onto the transverse plane to obtain the transverse momentum:

pr = /P2 + D} (3.4)

The pseudorapidity is defined in terms of the polar angle 6:

n=—In [tan @H (3.5)
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Figure 3.2: Diagram of the ATLAS detector [68].

For a particle with mass much smaller than its momentum (m < |p]), the pseudorapidity ap-
proaches the rapidity y. In this limit, pseudorapidity differences are invariant under Lorentz
boosts in the 2 direction. Angular distance is measured in terms of AR = /(An)2 + (A¢)2.

The following sections detail the design and purpose of each detector system, from inner-
to outermost: the Inner Detector, the Calorimeters, and the Muon Spectrometer. Each
system is composed of a barrel region, with layers arranged on concentric cylinders around
the z-axis, and a disk-shaped endcap, with layers oriented perpendicular to the beam axis
at high |z|.

3.2.1 Inner Detector

The ATLAS Inner Detector (ID) [69] is composed of the subsystems closest to the collision
point, which provide precise measurements of particle position and momentum needed for
tracking. The subsystems include (from inner- to outermost) the Insertable B-Layer (IBL),
the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker
(TRT).

A superconducting solenoid magnet encloses the full ID and immerses all subsystems in
a 2 T magnetic field oriented in the Z direction. The resulting curvature of charged particle
trajectories in the transverse plane provides measurements of particle momenta.

Figure 3.3a shows the full layout of the inner detector (including end-caps), and Figure
3.3b shows the radial position of each barrel layer. The IBL is missing from this figure, but
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is positioned at r = 33.25 mm. The extent of each ID subsystem is summarized in Table
3.1: all subsystems have coverage in the range |n| < 2.5.

6.2m R=1082 mm

4
..... End-cap tfransition radiatfion tracker

End-cap semiconductor tfracker
(a) Inner Detector (Full) (b) Inner Detector (Barrel)

Figure 3.3: Diagram of the ATLAS Inner Detector layout [69]. (Left) the full Inner Detector,
including end-caps. (Right) cross section of the barrel region of the ID. The Pixel Detector
is shown in green, the SCT in blue, and the TRT in orange. The IBL is missing from this
figure, but is positioned at r = 33.25 mm.

System Barrel End-cap
Layers  r [mm| |z| [mm] Disk layers r [mm| |z| [mm]
IBL 1 33.25 0-330.15 - - -
Pixel 3 50.5-122.5  0-400.5 2X5 88.8-149.6  495-650
SCT 4 299-514 0-749 2x9 275-560  810-2797
TRT 73 563-1066 0-712 160 644-1004  848-2710

Table 3.1: Extent of the sensitive region of each ATLAS Inner Detector subsystem [62].

Pixel Detector & Insertable B-Layer

The Pixel detector and Insertable B-Layer (IBL) are highly granular detectors designed
to provide high-precision measurements of particle trajectories very close to the interaction
point. The basic element of these detectors is a silicon sensor with pixelated readout, or
pixel, which makes high-resolution measurements of ionization energy deposited by charged
particles traversing the sensor.

At a radius of only r = 33.25 mm, the IBL [70] [71] is the closest ATLAS subsystem
to the collision point. The IBL was inserted into ATLAS during LHC Long Shutdown 1
(between LHC Runs 1 and 2), and it now functions as the innermost layer of the Pixel
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Detector. The IBL derives its names from the critical role it plays in b-tagging, which relies
heavily on identification secondary vertices from the decay of B-hadrons (see Section 4.5.1).
Due to its proximity to the interaction point, the IBL is among the ATLAS subsystems most
susceptible to radiation damage. See Appendix C for studies of radiation effects in the IBL.

The Pixel Detector [72] is composed of three cylindrical barrel layers (not including the
IBL) and ten disk layers (five on each side) of silicon pixels. The barrel layers are named the
B-layer, Layer 1, and Layer 2, with the B-layer being the innermost (like the IBL, named
for its important role in b-tagging). Each barrel layer is tiled with pixels for two-dimensional
segmentation in the é x z plane. Each pixel module is composed of 61,440 individual pixels
and 16 readout chips. The resolution of a pixel is 10 gm in r¢ and 115 gm in z in the barrel
layers, and 10 gm in 7¢ and 115 gm in 7 in the endcap disks.

Semiconductor Tracker

Like the IBL and Pixel detector, the Semiconductor Tracker (SCT) [73] relies on silicon
semiconductor technology. Each silicon microstrip detector is composed of 768 readout strips,
each with a width of 80 um. In the barrel region, SCT modules are formed from four single-
sided silicon microstrip detectors: two are wire-bonded end to end, forming strips that are
12 cm long. Two such pairs are then positioned back-to-back, with one side oriented parallel
to the beam direction and the other offset from the z axis by an angle of 40 mrad. This
small angle offset allows for measurement of the z coordinate. The SCT barrel is composed
of four layers of these modules.

In the endcap, SCT modules are similarly constructed from strip detectors positioned
back-to-back with an angular offset of 40 mrad. However, the strips in the endcap are
oriented radially and taper to smaller pitch at the origin. Each endcap consists of nine disk
layers.

The SCT has r¢ resolution of 17 yum in the barrel and endcap regions. The z coordinate is
calculated from the r¢ and stereo measurements (details are available in [74]). The resolution
in 2z is 580 pum in the barrel, and the resolution on r is 580 pm in the endcap.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [75] is composed of straw drift tubes filled
with xenon-based gas and a central cathode wire. In the barrel region, the TRT straws are
positioned parallel to the beam axis and extend to |n| < 0.7. In the end-cap wheels, TRT
straws are positioned radially from the z axis. Each straw is 4 mm in diameter and provides
130 pm resolution in r¢ (but none in z).

The TRT straws allow for continuous tracking, typically providing about 36 space points
per charged particle track. The large number of space points compensates for the low reso-
lution compared to the silicon detectors, and TRT inputs make a significant contribution to
measurements of charged particle curvature (and hence momentum). Precise measurements
in this outer region of the ID are also useful for identifying photon conversions.
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The TRT derives its name from its ability to measure transition-radiation photons. The
amount of transition radiation measured in the TRT provides discrimination between elec-
trons and charged hadrons (pions).

3.2.2 Calorimeters

The ATLAS calorimeters [76] [77] [78] [79] serve to measure both electromagnetic show-
ers and hadronic jets. The electromagnetic showers spawned by photons and electrons are
typically contained in the innermost calorimeter, the liquid argon electromagnetic calorime-
ter (ECAL). Because hadrons travel through more material than electrons or photons, the
hadronic calorimeters make up a larger portion of ATLAS’ volume than the ECAL: these
are the Tile Calorimeter, Hadronic Endcap Calorimeters (HECs), and Forward Calorimeters
(FCAL).

Different materials are used in each calorimeter in order to remain robust against radi-
ation damage in all 7 regions. The layout of the ATLAS calorimeter systems is shown in
Figure 3.4. The number of layers and 7 coverage of each subsystem are presented Table 3.2.

System Barrel End-cap
Layers |n| coverage Layers In| coverage
Presampler 1 < 1.52 1 1.5 —-1.8
ECAL 3(2) < 1.35 (1.35—1475) 2x2(3) 1.375—3.2 (15— 2.5)
Tile 3 < 1.0 - -
Tile Extended 2 x 3 0.8 —-1.7 - -
HEC - - 2 x4 1.5 —-3.2
FCAL - - 2x3 3.1-49

Table 3.2: Extent of each ATLAS calorimeter system [62].

Electromagnetic Calorimeter

The liquid argon Electromagnetic Calorimeter (ECAL) [76] [77] is a sampling calorimeter
composed of alternating layers of lead (absorber) and liquid argon (active material). The
lead and liquid argon are layered in an accordion structure in order to provide full coverage
in ¢. A pre-sampler detector is located just upstream of the ECAL in order to provide
corrections for losses due to material in the ID.

In the barrel region, the ECAL extends from 1.5 m < r < 1.97 m, which corresponds
to 24 radiation lengths (Xy) at n = 0. The ECAL barrel is divided into three layers at
different radii. In the central region, the layers are segmented into projective 1 x ¢ regions
of sizes 0.003 x 0.1, 0.025 x 0.025, and 0.5 x 0.025 in the first, second, and third ECAL layer
respectively. The segmentation of the ECAL barrel becomes coarser for |n| > 1.4. Due to
its fine granularity in 7, the first ECAL layer is also referred to as the ECAL strips layer. It
provides critical input for the determination of photon vertices and the identification of 7°
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Figure 3.4: Diagram of the layout of the ATLAS calorimeter systems [69].

hadrons (see Section 4.2). Figure 3.5 shows a diagram of the ECAL layout in the barrel and
the segmentation of each layer.

Towers in Sampling 3
ApxAn =0.0245x0.05

Square towers in
Sampling 2

Figure 3.5: Diagram of the ATLAS electromagnetic calorimeter [69].

Each ECAL endcap is composed of two concentric wheels centered at and perpendicular
to the z-axis. The total endcap extends radially from 302 mm < r < 2077 mm and longitu-
dinally from 3.7 m < |z| < 4.2 m. The height and angle of the accordion folds in the endcap
vary with radius in order to ensure uniform coverage in ¢.
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Though the ECAL provides full coverage in the transition between barrel and endcap
(1.37 < |n| < 1.52, or the “crack”), the large density of material upstream from the ECAL
in this region leads to degraded performance. Photon and electron candidates in this region
are vetoed.

Tile Calorimeter

The hadronic Tile Calorimeter [78] [79] is a collection of sampling calorimeters using
alternating layers of 3 mm-thick plastic scintillator tiles (active material) and 14 mm-thick
iron plates (absorber). The calorimeters are the Tile Barrel (|z| < 2.82 m), which is divided
into two halves, and the Tile Extended Barrels (3.2 m < |z| < 6.11 m). Each half of the Tile
Barrel and each Tile Extended Barrel is composed of 64 modules positioned symmetrically
in ¢. Each module is composed of readout cells with the divisions in 7 giving a projective
geometry centered at the detector origin (see Figure 3.6). The readout cells are connected
by wavelength-shifting fibers to photomultiplier tubes (PMTs) located at outer radial edge
of the module, where the scintillation light is collected.
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Figure 3.6: Diagram of the cell geometry of a Tile Barrel module (left) and a Tile Extended
Barrel module (right) [79]. Dashed lines show constant 1, and the projective geometry in 7
is evident.

For good resolution of high energy jets, the Tile Calorimeter must capture the full radial
extent of each hadronic shower to avoid overflow, or punch through, of jet activity into
the muon system. The Tile Calorimeter extends from r = 2.28 m to » = 4.25 m, which
corresponds to 9.7 nuclear interaction lengths () at n = 0.

Calibration of the Tile Calorimeter is performed using laser-based methods, using 3"Cs
source currents, or by injecting a pulse of known magnitude into the readout electronics.
Details on these calibration techniques are available in [79].
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Hadronic Endcap Calorimeters

The Hadronic Endcap Calorimeters (HECs) [76] [77] are composed of copper plates (ab-
sorber) positioned perpendicular to the beam axis. Each HEC extends from 4.26 m < |z| <
6.12 m and radially from 475 mm < r < 2.03 m. The gaps between copper plates are filled
with liquid argon (active material), and three electrodes divide each endcap into four sam-
pling layers at different |z|. In the two layers closest to the detector origin, the copper plates
are 25 mm thick, compared to 50 mm thick in the outer two layers.

Forward Calorimeters

The Forward Calorimeters (FCAL) [76] [77] extend from 4.7 m < |z| < 5.15 m and
radially from 72 mm < r < 455 mm, covering the range 3.1 < |n| < 4.9. In this region,
particle fluxes are high, and the FCAL is designed to be robust against radiation damage.

The FCAL consists of three layers on each side of the detector origin. The inner-most
layer on each side uses copper as the metal absorber, and the outer two use tungsten. The
metal is used to create a matrix of grounded tubes with axes oriented parallel to the beam
direction. Each tube contains a concentric cathode rod, and the gaps between each rod and
the inner tube edge are filled with liquid argon (active material).

3.2.3 Muon Spectrometer

The largest and outermost subsystem of ATLAS is the Muon Spectrometer (MS) [80]
[81], shown in Figure 3.7.

Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7: Diagram of the ATLAS muon spectrometer [69]. The toroid magnets are shown
in orange.

Three superconducting air-core toroid magnets, one barrel toroid and two endcap toroids,
deflect charged particles towards the +2 direction. Each toroid consists of 8 coils positioned
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at equal distance in ¢. The magnetic field generated by the barrel toroid is dominant in the
region |n| < 1.4, and the magnetic field generated by the endcap toroid is dominant in the
region 1.6 < |n| < 2.7. The region 1.4 < |n| < 1.6, where both barrel and endcap toroids
contribute to the magnetic field, is known as the transition region.

Monitored Drift Tubes

In most 7 regions, Monitored Drift Tubes (MDTs) dominate the precision measurement
of muon tracks and momenta. A single MDT consists of a 15 mm-radius aluminum tube
and a central cathode wire, with the region in between filled with argon gas.

In the barrel region, MDTs are positioned in three layers (“stations”) and divided into
sixteen azimuthal regions. The cylindrical barrel stations are centered around the z-axis at
r=>5m, 7.5 m, and 10 m. The innermost barrel station is composed of two stacks of four
MDT monolayers each, separated by a support structure. The outer two barrel stations are
structured similarly, but with only three MDT monolayers on either side of the support. The
axis of each drift tube is oriented in the $ direction, providing a projection of particle tracks
in the bending plane of the magnetic field (7 x 2). The resolution of a single MDT is 80 um,
but higher resolution is achieved by stacking monolayers of MDTs.

In each endcap, the MDTs are arranged in four disk-shaped stations centered at and
perpendicular to the beam axis (see Figure 3.8). The innermost station is composed of two
stacks of four MDT monolayers, separated by a support structure. The other stations use
only three MDT monolayers on either side of the support. Like the barrel, the endcap is
divided into sixteen azimuthal regions and the axis of each drift tube is oriented in the (ﬁ
direction.

Figure 3.8: Diagram of a cross section of the ATLAS muon spectrometer [82].
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Cathode Strip Chambers

While the MDTs perform well in more central regions, their comparatively large radius
and the high pressure requirements of argon gas make them ill-suited for regions of very
high particle flux. Instead, Cathode Strip Chambers (CSCs) make precision measurements
of muon momenta in the very forward region (2 < |n| < 2.7).

The CSCs are multi-wire proportional chambers, which measure particle trajectories by
detecting charge induced on a segmented cathode readout strip by the avalanche formed
on the anode wire. The wires are oriented in the (5 direction, providing a projection of
particle tracks in the bending plane of the magnetic field (7 x 2). The resolution of these
measurements is about 50 pm.

Each CSC chamber is composed of two layers of four wire planes, separated by a support
structure. The chambers are arranged in two pairs of rings at z = £7 m, each divided into
eight azimuthal segments. Each chamber is angled so that it is perpendicular to a straight
particle trajectory starting at the detector origin. The CSCs are shown in yellow in Figure
3.8.

Trigger Chambers

Additional subsystems of the muon spectrometer with lower resolution and faster readout
are used for fast muon identification in the trigger system (Section 3.2.4): these include
Resistive Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGCs) in the
endcaps. The location of these chambers is indicated in Figure 3.8. As the studies in this
Thesis do not rely on muon-based triggers, the description of these subsystems is left to [80].

3.2.4 Trigger

Due to the 25 ns spacing of LHC proton bunches, collisions in ATLAS occur at a rate
of 40 MHz. An average event has a size of O(1 MB) [83], and the resulting data rate is
a whopping 1 TB/s. This is far too much data to store and process economically, and the
signals from most ATLAS systems require longer than 25 ns to be fully read out. The ATLAS
trigger system is responsible for making quick decisions about which collisions to read out
and save for analysis, reducing the rate to < 1 kHz.

The trigger system is provided with a list of conditions, known as the trigger menu,
that specify what combinations of physics objects are interesting enough to be saved. The
trigger system first constructs a quick summary of the physics content of each event, then
selects those events satisfying one or more of the criteria on the trigger menu. The first step
of trigger selection, Level 1, is implemented directly in the detector hardware. The following
steps, known as the High Level Trigger, are implemented in software.

The trigger used for analyses in this work requires two photons, with the leading (sub-
leading) photon py > 35 (25) GeV. The performance of this trigger is reviewed in Chapter
D.
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Level 1

The first step in the trigger, Level 1 (L1), is implemented at the hardware level and
considers inputs from the muon and calorimeter systems. At L1, only regions of the detector
where there is activity, called Regions of Interest (ROI), are considered. This allows for
processing of only a fraction of ATLAS’ readout channels at L1.

To speed up calculations, L1 triggers do not use the full granularity of the calorimeters.
Instead, energy deposits are summed over cells in projective regions called calorimeter
towers, which have an angular size of An x A¢ = 0.1 x 0.1 in the barrel region. Muon
candidates are identified by coincidences in the dedicated Trigger Chambers, which have low
resolution but fast readout compared to the MDTs and CSCs. A topological trigger, which
calculates geometric or kinematic relationships between L1 trigger objects, was also added
for LHC Run 2 [84].

The rate of collisions passing L1 triggers is shown in Figure 3.9 during a 13 TeV run in
2015. The rate is reduced to < 100 kHz after L1 selection. The diphoton trigger used in
later Chapters falls under the “Multi EM” group (dark green).
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Figure 3.9: Rate of collisions passing the Level 1 Trigger during a 13 TeV run in 2015 [84].
The total (black) is less than the stacked total due to overlap between different triggers.

High Level Trigger

The High Level Trigger (HLT) processes only those events passing L1 triggers. This
system is software-based and uses information from all sub-detectors. Tracking informa-
tion from the ID is added to each event, and information in the MDTs near any L1 muon
candidates is also included. Energy deposits in the calorimeters are read out with the full
detector granularity at HLT, and these deposits are clustered together using more complex
algorithms [84].
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The rate of collisions passing HLT triggers is shown in Figure 3.10 during a 13 TeV run
in 2015. The rate is reduced to < 1 kHz after HLT selection. The diphoton trigger used in

later Chapters falls under the “Photon” group (yellow).
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Figure 3.10: Rate of collisions passing the High Level Trigger during a 13 TeV run in 2015
[84]. The total (black) is less than the stacked total due to overlap between different triggers.
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Chapter 4

Object Reconstruction

Particles traversing the ATLAS detector are identified and reconstructed based on the
combination of signatures they leave in each detector subsystem. Some example particle
signatures are shown in Figure 4.1.

Muon
Spectrometer

The dashed tracks

,
,—_L’ are invisible to
Neutrino

Lol the detector

n

Figure 4.1: Example signatures left in the ATLAS detector by different types of particles,
shown in a cross sectional slice of the barrel [85].

The complex final state of ttH(yy) events can contain many types of physics objects:
the decay of the Higgs boson produces a pair of photons, and the decay of the t system can
produce jets (including b-jets) and/or leptons.

The following Sections review the methods for constructing particle tracks and interac-
tion vertices, as well as the reconstruction algorithms and requirements placed on photons,
electrons, muons, hadronic jets, and missing transverse energy in ATLAS. Reconstructed
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tau leptons are not used in the analyses presented in this Thesis, and the description of tau
reconstruction is left to [86].

The reconstruction of each type of physics object is subject to experimental uncertainties
due to the detector geometry and resolution, as well as the object reconstruction algorithms.
These uncertainties are treated as systematics, and they are fully accounted for in the sta-

tistical analyses performed in later Chapters. For a summary of experimental uncertainties,
see Table 6.3.

4.1 Tracks and vertices

Charged particle trajectories, or tracks, are reconstructed from the pattern of charge
deposits (“hits”) in the Inner Detector. The high granularity and resolution of the ID
systems allows for accurate reconstruction of the position of each hit. The curvature of
each track provides a measurement of the particle’s charge and momentum with resolution
Apr/pr that decreases with the pr of the track [87]. The multi-stage algorithms used to
construct tracks from large sets of ID hits are described in [88]. Tracks are required to have
pr > 500 MeV and |n| < 2.5.

Interaction vertices are are determined by an iterative fitting procedure [89]. A fit is
performed over the selected tracks and a seed vertex to extract the best fit position of the
vertex. Tracks that are incompatible with the calculated vertex are removed, and the fit is
repeated. Tracks that are removed can be used to fit additional vertices. Vertex candidates
with < 2 compatible tracks are discarded.

Each event can contain multiple vertices, and the number of vertices per event increases
with pileup. It is common in ATLAS analyses to select the vertex with the maximum sum of
track p2. as the primary interaction vertex. However, H — v events can have low charged
particle multiplicity in the final state (e.g. gluon fusion), and in these cases it is insufficient
to consider tracks alone. For H — <+ measurements, the inputs to primary vertex selection
must include not only track information from the ID, but also photon information from
the ECAL. The primary vertex selection procedure in diphoton events is described in the
following Section.

4.2 Photons

To reconstruct an electromagnetic shower, energy deposits in the calorimeters are col-
lected into topological clusters, or topo-clusters [90]. These topo-clusters are constructed
by grouping together calorimeter cells containing energy deposits that exceed the threshold
for electronic noise and pileup. Topo-clusters that are associated with a secondary vertex
in the ID are designated as converted photon candidates (which have undergone v — ete”
in the ID volume). Topo-clusters that cannot be associated with any tracks or vertices are
designated as unconverted photon candidates. Topo-clusters that can be associated with a



CHAPTER 4. OBJECT RECONSTRUCTION 41

single charged particle track are not designated as photon candidates: these are vetoed in
order to resolve potential ambiguity between photons and electrons.

In order to separate prompt photons, which originate from the primary proton—proton
interaction, from background photons, additional identification and isolation criteria are
applied. Background photons can be secondary photons produced inside of jets, or hadrons
with photon-like signatures (such as 7° hadrons, which decay to a photon pair). In addition,
for the analyses discussed in this Thesis, all photon candidates must have pr > 25 GeV and
In| < 2.37, with the region 1.37 < |n| < 1.52 (the “crack” containing dead material upstream
of the ECAL) vetoed.

High efficiency identification and accurate reconstruction of photons in ATLAS are es-
sential for measurements in the H — <7 decay channel. The photon energy resolution is
calculated using multivariate regression trained on simulated samples. The absolute energy
scale is calibrated using Z — ee decays and validated on radiative Z decays [91].

Photon identification

In order to reject background photons, cuts are placed on discriminating variables that
are sensitive to differences between prompt and background photons [92]. These variables
include:

e Hadronic leakage: energy deposited in the hadronic calorimeter near an ECAL cluster
e Shower shape variables based on the second ECAL layer
e Shower shape variables based on the ECAL strips layer

Because the ECAL strips layer has fine granularity in 7, shower shape variables can be
constructed that are sensitive to the two-pronged structure characteristic of 7° hadron decay.

Cuts on the discriminating variables are optimized in bins of || to create multiple photon
identification working points. The loose photon identification criteria give higher photon ac-
ceptance but lower background rejection compared to the medium and tight working points.
For the tight photon identification working point, the cut values are optimized in bins of Ep
as well as ||, and performed separately for converted and unconverted photon candidates.
The analyses described in following Chapters will make use of photon candidates passing
both loose and tight identification requirements.

Photon isolation

Background photons are usually accompanied by nearby hadronic activity, whereas prompt
photons are well isolated. The isolation variable is defined as the transverse energy in a cone
of angular size R = 0.2 around the photon axis. The transverse energy can be calculated from
calorimeter clusters (subtracting off the contributions from pileup and the photon candidate
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itself):

E%oneZO _ Z E% . E% clusters E;ileup (41)

c € cone

The transverse energy can also be calculated from tracks with pr > 1 GeV that originate at z
within 3 mm of the primary vertex (subtracting off the contribution of any tracks associated
with a converted photon candidate):

pg_?neQO _ Z p% . p%tracks (42)

t € cone

Photon candidates are considered isolated if the isolation variables are small compared
to the photon transverse energy. For the remainder of this work, photon candidates are
considered isolated if they satisfy

E52e?0 < 0.065 x B, and p§"*®° < 0.05 x B, (4.3)

This corresponds to the loose photon isolation working point defined in [92].

4.2.1 Primary vertex selection in diphoton events

For studies of the H — v~ decay, selection of the correct diphoton vertex is critical to
achieve an accurate measurement of the diphoton invariant mass, which depends not only
on the energy of each photon candidate, but also on the angle between them (Equation 1.1).

For H — 77 measurements, the inputs to primary vertex selection include both track
information from the ID and photon information from the ECAL. The ECAL was designed
with fine granularity in 7 for the purpose of photon pointing: the vertex of the diphoton
system can be identified with high precision by the ECAL alone (15 mm resolution in z at
n=0).

A multivariate algorithm (neural network) is trained to select the primary vertex most
compatible with the diphoton vertex from all vertices reconstructed by the ID [93]. For each
vertex, the following variables are used to train the neural network:

e the z-position where the photon trajectories intersect the beam axis
e the scalar sum over all tracks associated with the vertex of pr and p2

o A¢ between the vector sum of the track momenta and the momentum of the diphoton
system

e the position of photon conversion vertices, if one or both photons convert to eTe™ in
the ID
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The training sample is composed of simulated ggF events. The neural network selects a
primary vertex that is within 0.3 mm of the Higgs production vertex in 79% of simulated
ggF events at /s = 13 TeV. For Higgs production modes with higher multiplicity final states
(such as ttH), this increases to 84 — 97% of events [94]. For ttH(v7), the vertex selected
by the neural network and the vertex with the maximum sum of track p2. are identical in
> 96% of simulated events.

4.3 Electrons

Like photon candidates, electron candidates are constructed from a topo-cluster of energy
deposits in the ECAL. However, the ID signature of an electron differs from that of a photon:
electron candidates are associated with a single charged particle track. As for photons, the
electron energy resolution is calculated using multivariate regression trained on simulated
samples. The absolute energy scale is calibrated using Z — ee decays and validated on
radiative Z decays [91] [92].

For the analyses following in later Chapters, electron candidates must have pr > 15 GeV
and |n| < 2.47 with the region 1.37 < || < 1.52 vetoed. In addition, electron candidates
must satisfy the identification and isolation criteria detailed in this Section.

Electron identification

In order to separate prompt electrons from secondary or fake electrons, a likelihood
discriminant is constructed from sensitive variables [95]. These include

Hadronic leakage: energy deposited in the hadronic calorimeter near an ECAL cluster

Shower shape variables based on all three ECAL layers

e Agreement between the ID track and ECAL cluster in measured angle and energy of
the electron candidate

Parameters of the track in the ID, including the amount of transition radiation mea-
sured in the TRT

Cuts on the likelihood discriminant are optimized in bins of Er and || to give about 88%
electron efficiency for typical electroweak processes. Electron candidates in the remainder
of this Thesis are required to satisfy these cuts, which correspond to the medium electron
identification working point defined in [95].

Electron isolation

As in the case of photons, background electrons are usually accompanied by nearby
hadronic activity. The isolation variables used for electrons are analogous to those used for
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photons (Equation 4.1 and 4.2). However, because electrons from the decay of very high
energy particles can be highly columnated, the track isolation variable p¥re°r¢20 is defined in
a cone of variable size: R = min(10 GeV/p5,0.2).

Electron candidates are considered isolated if the isolation variables are small compared
to the electron transverse energy. For the remainder of this work, electron candidates are

considered isolated if they satisfy
B0 < 0.20 x pS and pyreore® < 0.15 x pS. (4.4)

This corresponds to the loose electron isolation working point defined in [92].

4.4 Muons

Muon tracks are initially reconstructed separately in the ID (see Section 4.1) and the
MS. In the MS, hit patterns in each layer are grouped into straight segments, which are
further combined into tracks [96]. Muon tracks with 0.1 < |n| < 2.5 are required to have
at least three hits in at least two MS MDT layers. In the very central region of |n| < 0.1,
hits are required in at least one MDT layer and holes larger than one MDT layer are not
allowed. Forward muons with 2.5 < |n| < 2.7 are required to leave hits in at least three
MS MDT/CSC layers. A 2 fit is performed to the MS hits making up each track, and the
track is accepted if the x? passes the selection criteria. Muon tracks in the MS and ID are
combined by performing a global fit to the muon track using hits in both the ID and MS.

The muon momentum scale and resolution are calculated from J/¢ — pp and Z — pp
decays [96].

For the analyses following in later Chapters, muon candidates must have pr > 15 GeV
and |n| < 2.7 in addition to satisfying the identification and isolation criteria detailed in this
Section.

Muon identification

For muon candidates in the central region |n| < 2.5, the compatibility of the charge-to-
momentum ratio measured in the ID and MS is calculated:

(Dip — (Ll

Vo (D) + 02 (Lus)

(4.5)

where o indicates the uncertainty on the measurement. Muon candidates are required to have
ID/MS compatibility < 7. Because the region 2.5 < |n| < 2.7 is outside of ID acceptance,
muon candidates reconstructed in the MS only are accepted in this range.

Muon candidates in the remainder of this Thesis are required to satisfy these cuts, which
correspond to the medium muon identification working point defined in [96].
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Muon isolation

Prompt muons and muons from the decay of a W, Z, or Higgs boson are well isolated,
whereas background muons (e.g. from the decay of hadrons) are typically associated with
nearby hadronic activity. The isolation variables used for muons are analogous to those
used for electrons. For muon candidates, the variable-sized cone used to calculate the track
isolation is allowed to reach a maximum of R = 0.3.

Muon candidates are considered isolated if the isolation variables are small compared to
the muon transverse energy. For the remainder of this work, muon candidates must satisfy

B < (.30 x pl and pireone < 0.15 x ph (4.6)

This corresponds to the fixed-cut loose muon isolation working point defined in [96].

4.5 Hadronic Jets

As for photons and electrons, the reconstruction of hadronic jets begins with the forma-
tion of topo-clusters from energy deposits in the calorimeters [90] [97]. The topo-clusters are
used as input to the anti-kr jet-finding algorithm [98], which groups topo-clusters together
based on their pr and angular separation. Though many jet-finding algorithms have been
proposed, the anti-ky algorithm has the advantage of producing jets of a roughly conical
shape, while also satisfying the criteria for infrared and collinear (IRC) safety:

1. Infrared safe: the jet finding is not impacted by the addition/removal of very low pr
constituents

2. Collinear safe: the jet finding is not impacted by splitting one high p; constituent into
two collinear constituents

For the remainder of this work, jets are constructed using the anti-kr algorithm with R =
0.4 and are required to have pr >25 GeV and |y| < 4.4. Jets within AR < 0.4 of a selected
photon or electron are rejected. For jets with pr < 50 GeV and |n| < 2.4, compatibility with
the primary vertex is evaluated using the Jet Vertex Tagger (JVT) likelihood discriminant
[99]. In order to suppress contribution from pileup, incompatible jets are rejected.

4.5.1 Flavor Tagging

Jets initiated by bottom quarks contain B-hadrons. Due to their comparatively long
lifetimes (¢ ~ 450 pm), these B-hadrons travel a characteristically long distance in the de-
tector before decaying. Thanks to high granularity and good resolution in the pixel detector,
such secondary vertices and other track-based observables are measured with high precision.
Using multivariate techniques, the track and vertex information is compiled into a single
discriminant that separates b-initiated jets from jets initiated by light quarks [100] [101].



CHAPTER 4. OBJECT RECONSTRUCTION 46

Because these discriminants rely on information collected by the Inner Detector, b-tagging
is only possible for jets with |n| < 2.4.

Figure 4.2 shows the performance of the MV2 algorithm for identifying b-jets, with the
suffix ¢20 (c10) indicating that 15% (7%) of the light jet sample is composed of charm jets
[102]. The horizontal axis shows the percentage of b-jets that are correctly identified in a
simulated sample of ¢f events, and the vertical axis shows the rejection of light jets.
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Figure 4.2: Efficiency of b-jet identification vs. rejection of light jets for ATLAS multivariate
b-tagging discriminants in ¢t¢ Monte Carlo [102]. The name MV2¢20 (MV2¢10) indicates that
15% (7%) of the light-jet sample is composed of charm jets.

Multiple working points with different b-jet identification efficiencies are commonly used
in ATLAS: these include 65%, 70%, 77%, and 85%. For the remainder of this work, a b-
tagged jet refers to a jet passing the MV2c¢10 77% working point: that is, 77% of b-jets in
a simulation of tf events are correctly identified, which corresponds to ~1 in 100 light jets
being misclassified as a b-jet (see Figure 4.2).

It is important to note that the additional tracking space point provided by the IBL
led to substantial improvement in ATLAS b-tagging performance. With no changes in the
b-tagging algorithm, rejection of light jets increased by a factor of up to four for a fixed b-jet
efficiency, with the greatest improvement at working points between 70-80% [103].

4.6 Missing transverse energy

The incoming protons in ATLAS have approximately zero momentum in the plane trans-
verse to the beam. High pr neutrinos, or BSM particles with very low interaction cross
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sections (such as dark matter candidates), pass through the detector without interacting,
leaving a large momentum imbalance in the transverse plane: this is referred to as missing
transverse energy (missing FEr).

Missing Er is computed as the negative sum of the transverse momentum of all recon-
structed photons, electrons, muons, and jets, plus a soft term reconstructed from tracks that
are not associated with these objects [104] [105]. The z component of the missing energy
cannot be calculated, since the parton—parton center of mass frame has unknown (and pos-
sibly substantial) longitudinal momentum. The missing Er resolution AFERSS(~ |/ Emiss)
ranges from about 10 — 25% for ¢t events in ATLAS .

The missing Frp significance can be defined in numerous ways. In the following Chap-
ters, an event’s missing Fr significance defined as

Missing Er significance = ER /\/Hyp (4.7)

where Hrp is the scalar sum of the pr of all jets in the event.
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Chapter 5

Data and Monte Carlo samples

5.1 Data: LHC Run 2

The results reported in this Thesis are based on Run 2 proton-proton collision data with
center of mass energy /s = 13 TeV recorded by the ATLAS detector between 2015 and 2018.
The full dataset amounts to an integrated luminosity of 139.0 &= 2.4 fb~! once data quality
requirements are imposed (in order to ensure all detector components are operational) [106].
Some results are also reported using partial datasets recorded during 2015-2016 (36.1 + 1.2
fb~!) and 2015-2017 (79.8 £ 1.6 fb™1).

The integrated luminosity recorded by ATLAS is shown as a function of time in Figure
5.1a. The mean number of interactions per bunch crossing (< p >) is shown in Figure 5.1b
for the full and partial datasets. For the 2015-2016 data taking period, < p > was 23, while
it increased to 37 for the 2017-2018 data taking period.
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Figure 5.1: Summary of ATLAS integrated luminosity (a) and pileup conditions (b) during
Run 2 data taking.
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Data events used in Run 2 H — 7~ analyses are initially selected by a trigger requiring
two photon candidates with transverse momentum of at least 25 and 35 GeV for the sub-
leading and leading photon, respectively. During 2015-2016, photon candidates were required
to pass a loose online identification requirement at the trigger level. Due to the increase
instantaneous luminosity in 2017-2018, the trigger requirement was tightened to a medium
selection to keep the total trigger rate below 20 Hz [107] (see Figure 5.2).
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Figure 5.2: The diphoton trigger rate is shown separately for each year of Run 2 data taking
[107]. The rate increases linearly with instantaneous luminosity. The difference in slope
between the 2015-2016 and 2017-2018 periods is due to the change in photon identification
requirement.

The diphoton trigger efficiency is calculated from radiative Z decays. This efficiency
is shown as a function of the F7 and n of the lower-pr photon in Figure 5.3. Once the
full diphoton event selection is applied (described in later Chapters), the average trigger
efficiency is found to be > 99% and > 98% for the 2015-2016 and 2017-2018 data taking
periods, respectively.
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Figure 5.3: Efficiency of the diphoton trigger as a function of the Er and 7 of the sub-leading
(lower pr) photon. The efficiency is calculated from radiative Z decays. [107]

5.1.1 Data control samples

Events used in H — 7~ analysis are required to contain two photons passing the tight
identification and isolation requirements described in Section 4.2. Data passing these re-
quirements are referred to as tight/isolated (TI) data.

Events passing trigger requirements but failing at least one of the identification or iso-
lation requirements are referred to as non-tight/isolated (NTI) data. The size of the
NTT dataset (normalized to luminosity) is larger in 2015-2016 than in 2017-2018 due to the
switch from looser to tighter photon identification requirement at trigger level.

It is assumed that data events with diphoton invariant mass far from the Higgs signal
peak (|m,, — 125| > 2) are comprised only of background processes. This region is referred
to as the data sidebands.

The NTT data and NTI/TI data sidebands are used for multiple purposes in later Chap-
ters, including

e to model the continuum background m.,, distribution for the selection of a fit function
(Section 6.2.2)

e to model the continuum background in the training of multivariate algorithms (Chapter

9)

e to estimate the continuum background yield under the Higgs signal peak (m.,, = 12542
GeV), for calculation of number-counting significance (Section 9.1)

e to extract the relative contribution of different processes to the continuum background
(Section 9.3)
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win

The continuum background yield in the Higgs signal window (n¥) is estimated by ap-
plying a scale factor to the event yield in one of the data sideband regions (either NTT or
TI):

”?fn = ”JSVBTI X f1 X fa
nif = nyy X fi (5.2)

The scale factors f; and fy are calculated separately in the hadronic and leptonic channels
according to the following formulae:

nvz\vfl:rrll ”?F]?
h=-g =g (5.3)
NI NI

The scale factor f; scales the number of NTT events in the data sidebands to the number of
events in the 125 4+ 2 GeV mass window. The second term f; scales the number of NTI to
the number of TT events by using the ratio calculated in the sidebands. Only f; is applied
to scale the number of TI sideband events to the number of TT events in the mass window.
The scale factors evaluated on the full 139 fb~! of Run 2 data are listed in Table 5.1.

Preselection fi fi x fo
Hadronic 27, 0 ¢/u, > 3 jets, > 1 b-jet 0.103  0.013
Leptonic 27y, >1e/u, > 1 b-jet 0.094 0.016

Table 5.1: Scale factors for estimating continuum background under the Higgs boson mass
peak (m,, = 125 £ 2 GeV) from data control regions.

A comparison of yields calculated from the NTT data and the TI data sidebands with the
fitted background yield is shown in Table 5.2, using the twenty categories of the ttH (vy)
CP analysis (Chapter 11) as an example. Because the unscaled NTI sample is much larger
than the TT sample, the statistical uncertainty on the scaled NTI prediction is smaller than
the uncertainty on the TI. In most categories, the continuum background yield predicted by
the scaled N'TI data sidebands is smaller than that predicted by TI, and the TI prediction
tends to agree better (within uncertainties) with the fitted background. The performance of
these background estimates is further discussed in later Chapters.



CHAPTER 5. DATA AND MONTE CARLO SAMPLES

Category Scaled NTI SB  Scaled TI SB Fitted

ttH(yy) CP 1 0.86 £0.11 1.9+£0.44 1.3 40.41/ —0.50
ttH(yvy) CP 2 1.3£0.13 3.9+ 0.63 3.0 +0.55/—0.56
ttH(~v) CP 3 0.90 £0.11 1.3+£0.37 0.87 +0.34/ —0.32
ttH(yvy) CP 4 0.90 £0.11 1.5 4+0.40 1.2 +0.38/ —0.42
ttH(yy) CP 5 1.7+0.15 4.4 4 0.68 3.9 +0.63/ —0.72
ttH(yvy) CP 6 2.0+0.16 3.4+£0.59 2.8 +0.51/ —0.57
ttH(yy) CP 7 1.5£0.14 2.54+0.50 22 +0.57/—0.59
ttH(~v) CP 8 6.2+ 0.28 13.2+12 104 +1.1/—-14

ttH(yy) CP 9 6.3 +0.29 6.4+ 0.81 54  +0.59/ —0.77
ttH(yvy) CP 10 0.88+0.11 1.84+0.42 14 +0.85/—0.91
ttH(yvy) CP 11 12.0 £ 0.39 214+15 176 426/ —-2.7

ttH(yvy) CP 12 58.5 £ 0.87 69.54+27 579 +29/-29

ttH(yvy) CP 13 0.91 £0.12 0.85+0.28 0.63 +0.28/ —0.32
ttH(yvy) CP 14 1.7£0.16 2.34+0.46 1.9 +0.41/—-0.43
ttH(~v) CP 15 0.83£0.12 1.2+034 096 +0.34/—0.35
ttH(vy) CP 16 2.1+0.18 3.5+0.57 295 +0.52/ —0.60
ttH(yy) CP 17 2.3+0.19 224045 175 +40.45/ —0.44
ttH(yvy) CP 18 0.85£0.12 14+036  1.25 +0.54/ —0.55
ttH(yvy) CP 19 2.4+0.20 25+049 223 +40.45/—0.55
ttH(~) CP 20 3.6 +0.24 3.1+054 292 4042/ —0.53

52

Table 5.2: Continuum background in the m,, = 125 £ 2 GeV window estimated by scaling
the N'TT and TT sidebands, compared to the fitted background in this region. Calculated as
an example in the twenty ttH(v7y) CP categories defined in Chapter 11.
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5.2 Simulated samples

This Section provides an overview of the generation of the simulated Monte Carlo (MC)
samples used in this work. The software used for matrix element calculation and parton
showering is summarized in Table 5.3. In samples using Pythia8 or Herwig7 for parton
showering, the EvtGen package is used to simulate the decays of heavy hadrons.

Generator Purpose Version References

Pythia8 ME+shower, shower only 8.2.12  [108] [109]

Herwig7 ME+shower, shower only 7.03 [110] [111]

Powheg ME only 2 [112] [113] [114]
MG5.aMC@NLO ME only 262  [52] [53]

Sherpa ME-+shower 1.1 [115] [116] [117] [118]
EvtGen Decay of heavy hadrons  1.2.0 [119]

Table 5.3: Summary of Monte Carlo generators used for matrix element calculation and
parton showering.

Once generated, all simulated Higgs boson events are passed through a Geant4 [120]
simulation of the ATLAS detector and reconstructed with the same analysis software used
for data [121]. Additional inelastic proton—proton interactions (pileup) are included in the
simulation for all generated events such that the average number of interactions per bunch
crossing reproduces that observed in data (Figure 5.1b). The pileup collisions were produced
using Pythia (8.1.86) with the A2 parameter tune [122] and the MSTW2008lo PDF set [123].

Simulated events are accompanied by a Monte Carlo weight: this weight indicates the
relative probability of events in different regions of phase space, while allowing all regions
of phase space to be populated somewhat uniformly. Statistical uncertainties on simulated
distributions are given by the quadratic sum of the Monte Carlo weights. This corresponds
to a variance o2 of

o’ = Z w? (5.4)

In order to keep these statistical uncertainties small, simulated samples typically contain
> 10x the number of events expected in data.

5.2.1 SM Higgs boson samples

Monte Carlo samples of Higgs boson events with the H — ~v decay were generated
for all production modes summarized in Table 5.4. For all samples, the simulation uses
Higgs boson mass my = 125 GeV and width I'y = 4.07 MeV. A K-factor is applied to
all SM samples that scales the prediction from the generator to the most accurate available
theoretical calculation at my = 125.09 GeV (see Table 2.1). The rate is also scaled by the
branching fraction of H — vy (0.277%).
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Process ME Generator PDF set Shower Tune

ggF Powheg PDF4LHC15 Pythia8 (Herwig7) AZNLO (H7UE)
VBF Powheg PDF4LHC15 Pythia& AZNLO
WH Powheg PDF4LHC15 Pythia8 AZNLO

qq — ZH Powheg PDF4LHC15 Pythia8 AZNLO

g9 — ZH Powheg PDF4LHC15 Pythia8 AZNLO
bbH Powheg PDF4LHC15 Pythia8 AZNLO
ttH Powheg PDF4LHC15 Pythia8 (Herwig?) Al4 (H7UE)
ttH MG5_.aMC@QNLO  NNPDF30  Pythia8 (Herwig?) Al4 (H7UE)
tHjb MG5.aMC@NLO  NNPDF30  Pythia8 (Herwig?) Al4 (H7UE)
tWH MG5.aMC@NLO  NNPDF30  Pythia8 (Herwig?) Al4 (H7UE)

Table 5.4: Summary of Standard Model Higgs boson Monte Carlo samples.

Gluon fusion (ggF) is simulated at next-to-next-to-leading-order (NNLO) accuracy in
QCD using the Powheg NNLOPS program [124], with the PDFALHC15 PDF set [125]. The
parton-level events are passed to Pythia for computation of parton showering, hadronization
and underlying event effects using the AZNLO set of parameters that are tuned to data
[126]. The sample is normalized such that it reproduces the total cross section predicted
by the N3LO QCD calculation with NLO electroweak corrections applied (Table 2.1). An
alternative parton shower sample for ggF uses the same Powheg NNLOPS configuration
for the matrix element calculation, but is interfaced instead to Herwig7 with the HTUE
parameter tune [111].

Vector boson fusion (VBF), vector boson associated Higgs production (including ¢qg —
WH, qf — ZH, and gg — ZH), and bbH production are all generated at next-to-leading-
order (NLO) accuracy in QCD using Powheg with the PDF4ALHC15 PDF set. The parton
shower is generated by Pythia8 using the AZNLO parameter set.

Standard Model ¢t H production is simulated using multiple matrix element generators.
All ttH samples are normalized to the cross section calculated at NLO in QCD and EW
(see Table 2.1). The nominal ttH sample is generated at NLO with Powheg and PDF set
PDF4LHC15 and interfaced to Pythia8 for parton showering using the A14 parameter tune
[122]. An alternative parton shower sample for ttH uses the same Powheg configuration for
the matrix element calculation, but is interfaced to Herwig7 for parton showering with the
H7UE parameter tune.

A Standard Model ¢t H sample is also generated with MG5_aMC@NLO for use in conjunc-
tion with the BSM samples described in Section 5.2.2. The matrix element is calculated at
NLO accuracy with the NNPDF30 PDF set [127], and the parton shower is generated using
Pythia8 and the A14 parameter tune. The dynamical renormalization (ug) and factorization
(ur) scales are defined as one half the scalar sum of the transverse masses of all final state
particles (% > my). An alternative parton shower sample uses the same MG5_.aMCQNLO
configuration for matrix the element calculation, but is interfaced to Herwig7 for parton
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showering with the HTUE parameter tune.

Higgs production in association with a single top quark, a b quark and a light quark (tH jb)
is produced at NLO accuracy in QCD (no electroweak correction) using MG5_aMC@QNLO
with the four-flavor scheme in the NNPDF30 PDF set. The parton-level events are showered
using Pythia8 and the Al4 parameter tune. The renormalization and factorization scales
are defined as one half the scalar sum of the transverse masses of all final state particles
(3 >.mr). An alternative parton shower sample for ¢Hjb uses the same MG5_aMC@NLO
configuration for the matrix element calculation, but is interfaced to Herwig7 for parton
showering with the HTUE parameter tune.

Associated production of a Higgs boson with a single top quark and a W boson (tW H)
is produced at NLO accuracy in QCD (no electroweak correction) using MG5_-aMC@QNLO
with the NNPDF30 PDF set, and the parton showering is performed using Pythia8 and the
A14 parameter tune. The renormalization and factorization scales are defined as one half
the scalar sum of the transverse masses of all final-state particles (3 > mr). At NLO, there
is interference between the tWH and ttH processes [36], as demonstrated in Figure 2.12.
The contribution to tW H from doubly resonant diagrams (¢t H overlap) is removed, and the
interference between the diagrams is maintained as a component of the tW H signal. An
alternative parton shower sample for tW H uses the same MG5_aMCQNLO configuration
for the matrix element calculation, but is interfaced to Herwig7 for parton showering with
the HTUE parameter tune.

5.2.2 BSM Higgs samples

The Higgs Characterization (HC) model [51] is implemented in the MG5_.aMC@NLO
generator, enabling the generation of Monte Carlo samples with different values of the CP
mixing parameters defined in the effective Lagrangian in Equation 2.28. The simulated
samples and their parameter settings are listed in Table 5.5.

As in the SM case, the MG5_aMC@QNLO samples are interfaced with Pythia8 for parton
showering and EvtGen, and the NNPDF30 PDF set is used (five-flavor scheme for t¢H and
tW H, four-flavor scheme for tHjb). The renormalization and factorization scales are again
defined as > mg. As a cross check, samples with SM settings (o = 0°, x, = 1) are
produced in the HC model and compared to the nominal SM samples: agreement is found to
be good for all processes. Since the cross section of ggF production also varies with x; and
a, MG5_aMCQ@NLO is also used to generate ggF+2 jets samples at three different values of
the CP mixing angle a.

The same K-factors derived for the SM case are applied to all BSM samples, since it
was found that the K-factors change little with . For each sample, the cross section (with
K-factor applied) times H — ~+ branching fraction is shown in Table 5.6.
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Kt COs (v Ksy = 1/ cosa
1 0°(SM, CP even) 1 1

1 15° 0.965926 1.035276
1 30° 0.866025 1.154701
1 45° 0.707107 1.414214
1 60° 0.5 2

1 75° 0.258819 3.863703
1 90° (CP odd) 0.000001 106

-1 0 1 1

05 0 1 1

2 0 1 1

2 45 0.707107 1.414214

Table 5.5: Parameters used in the HC model to produce samples with CP mixing in the
Higgs-top coupling. For a = 90°: due to numerical precision, cos « strictly equal to zero
cannot be generated, and a value approaching it (107%) and a defined value for kgy (10°)
are used for the pure CP odd Monte Carlo samples.

Parameters Normalized o x B, [fb]
Kt « ttH tHjb tWH ggF
1 0°(SM) 1.150 0.169 0.034 33.1
1 15° 1.113 0.177 0.038 -
1 30° 0.995 0.207 0.048  —
1 45° 0.827 0.266 0.064 53.7
1 60° 0.666 0.382 0.087 -
1 75° 0.545 0.548 0.116  —
1 90° 0.500 0.753 0.150 744
-1 0° - 1.980 0.307 -~
0.5 0° - 0.264 0.030 —
2 0° - 0.666 0.190 -
2 45° - 0.570 0.226  —

Table 5.6: NLO cross section times branching ratio for the ttH, tHjb, tWH, and ggF
processes for different CP scenarios, normalized with the K-factor. Unfilled entries indicate
that no sample with these parameters was generated.
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5.2.3 Background samples

Backgrounds for H — -7 include non-Higgs processes with ISR/FSR photons and events
containing one or more objects that are misidentified as photons. Such processes result in a
background spectrum that is continuous and decreasing in the diphoton mass variable m..,
and it is therefore referred to as the continuum background.

The exact rate and composition of the continuum background is difficult to model, and the
background estimation in H — 7 analyses is done using a data-driven method (see Section
6.2.2). However, simulated samples are needed to validate analysis methods and study
the composition of the background in data. Large Monte Carlo samples are particularly
critical for the determination of the functional form (not the parameters) of the continuum
background m.,, spectrum in specific regions of phase space, and for the estimation of the
uncertainty on the continuum background shape (see description of the spurious signal test
in Section 6.2.2).

In regions targeting ¢t H (), the dominant contributions to the continuum background
arise from ttyy and yy-+jets processes. The ttyy background is generated at leading order
in QCD using MG5_.aMCQ@QNLO and the NNPDF PDF set, and interfaced to Pythia8 for
parton showering (A14 tune). The renormalization and factorization scales are defined as
%ZmT. Background events from continuum ~vvy-+jets production are simulated using the
Sherpa event generator with the CT10 PDF set. The matrix element is calculated at leading
order in QCD with the real emission of up to three additional partons, and interfaced with
the Sherpa parton shower using the default parameter tune for the underlying-event activity.

Since the sample size required for good modeling of yvy+jets and ttyy backgrounds is
very large, a fast parametric simulation of the ATLAS detector response is used [121] [128].
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Chapter 6

Statistical model

The detection of the Higgs to diphoton decay is possible due to the clean signature and
excellent photon energy resolution of the ATLAS detector, as well as the high signal-to-
background ratio of this channel compared to other Higgs boson decay modes. These factors
make H — v a powerful channel for Higgs boson measurements, despite the small branching
fraction (0.277%). The H — v~ channel is characterized by a peak in the diphoton invariant
mass (m.,) spectrum, which rises above a smoothly falling background. The size of the
Higgs boson signal is extracted from a signal-plus-background maximum likelihood fit to the
m.~ spectrum in data.

The statistical tools required for a H — 7~ analysis are detailed in this Chapter. The
first Section explains the statistical advantages of defining multiple analysis categories with
different signal-to-background ratios, an approach that is used for the analyses detailed in
later Chapters. Section 6.2 describes the parameterization of the shape of the signal and
background m.., distributions. The likelihood model is introduced in Section 6.3, and sources
of systematic uncertainty are described in Section 6.4. The final Section describes a common
statistical procedure used to reweight data for presentation purposes.

6.1 Motivation for categorization

In the analyses included in this Thesis, events passing a simple preselection are divided
into multiple categories, and a maximum likelihood fit is performed simultaneously to the m.,
spectra in all categories. The partition of selected events into categories helps to maximize
the statistical significance Z: as long as the categories contain different ratios of signal to
background events (S/B), the statistical significance of signal process S (e.g. ttH) is higher
in the multi-category case than in the single-category case.

The short proof below demonstrates that this is true for categories containing large
numbers of data events, where the statistical significance is well approximated by Z = S/ VB.
The conclusion holds for more complex formulations of the likelihood (including that outlined
in Section 6.3), assuming that B is well estimated.
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A short proof

Any region can be partitioned into two categories such that Category 1 contains S; signal
and B; background events, and Category 2 contains Sy signal and By background events.
The un-partitioned region contains S7 + Sy signal and B; + B, background events, and the
corresponding signal significance is

S1+ 5,

4= VBi+ By &)

Following the partition into two categories, the signal significance is the sum in quadrature

of the single-category significances:
Sz 52
Z'= |2+ 22 6.2
B + By (62)

The following demonstrates that Z’ > Z when S;/B; # Ss/Bsy. All event yields Sy, Ss, By,

and By must be > 0.
St | S5 (Si+8y)°

77— 7P =L 2 6.3
By * By B, + By (63)
Applying a common denominator gives
_ (SiBy + 83B1)(B1 + By) — BiBy(S1 + ) (6.4)
By By(By + Bs) .
Expanding and canceling like terms gives
| BiS} 4 B3SE— 2B, BuSiS, 65

By By(By + Bs)

which simplifies to

BBy S Sy,
= 2 (2L 22 6.6
B+B,\ B B (6.6)

QED.
6.2 Signal and background shapes
The H — ~yy signal peak and the continuum diphoton background are modeled by

analytic functions of m,.. This Section outlines the criteria for selecting these functions,
which are later fitted to data to extract cross section and signal strength results.
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6.2.1 Signal model

The Double-Sided Crystal Ball function (DSCB) is described by a Gaussian core
and two asymmetric exponential tails:

o—t2/2 if — alow <t < Opign
1.2 1 —MNlow .
fDSCB(m’y’y) =N X e~ 2%ow [Rlow (Rlow — Olow — t):| ift < — Mow (67)
1.2 1 —MNMhigh .
e 2ah1gh |:Rhigh (Rhlgh — ahlgh + t)i| lf t > ahlgh

where ¢ = (m,, — pics)/ocs and R = 2. The parameters pcg and ocp describe mean and
width of the Gaussian core, and Qiow, Qhigh, Niow, and nuigh describe the tails.

In each analysis category, the signal parameters are fit to the inclusive SM Higgs boson
Monte Carlo sample (the sum of all SM Higgs boson production modes), which are generated
with myg = 125 GeV. The signal shape parameters in each category are taken from these fits.
The Higgs boson mass has been measured by ATLAS and CMS [37] to be slightly higher
than 125 GeV:

my = 125.09 £ 0.21 (stat) £0.11 (syst) GeV (6.8)

The mean of the DSCB is therefore shifted by my — 125 = 0.09 GeV for consistency with
the measured Higgs boson mass. This rigid translation is viable because the energy scale
systematics are large compared to the size of this shift.

The Monte Carlo m,, distribution and fitted signal shape are shown in Figure 6.1 for
two example analysis categories targeting the ttH(y7y) process (details in Chapter 9). In
both categories, the DSCB captures the shape of the Monte Carlo signal. The fitted signal
resolution (ocp) varies between categories depending on photon kinematics, and will be
reported separately for each analysis in later Chapters.



CHAPTER 6. STATISTICAL MODEL 61

> 016————T T T T
8 L H—=yy,m, =125 GeV ATLAS Simulation Preliminary ]
o 0141 Vs=13TeV, 139 fo’' ]
o r & ]
. 012 3
S C Had 1 ]
S o1 o MC ]
g - — Signal Model 1
z 008 Lep 3 e
C « MC ]

0.06|~ — Signal Model
0.04f- =
0.02F =
O: N . - L cees

120 125 130 135 140

—
-
[¢&)]

m,, [GeV]

Figure 6.1: Diphoton invariant mass spectrum in Higgs boson Monte Carlo events with the
fitted DSCB function overlaid, shown for two categories targeting ttH (v7) events with high
(low) signal-to-background ratio in red (blue). The m.,, resolution (ocg) varies between the
categories due to differences in photon kinematics.

6.2.2 Background model

The continuum background for H — 77 decays is evaluated using a fully data-driven
method. Simplified methods (including the estimation of continuum background yield from
the data control regions described in Section 5.1.1) are used only for the optimization of
analysis cuts and strategies.

The continuum background m., distribution is modeled by a smoothly falling analytic
function. The functional form is chosen using the spurious signal test to maximize sen-
sitivity to signal and minimize the systematic uncertainty on the background shape. Full
details of the spurious signal test can be found in [129].

The spurious signal test is used only to determine the form of the background function
for the final signal-plus-background fit, not the values of the free parameters. The overall
background normalization and the values of the parameters are determined in the final
signal-plus-background fit.

To perform the spurious signal test, a template m,., distribution is constructed to model
the continuum background in each analysis category. The templates are constructed from
representative Monte Carlo or data control samples. Each template distribution is checked
against the data sidebands to ensure that the chosen sample is a reasonable model of the
background distribution in data. A y? fit is used to determine this compatibility and is
reported alongside the spurious signal results in later Chapters.

The background template is fitted with a signal-plus-background model in the range 105
GeV < my, < 160 GeV, where the background shape is the function under evaluation. The
signal shape used in this fit is a DSCB function with parameters determined according to the
procedure outlined in Section 6.2.1. The number of fitted signal events is computed for Higgs
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boson masses varying in intervals of 1 GeV from 121 GeV to 129 GeV. Negative fitted signal
is allowed: this indicates that the fit function over-predicts the continuum background. The
spurious signal NNy, is taken to be the number of fitted signal events with largest magnitude
in this 8 GeV window.

The spurious signal test is performed for a variety of candidate background functions:

e Exponential function: f(m,,) = e

e Exponential function of a second order polynomial: f(m..,) = e3¢

e Bernstein polynomial of order N=3,4,5: By (m.,) = Zﬁio Ci (]j) ml (1 —ma,)N

e Power law function: f(m.,,) =ms,

e Dijet function: f(m,,) =mS (1 —m,,)*
The selected background function must satisfy at least one of the following criteria:

o Ny, < 0.10 X N exp, Where Ny oy, is the expected SM number of signal events in the
category.

o Ny, < 0.20 X O1ymi, Wwhere opmi is the statistical uncertainty on the fitted number of
signal events when fitting the signal-plus-background model to the template. This
ensures that the spurious signal is negligible compared with statistical uncertainty.

If more than one candidate function passes the test, the function with the fewest free param-
eters is selected. In cases where multiple functions with the same number of free parameters
pass, the function with the smaller value of Ny, is chosen.

In the case of low statistics categories such as ttH, a single-parameter function is greatly
preferred in order to avoid fitting statistical fluctuations in the background templates. The
spurious signal criteria are relaxed to accommodate 20 local statistical fluctuations in the
background template. This is done by defining a new variable:

Nsp+2AMc, Nsp+2AMC <0
gsp = Nsp - 2AM07 Nsp - 2AMC >0 (69)

0, otherwise

where Ay is the statistical uncertainty on the background template. The new variable (s,
should then pass the criteria as Ny, before. Though the ¢ variable is used to choose the
background functional form, Ny, (not ¢) is used as the spurious signal uncertainty.

The number of spurious signal events in each category is treated as a systematic uncer-
tainty on the signal yield. The selected functions and spurious signal systematics will be
reported separately for each analysis in later Chapters.
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6.3 Likelihood model

All statistical tests in this work use the profile likelihood ratio as the test statistic:

£(z,0(x))

Az) = 6 (6.10)

where L is the likelihood function. In this equation, x represents the parameters of interest
(POIs), and 6 is the vector of all nuisance parameters (NPs), including systematic uncertain-
ties and parameters describing the shape and normalization of non-Higgs background. The
variables # and 6 denote the values of z and # that maximize the unconditional likelihood
estimate (all NPs are free), while 6(x) denotes the values of 6 that maximize the conditional
likelihood estimate at a fixed z.

The test statistic —21n A is assumed to follow a x? distribution with one degree of freedom
[130]. Agreement of the measured = with a test hypothesis is quantified (in the asymptotic
approximation) by a p-value from the observed value of —21In A(x).

In the case of a single-category analysis, the likelihood function £ is constructed from a
signal-plus-background model. The parameterization of the signal model s and the choice
of background functional form b for each category are described in detail in the previous
Section. The resulting probability density functions are:

$(Moyy; fics, OCB) (6.11)

b1 €) (6.12)

The DSCB parameters in the signal function are fixed to the values found by following
the procedure in Section 6.2.1. The parameters o'®%, nlov, ahish phish are omitted in the
argument of s for the sake of brevity. The background shape parameters E remain free in
the fit.

The most common choice of POI is the signal strength p, which gives the ratio of
measured to SM cross sections:

i = lSM (613)

In order to measure different POI, such as the x parameters described in Section 2.3.3, the
signal strengths can be re-paramtereized (see Table 2.3). Apart from the re-parameterization
of the signal strength, the likelihood and test statistic remain unchanged. For the measure-
ment of the CP properties of ttH, the signal strengths are re-parameterized in terms of POI
r; and mixing angle « (see Chapter 12).

The likelihood for a single category without systematics takes the form

L, Np, &) = e NN [T [NBb(m%; €) + Nss(mP ; pen, ocn) (6.14)
k
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k

where m7_ are the measured data points, Np the number of continuum background events,

and Ng the number of measured Higgs boson events, which can be written

Ns=> i, x N, (6.15)

p

where IV, is the predicted yield of process p. For a multi-category analysis, the total likelihood
function without systematics is the product of the likelihood in each category. All categories
use the same parametrization for the likelihood (Equation 6.14), and the POI are correlated
across all categories. The background normalization and shape parameters (N§ and EC) are
fitted independently in each category c. Measurements of the POI are extracted from an
unbinned maximum likelihood fit over the total multi-category likelihood.

6.3.1 Treatment of systematics

Systematic uncertainties are incorporated into the likelihood to account for known sources
of imprecision in experimental measurements and theoretical calculations. Each systematic
uncertainty has a value (sign and magnitude) o and an associated nuisance parameter
(NP) 0 that is left free in the maximum likelihood fit. Systematic uncertainties in H — 77y
analyses can impact the measured Higgs signal yield from production process p (N,), the
mean of the Higgs signal shape (ucp), and the width of the Higgs signal shape (ocp).

For each systematic uncertainty on the Higgs signal yield from production process p, the
parameter N, in the likelihood is modified by a response term (1 + 0,0;):

N, = N, ]+ 0:6y) (6.16)

For each systematic uncertainty on the signal mean and resolution, response terms are added
to pucp and ocp respectively:

HCB — JACB H(l + 0;0;) (6.17)

(2

OcB — OCB H<1+0i6i) (618)

A constraint term associated with each systematic uncertainty modifies the overall
likelihood:

L(0) = L, 0) ] ] F:(r:, 00 (6.19)

The means of the constraint terms r; are global observables: these represent the expected
values of the NPs 6;. In the unconditional maximum likelihood fit, all global observables are
zero. The constraint term F'(r,6) takes one of the following forms:
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e (Gaussian:

F(r,0) = exp [—% (9 - 7“)2] (6.20)

e Log Normal:

1 1 /In(@—7r)\"

F(r,0) = — [ — 6.21

(.0 (Q_T)exp[ (M=) (6.21)

e Asymmetric: an asymmetric implementation of the log normal constraint with a
smooth polynomial interpolation in between [131]

The forms of the constraints for each systematic uncertainty are summarized in Tables 6.2 -
6.3.

For the remainder of this work, the likelihood used in the maximum likelihood fit used
includes the systematic uncertainties summarized in Section 6.4.

6.3.2 Generation of Asimov datasets

For each Higgs boson measurement, expected results are evaluated on an Asimov dataset
[130], which is used to represent the data that would be obtained for a specified value
of the POI. Expected results (that is, the results that would be obtained if the data fol-
lowed the Standard Model) can be derived from a fit to the signal-plus-background Asimov
dataset. There are several possibilities for the evaluation of the signal-plus-background Asi-
mov dataset.

Pre-fit Asimov does not use data in the region near the Higgs mass peak, but only
data in the sideband region (|m.., —125| > 5 GeV). This Asimov prescription is particularly
useful before an analysis is unblinded. A fit is performed to data in the sidebands only, and
each global observable is set to the best fit value of the corresponding NP. The SM (u = 1)
signal is super-imposed on the background obtained in this way.

Similarly, post-fit Asimov using the full diphoton mass range (105-160 GeV) can be
used to compute the expected significance. In this case, a fit is performed to data in the full
m.~ range, and each global observable fixed to the best fit value of the corresponding NP.
This fit can be performed in two ways:

1. Fix the signal strength p fixed to 1, then perform the fit to data. Set each global
observable to the best fit value of the corresponding NP. Generate the m,, distribution.

2. Perform the fit to data with p profiled. Set each global observable to the best fit value
of the corresponding NP. Set i to 1 and generate the m,., distribution.
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The signal-plus-background Asimov datasets (and therefore the expected signal signifi-
cances) obtained by these different methods are not necessarily the same. Figure 6.2 shows
the pre-fit Asimov dataset (green) and the post-fit Asimov datasets obtained by methods 1
(red) and 2 (blue) in an example analysis category targeting the ttH (y7y) process (details in
Chapter 9). Differences are visible in the shape and normalization of the continuum back-
ground, as well as in the shape and normalization of the Higgs boson mass peak, due to the
different treatment of the global observables in these three prescriptions.

L L B s B LA B s

Events

ttH(yy) had 1 Asimov datasets
— Pre-fit
— Post-fit, method 1
— Post-fit, method 2

\‘H\\‘\\H?

e b b b b B |
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m,, [GeV]

P I S BRI
110 120

Figure 6.2: Example signal-plus-background Asimov datasets in one ttH () analysis cat-
egory. The pre-fit Asimov dataset is shown in green, and the post-fit Asimov datasets
generated with methods 1 and 2 are shown in red and blue respectively.

In the analysis category shown in Figure 6.2, an excess of events in the m.., region 125-
130 GeV causes a shift in the position and width of the signal peak in the post-fit Asimov
datasets relative to the pre-fit Asimov dataset (which is insensitive to data in the region
120-130 GeV). Because the fit used to generate the Asimov dataset in method 1 assumes
a rigid 4 = 1 normalization of the signal peak, the observed excess in data results in a
higher background normalization relative to method 2. In addition, profiling x in method 2
can accommodate the excess in observed data without substantial pulls on signal systematic
uncertainties. In method 1, these systematics are pulled to fit the excess, resulting in a
higher signal normalization than method 2.

For the remainder of this work, expected results are derived on a post-fit Asimov dataset
generated by profiling the POI (method 2, corresponding to the blue curve in Figure 6.2).

6.4 Sources of systematic uncertainty
The systematic uncertainties on the ¢t H (y7) measurement can be divided into two pri-

mary categories: theoretical uncertainties and experimental uncertainties. The source, form,
and impact of these uncertainties is summarized below.
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6.4.1 Theoretical uncertainties

Theory systematics are applied to account for missing higher order QCD corrections,
imprecise knowledge of the strong coupling constant ag, and uncertainties on the parton
distribution functions (PDFs). These uncertainties can impact the overall Higgs boson pro-
duction rates as well as the kinematics of Higgs boson events. The latter uncertainties (known
as migration uncertainties) account for the possibility of event migration between cate-
gories, or in/out of selection entirely.

Uncertainties on the predicted Standard Model cross section of process p are not included
on the measurement of cross section o,. However, these uncertainties are included on mea-
surements of the signal strength 1, since this result parameterizes the cross section in terms
of the SM prediction. In addition, if a process g # p is not measured simultaneously, but is
fixed to the SM expectation, then theory uncertainties on the inclusive SM o, are included on
the measurement of both o, and j,,. Migration uncertainties are included on measurements
of both o, and p,.

The sign and magnitude of each theory uncertainty is calculated separately in each cat-
egory and for each signal process: this includes the t¢H process for the cross section mea-
surement described in Chapter 10, and ttH, tHjb, and tW H for the measurement of CP
mixing angle described in Chapter 12. Theory uncertainties are evaluated by varying the
QCD renormalization and factorization scales (ug, pr) up and down by a factor of two, and
by varying the PDF parameters according to prescriptions laid out in [34] or [13].

For processes with rates much lower than the target process(es), inclusive uncertainties
[34] can be applied in every category. The values of these can be found in Table 6.1. These
are used for example for tH jb, tW H and bbH in Chapter 10.

Process Order (QCD) QCD+ [%] QCD- [%] PDF [%]
ggF N3LO 4.6 6.7 3.2
VBF NNLO 0.4 0.3 2.1
WH NNLO 0.5 0.7 1.9
ZH NNLO 3.8 3.0 1.6
ttH NLO 5.8 9.2 3.6
bbH  5FS NNLO or 4FS NLO 20.1 23.9 —
tHjb LO 6.5 14.7 3.7
tWH NLO 4.9 6.7 6.3

Table 6.1: QCD scale and PDF uncertainties on inclusive Higgs boson production cross
sections at /s = 13 TeV with my = 125.09 GeV [34]. The QCD uncertainties listed for the
bbH process are combined QCD/PDF uncertainties.

For Higgs boson production modes with large rates (ggF, VBF, and V H), inclusive
uncertainties are available. However, existing measurements of V' + b-jets [132] [133] and
H + b-jets in the H — ZZ — 4{ channel [134] indicate that there is substantial mis-
modeling in regions where at least one b-jet is required. Figure 6.3 shows a discrepancy of
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O(100%) between the predicted and measured rates of Higgs boson production with > 1
b-jet, which is far too large to be covered by the inclusive uncertainties in Table 6.1. Since
the preselection for the ttH () analyses includes a b-jet requirement, a conservative 100%
heavy flavor uncertainty is assigned to the ggF, VBF, and V H processes to account for
this discrepancy.
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P CHoZzzr >4 [ ] Syst. uncertainties -
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Figure 6.3: Measured Higgs boson production cross section in bins of b-jet multiplicity in
the H — ZZ — 4 decay channel with 36.1 fb™! of 13 TeV data [134]. The discrepancy
between data and simulation in the >1 b-jets bin is O(100%).

Migration uncertainties due to Monte Carlo modeling can be calculated by comparing
the predictions of different Monte Carlo generators. The Underlying Event / Parton
Showering (UEPS) systematic accounts for uncertainty in the modeling of the underlying
event, parton shower, and hadronization. This uncertainty is evaluated by comparing the
same Monte Carlo generator interfaced with different parton showering algorithms (typically
Pythia and Herwig). The relative UEPS uncertainty on the yield n,, of process p is

Herwig __ ., Pythia
np np

(6.22)

Pythia
Tp

The theory uncertainties and associated nuisance parameters (NPs) are summarized in
Table 6.2. The correlation of NPs across categories and the form of the constraint terms are
also shown. Details on the different types of constraints are included in Section 6.3.1.
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Source Number of NPs Constraint type Correlated
QCD scale 1 per process asymmetric yes
LHAPDEF: PDF + ag 1 per process log normal yes
PDF4LHC: PDF + ag 31 log normal yes
UEPS 1 per process log normal yes
Heavy Flavor 1 per process log normal yes
H — vy BR 1 asymmetric yes

Table 6.2: Summary of the theory uncertainties incorporated into the H — ~~ likelihood
model. The PDF uncertainty is evaluated either inclusively using the LHAPDF prescription
[13] or using the 31 eigenvector PDFALHC scheme [34].

6.4.2 Experimental uncertainties

Many sources of experimental uncertainty arise from the reconstruction and calibration
of physics objects from low-level detector responses. The impact of these uncertainties is
obtained by calculating systematic variations provided by ATLAS Combined Performance
groups. Experimental uncertainties include

e Luminosity, which contributes an uncertainty of 1.7% to the total event yield [106]
e Trigger, which contributes an uncertainty of 0.4% to the total event yield [84] [107]
e Pileup reweighting

e Jet uncertainties, including uncertainties on tracks, vertex identification, jet energy
scale and resolution, and flavor composition/tagging [87] [89] [97] [100] [101]

¢ Photon uncertainties, including energy scale, resolution, identification, and isolation

[91] [92]

e Electron uncertainties, including energy scale, resolution, identification, and isola-
tion [91] [92] [95]

e Muon uncertainties, including energy scale, resolution, identification, and isolation
[96]

e Missing Fr [104] [105]

In a multi-category analysis, the sign and magnitude of these experimental uncertainties are
calculated separately in each category.

The choice of an analytic function to model the continuum background also introduces
a potential bias to the signal plus background fit. The spurious signal test (Section 6.2.2)
quantifies the impact of a given background model on the fitted number of signal events.
The spurious signal is therefore included as an experimental systematic uncertainty on the
signal yield in each category.
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Finally, the uncertainty of the measured Higgs boson mass from the ATLAS and CMS
combination [37] is also applied to the mean of the signal DSCB shape (ucg) by following
Equation 6.17.

The experimental uncertainties and associated nuisance parameters (NPs) are summa-
rized in Table 6.3. The correlation of NPs across categories and the form of the constraint
terms are also shown. Details on the different types of constraints are included in Section
6.3.1.

Source Number of NPs Constraint type Correlated
Yield

Luminosity 1 log normal yes
Trigger efficiency 1 log normal yes
Photon efficiency 3 (ID, isolation, trigger) asymmetric yes
Yield and Migration

Flavor tagging 12 asymmetric yes
Jets 25 asymmetric yes
Jet flavor 14 asymmetric yes
Electrons 2 asymmetric yes
Muons 7 asymmetric yes
Missing Erp 3 asymmetric yes
Pileup 1 asymmetric yes
Shape

Photon energy scale 69 (40 merged) Gaussian yes
Photon energy resolution 9 (5 merged) log normal yes
Spurious signal 1 per category Gaussian no
Measured m g 1 Gaussian yes

Table 6.3: Summary of the experimental uncertainties incorporated into the H — v~ likeli-
hood model.

6.5 Weighting data for presentation

Every data event carries equal weight in the statistical analysis. However, it can be
useful to look at weighted data in order to visualize the power of a multi-category analysis.
A weight of In(1 + S/B) can be applied to each data event, where S (B) is the expected
signal (background) in the analysis category containing the event. This weighting procedure
serves to magnify the contribution of the most sensitive categories, which have the highest
S/B. Figure 6.4 shows an example of this weighting procedure applied to diphoton mass
distribution in the ttH (v7) categories described in Chapter 9.
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Figure 6.4: Example diphoton invariant mass distribution in the unweighted (left) and In(1+
S/B) weighted (right) presentations. The discussion of the particulars of this data is deferred
until Section 10.2.

The central value of a single bin in the weighted data distribution is given by the weighted
sum over categories:
A= Z WeNe

where n, is the unweighted event yield and w., = In(1 + S./B,) is the calculated weight
in category c. The statistical uncertainty on each bin of the weighted data distribution is
calculated by following the procedure outlined in [135]. A Poisson distribution P(n./f, A/ f)
is constructed for the scaled variable n./f with mean A/f, where

_ Zc wgnc

B Zc WeNe

Statistical uncertainties are calculated on this distribution, and the scaling is undone by
multiplying by f. The variance thus obtained is

fPo? = fa= wanl

(6.23)

f

(6.24)

(6.25)

The statistical error bars on Figure 6.4b and similar Figures are derived according to this
prescription.
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Chapter 7

Machine Learning techniques

The goal of Machine Learning (ML) is to make predictions about unknown data based on
a large set of example data. As Machine Learning tools have developed and matured, they
have been applied with great success to the proton—proton dataset provided by the LHC and
the detailed Monte Carlo simulations produced by theorists.

This Chapter provides an overview of the use of the Machine Learning techniques used for
the physics analyses included in this Thesis. Section 7.1 provides an overview of multivariate
analysis (MVA) strategies, with a focus on classification problems. Section 7.2 describes
a class of ML models known as Boosted Decision Trees (BDTs), which are applied
extensively throughout the following Chapters. The methods used to optimize ML models
through hyper-parameter tuning are described in Section 7.3. For a detailed study of BDT
hyper-parameter tuning with a toy dataset, see Appendix D.

7.1 Multivariate analysis

A physics analysis that makes use of Machine Learning techniques is called a multivari-
ate analysis (MVA). Given properties, or “features,” & of a proton—proton event, an MVA
aims predict another property y of the same event. Common features used in MVAs include
the energy, flavor, and directional information of the physics objects (or combinations of
objects) described in Chapter 4.

The target property y is predicted by finding a function F' that approximates Fi., such
that

Ftrue(:f) =Y (71)

The allowed functional forms of the function F' depend on the type of Machine Learning
model used (Boosted Decision Tree, Neural Network, Support Vector Machine, etc.). The
complexity of the model is related to the number of free parameters in the function F: a
very complex model has many free parameters, while a simple model has few. The choice of
hyper-parameters h determines the complexity of a model (see Section 7.3).
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To begin MVA development, events with known (Z,y) (e.g. from simulation) are divided
into three statistically independent subsets:

1. A training set: example points to which the model’s free parameters are fit
2. A validation set: used select the model’s hyper-parameters (see Section 7.3)
3. A testing set: used to estimate the final performance of the model

These datasets need not be equal in size. In order to ensure that no bias is introduced,
it is important that the model parameters and the hyper-parameters be optimized using
independent datasets. The testing set is not used in optimization of the model, but kept as
a statistically independent dataset to use in later analysis stages.

Using the training set, the free parameters of the model are chosen to minimize the loss
function, which quantifies the accuracy of the estimated function F. A common choice of
loss function is the mean squared error (MSE), or Euclidean distance between the predictions
F(#;) and observation y;:

MSE Loss = L(F) = Y (F(&;) — )’ (7.2)

=1

Another common choice for the loss function is the log loss, which takes the form

Mz

Log Loss = L(F — [y In(F(Z;)) + (1 — y) In(1 — F(&,))] (7.3)

=1

A model that is too complex will result in F'(Z) that gives a low value of the loss function
when evaluated on the training set, but not when evaluated on the validation set: this is
known as over-training. A model that is not complex enough will result in F(Z) that
performs poorly (high value of the loss function) on both the training and validation sets.

7.1.1 Classification

The MVAs used in the following Chapters address questions of classification, where the
MVA aims to predict a label indicating what physics processes the event originated from.

A simple model will give a good approximation of Fi. if the features & have very different
shapes in the processes under consideration. For interactions that produce complex multi-
particle final states, it is often the case that many features have modest shape differences,
but no single feature offers powerful discrimination. In such cases, a classifier is a useful tool
for combining several features into a single powerful discriminant.
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Binary Classification

Binary classification is the simplest and most common type of classification algorithm.
In binary classification, there are only two labels to choose from:

1 if signal (e.g. ttH)

) (7.4)
0 otherwise

Ftrue(f) = {

The output of a binary classifier evaluated on an event with features ¥ is F'(Z) € [0, 1],
with values near 0 indicating more background-like and values near 1 indicating more signal-
like. A threshold cut ¢y, is placed on the classifier output such that events with F(Z) > ¢y,
are labelled signal, and events with F(Z) < ¢, are labelled background.

The overall performance of a binary classifier model depends on:

e Signal acceptance, or true positive rate (a): the fraction of signal events that are
labelled correctly as signal

e Background rejection, or true negative rate (r): the fraction of background events
that are labelled correctly as background

An ideal classifier has 100% signal acceptance and 100% background rejection.

The Receiver Operating Characteristic (ROC) is commonly used to quantify the
performance of a binary classifier. This curve is inscribed by scanning the threshold cut ¢
and plotting

(r(cw), alem)) (7.5)

Some example ROC curves are shown in Figure 7.1. The blue curve shows an ideal classifier,
and the red curve shows the equivalent of random guessing. Two more realistic models,
named Classifier 1 and Classifier 2, are shown in green and black respectively. The perfor-
mance of Classifier 2 is better than Classifier 1, since the signal acceptance is higher for each
value of the background rejection.

The area under the curve (AUC) can also be computed for each ROC curve to measure
the relative performance of different classifiers. A perfect classifier has ROC AUC =1, and a
random classifier has ROC AUC = 0.5. ROC curves and ROC AUC will be used to optimize
the classifiers developed for the MVAs in later Chapters.

Multiclassification

Multiclassification problems require the function F' to divide data in to N, > 2 classes. In
this case, the truth label Fi,(Z) of an event in class ¢ can be expressed a vector {0.1, ..., den, }
where 0;; is the Dirac delta function.
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Figure 7.1: Example ROC curves. The blue and red lines show an ideal and a random
classifier, respectively. The green and black curves show examples of more realistic classifiers.

The output of a multiclassier takes the form {F(Z), ..., Fy,(Z)} where F.(Z) € [0, 1] for
all classes c¢. This can be normalized to give a vector of the probabilities of the event falling
into each class:

F()

<~Ne 17/
>t Fi(Z)
The predicted class label assigned to each event corresponds to the class with highest prob-
ability in the output vector { P (Z), ..., Pn,(Z)}.

P.(7) = (7.6)

7.2 Boosted Decision Trees

Boosted Decision Tree (BDT) models have historically been a favorite MVA tool for high
energy physicists. The basic building block of the BDT is the decision tree, which divides
the feature space into rectangular regions (or “leaves”) by a sequence of binary splits [136].

Before training a BDT, each event in the training set is assigned an event weight. For
background events, the event weight is simply the Monte Carlo event weight (see Section
5.2). For signal events, the event weight is the product of the Monte Carlo event weight
and a scale factor RelativeNorm. The RelativeNorm parameter specifies the expected
relative normalization of the signal and background processes: if signal is expected to be
rare compared to background, RelativeNorm is much less than 1.

Given training data (Z1,v1), ..., (¥n,yn) with event weights (wy, ..., wy), the BDT pre-
diction f(Z;) is a constant assigned to the leaf R; containing Z;:

f(fl) = aj for Rj > fl (77)
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Once leaves { R} are defined, the constants a are fully determined by minimizing the loss
function. The mean squared error loss function in Equation 7.2 is minimized by

ZyZERj Wiy
Z%’ERJ' Wi

This is equivalent to the fraction of signal observations (y; = 1) contained in the leaf R;.
For binary BDTs in the following Chapters, the inverse of the ROC AUC is used as the loss
function that is minimized in the BDT training.

The leaf definitions are obtained by a sequence of binary partitions of the feature space.
A greedy algorithm is used to determine the splitting variable z,, and cut value ¢ such that
the leaves Ry = {7 : z, < ¢} and Ry = {Z : z, > ¢} minimize the loss function. The same
greedy algorithm is then applied separately to the leaves R; and R,, then to their daughter
leaves, etc. until some stopping criterion is reached. The constants d@, the splitting variables
Z,, and the cut values ¢ are all free parameters of the BDT model.

Figure 7.2 shows a diagram of an example tree obtained in this way. In some events,
a feature may be incalculable: for example, the leading lepton pr is “missing” in an event
containing no leptons. Features with missing values are deemed to pass all threshold cuts,
as shown in Figure 7.2.

Clj:

(7.8)

leaf=-193910885
yes, missing
y<0.589776337 no leaf=-0.821955204
yes, missing
yes, missing leaf=0.342133075
o y<0.665488124 no y<0.757212877 o
yes, missing
leaf=1.71459305
x<0.054611288
Gomsorm >
L yes, missing leaf=-0.566245735
x<0.186141536 €5, issing y<0.18198958 o
ne leaf=0.518025696
7<0.345887959 yes, missing leaf-0.189870656
nho
leaf=-0.157529011

Figure 7.2: Diagram of an example tree of depth 3, which partitions the feature space into
eight rectangular regions. The sequence of cuts applied to features x and y is outlined, and
the constant output for each leaf is listed.

If the splitting is allowed to proceed indefinitely, the final tree will have a single leaf for
each event in the training set. Several hyper-parameters can be adjusted to define stopping
conditions and prevent such egregious over-training:
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e MaxDepth: the depth of the tree is limited to this maximum value. The number of
leaves in the tree is at most 2MaxDepth

e MinChildWeight: the number of events in each leaf is required to be above this
threshold.

Additional conditions introducing penalties for large BDT weights (values of @) and small
improvements can be expressed as terms in a generalized loss function, called the objective
function:

Objective function = C(f,d) = L(f) + Q(a) (7.9)
where the “complexity function” €2 contains the following penalty terms:
e L1 regularization: controls the magnitude of the penalty terms linear in a;.
e L2 regularization: controls the magnitude of the penalty terms quadratic in a;.

e MinLossReduction: each splitting is required to improve the objective by at least
this amount.

For a tree with weights @ = {ay, ..., an} :

M M
@) =yM+a) |a|+1> al (7.10)
=1 =1

where a and A are the L1 and L2 regularization hyper-parameters, and ~ represents the
minimum loss reduction. When these parameters are non-zero, the leaf definitions are chosen
to minimize the full objective function.

7.2.1 Boosting

Decision trees are considered weak learners: that is, their predictions tend to have a
large variance when trained on different subsets of the same data. In particular, when the
first splitting of each tree places a cut on a different feature, the predicted outcome can be
very different. Additive Ensembles, which sum the predictions of many trees, have much
higher accuracy than a single tree [136].

The predicted outcome of an ensemble of T trees on features 7 is

F(f) = Zﬁtft(f) (7-11)

The sequence of functions f; and coefficients §; are determined by a boosting algorithm.
Popular boosting algorithms include Adaptive Boosting [137], Logit Boosting [138], and
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Gradient Boosting [139]. The Boosted Decision Trees described throughout this Thesis
use Gradient Boosting, as implemented in the eXtreme Gradient Boosting (XGBoost)
software package [140]. The algorithm for Gradient Boosting is outlined below.

An initial decision tree is trained according to the procedure already described, and f
is taken to be 1:

FO@) = fy(@) = al” for RY 57 (7.12)
Then, while m < T

e For each event 7, compute the pseudo-residuals for round m:

Sy _ OL(f(T3))

' af(fl) f:fmfl
e Re-weight the training data by taking w, = wirgm). This serves to enhance the im-
portance of training instances that are poorly predicted by preceding trees. Each
subsequent round therefore focuses on those events that are hardest to classify.

(7.13)

e Train a single tree f,, on the re-weighted training data.
e Compute ., so that the loss function is minimized:

LF™ Y + ay, fn) (7.14)

e Set (8, = va,,, where v is the LearningRate hyper-parameter. The introduction of
the LearningRate parameter (0 < v < 1) slows the convergence of the model, ensuring
that narrow minima are not overlooked.

e Update the model
FU(3) = FO (@) + B frn( @) = Y Buful@) (7.15)
t=1

This procedure concludes after T' rounds, or when early stopping conditions are met. The
number of rounds 7' (Rounds) can be treated as a hyper-parameter that requires tuning.
Alternatively, an early stopping condition can be implemented which terminates the boosting
after k rounds pass without considerable improvement in the loss function.

In order to minimize over-training, a different random subsample of the training data
can be used for each boosting round. This procedure is often referred to as bagging. The
Subsample hyper-parameter can be tuned to specify what fraction of the total dataset is
randomly selected at each boosting round.

The impact of tuning individual BDT hyper-parameters is explored in detail in Appendix
D. Strategies for performing optimization of a multi-dimensional hyper-parameter space are
discussed in Section 7.3.
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7.2.2 Multiclass BDT

The binary BDT described above can be generalized to a multiclass BDT, which divides
data into N. > 2 classes. N, binary BDTs are trained, where the signal of BDT 1 is
taken to be events in class ¢, and the background is taken to be events from all other
classes. The output of the multiclass BDT is the vector of the outputs of each binary BDT
[FA(#), ... Fy. ()},

The multiclass loss function is minimized at each boosting step. To compute the multi-
class loss function, the log loss function (Equation 7.3) is computed for each binary tree and
summed over all classes:

LC(FC> = Z - wic IH(FC<fi>> + (1 - 5ic) ln(l - Fc(@))] (7~16>

Multiclass log loss = Z L.(F.) (7.17)

c=1

7.3 Hyper-parameter optimization

The complexity of an ML model is determined by the choice of its hyper-parameters.
Selection of appropriate values for all hyper-parameters is essential to avoid models that are
highly sub-optimal (under-trained) or biased (over-trained). The optimal values of a model’s
hyper-parameters depend on the dataset, and are impossible to predict a prior.

In order to optimize hyper-parameters, the loss function L(F}) is re-parameterized as
a function of n hyper-parameters i = (hy, ..., hy). The re-parametrized loss function L(h)
is then evaluated on the validation set, and the values of h that minimize L are chosen as
the optimal hyper-parameters. The BDT hyper-parameters that are tuned in the following
Chapters have been introduced above: MaxDepth, MinChildWeight, MinLossReduction, L1
Regularization, L2 Regularization, Rounds, LearningRate, Subsample, and RelativeNorm.

Grid scan

The most straightforward approach to hyper-parameter optimization is to perform a grid
scan over an n-dimensional rectangular phase space, and select from all points tested the h
that gives minimal L(fz) This method is easily parallelized, but computationally expensive:
scanning n hyper-parameters over s steps each requires training s BDTs. The interval of
the scan and the size of each step must both be determined before running the scan, and
poor choices of these values result in sub-optimal tuning.

The grid scan method of hyper-parameter optimization is applied in the training of the

Top Reco BDT described in Chapter 8.
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Gaussian processes minimization

A more complex but more efficient approach to hyper-parameter optimization is Bayesian
minimization of L(l_i) using Gaussian Processes [141], as implemented in the package scikit-
optimize [142].

In this method, it is assumed that that L(i_i) follows a multivariate Gaussian. Given the
allowed range of each hyper-parameter, N, starting points in the multi-dimensional hyper-
parameter space are randomly selected. For each starting point Ei, the BDT is trained using

the corresponding hyper-parameter settings and L(h;) is evaluated. The following procedure
is then applied:

e Using the known points (k, L(h)), obtain posterior function L,,.

e Find the Em that minimizes L,,.

e Train the BDT using hyper-parameters A, t0 get (7, L(Ap)).

e Save the minimum of the known points (%, L(h)).

e Increment m = m + 1 and repeat until the function Ly, has been obtained.

The hyper-parameters corresponding to the minimum L of the known points are taken to be
optimal, and this training model is selected. Throughout this work, Ny = 10 and N, = 100.

The Gaussian processes method of hyper-parameter optimization is applied in the train-
ing of the BDTs described in Chapters 9 and 11.
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Chapter 8

Reconstruction of top decays

Three heavy particles are produced in ttH events (one Higgs boson and two top quarks),
each of which decays to lighter particles immediately after they are produced. As a result,
ttH events have final states with particularly high object multiplicity. In the case of ttH (),
the Higgs boson is easy to identify and reconstruct with good mass resolution. However, the
tt-system is more complicated.

The decay of a top quark via ¢ — bW is dominant, and all other modes are neglected.
However, the subsequent decay of the W boson allows for many possibilities, which are
enumerated in Table 8.1.

Decay mode Branching fraction [%]

W — ev, 10.75 4+ 0.13
W — v, 10.57 £ 0.15
W — 71, 11.25 4+ 0.20
W — qq 67.60 £ 0.27

Table 8.1: Branching fraction of W boson decay modes from the Particle Data Group [8].

Events are grouped into different channels based on the number of leptons produced in
the decay of the tf system. Because only electrons and muons are classified as leptons in the
following Chapters, top decays to 7 are only considered leptonic if the 7 decay produces a
prompt e or pu. The breakdown shown in Table 8.2 is obtained by folding the W decay rates
in Table 8.1 with the branching fraction of 7 — ev.v, or uv,v;.

The all-hadronic (0¢) t¢ decay makes up more than half of t¢H events. A Feynman
diagram of this final state is shown in Figure 8.1. Assuming that each final state parton
corresponds approximately to one jet in ttH(vy7) events (due to small rates of highly boosted
objects), the hadronic decay of the top quark can be reconstructed by grouping together the
correct set of three jets. For example, the jets corresponding to by, ¢1, and ¢; in Figure 8.1
can be combined into a reconstructed top candidate.
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0 Thad 1 Thad 2 Thad Total
0¢45.7% 9.9% 0.5% | 56.1%
10)341% 3.7% 0% | 37.8%
20| 6.4% 0% 0% 6.4%

Table 8.2: Fraction of ¢t decays resulting in various numbers of leptons (¢ = e or p).

9

Figure 8.1: Lowest order Feynman diagram of the ¢ttH process with an all-hadronic decay
of the ¢t system. Additional quarks and gluons, the result of pileup or QCD radiation, can
further complicate this final state.

With many jets in each final state, finding the correct groupings of three jets (or triplets)
is a tricky combinatorial problem. Additional complications include the presence of extra
jets resulting from pileup or QCD radiation, or the failure of some jets from top quark decay
to meet fiducial requirements.

This Chapter describes a novel method for reconstructing the decay of top quarks using a
Top Reconstruction BDT (Top Reco BDT). This algorithm is applied in later Chapters
to distinguish between ttH, tH, and backgrounds, as well as between SM and BSM ttH and
tH scenarios. Section 8.1 gives an overview of the strategy for reconstructing the full ¢¢
system given the output of the Top Reco BDT, which is trained to identify the triplet most
likely to be the result of a hadronic top quark decay. The training of the Top Reco BDT,
including the construction of signal and background samples and the training variables tested,
is described in Section 8.2.2. Section 8.3 reviews the performance of the Top Reconstruction
BDT in events with different n,.
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8.1 Reconstruction strategy

8.1.1 Hadronic Channel

The hadronic channel preselection targets the all-hadronic decay of the ¢t system by
requiring that each event contain 2 photons passing tight identification/isolation criteria, 0
leptons, > 1 b-jet and > 3 total jets. The same hadronic preselection is used throughout
later Chapters. Since all preselected hadronic events contain at least three jets, there are
always enough jets to construct at least one triplet. In events with more than three jets, all
possible triplets are constructed. The Top Reco BDT score is evaluated for each triplet, and
the triplet with highest score is selected as the primary top candidate.

In events with six or more jets, a second hadronic top can be fully reconstructed by
following the same procedure and excluding jets already assigned to the first top. In events
with four or five jets, the second top can only be partially reconstructed: it is taken to be
the sum of the jets remaining after the primary top is reconstructed. In events containing
exactly three jets, no second top is reconstructed.

Table 8.3 contains a summary of the reconstruction status of the primary and second
tops in hadronic events with different jet multiplicity.

niets  Top 1 (had) Top 2 (had)

3 full none
4-5 full partial
>6 full full

Table 8.3: Summary of the reconstruction status of the primary and second tops in hadronic
events with different jet multiplicity.

Because the average number of jets in t¢H (77) events passing hadronic selection is ~ 5.5,
many events only contain a single reconstructible top. For this reason, the Top Reco BDT
strategy laid out above prioritizes reconstruction of the primary top.

Alternative approaches are available that instead focus on the ¢t system. Rather than
sequentially selecting the two top candidates with highest Top Reco BDT score, the average
of the two Top Reco BDT scores can be maximized. Tests of this alternative method resulted
in very similar performance to the sequential method. However, the computation time needed
to calculate the average Top Reco BDT score of each triplet pair is too large for this method
to be practically useful. Another alternative for reconstructing the ¢t system would be to
train a BDT to identify the correct six jets corresponding to the all-hadronic top decays, as
in [143].
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8.1.2 Leptonic Channel

The Top Reco BDT is trained to identify hadronic top decays, which are comprised of a b
candidate and a hadronic W candidate (see the following Section). However, the same BDT
can be applied to semi-leptonic top decays, which are instead comprised of a b candidate
and a leptonic W candidate.

In events passing single-lepton preselection (2 photons passing tight identification /iso-
lation criteria, 1 e or u, and > 1 b-jet), a leptonic W candidate is constructed from the
lepton and missing transverse energy, which is attributed to a neutrino. The W candidate
four-momentum is derived using a dedicated algorithm [144].

The lepton has well-measured four-momentum (¢, E;) and the neutrino is assigned four-
momentum (p, F,). The lepton-plus-neutrino system is then assigned the invariant mass of

a W boson:
miy = (E¢+ E,)* = (7+p)* (8.1)

The neutrino is assumed to be massless, and the transverse components of the neutrino
momentum are taken to be identical to the missing transverse energy (p, = E™ and p, =
E;niss). This gives the following constraint on the z-component of the neutrino momentum,

D

2
i i - miss miss 2
mi, = (E@ + \/(E;mss)Q + (Emiss)2 pz) —(7+ (BY™, B, p.)) (3.2)

If the transverse mass my < my, then Equation 8.2 has two real solutions for p,. The
solution with smaller |p,| is chosen, since this gives a momentum vector p’ that is closer in
AR to the true neutrino momentum in more than half of events.

If mp > my, the two solutions to Equation 8.1 have a nonzero imaginary component. In
this case, the difference between the transverse energy and neutrino transverse momentum
(which is assumed to be zero in Equation 8.1) is adjusted so that the imaginary component
vanishes. This is equivalent to requiring my, = mr in Equation 8.2, or

(Gr +pr)* =0 (8.3)

The resulting quadratic relationship between p, and p, gives two solutions for expressing

py in terms of p,: qu,l)(pz) and pl(f) (ps). For each solution, the distance between the neutrino

transverse momentum and the missing transverse energy is calculated:

50 (p,) =\ (pe — B2 + () (p,) — Emis)? (8.4)
59 (p2) =\ e = B2 4 (057 (p2) — Ey? (55

The distances 6 and 6 are minimized by p&l) and pg), respectively. The corrected
missing transverse energy is chosen to be

@, pM (pM)) or (B, pP (pP))) (8.6)
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The selected solution corresponds to the smaller of the minimized 6) and §®. Substituting
the corrected missing transverse energy into Equation 8.2 is guaranteed to yield exactly one
real solution for p,.

Once a W candidate has been constructed, the Top Reco BDT score is evaluated for
every (leptonic W, jet) combination. The primary top is reconstructed from the leptonic W
and the jet giving the highest Top Reco BDT score.

Since the single-lepton preselection requires one lepton and at least one b-jet in every
event, there are always enough objects to reconstruct a semi-leptonic top. No top candidate
can be reconstructed in dilepton events with this method, as this would require the missing
Er to be split between two semi-leptonic top decays.

In events with at least three jets remaining after semi-leptonic top reconstruction, a
hadronic top can also be reconstructed from the jet triplet with highest BDT score. In
events with two or three jets, the second top can only be partially reconstructed: it is
taken to be the sum of the jets remaining after the primary top is reconstructed. In events
containing only a single jet, no second top is reconstructed.

Table 8.3 contains a summary of the reconstruction status of the primary and second
tops in leptonic events with different lepton and jet multiplicities.

ne  Njets Top 1 (semi-lep) Top 2 (had)

1 1 full none
1 23 full partial
1 >4 full full

2 any none none

Table 8.4: Summary of the reconstruction status of the primary and second tops in leptonic
events with different lepton and jet multiplicities.

8.2 Training of the Top Reco BDT

8.2.1 Constructing signal and background samples

The goal of the Top Reco BDT is to identify jet triplets that correspond to the decay
products of the same top quark: such triplets are designated as signal. The set of background
triplets includes all possible wrong combinations. See Table 8.5 for a summary of the signal
and background triplets in an event similar to that shown in Figure 8.1. A triplet is correctly
matched if its constituent W candidate (jet pair) and b candidate (single jet) are correctly
matched to the corresponding truth particles, and these truth particles are daughters of the
same top quark.

Signal and background samples are constructed from simulated t¢H (v7) events using the
following procedure:
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b candidate W candidate
Signal by @+ q
Signal by Q@+
Background b @+ g
Background by G+ ¢
Background by ¢+ q
Background by by, + anything
Background by ¢+ q
Background by G+ ¢
Background by @+ q
Background by b, + anything
Background ¢, ¢}, g2 or ¢, anything
Background ~ QCD/pileup anything

Background anything QCD/pileup + anything

Table 8.5: Summary of signal and background triplets in an example hadronic ttH event. b
and q represent the jets that are truth matched to the corresponding particles in Figure 8.1.

1. Find the W and b particle daughters of a truth top.

2. Follow the simulated decay chain of the W and b to identify the set of final state
hadrons descending from each particle. Identify the two (one) truth jets containing
the most hadrons descended from the W (b) (weighted by pr).

3. Match each truth jet to the closest reconstructed jet in AR.

4. If this results in a set of three distinct jets (i.e. no jet is used twice in the triplet), this
triplet is truth matched and marked as a signal triplet.

5. All other sets of three distinct jets are considered background triplets.

The training is performed on Powheg+Pythia8 ¢t H(y) Monte Carlo events passing hadronic
preselection. Details of this Monte Carlo sample are included in Chapter 5.

If all three truth jets selected at Step 2 are required to be within acceptance (pr > 25
GeV, |n| < 4.0), only 59% of events passing hadronic preselection contain at least one truth
matched triplet. In events with no truth matched triplet, either the top quark is matched
to truth jets that fall out of acceptance, or multiple top decay products are merged into a
single jet. Table 8.6 shows the possible failure modes of the truth matching algorithm and
how frequently they occur. Truth jets falling below the pr acceptance threshold are the main
cause of failures in the truth matching.

If no cuts are placed on the truth jets matched to a top quark, 79% of events passing
hadronic preselection contain at least one truth matched triplet. Relaxing the cuts on truth
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Truth jet has  Truth jet has Truth jets are

pr < 25 GeV In| > 4.0 merged
Leading top 41% < 0.1% 5%
Sub-leading top 47% < 0.1% 3%

Table 8.6: Breakdown of the performance of the truth matching algorithm when acceptance
cuts are applied to truth jets. Jets falling below the pr acceptance threshold are the main
cause of failures in the truth matching. The leading top is defined as the one with higher

pr-

jets allows triplets to be matched through truth jets that re-enter acceptance after recon-
struction. The remaining 21% of events with no truth matched triplet are dominated by
events where two top decay products correspond to a single jet.

The total number of possible jet triplets per event depends on the jet multiplicity:

1
Ntriplet = injet (njet - 1) (87)

The factor of % is due to the indistinguishability of the two jets comprising a W candidate.
With an average of ~ 5.5 jets per event, the number of background triplets is far larger than
the number of signal triplets (< 2 per event). Only 10% of background triplets are used in
the training, and this subset still contains ten times more triplets than the signal training
sample, which includes all truth matched triplets in 50% of Monte Carlo events. The other
50% of Monte Carlo events are reserved for validation and testing.

8.2.2 Training variables

The discriminating variables used to separate the signal (truth matched) triplets from
background triplets are:

e The four-vector information of the W boson (dijet) candidate
e The four-vector information of the b quark candidate

e The pseudo-continuous b-tag score of each of the three jets (that is, an integer indicating
whether the jet is b-tagged at 85, 77, 70, or 65% working point)

e AR between the W and b candidates
e AR between the two jets comprising the W candidate

e The trijet mass, or mass of the top candidate
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The signal and background distributions for each of these variables are shown in Figures
8.2-8.5. Compared to background triplets, truth matched triplets are composed of W and b
candidates with high py and central n, and a peak is visible at the W mass in signal triplet
distribution (Figures 8.2-8.3). The b-tag score is high for truth matched b candidates and
low for truth matched W candidates (Figure 8.4). Figure 8.5 shows that the jets composing
the W candidate are highly columnated in signal triplets, as are the W and b candidates.
There is a clear peak in the trijet mass distribution of signal triplets at the top quark mass
(Figure 8.5).
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Figure 8.2: Training variables for the Top Reco BDT: pr, 1, ¢, and mass of the W candidate.
Truth matched jet triplets (signal) and unmatched triplets (background) are shown in black
and red, respectively. Due to high statistics, agreement is very good between the training
(filled triangles) and testing (lines) samples. The open blue triangles show the distribution
of truth particles.

The Top Reco BDT is trained using the XGBoost package [140] with these variables as
input features. The Top Reco BDT discriminant (Figure 8.6) shows that signal triplets tend
to have a very high BDT score, while the random background is spread evenly over the full
BDT range. The area under the ROC curve is calculated to be 90.24%. The most important
features for BDT training are calculated using the SHAP package [145]: the b-tag score of
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Figure 8.3: Training variables for the Top Reco BDT: pr, 1, ¢, and energy of the b candidate.
Truth matched jet triplets (signal) and unmatched triplets (background) are shown in black
and red, respectively. Due to high statistics, agreement is very good between the training
(filled triangles) and testing (lines) samples. The open blue triangles show the distribution
of truth particles, where applicable.

the b candidate is the dominant variable, followed by the triplet mass and the mass of the
W candidate.
Additional training variables were tested, including

e The pr, n, and ¢ of the top candidate (trijet system)

e The four-vector information of the W boson candidate in the rest frame of the triplet

The four-vector information of the b candidate in the rest frame of the triplet

AR between the W and b candidates in the rest frame of the triplet

AR between the two jets comprising the W candidate in the rest frame of the triplet

The number of jets in the event
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Figure 8.4: Training variables for the Top Reco BDT: pseudo-continuous b-tag scores of each
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point. Truth matched jet triplets (signal) and unmatched triplets (background) are shown
in black and red, respectively. Due to high statistics, agreement is very good between the
training (filled triangles) and testing (lines) samples.
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Figure 8.5: Training variables for the Top Reco BDT: triplet mass, AR between the W jets,
and AR(W,b). Truth matched jet triplets (signal) and unmatched triplets (background) are
shown in black and red, respectively. Due to high statistics, agreement is very good between
the training (filled triangles) and testing (lines) samples. The open blue triangles show the
distribution of truth particles, where applicable.
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across the full BDT score range.

e The pr, 1, ¢, and mass of the system of jets recoiling from the triplet

However, the inclusion of these variables resulted in poorer performance of the Top Reco
BDT, as demonstrated in the next Section.

8.3 Performance

The performance of the Top Reco BDT is quantified by counting the number of events
in which the algorithm identifies a top candidate (jet triplet) that is truth matched to a top
quark. Similarly, the accuracy of W and b identification is quantified by counting number of
events in which the selected W and b candidates are truth matched to the corresponding par-
ticle. Accuracies are calculated in Powheg+Pythia8 t¢H (vy) Monte Carlo unless otherwise
indicated. The subset of Monte Carlo events used to evaluate performance is statistically
independent of that used in training.

The performance of several training setups is compared in this Section. The trainings
are named as follows:

1. Nominal: the training variables listed at the beginning of Section 8.2.2
2. Nominal w/o m,: same training variables used in Nominal, but without m,

3. Nominal w/o my,, m;: same training variables used in Nominal, but without my, and
my
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4. Boosted: same training variables used in Nominal, but with all kinematic variables
calculated in the rest frame of the triplet

5. Boosted w/o m,: same training variables used in Boosted, but without m;

6. Boosted w/o my,, my;: same training variables used in Boosted, but without my, and
my

7. Boosted + ph w/o mys, my: same training variables used in Boosted w/o my, my,
plus the pr of the triplet

Some comparisons are also made to the simple sum-py method, which takes the jet triplet
with highest pr as the top candidate.

The performance of the nominal Top Reco BDT is also compared on multiple Higgs
Monte Carlo samples.

8.3.1 Hadronic channel

The accuracy of each Top Reco BDT training setup is evaluated for all t¢H () events
passing hadronic preselection. The results are shown in Table 8.7, where the accuracy is
shown separately for top, W, and b identification. Note that in some events, the W and b
are both correctly identified, but the top is not: in these cases, the W and b identified are
not daughters of the same top quark. The Nominal training setup is selected for use in later
Chapters based on its high accuracy in this channel.

Training t-candidate W-candidate 0-candidate
Nominal 37% 46% 57%
Nominal w/o m, 35% 45% 57%
Nominal w/o my, m; 35% 43% 57%
Boosted 25% 33% 53%
Boosted w/o my 17% 26% 50%
Boosted w/o my, my 17% 25% 51%
Boosted + ph w/o my, my 19% 28% 51%

Table 8.7: Percentage of events passing hadronic preselection that contain a correctly re-
constructed object (top, W, or b) in ttH (yvy) Monte Carlo. Shown for different BDT recon-
struction algorithms.

The accuracy of top reconstruction for up to two tops is shown in different t¢H (v+) Monte
Carlo samples in Table 8.8. No strong dependence on generator or showering algorithm is
observed.

The accuracy of the Top Reco BDT depends strongly on jet multiplicity. The fraction of
events that contain no truth matched tops (irreducible background) is higher in events with
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Powheg+Pythia8 MG5_aMCQNLO+Pythia8 MG5_aMCQ@QNLO+Herwig++

1 top correct 37% 36% 33%
2 tops correct 5% 4% 4%

Table 8.8: Percentage of events passing hadronic preselection in which the Top Reco BDT
correctly reconstructs one or two tops, compared across several ttH () Monte Carlo sam-
ples.

fewer jets. At very high jet multiplicity, the total number of jet triplets increases rapidly (see
Equation 8.7), and the number of background triplets (combinatorial background) dominates
the signal. These effects are demonstrated in Figure 8.7 and Table 8.9, which show the
dependence of the Top Reco BDT accuracy on the number of jets in the event. The Top
Reco BDT performs best in events with five to seven jets.

%0_4_ L L L L B BN LB
; - Correct triplet selected

EOI% E - Wrong triplet selected

§ 03[ [] No truth-matched triplet

S u

(

Events

=l b bvna by b bewnn bvwna bawaa |l

njels

Figure 8.7: Breakdown of hadronic t¢H () Monte Carlo events containing no top candidate
(gray), a wrongly identified top candidate (red), and a correctly identified top candidate
(blue). Shown in exclusive bins of jet multiplicity.

The accuracy of each training setup in multiple H — v+ Monte Carlo samples is shown
in Table 8.10. The Nominal training has the strongest performance in all three samples.

The Top Reco BDT is also applied in two H — v samples where no top quark is present
at truth level: ggF and VBF. The kinematics of the selected top candidate in each sample
are shown in Figure 8.8. In samples containing true top quarks in the final state (¢tH and
tW H), a top candidate is reconstructed with high py and central 1. The tops reconstructed
in ttH and tWH have high Top Reco BDT score and mass peak near 173 GeV. In the
samples that do not contain true top quarks (ggF and VBF), only weak peaks are visible in
these distributions.
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Niets No truth- Incorrectly Correctly
matched top identified top identified top
3 58% 18% 24%
4 37% 11% 30%
5 19% 44% 3%
6 12% 50% 38%
7 8% 54% 38%
8 6% 58% 36%
9 5% 61% 34%
10 4% 64% 32%
11 5% 64% 31%
12 4% 67% 29%
13 4% 69% 27%
14 1% 2% 27%

Table 8.9: Percentage of hadronic ttH(yy) Monte Carlo events containing no correct top
candidate, wrongly identified top candidate, and correctly identified top candidate in bins
of jet multiplicity.

ttH tHjb tWH

Maximum in MC 9% 51%  52%
Nominal 37"% 31% 21%
Nominal w/o my 35%  30%  20%
Nominal w/o my;, m; 35%  29%  20%
Boosted 25% 25%  15%
Boosted w/o my 17% 19%  10%

Boosted w/o my,, my 7% 19%  10%
Boosted + pb w/o my, my  19%  19%  11%
Sum pr 4% 4% 3%

Table 8.10: Percentage of events passing hadronic preselection that contain a correctly recon-
structed top in ttH(vy7y) and tH(yvy) Monte Carlo. Shown for different BDT reconstruction
algorithms.
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Figure 8.8: Reconstructed top mass and Top Reco BDT score in events passing hadronic
preselection. There are clear shape differences between samples with truth tops (¢tH, tW H)
and without (ggF, VBF).

8.3.2 Leptonic channel

The accuracy of each Top Reco BDT training setup is evaluated for all ttH(yy) and
tW H () events passing single-lepton preselection: the results are shown in Table 8.11.

ttH tWH

Nominal 76% 47%
Nominal w/o my %  48%
Nominal w/o my, my 6%  48%
Boosted 71%  44%
Boosted w/o my 0%  43%

Boosted w/o my, my 1%  44%
Boosted + pb w/o my, my  74%  46%
Sun pr 19% 9%

Table 8.11: Percentage of events passing leptonic preselection that contain a correctly recon-
structed top in t¢H (vvy) and tW H (y7y) Monte Carlo. Shown for different BDT reconstruction
algorithms.

In the leptonic channel, the Top Reco BDT is also applied to a ttyy Monte Carlo sample
and a sample where no top quark is present at truth level (ZH(yv)). The kinematics of
the reconstructed semi-leptonic top candidate in each sample are shown in Figure 8.9. In
samples containing true top quarks in the final state (ttH, tW H, ttvy7), a top candidate is
reconstructed with high pr and central 1. The tops reconstructed in ttH, tWH and ttyy
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have high Top Reco BDT score and mass peak near 173 GeV. In the ZH sample, weaker
peaks are visible in these distributions.
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Figure 8.9: Reconstructed top mass and Top Reco BDT score in events passing leptonic
preselection. There are clear shape differences between samples with truth tops (ttH, tW H,
tt + v7v) and without (ZH). The underflow bin represents dilepton events, where no top
candidate is reconstructed.

In single lepton ¢t events, a log likelihood method is often used to assign final state
objects to different parent top quarks. A comparison of one such algorithm (KLFitter [146])
is included in Table 8.12. Here the kinematic range is restricted to the range in which
the KLFitter transfer functions are valid (that is, require all objects to have |n| < 2.5).
Performance of the two algorithms is similar in this restricted n range. However, the Top
Reco BDT has the advantage of being more widely applicable, both to the full n range and
the case of all-hadronic ¢t decays.

Accuracy KLFitter Top Reco BDT
Semi-leptonic top correct 25% 23 %
Hadronic top correct 56% 59%
Both tops correct 19 % 20%

Table 8.12: Percentage of ttH () Monte Carlo events in which top candidates are accurately
reconstructed. The accuracy of KLFitter and the Top Reco BDT is compared.
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Chapter 9

Selection of ttH(vy7y) events

In the measurement of t¢H (v7), events passing a simple preselection are divided into
multiple categories, and a maximum likelihood fit is performed simultaneously to the m.,
spectra in all categories. The preselection defines two channels:

1. Hadronic channel: 2 photons, 0 e/u, > 3 jets, > 1 b-tagged jet (77% working point)
2. Leptonic channel: 2 photons, > 1 e/u, > 1 b-tagged jet (77% working point)

The hadronic preselection targets the all-hadronic decay fo the ¢t system, and the leptonic
preselection targets events containing at least one semi-leptonic top decay.

In each channel, an XGBoost [140] Boosted Decision Tree is trained to separate simulated
ttH () events from continuum background, which is modeled by the NTT data control region
(see Section 5.1.1). The figure of merit used to optimize these BDT trainings is described
in Section 9.1. Section 9.2 describes the training and optimization of the BDT categories in
both channels. Finally, Section 9.3 presents a study composition of the background in the
ttH(yvy) BDT categories.

9.1 Poisson number-counting significance

Since the full likelihood model is quite complex, the multivariate t¢H (v7) analysis cat-
egories are designed to maximize the number-counting significance. This number-
counting significance is based on the Poisson distribution, which gives the probability of
observing k events given an expectation of A:

Aee=A
k!

P(k,\) = (9.1)

Assuming the background yield B is precisely known, the Poisson distribution can be
used to approximate the likelihood. For an observation of uS + B events, agreement of the
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observed p with the null hypothesis (@ = 0) is given by the p-value

P(uS + B, B)

21
"P(uS + B,uS + B)

=2(puS + B)In(1 + %) — 248 (9.2)

In the case of tt H, the background yield B includes an estimate of all non-tt H Higgs processes
as well as the continuum diphoton background. Rather than exercising the full background
estimation machinery, the number-counting significance relies on the estimation of continuum
background yield from a data control region described in Section 5.1.1.

The number-counting significance gives a rough estimate of the absolute significance of
a given set of categories. However, the relative performance of two sets of categories is well
quantified by a comparison of their number-counting significances. This makes the number-
counting significance a powerful figure of merit for the optimization of the ttH (vy) BDT
categories.

In a single category, the expected significance of a Standard Model observation (u = 1)
(compared to the null hypothesis) is:

Z- \/2(5 + B)In(1 + %) Py (9.3)

If multiple categories are defined, the total expected significance Zi. is the quadratic sum
of the single-category significances.

The statistical uncertainty on Zi; (denoted Yi.) is dominated by the statistical un-
certainty on the estimate of continuum background. All Higgs Monte Carlo samples have
sufficiently high statistics that their contribution to this uncertainty is negligible. The total
significance can be expressed as a function of integers n;, which represent the number of
raw events in the data control region in category i (i.e. the number of events in the NTI
control region or TI sidebands). Standard propagation of uncertainties from n; to Y. gives
the following formula for the statistical uncertainty on Zi.:

0Zo\”
2 tot
thot - Z ( anl ) U2 (94)

i

In cases where there is a large systematic uncertainty on one or more components of
the background, it can also be useful to include this uncertainty in the number-counting
significance. For example, it is possible to incorporate the heavy flavor uncertainty on gluon
fusion (see Section 6.4) into the number-counting significance. The statistical and systematic
uncertainties on the signal yield can be written

Ostat — S/Z

Osyst = )\nggF
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where )\ is the magnitude of the systematic uncertainty on ggF. The total significance then
becomes

S

[ ~2 2
Ostat + szst

Such systematic uncertainties are included in calculations where indicated.

Ztotal == (97)

9.2 C(Categorization of events

Candidate t¢H(y7) events must contain two photons with pr/m., > 0.35 (0.25) for
the leading (sub-leading) photon. The diphoton invariant mass must fall in the range 105-
160 GeV, and both photons must pass the tight identification and isolation requirements
described in Section 4.2.

Events are divided into two channels targeting different decays of the ¢ system using
the hadronic and leptonic preselection above. In each channel, a Boosted Decision Tree is
trained to separate simulated ¢t H (y7y) events from continuum background. In both channels,
the continuum background sample used in training corresponds to the NTI data control
sample, where at least one photon fails the identification /isolation requirement (see Section
5.1.1). This sample has the high statistics necessary for BDT training, and it is statistically
independent of the T1 dataset on which the final maximum likelihood fit is performed.

The discriminating variables used in training are low-level inputs such as jet and lepton
four-vectors. In most training variables, the true continuum background (the TT data side-
bands) is well modeled by the NTI data control sample (see Figures 9.1-9.4 and 9.7-9.10).
Discrepancies between NTI and TI are small compared to the difference between ttH ()
simulation and the NTI data control sample.

Once the BDTs are trained, four hadronic categories and three leptonic categories with
different signal-to-background ratios are defined by placing cuts on the BDT discriminants.
Events with low BDT score are rejected entirely. The remainder of this Section the BDT
training and category definition procedure in detail.

The seven categories defined in this Section were first published by ATLAS in ttH (v7)
measurements at 79.8 fb~! ([147], Section 10.1, Appendix E), and the same categories are
used in ATLAS ¢tH(vy7y) measurements at 139 fb~! (Section 10.2). In addition, the same
hadronic and leptonic BDT discriminants are used to define categories for the study of CP
violation in ttH(y7) included in Chapters 11-12.

9.2.1 Hadronic channel

The hadronic channel targets the all-hadronic decay of the ¢t system. In addition to
the photon requirements detailed above, hadronic channel events must pass a preselection
requiring at least three jets, with at least one b-tag at the 77% working point. Events with
electrons or muons are vetoed.



CHAPTER 9. SELECTION OF ttH(yy) EVENTS 100

A hadronic BDT is trained to separate t¢H Monte Carlo (signal) from the continuum
background, which is modeled by the NTI data control region. Both samples are divided
into three subsets: 60% of each sample is used for training, another 20% for validation, and
the remaining 20% for estimating the final sensitivity. In order to increase statistics in the
training and validation sets, the cuts on photon pr/m.,., are replaced with flat cuts of pr >
35 (25) GeV on the leading (sub-leading) photon.

The variables used to train the hadronic BDT are:

® pr/mayy, n, ¢ of the two photons. Photon pr is scaled by m., to reduce sculpting of
the diphoton mass spectrum.

e pr, n, ¢, and E of the six jets with highest py. If there is no jet n, dummy values are
given to the BDT in the place of jet n kinematics.

e Boolean b-tag flag (77% working point) for each of the six jets with highest pr. If there
is no jet n, a dummy value is given to the BDT in the place of a b-tag flag for jet n.

e Missing B and ¢ direction of missing Er. In addition to all-hadronic ¢t decays, the
hadronic preselection also captures top decays to b, where the 7 decays hadronically
(see Table 8.2). These events are the source of true missing E7 in the hadronic channel.

Figures 9.1-9.4 show the signal and background distributions in each of these training vari-
ables. The resulting hadronic BDT discriminant is shown in Figure 9.5.

Four cuts are placed on the hadronic BDT discriminant to create five orthogonal regions:
events in the region with lowest BDT score are rejected, and the remaining regions make
up the four hadronic analysis categories. The cuts forming the category boundaries are
treated as hyper-parameters of the analysis, and both the boundary values and BDT hyper-
parameters are chosen to maximize the expected Standard Model t#H number-counting
significance evaluated on the validation set. This significance is given by Equation 9.3 in
each category, and the total significance is given by the sum in quadrature over all categories.

The category boundaries are determined from a brute force scan of all possible boundary
combinations. In order to have sufficient data in each category to perform the maximum
likelihood fit described in Chapter 6, a minimum of 0.8 continuum background events (pre-
dicted from NTI data) is required in each category in the range 123 < m.,, < 127 GeV. This
corresponds to ~ 10 events in the full fit range of 105-160 GeV.

The optimal boundaries are shown in Table 9.1. 85% of the ttH signal events passing
hadronic preselection are selected into these four categories, and 89% of the preselected
continuum background events are rejected.

The predicted Higgs boson yield in each category is shown in Table 9.2, along with the
estimated continuum background derived by scaling the NTI sidebands. These yields are
calculated in the region 123 < m., < 127 GeV. The expected number-counting significances
of the total Higgs boson signal (Zy), the ttH signal (Z;y), and the single top plus Higgs
signal (Z;y) are shown in Table 9.3.
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Figure 9.1: Hadronic BDT training variables: pr/m,,, 1, and ¢ of the leading and sub-
leading photons. Black squares show ttH Monte Carlo signal, and red and green points
represent the NTT and TT data sidebands, respectively.
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Figure 9.3: Hadronic BDT training variables: pr, n, and ¢ of the three jets with highest pr.
Black squares show ttH Monte Carlo signal, and red and green points represent the NTI
and TTI data sidebands, respectively.
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Figure 9.4: Hadronic BDT training variables: pr, n, and ¢ of the jets ranked fourth, fifth,
and sixth in pp. Black squares show ttH Monte Carlo signal, and red and green points
represent the NTT and TI data sidebands, respectively. Events with no jet n are added to
the underflow (left-most) bin for the kinematics of jet n.
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Category

BDT range

ttH had 4
ttH had 3

[0.911-0.971]
0.971-0.991]

[
t#H had 2 [0.991-0.996]
[

ttH had 1

0.996-1]

Table 9.1: Ranges in hadronic BDT score defining the four hadronic ¢t H (y7) categories.

ttH tHjb tWH  ggF VBF WH ZH cont. bkg.
ttH(yy) had 4 2.4  0.154 0.0657 0.657 0.19 0.122  0.338  26.5
ttH(yy) had 3 3.92 0.11 0.102 0.471 0.0911 0.0618 0.207 114
ttH(yy) had 2 2.95 0.0469 0.0835 0.146  0.0245 0.0178 0.0669 2.44
ttH(yvy) had 1 3.93 0.0299 0.131 0.0897 0.0158 0.0159 0.0518 0.759

Table 9.2: Predicted event yield in the region 123 GeV < m.,, < 127 GeV at 79.8 fb~*
the hadronic BDT categories. The continuum background estimate is derived by scaling the
data yield in the NTI data sidebands.
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Zu  Zgn Zim
ttH(yy) had 4 0.746 0.448 0.0399
ttH(yy) had 3 1.38 1.06  0.0527
ttH(yy) had 2 1.81  1.53  0.0547
ttH(yy) had 1 3.23  2.73  0.0728
Combined 402 3.33 0.113

Table 9.3: Predicted number-counting significance at 79.8 fb~! in the hadronic BDT cate-
gories. The continuum background estimate is derived by scaling the data yield in the NTI
data sidebands.

Many combinations of hadronic BDT training variables were tested before settling on the
list above, including;:

e High-level jet variables (HL): njets, Tcen. jetss Mb-jets, missing Ep, Hr
e Photons: pr/m,., and 7 for the two photons
e Jets: pr, n and pseudo-continuous b-tag score for up to six jets

e Tops: Top Reco BDT score (see Chapter 8), pr, n, and m for the reconstructed top (t),
pr, 1, and m of the system of jets recoiling against the top (¢2), AR(t,v7y), AR(t1,ts),

AR(t27 ’YIY)

Figure 9.6 compares the performance of several combinations of these variables in terms
of number-counting significance. The set of high-level variables includes no photon-related
variables, and there is near-perfect agreement between significance calculating using N'TI
sidebands and TT sidebands. The introduction of the photon variables increases the sensi-
tivity significantly (compare, for example, “Tops, HL, photons” and “Tops, HL"). It is also
interesting to note that replacing the low-level jet kinematics with reconstructed top variables
gives very similar performance (compare “Tops, HL, photons” and “Jets, HL, photons”).
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Figure 9.6: Predicted number-counting significance of four hadronic categories, with different
input variables used in BDT training. Black (blue) points represent significance calculations
with continuum background estimated from the NTI (TI) data sidebands. Square points
show significances that use the ¢t H yield from the nominal Monte Carlo sample, and circles
show significances that use the yield from a sample using an alternative parton showering
algorithm. The errors shown are statistical.

9.2.2 Leptonic channel

The leptonic channel targets final states with at least one top decaying semi-leptonically
to an electron or muon. In addition to the photon requirements detailed above, leptonic
channel events must pass a preselection requiring at least one b-jet and at least one electron
or muon.

A leptonic BDT is trained to separate t¢tH Monte Carlo (signal) from the continuum
background, which is modeled by the NTI data control region. The ttH signal is required
to contain at least one jet that is b-tagged at the 77% working point: 60% of this sample
is used for training, another 20% for validation, and the remaining 20% for estimating the
final sensitivity. The NTT data sample with > 1 lepton contains limited statistics, and four
statistically independent datasets are defined: one for training, one for BD'T hyper-parameter
optimization (validation 1), one for category boundary optimization (validation 2), and one
for testing.

In the training and validation 1 samples, events are required to contain zero b-tagged jets
and at least one un-tagged jet in the central n region, effectively modeling the background
from non-top QCD processes. In addition, the cuts on photon pr/m,, are replaced with flat
cuts of pr > 35 (25) GeV on the leading (sub-leading) photon, and the range of diphoton
invariant masses is extended to m.., > 80 GeV. 75% of this sample is used for training, and
the other 25% for optimization of the BDT hyper-parameters.
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In the validation 2 and testing samples, the same selection is applied that is used for
the signal sample (> 1 b-jet, > 1 lepton): 50% of this sample is used to optimize the BDT
category boundaries, and the other 50% is reserved for estimating the final sensitivity.

The variables used to train the leptonic BDT are:

® pr/may, 1, and ¢ of the two photons. Photon py is scaled by m.,, to reduce sculpting
of the diphoton mass spectrum.

e pr, n, and ¢ of up to two leptons. If there is no second lepton, dummy values are given
to the BDT in the place of second lepton kinematics.

e pr, 1, ¢, and E of the four jets with highest pr. If there is no jet n, dummy values are
given to the BDT in the place of jet n kinematics.

e Boolean b-tag flag (77% working point) for each of the four jets with highest pp. If
there is no jet n, a dummy value is given to the BDT in the place of a b-tag flag for
jet n.

e Missing E7 and ¢ direction of missing Fr.

Figures 9.7-9.10 show the signal and background distributions in each of these training
variables. The resulting leptonic BDT discriminant is shown in Figure 9.11. The peak in
the NTT background at high BDT score is composed primarily of ¢ty events, which are not
well rejected by the leptonic BDT (see Section 9.3.2).

Three cuts are placed on the leptonic BDT discriminant to create four orthogonal regions:
events in the region with lowest BD'T score are rejected, and the remaining regions make up
the three leptonic analysis categories. The cuts forming the category boundaries are chosen
to maximize the expected Standard Model ¢t H number-counting significance evaluated on
the validation 2 set. This significance is given by Equation 9.3 in each category, and the
total significance is given by the sum in quadrature over all categories.

The category boundaries are determined from a brute force scan of all possible boundary
combinations. In order to have sufficient data in each category to perform the maximum
likelihood fit, a minimum of 0.8 continuum background events (predicted from NTI data)
is required in each category in the range 123 < m., < 127 GeV. This corresponds to ~ 10
events in the full fit range of 105-160 GeV.

The optimal boundaries are shown in Table 9.4. 97% of the ttH signal events passing
leptonic preselection (> 1 b-jet, > 1 lepton) are selected into these four categories, and 43%
of the preselected continuum background events are rejected.

The predicted Higgs boson yield in each category is shown in Table 9.5, along with the
estimated continuum background derived by scaling the NTT sidebands. These yields are
calculated in the region 123 < m,., < 127 GeV. The expected number-counting significances
of the total Higgs boson signal (Zy), the ttH signal (Z;y), and the single top plus Higgs
signal (Z,y) are shown in Table 9.6.
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Figure 9.7: Leptonic BDT training variables: pr/m.., n, and ¢ of the leading and sub-
leading photons. Black squares show ttH Monte Carlo signal, and red and green points
represent the NTT and TT data sidebands, respectively.

Category BDT range

#1H lep 3 [0.705-0.942]
{TH lep 2 [0.942-0.987]
ttH lep 1 [0.987-1]

Table 9.4: Ranges in leptonic BDT score defining the three leptonic ttH () categories.
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ttH tHjb tWH ggF VBF WH ZH cont. bkg.
ttH(yy) lep 3 0.66 0.0634 0.022 0.028 0.00102 0.0265 0.0189 2.84
ttH(yy) lep 2 1.85 0.0556 0.052 0 0 0.0226  0.013 2.35
ttH(yy) lep 1 3.98 0.0307 0.123 0.00587 0 0.00956 0.00994 1.67

Table 9.5: Predicted event yield in the region 123 GeV < m,, < 127 GeV at 79.8 fb~! in
the leptonic BDT categories. The continuum background estimate is derived by scaling the
data yield in the NTI data sidebands.
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Black squares show ¢t H Monte Carlo signal, and red and green points represent the NTI and
TI data sidebands, respectively. Events with no jet n are added to the underflow (left-most)
bin for the kinematics of jet n.

Zu  Zan  Zwn

ttH(yy) lep 3 0.465 0.368 0.045

tHH(yy) lep 2 1.16 1.06  0.0521
ttH(yy) lep1 2.5 2.33  0.0643
Combined 2.8 2.58  0.0942

Table 9.6: Predicted number-counting significance at 79.8 fb=! in the leptonic BDT cate-
gories. The continuum background estimate is derived by scaling the data yield in the NTI

data sidebands.
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Figure 9.10: Leptonic BDT training variables: pr, n, and ¢ of the jets ranked third and fourth
in pr. Black squares show ttH Monte Carlo signal, and red and green points represent the
NTI and TT data sidebands, respectively. Events with no jet n are added to the underflow
(left-most) bin for the kinematics of jet n.

Many combinations of leptonic BDT training variables were tested before settling on the
list above, including;:

High-level jet variables (HL): Ncen. jets, missing Ep, Hr, transverse mass my, pr(lepton
+ missing Er)

Photons: pr/m,, and 7 for the two photons
Jets: pr, n, ¢ and b-tag flag for up to four jets
Leps: pr, n and ¢ of up to two leptons

Tops: Top Reco BDT score, pr, 1, and m for the reconstructed top (1), pr, n, and m
of the system of jets recoiling against the top (o)
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Figure 9.11: Distribution of leptonic BDT score for ttH Monte Carlo signal (red), non-tt H
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(red) and background (blue, black) processes peak at opposite ends of the BDT spectrum.
Dashed vertical lines indicate the position of category boundaries, which are most visible in
the inlaid plot that zooms in to the signal-like end of the spectrum.

Figure 9.12 compares the performance of three combinations of these variables in terms of
number-counting significance. Once again, replacing the low-level jet and lepton kinematics
with reconstructed top variables gives very similar performance (compare “Tops, photons”
and “Jets, leps, MET, photons”).
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9.3 Decomposition of continuum background

The continuum diphoton background included in the t¢H analysis categories consists
mainly of two processes: vy + jets and ttyy, with photons that can be either real or fake.
The total continuum background is estimated using the data-driven method already de-
scribed, but the relative contribution from each of these sources in the ttH categories has
so far remained unexplored. This Section introduces several methods for decomposing the
continuum background. Monte Carlo samples containing real photons are used to model the
shapes of both real-photon and fake-photon background processes.

9.3.1 Hadronic Channel

In the hadronic categories, the relative contribution of ¢ty and vy + jets is determined
using a template fit method. A probability distribution function (PDF) f is constructed for
each background process as a function of an event variable x. The PDFs are summed with
a relative weight factor r, giving a combined PDF of

SM

P iy (@) 4 (L=7) X g (@) 4 7 () (9.8)
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The final term in this PDF represents the expected signal: nf{]‘g is the number of SM signal
events, Ngata 18 the observed number of data events, and fizy () is the signal PDF. Equation
9.8 is fitted to data, and the best fit value of r gives the fraction of ¢ty making up the total
continuum background: this is referred to as the top background fraction.

The template fit method is most successful when the background PDFs fiz, and f,, are
very different in shape. The variable z is chosen to be the reconstructed top candidate mass
in order to exploit the shape difference between samples with and without true top quark
(see Chapter 8 for details on the top reconstruction). Figure 9.13 shows the templates fiz,.,
fry, and fizg, which use a bin size of 20 GeV. The statistical uncertainty on the Monte Carlo
templates is eclipsed by the size of the marker points.

50.45
5 04

aﬂ
i;?ﬁ
. 2N SRR ETTE RTTY FEUTE FRTTE SRR B

I
—tt+yy
—vy + jets
ttH

to

d

o
&)
n

TTTT [ TT T T [T T T[T T T T[T T T [ TTT T[T TTT[TT T[T TTTT
I I T I I I I I

0.25

® 0.2

normalize
o
w

Event

o o©
o o o
[S) BN ) |

o

o
N
o
o
IS
o
o

top 1 mass [GeV]

Figure 9.13: The templates, normalized to unit area, of the top mass distribution in the ttH,
ttyy and vy + jets Monte Carlo samples.

The template fits are shown in Figure 9.14 in two regions: one region corresponding to
all four hadronic ttH () categories, and another region corresponding to the two hadronic
categories with highest signal-to-background ratio (S/B).

The top background fractions obtained in each region are summarized in Table 9.7. The
uncertainty on the top background fraction is divided into two components: a contribution
from the statistics of the data, and a contribution from the statistics of the templates.
The latter is determined by running 1000 toys per template fit and randomly varying the
templates bin-by-bin. The variations are subject to a Gaussian constraint with a width
corresponding to the 1o statistical error on the bin. The standard deviation of the top
background fractions from toys is taken as the error due to template statistics. The statistical
uncertainty on the templates is small compared to the statistical uncertainty in data.

Using the top background fraction extracted from data, the number of ttyy and yy+jets
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Figure 9.14: Template fits to data in the hadronic t¢H (v7) categories. The contributions
from ttyy (blue) and yy+ jets (red) are normalized to their fitted values of r and (1—7). The
ttH contribution (green) is fixed to the SM expectation. The fitted combined PDF is shown
in the dashed black line. The left plot shows the fit for all four hadronic BDT categories,
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oM aata T data  temp
ttH had 1-4 2% 21% +6% £2%
ttH had 1-2 ™% 31% +16% +5%

Table 9.7: The top background fraction obtained in the hadronic ttH(y7y) categories. The
uncertainty is split into components coming from data statistics (data) and from the template
statistics (temp).

events in each region can be extracted:

Nityy = TTNdata (99)
Ny = (1 — 7)Ndata (9.10)
9.11)

The ratio of this number of events to the prediction from Monte Carlo gives a data/Monte
Carlo scale factor for each process. These scale factors are shown in Table 9.8.

ki, data temp k,, data temp
ttH(~7v) had 1-4 487 +1.50 +0.44 1.00 =+0.08 +0.02
ttH(yy) had 1-2  3.31 +1.67 +£0.58 1.21 +0.31 =£0.11

Table 9.8: Data/Monte Carlo scale factors determined from the top background fraction for
the hadronic ¢t H(y7) categories. The uncertainty is split into components coming from data
statistics (data) and from the template statistics (temp).
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The same procedure can be applied in the data sideband region only, with nffjg = 0. The
top background fractions and data/Monte Carlo scale factors obtained from the sidebands
agree with those reported in Tables 9.7-9.8 within the statistical uncertainty.

9.3.2 Leptonic Channel

In the leptonic channel, the dilepton events provide a simple handle for background
decomposition. Since it is highly unlikely that vy + jets events contain more than one
lepton, all dilepton events are taken to be the result of ¢f decays. In the data sidebands
(Jmy — 125 GeV| > 5 GeV), no contamination from t¢H (y7) is expected, and all dilepton
events are therefore attributed to ttyy.

The number of dilepton events predicted by ttyy Monte Carlo is scaled to the dilepton
event yield in the data sidebands (eight events at 139 fb~!). This corresponds to a data/MC
scale factor of 2.91+1.3, with the uncertainty coming from the statistical error on the number
dilepton events in data. This same scale factor is applied to the predicted yield of ¢ty events
containing > 1 lepton, and the scaled prediction is subtracted from the number of > 1 lepton
events in data. The remaining events are attributed to 7y + jets. The data/MC scale factor
for vy + jets is extracted by solving:

SB __ 1._ SB SB
Ndata = Ftiyy Mgy T FayTisy (9.12)

Tables 9.9 and 9.10 show the values of each parameter in this formula.
Data yield Predicted ttyy yield Predicted vy + jets yield

Dilepton 8 2.75 0
> 1 leptons 118 29.42 3.92

Table 9.9: The dilepton and inclusive > 1 lepton event yields in the three leptonic ttH (y7)
categories at 139 fb™!, counted in the m.,, sidebands. Shown in data, ttyy Monte Carlo, and
vy + jets Monte Carlo.

Kizyy Kyy
Dilepton  2.91+£1.3 n/a
> 1 leptons 2.91+1.3 825+£7.22

Table 9.10: Data/MC scale factors derived for each continuum background process in the
leptonic channel. The reported statistical error is due to the limited number of dilepton
events.

Applying the t¢yy Monte Carlo scale factor to data in the full m., range and including
the Standard Model prediction for ttH gives the fractions listed in Table 9.11. As expected,
the ttyy process is the dominant background in these categories, since yy+ jets is better
rejected by a leptonic BDT that is trained on 0 b-jet background (refer to Section 9.2.2).
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_ nl‘fs%]H\/[/ndata r
ttH(yv) lep 1-3 9% 66% =+ 23%

Table 9.11: The top background fraction obtained in the leptonic t¢H () categories.
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Chapter 10

First observation of ttH Production

The observation of tt H production at the LHC represents the first direct evidence of Higgs
boson coupling to quarks. The first observation of ttH above the 5o threshold for discovery
combined searches in multiple Higgs boson decay channels, including H — ~v [147] [148].
The 2018 ATLAS ttH combination is discussed in Section 10.1. Section 10.2 describes the
ttH () results from ATLAS using the full Run 2 dataset, which gives a single-channel
observed ttH significance of 4.90 (4.50 expected) [149].

10.1 Combination of Higgs decay channels

The full ATLAS ¢tH program includes searches in multiple Higgs boson decay channels.
A statistical combination of all available ttH analyses was performed 2018 using a partial
Run 2 dataset. The analyses included in this combination are summarized in Section 10.1.1.
Section 10.1.2 includes a discussion of the treatment of systematic uncertainties, and the
combined results are included in Section 10.1.3.

10.1.1 Input analyses
Run 2 ttH(bb) with 36.1 fb~!

The ttH (bb) analysis [150] targets the H — bb decay in conjunction with at least one
semi-leptonic top quark decay. The analysis included in the combination uses 36.1 fb=! of
ATLAS data collected in 2015-2016. FEvents are divided according to lepton multiplicity
and b-jet multiplicity at different working points. Within each region, categories are defined
using a variety of multivariate techniques. Categories containing high fractions of ttH are
designated as signal regions. Control regions are used to constrain the rate of ¢t background
processes, including tf + bb, tt + b, tt + charm, and tf + light jets.

In the dilepton channel, four control regions and three signal regions are defined. In the
single-lepton channel, six control regions and six signal regions are defined, including one
signal region that targets boosted (high pr) Higgs bosons and top quarks using large-radius
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(R = 1.0) jets. The ttH signal strength is determined by fitting all 19 categories. The rate
of each background process is left free in the fit, with constraining power coming from the
control regions.

Run 2 ttH (multi-lepton) with 36.1 fb™!

The ttH (multi-lepton) analysis [143] targets H — WW, H — 77, and non-resonant
H — ZZ decays. The analysis included in the combination uses 36.1 fb~* of ATLAS
data collected in 2015-2016. Eight signal regions are defined based on lepton flavor and
multiplicity, with two categories corresponding to the 4/ final state. In addition, four control
regions are defined to target the ¢tW, ttZ, tt, and diboson backgrounds.

The ttH signal strength is determined by fitting all twelve categories. The rate of each
background process is left free in the fit, with constraining power coming from the control
regions.

Run 2 ttH(vvy) with 79.8 fb™!

The ttH(v7) analysis targets the H — ~7v decay using the seven analysis categories
described in Chapter 9. The analysis included in this t#H combination uses 79.8 fb~! of
13 TeV ATLAS data collected between 2015 and 2017 (results included in Appendix E).
The same analysis procedure is later applied to the full Run 2 dataset (139 fb™!), and these
results are reported in Section 10.2.

Run 2 ttH(ZZ — 4¢) with 79.8 fb™!

The ttH(ZZ — 4{) analysis [147] targets resonant H — ZZ decay with both Z bosons
decaying leptonically to e or p. This analysis uses 79.8 fb~1 of 13 TeV ATLAS data collected
between 2015 and 2017. Events are selected that contain > 1 b-jet and > 4 leptons (two
same-flavor /opposite-sign pairs) with 115 GeV < my, < 130 GeV. Events are then sorted
into two groups: had-enriched (> 4 jets and exactly 4 leptons), and lep-enriched (> 2 jets
and > 5 leptons). The had-enriched sample is further divided into one “Tight” category
and one “Loose” category based on a BDT discriminant. This BDT is trained to separate
ttH(ZZ — 4¢) Monte Carlo events from simulated background using the following training
variables: p’l, m# Anii. ARuwin(j, Z), AR(jy,40), 0555, B, Nier, Nyjer, Hrp, and H — 44
matrix element.

Run 1 ttH

The Run 1 ATLAS search for tH production [151] combined three Higgs boson decay
channels: H(bb) [152], H(multi-lepton) [153], and H(yy) [151]. With 4.5 fb~" at /s = 7
TeV and 20.3 fb~! at /s = 8 TeV, the Run 1 observed ttH significance is 2.50, compared

to 1.50 expected. This corresponds to an observed signal strength of jzr = 1.8270%:.
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10.1.2 Systematic uncertainties

The Run 2 t£H (bb) and t£H (multi-lepton) analyses use data from 2015-2016. The exper-
imental uncertainties on physics objects (jets, leptons, photons, etc.) are mostly correlated
between these two analyses. The modeling uncertainty on ttV, tV, 4-top, and diboson
backgrounds are treated as fully correlated. The modeling uncertainty on ¢ in the ¢£H (bb)
analysis is not correlated with ¢t H (multi-lepton) because the two analyses probe different
regions of phase-space. See [143] for full discussion of correlations.

The Run 2 ttH(ZZ — 4¢) and ttH () analyses use data from 2015-2017 and a later
version of ATLAS analysis software than the 2015-2016 analyses. The experimental uncer-
tainties on physics objects are treated as fully correlated between these two analyses, but
mostly uncorrelated with tZH (bb) and t¢H (multi-lepton).

The main experimental systematics that are correlated in the combination of these four
analyses are uncertainties on the electron/photon energy scale and resolution, and on the
electron efficiencies. The uncertainty on overall luminosity is treated as partially correlated
between the 2015-2016 and 2015-2017 datasets: a 1.51% common uncertainty is assigned
to both periods, and an additional 1.61% (1.27%) is applied for the 2015-2016 (2015-2017)
period.

Theory uncertainties, including uncertainties on the ¢t H signal prediction, are fully cor-
related across all four 13 TeV analyses. The theory systematics are dominated by the Monte
Carlo modeling of ¢t background processes and uncertainties on the ttH signal (including
QCD scale and UEPS uncertainties).

The dominant sources of systematic uncertainty on the 13 TeV cross section measurement
are summarized in Table 10.1. To determine the contribution from each group of systematics,
the corresponding nuisance parameters are fixed to their best fit values from the uncondi-
tional maximum likelihood fit. The resulting error is then subtracted (in quadrature) from
the total error to obtain the error due only to the systematics in question.

In the combination of Run 1 and Run 2 ¢t H results, almost all systematics are treated as
uncorrelated. The only exceptions are the QCD scale uncertainty on ¢tH, uncertainties on
the Higgs boson branching fractions, and uncertainties on the electron/photon energy scale
and resolution.

10.1.3 Results of combined analysis
Run 2

A summary of all /s = 13 TeV analysis categories (including control regions) is shown
in Figure 10.1. The ttH signal is clearly visible above the background in the categories with
high signal-to-background ratio (on the right-hand side of the plot). The combined ttH
significance is observed to be 5.8¢0 in the 13 TeV analyses, corresponding to a signal strength

of g = 1.32 7933, The expected significance is 4.90.
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Uncertainty source Ao /o [%]
Theory uncertainties 11.9
tt + heavy flavor 9.9
ttH 6.0
Non-tt H Higgs production 1.5
Other backgrounds 2.2
Experimental uncertainties 9.3
Fake leptons 5.2
Jets and missing Frp 4.9
Electrons and photons 3.2
Luminosity 3.0
Tau leptons 2.5
Flavor tagging 1.8
Monte Carlo statistics 4.4

Table 10.1: Breakdown of the systematic uncertainties for the combined ttH cross section
measurement at /s = 13 TeV. This is shown as the uncertainty due to each group of
systematics (Ao), as a fraction of the total cross section (o). The numbers are obtained
from quadratic subtraction of the total uncertainty and the uncertainty of the fit with the
corresponding group fixed.

%10*’;”‘””‘ \\\\\\\\\\\\ [T T Ty
s ATLAS ¢ Data 7
g E (s=13TeV,36.1-79.81b" M H (1=132) 3
u'1‘106§ ttH (u=1) E
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E ]
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_ N W h
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Figure 10.1: Summary of all ttH analysis categories, binned in the logarithm of the signal-
to-background ratio (S/B) of the category. The ttH signal is clearly visible above the back-
ground in the most powerful categories (those with highest S/B).
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The combined ttH cross section at y/s = 13 TeV is measured to be
o = 670 £ 90 (stat.) T150 (syst.) fb (10.1)

This is in agreement with the Standard Model prediction of 507 *2 fb. The measured cross
section from each constituent analysis is shown in Figure 10.2a. No events are observed in
the ttH — ZZ — 4/ categories, so an upper limit is placed on the cross section in this
channel. The measured ttH cross section in each Higgs boson decay channel is shown in
Figure 10.2b. The H — bb and H — vy decay channel cross sections differ slightly from the
analysis-level cross sections due to some small contamination of other Higgs boson decays in
these categories.

LA AL N I s N L L B B B L L L L B L B B

ATLAS e Total Stat. [ Syst. — SM ATLAS e Total Stat. [ Syst. — SM
V5=13TeV, 36.1 - 79.8 fb” V5 =13TeV, 36.1 - 79.8 fb"
Total Stat.  Syst. Total Stat.  Syst.
H (bb) I-EI-I 0.79= g (= g3 .=0.53) H (H - ) '_IE_‘ 136= 15 (= 05 .= 05 )
iH (muliepton) He=— 156 0% (= 02,2 3%) fH(H—bb) == 0.83=061 (=030, = 171)
iH (v) e 139 08 (= 0% .= 0%) fH (H — VV) == ——x 150+ 0% (= 08, = 0%)
iH@Z22) b———————— <1.77 at 68% CL fiH (H— yy) == 1412 08 (L 02 L 0B
Combined H==H 132 922 (£0.18,= 0% Combined == 132+ §2 (£0.18,= 2%
P E R H R BRI R I P R B R AR R R O
-1 0 1 2 3 4 -1 0 1 2 3 4 5
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Oy Oy Oy O
(a) Per analysis (b) Per decay mode

Figure 10.2: Measured ttH cross section broken down by (a) ATLAS analysis and (b) Higgs
boson decay mode, normalized to the Standard Model prediction. The yellow (blue) bars
represent the statistical (systematic) component of the uncertainty on the measured cross
section. The Standard Model prediction is shown in red, with theory errors in gray.

Run 1 and Run 2

Combining the four Run 2 t¢H analyses with the ATLAS Run 1 analysis gives an observed
ttH significance of 6.30, compared to 5.10 expected. The combined signal strength is g7 =
1.38 531 Figure 10.3 shows the likelihood scans of the Run 1, Run 2, and combined
datasets.

The ttH cross section is shown as a function of center of mass energy in Figure 10.4.
The data correspond to Run 1 (y/s = 8 TeV only) and Run 2 (Equation 10.1) cross section
measurements. The pink line represents the theory calculation at NLO in QCD + NLO in

EW, with the uncertainty shown as a purple band.
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Figure 10.3: Expected (dashed) and observed (solid) likelihood scans of the signal strength
pezg for the Run 1 (black), Run 2 (blue), and combined datasets (red).
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Figure 10.4: Measured ttH cross section as a function of proton—proton center of mass energy
V/s. Data is shown in black with total and statistical only uncertainties denoted. The pink
line represents the theory calculation at NLO in QCD + NLO in EW, with the uncertainty

shown as a purple band.
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10.2 ttH in the diphoton decay channel

The ttH () categorization described in Chapter 9 was developed and optimized on the
partial LHC Run 2 dataset of 79.8 fb~!, collected during 2015-2017. This same categorization
is applied to the full Run 2 dataset of 139 fb~!, and no re-optimization of the categories is
performed. This Section reports the full Run 2 results, which are included in [149]. Earlier
results at 79.8 fb~! are described in Appendix E.

10.2.1 Signal and background shapes

In each analysis category, the signal shape is determined by fitting a Double-Sided Crystal
Ball (DSCB) function to a sample of inclusive Higgs boson Monte Carlo (see Section 6.2.1).
The best fit DSCB parameters for each ttH(y7y) category are shown in Table 10.2, along
with Sgo, the smallest m., range containing 90% of Higgs signal.

Category MUCB [GGV} OCB [GGV] Ulow  Ohigh  Tlow  Thigh Sgo [GGV}

#H(q7) had 4 125.15 1.55 1.7 15 50 133  3.00
tfH(yy) had 3 125.16 1.52 1.7 15 50 128 296
t#H(yy) had 2 125.14 1.46 1.7 14 46 166  2.84
#H(yy) had 1 125.14 1.29 1.7 15 47 166 248
#H(yy) lep 3 125.16 1.74 16 1.7 61 58 3.30
tH(vy) lep 2  125.13 1.62 1.7 14 45 216 3.3
tHH(yy) lep 1 125.12 1.44 1.7 14 49 135 280

Table 10.2: Best fit parameter values for the signal m.,, shape in each of the seven ttH ()
categories at 139 fb~1. Note that these are the fitted values for the MC samples at my = 125
GeV.

For the hadronic ttH () categories, the functional form of the continuum background is
extracted from templates created from NTI data. To enhance statistics in these templates,
events with no b-tagged jets are also included, and the b-tag status of all central jets are set
to “true” when computing BDT score. For the leptonic ¢t H(y7) categories, the background
templates are constructed from ttyy Monte Carlo, since this process dominates the contin-
uum background once the BDT selection has been applied. In order to enhance statistics,
no photon identification or isolation cuts are applied to the leptonic background templates.

The functional form of the continuum background and the spurious signal are listed in
Table 10.3.

10.2.2 Systematic uncertainties

The experimental uncertainties included in the ttH () measurement are those sum-
marized in Section 6.4.2. A conservative 100% heavy flavor uncertainty is applied to the
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Category Function Ny, x*/ndof Prob(x?) [%]
ttH(yv) had 4 Power Law  +1.07 0.82 82.2
ttH(yv) had 3 Power Law  +0.658  1.14 22.2
ttH(yy) had 2 Power Law  40.756  1.31 6.47
ttH(yy) had 1 Exponential +40.316  1.33 5.45
ttH(yy) lep 3 Exponential +40.165  0.87 73.8
ttH(y7v) lep 2 Power Law  +0.430  1.33 5.45
ttH(yy) lep 1  Exponential +0.241  1.51 0.981

Table 10.3: Results of the spurious signal test for the ttH (y7y) categories at 139 fb~!. The
x?/ndof indicates the performance of a background only fit to the template in the m.,, range
105-160 GeV, but is in general not a part of the spurious signal criteria.

predicted ggF, VBF, and V' H yields in each category, and inclusive uncertainties from [34]
are applied to the bbH, tH jb, and tW H yields.

For the ttH signal yields, QCD scale variations and PDF uncertainties (31 eigenvec-
tor scheme) are evaluated separately in each category. In addition, an Underlying Even-
t/Parton Showering (UEPS) uncertainty is calculated on the t¢H yield in each category
by comparing predictions from Monte Carlo samples using different showering algorithms:
MG5_aMC@NLO+Pythia8 and MG5_aMCQNLO+Herwig++. The UEPS uncertainties are
listed in Table 10.4.

Category UEPS [%)]
ttH had 4 +2.2

ttH had 3 -3.2
ttH had 2 —6.7
ttH had 1 —11.4
ttH lep 3 +5.1
ttH lep 2 —2.9
tHlepl  —9.0

Table 10.4: Underlying Event/Parton Showering (UEPS) uncertainty on ttH signal yields
in each analysis category. The uncertainty is obtained by comparing event yields from ¢t H
Monte Carlo samples with two different showering algorithms: MG5_aMC@NLO-+Pythia8
and MG5_aMCQNLO-+Herwig++.

The main sources of systematic uncertainty on the measurement of ¢t H cross section times
H — ~7 branching fraction are summarized in Table 10.5. To determine the contribution
from each group of systematics, the corresponding nuisance parameters are fixed to their
best fit values from the unconditional maximum likelihood fit. The resulting error is then
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subtracted (in quadrature) from the total error to obtain the error due only to the systematics
in question.

Uncertainty source A0y /0 (%] Acnign/o [%]

Theory uncertainties 6.6 9.7
Underlying Event/Parton Shower 5.0 7.2
Heavy flavor 4.0 3.4
QCD scale 3.3 4.7
PDF+ag 0.3 0.5

Experimental uncertainties 7.8 9.1
Photon energy resolution 5.5 6.2
Photon energy scale 2.8 2.7
Jet/missing Er 2.3 2.7
Spurious signal 2.1 2.0
Photon efficiency 1.9 2.7
Luminosity and trigger 1.6 2.3
Higgs mass 1.6 1.5
Pileup 1.0 1.5
Flavor tagging 0.9 1.1
Leptons 0.4 0.6

Table 10.5: Contribution of groups of systematic uncertainties to the total error on the
measured ttH cross section times H — 7 branching ratio with 139 fb=!. This is shown
as the uncertainty due to each group of systematics (Aco), as a fraction of the total cross
section (o). The numbers are obtained from quadratic subtraction of the total uncertainty
and the uncertainty of the fit with the corresponding group fixed.

The dominant theory uncertainty is the UEPS uncertainty: since up to six jets in a single
event are used in the BDT training (see Chapter 9), dependence on the parton showering
algorithm is expected. The photon energy scale and resolution are the dominant experimental
systematics, and their role will be discussed in the next Section.

10.2.3 Results

The diphoton mass spectrum in each hadronic (leptonic) category is shown in Figure
10.5 (Figure 10.6), with the signal-plus-background fits overlaid. The observed significance
of ttH () is 4.90, which corresponds to a signal strength of

perrr = 1.38 7036 = 1.38 7033 (stat.) T01° (exp.) 70733 (th.) (10.2)

The expected tt H(v7) significance on the full Run 2 dataset (assuming the Standard Model)
is 4.50 (pre-fit) and 4.20 (post-fit).
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Figure 10.5: Diphoton invariant mass spectrum in the four hadronic t¢H () categories with
139 fb~! of ATLAS data. ttH(y7) had 1 (a) corresponds to the tightest cut on BDT score,
and ttH(yv) had 4 (d) to the loosest. The data is shown in black, with the fitted continuum
background distribution in blue, the total background (including non-ttH Higgs processes)
in green, and the ttH signal plus background in red.

Figure 10.7 shows the fitted signal and background yields in each category, calculated in
the m., window containing 90% of the Higgs boson signal (Sg in Table 10.2). These yields
are also listed in Table 10.6.

In order to visually enhance the contribution of the most powerful analysis categories, the
data and fit in each category are weighted by In(1+.S/B) where S (B) is the expected signal
(background) in the smallest m,, window containing 90% of the Higgs boson signal. This
weighting procedure serves to magnify the contribution to the m.. spectrum of categories
with highest S/B. The weighted diphoton mass spectrum (summed over all categories) is
shown in Figure 10.8. A description of the calculation of errors on this plot is included in
Section 6.5.

The ttH cross section times the H — v branching fraction is measured to be

o X By = 1.59 7038 fh = 1.59 1038 (stat.) 7015 (exp.) T517 (th.) fb (10.3)
This is compared to a Standard Model prediction of 1.15 093 fb.



CHAPTER 10. FIRST OBSERVATION OF ttH PRODUCTION 128

T T T T T
L) Data ATLAS Internal

> e 5 > T T T T T .
3 b E 8 12 ¢ Data ATLAS Internal =
o [S— Continuum Background Vs =13 TeV, 139 fb™ © 10 Eovm Continuum Background Vs =13TeV, 139 fb" 3
& 12 - - - Total Background m,=125.09GeV ~ — & £ ----- Total Background my, = 125.09 GeV ]
: 10? ——— Signal + Background Lep 1 category 7; : 8~ —— sSignal + Background Lep 2 category —
2 8— 3 @ E 3
1= = E = 61— |
Q 6 - g E E
m E E I =
4 — b re
24| 1]] [ L) AT
) £ 0 SRR & SRR e —H—t 4 ) ) ) ot , RN
] E 3 £
X E ] g C
o 5 5 o sk
= 4 ] £ £
Q 5] e
(¢} ofp4— 94— --~ o o
| 1
£ ] ] E |
8 10 120 130 40 50 B0 8 110 20 30 40 0 7
m,, [GeV] m,, [GeV]
(a) ttH () lep 1 (b) ttH () lep 2
> T T T T T 5
e 12— ¢ Data ATLAS Internal E
by 10i ----------- Continuum Background Vs =13TeV, 139 fb" J
& . ----- Total Background m, = 125.09 GeV 1
T 8~ —— Signal + Background Lep 3 category —
7] |
< 6 } —
g =
g B
[T =
2 =l b A } ‘ ‘
: ; ; ; 7

Myt b bud o g

110 120 130 140

Data - Cont. Bkg.
o

750 160
m,, [GeV]

(c) ttH(yv) lep 3

Figure 10.6: Diphoton invariant mass spectrum in the three leptonic t£H () categories with
139 fb~! of ATLAS data. ttH(yv) lep 1 (a) corresponds to the tightest cut on BDT score,
and ttH (vv) lep 3 (c) to the loosest. The data is shown in black, with the fitted continuum
background distribution in blue, the total background (including non-ttH Higgs processes)
in green, and the ttH signal plus background in red.

Characterizing the Higgs peak

In the seven ttH categories, the shape of the Higgs mass peak in data is broader and
centered at higher mpy than expected. As a result, the photon energy scale and resolution
systematics are pulled to fit the peak in data, making these the dominant experimental un-
certainties. A number of tests are performed to quantify the difference between the observed
and expected Higgs signal peak, and no significant tension with the expected Higgs boson
signal shape is observed.

If the Higgs boson mass is allowed to float along with the ¢¢H signal strength, the best
fit occurs at my = 126.45 T505 GeV and = 1.40 T)32. The tension between this
measurement and the expectation (my = 125.09 GeV) is at the level of 2.150.

In order to fit the width of the Higgs mass peak, a scale factor is assigned to oc¢g, the
resolution of the DSCB function. A scale factor of 1.0 corresponds to the expected width,
while a scale factor larger than 1.0 corresponds to a broadened peak. This scale factor is
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Figure 10.7: Fitted number of ¢ttH(yy) and background events in each analysis category
with 139 fb~! of ATLAS data. The fitted continuum background yield is shown in blue, the
non-tt H Higgs background in green, and the ttH signal (normalized to the fitted u = 1.38)
in red. The total number of data events per category is overlaid in black.

Category SM ttH SM non-ttH Higgs Cont. bkg. SM Total Data

{TH(y7) had 1 6.94 0.81 1,50 1225 15
ttH () had 2 5.58 1.11 16.53 23.22 31
ttH () had 3 7.73 3.07 56.02 66.83 82
ttH(~7) had 4 4.92 5.03 100.65 110.59 105
ttH () lep 1 7.89 0.42 4.57 12.88 15
tTH(y7) lep 2 3.92 0.43 7.46 11.82 11
ttH () lep 3 1.45 0.49 7.54 9.48 6

Table 10.6: Event yields in the seven ttH (y7) categories with 139 fb~1. The observed yield
(Data) is compared with the sum of expected ttH signal, background from non-tt H Higgs
production, and continuum background. The continuum background yield is extracted from
the unconditional maximum likelihood fit. Event yields are counted in the smallest m..,
window containing 90% of the expected signal.
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Figure 10.8: Weighted diphoton invariant mass spectrum of all seven ¢t H (y7) categories with
139 fb~! of ATLAS data. The data is shown in black, with the fitted continuum background
distribution in blue, the total background (including non-tt H Higgs processes) in green, and
the ttH signal plus background in red. The data and fit in each category are weighted by
In(1+ S/B), where S (B) is the expected signal (background) in the smallest m.., window
containing 90% of the Higgs signal.

allowed to vary along with gy (for fixed mp). The best fit is at a scale factor of 1.45 T35
and gy = 1.52 1035, The tension between this measurement and the expected width (scale
factor = 1.0) is 1.530.

Allowing all three parameters (75, my, and width scale factor) to vary simultaneously,

the best fit value lies at my = 126.33 1353 GeV, width scale factor of 1.35 535 and
i = 1.53 T35 The tension between this measurement and the expectation (scale factor
= 1.0 and my = 125.09 GeV) is 1.680.

A rigid signal shape is obtained by fixing the photon energy scale and resolution system-
atics to their expected values. The observed significance in this model is reduced to 4.50,
corresponding to a signal strength of pzy = 1.14 7355, Within uncertainties, these results
with fixed resolution are consistent with results where the mean and width of the signal peak

are allowed to vary.
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Chapter 11

CP-sensitive categorization of ttH(v7)
events

With the observation of the ttH process, the coupling between the Higgs boson and
top quark has been directly established. The remainder of this work focuses on the direct
measurement of the CP structure of the top Yukawa coupling using ttH and tH production
in the H — 7 decay channel.

As discussed in Chapter 2, the CP nature of the coupling (scalar, pseudoscalar or mixed)
impacts the overall rates of tt H and tH production (Table 5.6) as well as sensitive kinematic
distributions [50] [154] [155]. Because of the large enhancement in the tH cross section in
BSM CP scenarios, the tHjb and tW H processes are considered as signal in addition to
ttH. This Chapter presents the development of multivariate ttH(yy) CP categories that
are sensitive to changes in ttH and tH kinematics with different mixing angles a. Results
derived from this categorization using the full H — ~~ statistical machinery are presented
in Chapter 12.

Section 11.1 reviews the figures of merit used to optimize the ttH(yy) CP category
definitions. The most sensitive kinematic variables are reviewed in Section 11.2. Section 11.3
describes the training of CP BDTs to separate CP even and CP odd hypotheses, and Section
11.4 describes the procedure used to optimize the cut values defining category boundaries.

11.1 Number-counting limit on CP mixing

Following a procedure analogous to that presented in Section 9.1, the Poisson distribution
P(k,\) (Equation 9.1) can be used to approximate the likelihood and a p-value can be
calculated for various CP scenarios. Assuming the CP even hypothesis (SM, a = 0° and
ky = 1), the expected single-category exclusion of a CP hypothesis with mixing angle o and
coupling strength k; is given by the p-value
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P(So1+ B,Sax, + B)
—21 ’ i = 11.1
" P(Sos + B, So. + B) (11.1)

Soq1+ B
Sanr, +B

where S, ., is the number of signal events predicted at mixing angle a and coupling strength
ki. In the measurement of CP properties of the Higgs-top coupling, the signal yield S, ,
includes ttH, tHjb, and tW H processes. The background yield B includes an estimate of
other Higgs boson processes as well as the continuum diphoton background. Rather than
exercising the full background estimation machinery, the number-counting significance relies
on the estimation of continuum background yield from a data control region described in
Section 5.1.1.

One figure of merit used to optimize the tt H(y7y) CP categories is the expected exclusion
of the CP odd hypothesis (o = 90° and x; = 1):

2(50,1 + B) ln( ) — 2(50,1 + B) + 2(5047,% + B) (112)

3071 + B

m) —2(S01 + B) + 2(S00,1 + B) (11.3)

Zcp(90) = \/2(50,1 + B) In(
The other figure of merit is the expected significance of SM t¢tH + tH (Equation 9.3, with
S = SM ttH + tHjb+ tWH): this is referred to as Zipy. In order to obtain the total
Ziinven and Zeop(90), the single-category significances are added in quadrature.

The number-counting significance can be used to estimate the impact of systematic uncer-
tainties on the signal and background. Since the measurement of CP in t¢H () is dominated
by the statistical uncertainty on the number of background events, it is enough to compare
the magnitude of systematic uncertainties to the background-only statistical uncertainty:

(5 . 5071
ZitH+tH

(11.4)

For o4 << 6, the impact of systematics is expected to be nearly negligible compared to
the statistical uncertainty on the measurement. It is verified in Section 11.4 that the main
theory uncertainties are small compared to ¢ in the optimized BDT categories.

Assuming x; = 1, a number-counting estimate of the 95% confidence limit on the mixing
angle a can also be derived from the exclusion Zgcp(a). A curve can be calculated by
interpolating Zcp () calculated at all available Monte Carlo points (see Section 5.2.2). The
value of o where this curve intersects Z = 1.96 corresponds to the 95% confidence limit.

11.2 Sensitive observables

Using ttH and tH Monte Carlo samples generated with x;, = 1 and different values of the
CP mixing angle « (details in Section 5.2.2), the following distributions are obtained at par-
ticle level (i.e. before simulating the parton shower, hadronization, and detector response).
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The most powerful shape discrimination between CP even (a = 0°, K, = 1) and CP odd
(v =90°, k; = 1)comes from the pr of the Higgs boson. In t¢tH, tH jb, and tW H, the Higgs
boson tends to have higher pr and more central in n in CP hypotheses with higher values of
the mixing angle a. Figure 11.1 shows the Higgs boson pr and 7 for different values of «.
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Figure 11.1: Particle-level distributions of Higgs boson pr and n in ttH (left), t Hjb (center),
and tW H (right) Monte Carlo for different values of the CP mixing angle a. The coupling
strength k; is fixed to 1.

The angular separation between top quarks also provides discrimination between CP
hypotheses in ttH. Figure 11.2 shows the angular distances An and A¢ between the top
and antitop, which are larger for higher values of .

The pr and n of the top quarks are shown in Figure 11.3. These variables give some
separation between CP even and CP odd in tH jb, but their discrimination power is limited
in ttH and tW H. Another powerful variable is the invariant mass of the top quark plus Higgs
boson system, shown in Figure 11.4. In the case of ttH and tW H, the m,y is generally larger
in CP odd than in CP even, while the opposite trend is visible in ¢tH jb.
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Figure 11.2: Particle-level distributions of the angular separation between top and antitop
quarks in ttH Monte Carlo for different values of the CP mixing angle . The coupling
strength k; is fixed to 1.
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Figure 11.3: Particle-level distributions of top quark pr and 7 in ttH (left), tHjb (center),
and tW H (right) Monte Carlo for different values of the CP mixing angle a. The coupling
strength k; is fixed to 1.
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Monte Carlo for different values of the CP mixing angle . The coupling strength x; is fixed
to 1.

11.3 Multivariate categorization strategy

As in the Standard Model ¢t H () analysis (Chapter 9), events are preselected into two
channels targeting different decays of the ¢t system: the hadronic channel targets the all-
hadronic tf decay, and the leptonic channel targets final states with at least one semi-leptonic
top decay. The preselection for both channels is unchanged with respect to the SM ttH ()
analysis.

The ttH(~7y) CP analysis categories are based on a partition of a two-dimensional BDT
space in each channel (see the schematic in Figure 11.5). The horizontal axis of the two-
dimensional BDT plane is formed by the background rejection BDT discriminant, which
separates ttH (v7) signal from background processes. The hadronic and leptonic background
rejection BDTs are the same discriminants used in the SM t¢H (vv) analysis and described
in detail in Chapter 9.

The background rejection BDT's reject continuum background well, and acceptance at
the signal-like end of the spectrum is high for both ttH and tH. Figures 11.6 and 11.7 show
that there is weak dependence on CP mixing angle, and that this dependence is stronger in
tH than in ttH. The tight/isolated (TI) sideband data (|m., — 125| > 5) is overlaid, giving
the approximate shape of the continuum background.

Figure 11.8 shows the background rejection BDT discriminants for the sum of ttH, tHjb
and tW H, with relative weights according to the predicted cross sections in Table 5.6. Here,
the dependence on mixing angle is due primarily to the changing fraction of the t H processes.

The vertical axis of the two-dimensional BDT plane (Figure 11.5) is formed by the CP
BDT, which separates simulated CP even (o = 0°, k; = 1) and CP odd (a = 90°, k; = 1)
ttH + tH signals. The following sections describe the training of the hadronic and leptonic
CP BDTs.
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Figure 11.5: Diagram of the two-dimensional BDT plane and ¢t H(yy) CP categories in (left)
the hadronic channel and (right) the leptonic channel. The horizontal axis represents the
background rejection BDT score, and the vertical axis represents the CP BDT score. Vertical
and horizontal lines denote the category boundaries, and the shaded regions contain rejected

events.
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11.3.1 Hadronic channel

Following the preselection in Chapter 9, hadronic channel events must contain zero lep-
tons (e or ) and at least three jets, one or more of which is b-tagged at the 77% working
point.

The hadronic CP BDT is trained to separate CP even and CP odd signal events pass-
ing hadronic preselection using XGBoost [140]. The training samples are constructed from
MG5_aMC@NLO + Pythia8 Monte Carlo samples of ttH, tH jb, and tW H. The composition
of ttH, tHjb, and tW H in each sample is determined by the predicted cross section of each
process given in Table 5.6. The training is performed on 50% of each sample, while 25% is
reserved for validation (including early stopping of the BDT and determination of category
boundaries), and the final 25% is reserved for sensitivity evaluation.

The discriminating variables used in the hadronic CP BDT training are:

e pr and 7 of the diphoton system (Higgs boson candidate)

e pr, 0, ¢ (with respect to the Higgs boson candidate), and Top Reco BDT score of
the reconstructed top candidate and the second top candidate (see Chapter 8). In the
case where no second top is reconstructed (either partially or fully), missing values are
passed to XGBoost for the kinematics of the second top.

e Angles An and A¢ between the top candidates. In the case where no second top is
reconstructed (either partially or fully), missing values are passed to XGBoost.

e Two-object invariant masses my, g, and my,. In the case where no second top is
reconstructed (either partially or fully), the value of my, is passed to XGBoost for the
my,+, variable.

¢ HT = Zjet jp%“
e The minimum AR between a photon and a jet in the event

e The second-smallest AR between a photon and a jet in the event (out of all photon-jet
combinations)

e Jet multiplicity and b-jet multiplicity (77% working point)
e Missing Er significance (Equation 4.7)

Figures 11.9 -11.15 compare the Monte Carlo distribution of each training variable for dif-
ferent values of the mixing angle «, with the coupling strength k; fixed to 1.

The BDT hyper-parameters are chosen to maximize the area under the ROC curve eval-
uated on the validation set. The ROC AUC of the hadronic CP BDT is 78.39%. The
distributions of the output BDT score for ttH, tHjb and tW H are shown separately for
each process in Figure 11.16.
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Figure 11.11: Hadronic CP BDT training variables: pr, n, ¢ with respect to the Higgs boson
candidate, and Top Reco BDT score of the second reconstructed top quark. The underflow
bins represent events where no second top is reconstructed (either partially or fully). The
open squares show data in the sideband region.
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bins represent events where no second top is reconstructed (either partially or fully). The
open squares show TI data in the sideband region.
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Figure 11.13: Hadronic CP BDT training variables: my, gy and my,s,. The open squares show
TT data in the sideband region.
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and missing Ep significance. The open squares show TI data in the sideband region.
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Figure 11.15: Hadronic CP BDT training variables: ARY, and ARY?. The open squares
show TT data in the sideband region.
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Figure 11.16: Hadronic CP BDT score for ttH, tHjb, and tW H for different values of the

CP mixing angle. The coupling strength ; is fixed to 1. The open squares show TI data in
the sideband region.

Figure 11.17 shows the two-dimensional hadronic BDT plane in data passing hadronic
preselection. For ease of visualization, the axes here represent transformations of the raw
BDT scores. The inner (outer) contours capture 25% (50%) of the t¢H + tH signal for the
CP even and CP odd hypotheses. The projection onto the background rejection BDT and
CP BDT axes are shown in the right-hand panels. Data and signal samples are normalized
to unit area for a comparison of BDT shapes. It is clear that the background (the dominant
component in the data) is concentrated at low background rejection BDT score, while the
signal is concentrated at high background rejection BDT score. In addition, the CP even
and CP odd signal hypotheses are separated by the CP BDT score. The SM expectation
(CP even) is concentrated in the upper right corner of the 2D plane.
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Figure 11.17: Two-dimensional BDT distribution in data passing hadronic preselection.
The horizontal axis shows the background Rejection BDT discriminant and the vertical axis
shows the CP BDT discriminant. The inner (outer) contours capture 25% (50%) of the
ttH + tH events for the CP even (blue) and CP odd (red) hypotheses. The right panel
shows projections onto the BDT discriminant axes. Contributions from CP even (blue), CP
odd (red) ttH + tH processes and the data (black) are shown and normalized to unit area.

11.3.2 Leptonic channel

Again following the preselection in Chapter 9, leptonic channel events must contain at
least one lepton (e or u) and at least one b-jet.

The leptonic CP BDT is trained to separate CP even and CP odd events passing leptonic
preselection using XGBoost [140]. The construction of training samples and the training
variables used are analogous to those used in training of the hadronic CP BDT

The training samples are constructed from MG5_aMCQNLO + Pythia8 Monte Carlo
samples of ttH, tHjb, and tW H, with the composition of ttH, tH jb, and tW H determined
by the predicted cross sections in Table 5.6. The training is performed on 50% of each sample,
while 25% is reserved for validation (including early stopping of the BDT and determination
of category boundaries), and the final 25% is reserved for sensitivity evaluation.

The discriminating variables used in the leptonic CP BDT training are the same as those
used in the hadronic training (though top quarks are reconstructed differently, as described
in Chapter 8). In dilepton events (where no top quarks are reconstructed), missing values
are passed to XGBoost for all top-related variables. Figures 11.18 -11.24 compare the Monte
Carlo distribution of each training variable for different values of the mixing angle o, with
the coupling strength «; fixed to 1.

The BDT hyper-parameters are chosen to maximize the area under the ROC curve. The
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Figure 11.18: Leptonic CP BDT training variables:

data in the sideband region.
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Figure 11.19: Leptonic CP BDT training variables: pr, n, ¢ with respect to the Higgs boson
candidate, and Top Reco BDT score of the first reconstructed top quark. The underflow
bin corresponds to events containing > 2 leptons, where no top is reconstructed. The open
squares show TI data in the sideband region.
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Figure 11.20: Leptonic CP BDT training variables: pr, n, ¢ with respect to the Higgs
boson candidate, and Top Reco BDT score of the second reconstructed top quark. The
underflow bins in pr, n, and ¢ represent events containing > 2 leptons or where no second
top is reconstructed (either partially or fully). The underflow bin in Top 2 Reco BDT score
represents events where the second top is not fully reconstructed. The open squares show
TT data in the sideband region.
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Figure 11.21: Leptonic CP BDT training variables: An(tq,t2) and A¢(tq,t2). The underflow
bins represent events containing > 2 leptons or where no second top is reconstructed (either
partially or fully). The open squares show TI data in the sideband region.
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Figure 11.22: Leptonic CP BDT training variables: my, z and my,,. The underflow bins
contain events with > 2 leptons, where no top is reconstructed. The open squares show TI
data in the sideband region.
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Figure 11.23: Leptonic CP BDT training variables: jet multiplicity, b-jet multiplicity, Hrp,
and missing FEp significance. The open squares show TI data in the sideband region.
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Figure 11.24: Leptonic CP BDT training variables: ARY. and ARY2. The open squares
show TT data in the sideband region.

ROC AUC for the leptonic CP BDT is 76.69%. The distributions of the output BDT score
for ttH, tHjb and tW H are shown separately for each process in Figure 11.25.
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Figure 11.25: Leptonic CP BDT score for ttH, tHjb, and tW H for different values of the
CP mixing angle. The open squares show TI data in the sideband region.

Figure 11.26 shows the two-dimensional leptonic BDT plane in data passing leptonic
preselection. For ease of visualization, the axes here represent transformations of the raw
BDT scores. The inner (outer) contours capture 25% (50%) of the t¢H + tH signal for the
CP even and CP odd hypotheses. The projection onto the background rejection BDT and
CP BDT axes are shown in the right-hand panels. Data and signal samples are normalized
to unit area for a comparison of BDT shapes. Due to low statistics in data compared to
the hadronic channel, the binning in the 2D BDT plane is coarser here. It is clear that
the background (the dominant component in the data) is concentrated at low background
rejection BDT score, while the signal is concentrated at high background rejection BDT
score. In addition, the CP even and CP odd signal hypotheses are separated by the CP
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BDT score. The SM expectation (CP even) is concentrated in the upper right corner of the
2D plane.
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Figure 11.26: Two-dimensional BDT distribution in data passing leptonic preselection. The
horizontal axis shows the background rejection BDT discriminant and the vertical axis shows
the CP BDT discriminant. The inner (outer) contours capture 25% (50%) of the ttH + tH
signal events for the CP even (blue) and CP odd (red) hypotheses. The right panel shows
projections onto the BDT discriminant axes. Contributions from CP even (blue), CP odd
(red) ttH + tH processes and the data (black) are shown and normalized to unit area.

11.4 Determination of category boundaries

The optimal choice of category boundaries maximizes both the expected ttH + tH sig-
nificance (Z;g1¢y) and the expected number-counting exclusion of the CP odd hypothesis
(Zcp(90) from Equation 11.3). A brute force scan is performed over all possible boundary
combinations, and the boundary values are chosen to maximize Z;g. ¢y and Zcp(90). For
boundary optimization, both figures of merit are evaluated on the validation set, since the
cuts forming the category boundaries are considered hyper-parameters of the analysis.

Up to four (three) categories are created by placing cuts on the hadronic (leptonic)
background rejection BDT discriminant. Events falling below the loosest cut are rejected.
Within each background rejection category, up to three CP categories are defined. Merging
of categories is allowed by overlapping of the category boundaries. The maximum allowed
number of categories is twelve (nine) for hadronic (leptonic). The selected categorization
contains twelve hadronic and eight leptonic categories: two rather than three CP BDT
categories are created in the tightest leptonic background rejection BDT region.
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In order to have sufficient data in each category to perform the maximum likelihood fit
described in Chapter 6, a minimum of 0.8 continuum background events (predicted from
NTI data) is required in each category in the range 123 < m.,, < 127 GeV. This corresponds
to ~ 10 events in the full fit range of 105-160 GeV.

The results of the brute force scan are shown in Figure 11.27. It is clear that the same set
of boundaries does not necessarily maximize both Z;zy 5z and Zcp(90). The final category
boundaries are selected by allowing Zcp(90) to be lower than the maximal value by up to
0.150: this corresponds to a small drop of 1° in the number-counting 95% confidence limit
on the mixing angle a.
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Figure 11.27: Summary of the CP odd exclusion Z¢p(90) and SM ¢tH + tH significance
Zgn g obtained by each set of boundaries in the brute force scan. The maximum exclusion
of the CP odd hypothesis is shown in magenta, the maximum SM ttH + tH significance in
black, and the selected category boundaries in red.

The chosen boundaries are listed in Table 11.1. The categories are labeled with numbers
1-20 according to Figure 11.5. Categories 1-12 are in the hadronic channel, and categories
13-20 are in the leptonic channel. The most CP even-like categories are those with high CP
BDT score (3, 6,9, 12, 14, 17, 20), and the most CP odd-like categories are those with low
CP BDT score (1, 4, 7, 10, 13, 16, 19).

The expected significance of ttH and tH signal in the CP even and CP odd scenarios
is shown in Table 11.2. This Table also includes the expected exclusion of the CP odd and
maximal CP mixing (o = 45°, k; = 1) hypotheses, assuming SM observation.

The background-only statistical uncertainty § (Equation 11.4) is shown for each category
in Table 11.3 and compared to the major theory uncertainties that will impact the result:
these include the 100% heavy flavor uncertainty on ggF, as well as on the Underlying Even-
t/Parton Showering uncertainties on ttH, tHjb, and tW H signal. All of these systematics
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Category Bkg Rej BDT score CP BDT score
ttH(yy) CP 1 [0.995 — 1] [0 — 0.90]
ttH(yvy) CP 2 [0.995 — 1] [0.90 — 0.97]
ttH(yvy) CP 3 (0.995 — 1] [0.97 — 1]
ttH(yvy) CP 4 [0.991 — 0.995] [0 — 0.88]
ttH(~v) CP 5 [0.991 — 0.995] [0.88 — 0.96]
ttH(yvy) CP 6 [0.991 — 0.995] [0.96 — 1]
ttH(yy) CP 7 [0.981 — 0.991] [0 — 0.84]
ttH(yvy) CP 8 [0.981 — 0.991] [0.84 — 0.96]
ttH(yy) CP 9 [0.981 — 0.991] [0.96 — 1]
ttH(yv) CP 10 [0.909 — 0.981] [0 —0.61]
ttH(vyy) CP 11 [0.909 — 0.981] [0.61 — 0.86]
ttH(yy) CP 12 [0.909 — 0.981] [0.86 — 1]
ttH(yy) CP 13 [0.988 — 1] [0 —0.91]
ttH(vvy) CP 14 [0.988 — 1] [0.91 — 1]
ttH(yvy) CP 15 [0.915 — 0.988] [0 — 0.82]
ttH(yy) CP 16 [0.915 — 0.988] [0.82 — 0.93]
ttH(yv) CP 17 [0.915 — 0.988] [0.93 — 1]
ttH(yy) CP 18 [0.252 — 0.915] [0 —0.72]
ttH(yy) CP 19 [0.252 — 0.915] [0.72 — 0.86]
ttH(yy) CP 20 [0.252 — 0.915] [0.86 — 1]
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Table 11.1: Optimized ttH(yy) CP category boundaries.

ttH significance (if even) 5.000
ttH significance (if odd)  2.750
tH significance (if even) 0.321c
tH significance (if odd)  2.23¢
Zer(90°) 3.020
Zop(45°) 1.250

Table 11.2: Predicted values of the figures of merit for the twenty ttH(yy) CP categories,
calculated from event yields in the m,, region 125 + 2 GeV. Continuum background is
calculated by scaling NTTI data sidebands according to Equation 5.2.
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are found to be much less than J, and are therefore expected to have negligible impact on
the final results.

Category ) nggr  UEPS = pHervie _ pPythia
HH  tHjb  OWH
ttH(yy) CP 1 1.462 0.247 -0.157 0.008 0.010
ttH(yy) CP 2 1.581 0.044 -0.049 -0.007 -0.005
ttH(yy) CP 3 1.136 0.002 0.098  0.000 0.000
ttH(yy) CP 4 1.275 0.208 -0.039 -0.043 -0.038
ttH(yy) CP 5 1534 0.054 -0.008 -0.020 -0.006
(7y)
()
(77)
(77)

tiH(vy) CP 6 1.554 0.009 0.080 -0.005  -0.007
ttH(vy) CP 7 1.597 0.448 -0.053 -0.020  -0.014
tiH(vy) CP8  2.713 0.186 0.015 -0.010  -0.002
tiH(yy) CP 9 2.623 0.021 0.094 0.007  -0.001
tfH(vy) CP 10 1.363 0.557 -0.003 0.019  -0.012
tfH(vy) CP 11 3.858 1.250 -0.053 -0.038  0.026
ttH(yy) CP 12 7.860 0.600 0.007 -0.025  0.006
ttH(y~) CP 13 1.398 0.001 -0.149 -0.024  -0.006
ttH(yy) CP 14 1.640 0.001 0.156 -0.008  0.001
ttH(yy) CP 15 1.168 0.004 -0.089 -0.024  -0.011
(v)
(v7)
(v7)
(v)
(

ttH(yy) CP 16 1.643 0.000 -0.015 -0.012 -0.014
ttH(yy) CP 17 1.697 0.001 -0.036 0.001 0.000
ttH(yy) CP 18 1.082 0.008 -0.016 0.032 -0.027
ttH(yy) CP 19 1.627 0.008 -0.024 0.022 -0.010
ttH(yy) CP 20 1.973 0.003 -0.014 -0.013 0.013

Table 11.3: Background-only statistical uncertainty (0) in each ttH(yvy) CP category com-
pared with the 100% heavy flavor uncertainty (ng,yr) and the UEPS uncertainties on t¢H,
tHjb, and tWH. All columns are in units of events at 139 fb~! and are calculated in the
range m., = 125 £ 2 GeV.

The number-counting rejection Zop(ar) as a function of mixing angle is shown in Figure
11.28. The 95% confidence limit is shown as a horizontal dashed line. The limit is calculated
to be a = 59.0° when background is estimated from the N'TTI sidebands, and o = 64.4° when
background is estimated from the TI sidebands.



CHAPTER 11. CP-SENSITIVE CATEGORIZATION OF ttH(yvy) EVENTS 152

5 35¢
5 C
N aF B from TI
c — B from NTI
250 e 95% GL /
2p=
15
1;
0.5
5 F T T T T T T I AR
10 20 30 40 50 60 70 80 90

O

o [degrees]

Figure 11.28: Number-counting exclusion as a function of the CP mixing angle . Continuum
background yield is estimated from NTI sidebands (blue) and TI sidebands (red).
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Chapter 12

Measurement of CP properties in ttH
and tH

A direct measurement of the CP properties of the Higgs-top interaction is performed with
the full Run 2 ATLAS dataset of 139 fb~! using the twenty ttH () CP categories defined
in the previous Chapter. This measurement focuses the ttH and tH production modes in
the H — 7~ decay channel, while remaining as insensitive as possible to the gluon fusion
and H — ~~ loop processes. Section 12.1 describes the impact of CP violation in Higgs-top
interactions on ggF and H — ~v and two possibilities for their treatment in the statistical
analysis. The second Section describes the m.,, signal and background shapes in the t¢H (yy)
CP categories, as well as the derivation of the ttH and tH signal yield dependence on the
mixing parameters o and k;. Section 12.3 discusses the major systematics, and the results
are presented in Section 12.4.

12.1 Treatment of loop processes

The contribution of the top quark to the gluon fusion and H — v loops gives these
processes sensitivity to CP violation in the Higgs-top interaction. However, this sensitivity
is only indirect, as many other models of BSM physics predict new loop contributions that
change the rates and kinematics of these processes. In order to measure the effects of CP
violation in Higgs-top interactions directly, the £ H (y) CP analysis aims to be as insensitive
to these loop processes as possible.

The H — v decay kinematics are not expected to change with CP mixing angle, and
it is demonstrated in Section 12.1.1 that the shape of the ggF yield in the ttH(yy) CP
categories is independent of the mixing angle a.. As a result, the introduction of CP mixing
affects only the overall rate of ggF and H — ~~ in the analysis categories. The treatment
of these rates with effective loop couplings is discussed in Section 12.1.2.



CHAPTER 12. MEASUREMENT OF CP PROPERTIES IN ttH AND tH 154

12.1.1 Kinematics of gluon fusion

The ggF contribution to the hadronic ttH(yv) CP categories is studied in detail. The
efficiency of the hadronic preselection on SM ggF' is 0.5%, which is reduced to < 0.1% with
the cut on the hadronic background rejection BDT discriminant at 0.909 (see Table 11.1).
In the leptonic channel, ggF' contamination is neglected altogether, since the efficiency of the
leptonic preselection on SM ggF is < 0.01%.

Figure 12.1 shows the hadronic background rejection BDT and CP BDT discriminants for
multiple models of SM ggF (Powheg+Pythia8, Powheg+Herwig7, and MG5_aMCQNLO+
Pythia8), as well as two CP-violating scenarios (MG5_.aMC@NLO+Pythia8). Though CP
mixing in the Higgs-top coupling alters some kinematic variables in ggF (such as A¢(j, 7))
[51], the BDTSs in Figure 12.1 (which are optimized on t¢H and tH) are mostly insensitive to
this. The background rejection BDT shape does not depend appreciably on the CP mixing
angle o, and the CP BDT shape shows only a weak dependence.
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Figure 12.1: Hadronic background rejection BDT score (a) and CP BDT score (b) for ggF
Monte Carlo samples.

In the statistical analysis of the t¢H (v7y) CP categories, several theoretical uncertainties
are applied to allow migration of ggF events across categories. These uncertainties are derived
from a comparison of SM Monte Carlo samples using different Monte Carlo generators and
different parton showering algorithms (Table 12.4). With these conservative systematics
applied, the shape of ggF yield in the CP BDT categories is assumed to be invariant under
the mixing angle a.
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12.1.2 Effective loop couplings

The overall rates of the ggF and H — ~7v processes are scaled by the square of the
effective loop couplings x4 and k., respectively:

(12.1)
(12.2)

Q N

Hggp = R

Hyy =K

=2 N

Depending on the treatment of these loop couplings, the data are interpreted in the following
two scenarios:

1. K4 and k., are constrained using data from the ATLAS combined Higgs coupling mea-
surement [31].

2. kg and k., are parameterized as function of x; and « and are varied coherently for t¢H,
tH, ggF, and H — ~v.

Ideally, no model-dependent assumptions should be made about the ggF' and H — vy
processes: the first interpretation is therefore treated as the baseline. Details of each are
included below.

Constraints from data

In order to constrain the ggF and H — - processes, the dataset selected by the ttH ()
CP analysis alone is insufficient. Since only one Higgs boson decay channel is selected, it
is impossible to separate H — v from the production mode cross section. And since the
analysis rejects ggF as a background by design, the ttH (vv) CP categories are left with little
sensitivity to this process. Therefore knowledge from other Higgs boson decay channels must
be applied as well.

The ATLAS Higgs coupling combination [31] provides the measurement of s, and k.,
shown in Figure 12.2. The measured best fit couplings, errors, and correlation are re-derived
with all ttH categories excluded from the combination. This ensures that the dataset used
to constrain the ggF and H — ~v rates is orthogonal to the ttH(yy) CP categories and
independent of the measured ttH cross section. In addition, the systematic uncertainties
between the re-derived combination and the ttH (yy) CP categories can be neglected.

The re-derived constraints on x4 and k., are:

kg = 1.034 £ 0.067; 5y = 0.984 + 0.064; p(ry, ky) = —0.47 (12.3)

Since the ggF and H — v measurements are dominated by high-statistics categories, the
impact of removing the ttH categories is small.
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Figure 12.2: Two-dimensional likelihood scan of x4 and &, from the ATLAS Higgs coupling
combination [31]. The best fit value of (k,, k) is shown with 1 and 20 contours.

Parameterize coherently with ttH and tH

Assuming that the only new physics impacting the ggF and H — ~~ loops is the model
of CP violation described by Equation 2.28, the effective loop couplings k, and k. can be
directly parameterized as a function of x; and «. The ggF and H — ~7 rates can then be
varied coherently with ¢t#H and tH production modes.

The parameterization of x, and x, in terms of x;, and « is derived in [50] and can be
re-parameterized in terms of x; and a:

2= Kl +2.6K7s, 4 0.11kCo(Kecq — 1) (12.4)
2

K
K2 = (1.28 — 0.28k,¢q)° + (0.43K,54)° (12.5)

where s, and ¢, represent the sine and cosine of the mixing angle «, respectively.

12.2 Signal and background model

12.2.1 Signal and background shapes

In each ttH(v7y) CP category, the signal shape is determined by fitting a Double-Sided
Crystal Ball (DSCB) function to a sample of inclusive Higgs boson Monte Carlo (see Section
6.2.1). The best fit DSCB parameters for all twenty categories are shown in Table 12.1,
along with Sgo, the smallest m.,, range containing 90% of Higgs signal. The signal shape
parameters are derived from the inclusive SM Higgs boson Monte Carlo sample. Using
ttH + tH Monte Carlo with CP mixing angle o # 0° has negligible impact on the signal
shape parameterization.

The functional form of the continuum background is extracted from templates con-
structed from ttyy Monte Carlo, since this process dominates the continuum background
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Category pes [GeV] oo [GeV]  uow  Qnigh  Mlow  Mhigh 90 [GeV]
tfH(’y’y) CP1 125.10 1.16 1.6 1.5 6.2 155 4.3
tfH(’y’y) CP 2 125.12 1.35 1.8 1.5 4.1 15.5 5.2
tfH(’y’y) CP 3 125.27 1.64 1.7 1.7 4.5 11.9 6.0
tfH(WW) CP 4 125.13 1.21 1.6 1.5 4.8 5.7 4.7
ttH(yy) CP 5 125.17 150 17 15 69 150 56
tTH(yy) CP 6 125.17 164 16 14 80 359 6.3
tfH('y’y) CpP7 125.09 1.21 1.6 1.5 56 11.6 4.7
tfH(’y’y) CP 8 125.18 1.58 1.6 1.7 5.8 7.6 5.9
tfH(WW) CP9 125.21 1.72 1.7 1.7 4.4 12.2 6.3
tfH(’y’y) CP 10 125.10 1.29 1.8 1.6 136 7.9 4.5
tt_H(’y’y) CP 11 125.15 1.55 1.7 1.6 4.7 7.6 5.4
tfH(’y’y) CP 12 125.21 1.70 1.5 1.5 85 133 6.5
tfH(’y’y) CP 13 125.11 1.29 1.6 1.5 6.8 11.1 5.0
tfH(’)/’)/) CP 14 125.17 1.61 1.7 1.5 52 15.0 6.1
tfH(”yfy) CP 15 125.15 1.45 1.6 1.6 5.7 6.0 5.4
tfH(’y’y) CP 16 125.19 1.70 1.7 1.7 6.7 144 6.2
tfH(’y’y) CP 17 125.20 1.71 1.5 1.5 79 144 6.7
tt_H(’y’y) CP 18 125.03 1.68 1.8 1.6 187 12.7 5.7
tfH(’y’y) CP 19 125.17 1.76 2.2 1.5 14 10.2 6.6
tEH(’y’y) CP 20 125.14 1.78 1.6 1.6 10.8 14.7 6.6

Table 12.1: Best fit parameter values for the signal m.., shape in each ttH (yy) CP category.
Note that these are the fitted values for the MC samples at my = 125 GeV.

once the BDT selection has been applied. Because the ttyy background template in cate-
gory 10 has exceptionally high statistical uncertainty (Ap;c = 3.06), the background shape
and spurious signal are derived instead from a template built from NTI data (Aye = 1.91).
In all other categories, the ttyy Monte Carlo template has a smaller statistical uncertainty
than the NTT background template.

The functional form of the continuum background and the spurious signal are listed in
Table 12.2.

12.2.2 Signal yield dependence on mixing angle

Event yields and signal purities in the twenty CP BDT categories are shown in Figure
12.3 for @ = 0° (top row), a = 45° (middle row), and o = 90° (bottom row). The ggF
event yields shown are from the MG5_aMCQNLO+Pythia8 Monte Carlo samples in which
the ggF rate changes coherently with the CP mixing angle . The changing composition of
the ttH (yv) CP categories is clearly visible, particularly the increase in the tH rate with «.
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Figure 12.3: (Left) Higgs event yields in the ttH(y7y) CP categories at 139 fb~! at different
values of the CP mixing angle . (Right) Purity of the Higgs yield in each category for
different values of a. Yields are calculated in the smallest m.,, window containing 90% of
the fitted signal.
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Category Function Nsp x%/ndof  Prob(x?) [%]
ttH(yy) CP 1  Exponential +0.426  0.621 90
ttH(yy) CP 2 Power Law  —0.297  0.71 82
ttH(yy) CP 3  Exponential +0.260  1.69 3
ttH(yy) CP 4  Exponential +0.311  0.672 74
ttH(yy) CP 5  Power Law —0.566  1.15 29
ttH(yy) CP 6  Exponential +0.335  0.573 94
ttH(yy) CP 7  Exponential +0.644 1.91 1
ttH(yy) CP 8  Exponential —1.23 0.677 85
ttH(yy) CP 9  Power Law  —0.264  0.742 79
ttH(yy) CP 10 Power Law  —1.31 0.795 62
ttH(yy) CP 11 Exponential +4.50 1.18 26
ttH(~v) CP 12 Exponential +3.05 0.981 48
ttH(yy) CP 13 Exponential +0.199  0.981 48
ttH(yy) CP 14 Exponential +0.129  0.996 46
ttH(yy) CP 15 Power Law  —0.205  1.06 39
ttH(yy) CP 16 Exponential +0.398  0.841 66
ttH(yy) CP 17 Power Law  —0.393  1.38 12
ttH(yy) CP 18 Exponential +0.761  0.91 57
ttH(~yy) CP 19 Power Law  —0.498  0.718 81
ttH(yy) CP 20 Exponential —0.135  0.618 90

159

Table 12.2: Results of the spurious signal test for the ¢ttH(yy) CP analysis categories. The
x?/ndof indicates the performance of a background only fit to the template in the m.., range
105-160 GeV, but is in general not a part of the spurious signal criteria.

To measure the mixing angle o and coupling strength s, the signal yield must be pa-
rameterized as function of these two parameters. The signal yield in each category takes
the same form as the ttH and tH cross sections in Chapter 2, with the parameters fitted
independently in each category.

The ttH yield in category 4 is parameterized using the form of the cross section in
Equation 2.29:

y; = Ak 4+ Bik?s? + Eik?sacq (12.6)

where s, and ¢, represent the sine and cosine of «, respectively. For a discussion of the
diagrams corresponding to each term, refer to Section 2.4.1. The coefficients A, B, and
E are determined in each category by fitting to the signal yield predicted by Monte Carlo
sample at different mixing angles.

The inclusive parameterization of the ttH signal yield (sum of all twenty ttH (yy) CP
categories) is shown in Figure 12.4a, while Figure 12.4b shows the fitted values of the coef-
ficients A, B, and F in each category. As expected, interference between CP even and CP
odd (coefficient E) is small.
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SM.

For tHjb and tW H, the interference between Higgs couplings to the top quark and
the W boson must also be taken into account. The tHjb and tW H yield in category ¢ is
parameterized using the form of the cross section in Equation 2.30 (with different values of
the coefficients for tHjb and tW H):

y; = Aikict + Bikis: + Cikico + DikitSo + EikisaCa + F; (12.7)
For a discussion of the diagrams corresponding to each term, refer to Section 2.4.1. The
coefficients A, B, C', D, E and F' are determined in each category by fitting to the signal
yield predicted by Monte Carlo. In the case of tH, the fit is performed over both the mixing
angle a and the coupling strength r; in order to break the degeneracy among the parameters
A, B, and F. Several tHjb and tW H Monte Carlo samples with x; # 1 are generated for
this purpose (see Section 5.2.2 for details).

The inclusive parameterizations of the tH jb and tW H signal yield are shown in Figures
12.5a and 12.6a, respectively. Figures 12.5b and 12.6b show the fitted values of the coeffi-
cients A, B, C', D, E, and F in each category. As expected, the interference between the
CP even Higgs-top and Higgs-W couplings (coefficient C) is large and negative.

The signal parametrization is summarized in Figure 12.7 for all processes whose rates
depend on the CP mixing angle a. The parameterizations of ggF and H — ~~ from Equation
12.4 are shown as dashed lines.
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Figure 12.7: Inclusive parametrization of all processes dependent on the CP mixing angle «,
with xk; = 1. The yields are normalized to the Standard Model prediction.

12.3 Systematic uncertainties

The experimental systematics calculated for the t¢H (yvy) CP analysis are those summa-
rized in Table 6.3. The theory systematics in Table 6.2 are calculated per process and per
category for the ttH(yvy) CP analysis, with magnitudes summarized in this Section.

The QCD and PDF uncertainties are calculated in each category for each signal process
(ttH, tHjb, and tW H). The magnitudes of these uncertainties are shown in Table 12.3. The
PDF uncertainties on ttH, tHjb, and tW H are calculated according to the LHAPDF [13]
prescription and treated as a single correlated nuisance parameter. In the case of ggF, VBF,
and VH, a 100% heavy flavor uncertainty is applied to the normalization of each process to
account for the uncertainty on the total cross section.

The Underlying Event/Parton Showering (UEPS) systematic is calculated by comparing
the yield between SM samples interfaced with two different showering algorithms: Pythia8
and Herwig7. The UEPS uncertainty is calculated separately for each category and for each
process (ttH, tHjb, tW H, and ggF): the matrix element generator used for this comparison
is MG5_.aMC@NLO for ttH and tH, and Powheg for ggF.

For ttH and ggF, and additional Monte Carlo generator uncertainty is applied, which ac-
counts for differences in the predicted event yield per category from different matrix element
calculations. For ttH, this comparison is performed between the nominal MG5_aMC@NLO+Pythia8
and an alternative Powheg+Pythia8 sample. For ggF', the nominal sample is generated with
Powheg+Pythia8 and the alternative with MG5_aMC@NLO-+Pythia8.
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ttH [%] tHjb [%] tWH %]
Category QCD+ QCD— PDF | QCD+ QCD-— PDF | QCD+ QCD- PDF
ttH(yy) CP 1 | 6.0 9.4 2.0 7.0 7.7 2.3 2.6 4.8 2.8
ttH(yy) CP 2 | 5.5 8.9 1.6 3.6 4.4 2.6 9.2 15.5 2.9
ttH(yy) CP 3 | 2.8 7.4 1.5 13.1 10.8 1.3 6.4 39.7 2.6
ttH(yy) CP 4 | 7.7 10.3 2.2 11.6 10.5 1.3 1.7 2.5 2.8
ttH(yy) CP 5 | 6.1 9.2 1.7 8.3 8.1 3.9 5.2 9.1 2.3
ttH(yy) CP 6 | 5.8 8.9 1.4 1.2 2.6 2.4 12.5 19.7 2.0
ttH(yy) CP 7 | 9.1 10.9 2.0 6.8 7.5 2.5 2.1 2.7 3.0
ttH(yy) CP 8 | 6.2 9.2 1.6 4.4 5.7 7.0 4.8 7.4 2.5
ttH(yy) CP 9 | 6.2 9.1 1.5 3.5 4.2 5.0 9.0 14.0 2.4
ttH(yy) CP 10 | 9.5 10.9 24 | 7.0 7.8 5.5 | 4.7 4.6 3.3
ttH(yy) CP 11 | 7.3 9.9 1.9 7.1 7.7 1.3 2.1 2.6 2.9
ttH(yy) CP 12 | 6.0 9.0 1.5 2.8 4.7 1.0 3.8 4.5 2.2
ttH(yy) CP 13 | 6.8 9.7 1.7 2.8 5.1 2.2 3.6 4.6 2.7
ttH(yy) CP 14 | 6.7 9.4 1.5 0.6 2.1 1.5 13.9 21.9 2.1
tEH () CP 15 | 6.6 9.5 1.7 |97 9.4 21 |18 2.6 2.8
ttH(yy) CP 16 | 4.5 8.2 1.4 5.2 6.2 1.8 4.5 3.8 2.0
ttH(yy) CP 17 | 4.8 7.9 1.3 5.4 5.7 1.5 2.8 3.7 2.1
ttH(7y) CP 18 | 6.1 8.9 14 |72 7.9 1.6 | 3.7 3.7 2.9
ttH(yy) CP 19 | 4.7 8.1 1.3 7.7 8.0 1.3 1.2 1.0 2.2
ttH (~yv) CP 20 | 4.0 7.1 14 2.3 3.7 3.5 4.8 7.0 2.1

Table 12.3: Theory systematics impacting the overall rate of signal processes (ttH, tH jb,
and tW H): the relative QCD scale uncertainties and PDF uncertainties (shown in %).
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ttH [%] tHjb [%)] tWH [%] geF [%]
Category MC gen UEPS | UEPS UEPS MC gen UEPS
ttH(yy) CP 1 | +1.4 —6.3 | +9.1 +10.6 —87.0 —6.7
ttH(yy) CP 2 | —4.3 —-14 | —-19.5 —13.3 —51.5 +53.7
ttH(yy) CP 3 | —9.7 +74 0.0 —74 0.0 —50.2
ttH(yy) CP 4 | 42.5 —-5.4 | —40.7 —36.1 —16.0 +30.7
ttH(yy) CP 5 | —5.6 —0.6 | —45.2 —15.0 +28.1 +27.3
ttH(yy) CP 6 | —7.2 +6.1 | —24.1 —35.8 —77.2 —96.7
ttH(yy) CP 7 | 5.3 —-88 | —21.5 —14.3 —124 —1.5
ttH(yy) CP 8 | —5.7 +0.8 | —12.3 -2.8 +0.4 +103.5
ttH(yy) CP9 | —7.8 +6.0 | +47.9 —5.4 +7.0 +20.7
ttH(yy) CP 10 | —1.8 —2.7 | +441 —26.7 —38.2 +29.2
ttH(yy) CP 11 | 42.2 5.0 | —12.0 +8.1 —18.8 +29.2
ttH(yv) CP 12 | —3.1 +0.1 | —11.1 +2.6 +19.0  +58.8
ttH(yy) CP 13 | +3.5 —4.6 | —35.0 —8.2 -96.9 +9.6
ttH(yy) CP 14 | —2.6 +4.6 | =373 +2.4 0.0 +58.6
ttH(yvy) CP 15 | +8.8 —10.9 | —14.1 —6.5 —35.6 +7.1
ttH(yv) CP 16 | +0.5 —-1.0 | —19.2 —23.9 0.0 0.0
ttH(yy) CP 17 | 40.9 —22 | +354 +15.7 0.0 —100.0
ttH(yy) CP 18 | +7.5 —-9.1 | +21.5 —18.4 —-203.2  +111.7
ttH(yy) CP 19 | 4+5.6 7.9 | +27.7 —13.1 +94.3 —73.6
ttH(yy) CP 20 | +3.4 —2.5 | —24.0 +25.3 —86.6 —12.5

Table 12.4: Theory systematics impacting the migration of ttH, tHjb, tW H, and ggF events
across categories: the relative UEPS uncertainties and Monte Carlo generator uncertainties
(shown in %).
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12.4 Results

The diphoton mass spectra of the data in each of the twenty ttH(yy) CP categories are
shown in Figures 12.8-12.10. Figure 12.8 shows the most CP even-like categories (those
with high CP BDT score: 3, 6, 9, 12, 14, 17, 20), Figure 12.9 shows the most CP odd-like
categories (those with low CP BDT score: 1, 4, 7, 10, 13, 16, 19), and Figure 12.10 shows
the categories with intermediate CP BDT score (2, 5, 8, 11, 15, 18).

The reconstructed Higgs boson and top quark masses in data are shown in Figure 12.11.
The sum of all categories is shown with data in each category weighted by In(1+S/B), where
S (B) is the fitted signal (background) in the smallest m., window containing 90% of the
signal. The fitted curves in the projection are similarly weighted. This weighting procedure
is used to visually emphasize the contribution of the most powerful analysis categories (that
is, the categories with highest signal-to-background ratio). A description of the calculation
of errors on this plot is included in Section 6.5. A clear peak is visible at the Higgs boson
mass and top quark mass, indicating the presence of both particles in the events in the most
sensitive categories.

12.4.1 Sensitivity to SM ttH and tH

The sensitivity to ttH is evaluated by setting a = 0° and fixing the yield of all non-
ttH production processes (including tHjb and tW H) to the SM expectation. Theory and
experimental uncertainties are retained on all event yields. The data is compared to the
null hypothesis where p;77 = 0. The observed ttH significance is 5.20 (compared to 4.40
expected), and the measured signal strength is

pezr = 1.43 7050 = 1.43 7033 (stat.) T3 (exp.) 006 (th.) (12.8)

An upper limit on the cross section of tH production (tHjb+tW H) is derived by setting
a = 0° and fixing the cross sections of all Higgs boson processes except ttH, t Hjb, and tW H
to their SM expectations. A fit is performed where the tH and ttH signal strengths are left
free.

The limit on the tH cross section is calculated using the C'Lg procedure [156]. The
observed upper limit on the tH cross section is 11.6 times the SM expectation (compared to
11.7 expected). At the time of writing, this limit is the strongest available on the tH process
[157].
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Figure 12.8: Diphoton invariant mass spectrum in the ¢ttH(yy) CP categories with high
CP BDT score (CP even-like). The signal-plus-background fit is overlaid in red, the total
background in dashed green, and the continuum background in dashed blue.
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Figure 12.9: Diphoton invariant mass spectrum in the ttH(yy) CP categories with low
CP BDT score (CP odd-like). The signal-plus-background fit is overlaid in red, the total
background in dashed green, and the continuum background in dashed blue.
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Figure 12.10: Diphoton invariant mass spectrum in the ¢t H(yy) CP categories with interme-
diate CP BDT score. The signal-plus-background fit is overlaid in red, the total background
in dashed green, and the continuum background in dashed blue.
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Figure 12.11: Distribution of reconstructed top quark mass and reconstructed Higgs boson
mass in the t¢H (v7) CP analysis categories. The right panels show the projections onto the
Higgs boson mass and top quark mass axes. In the upper panel, the fitted continuum back-
ground (blue), the total fitted background including non-tt H/t H Higgs production (green),
and the signal-plus-background fit (red) are shown. All categories are shown, with data in
each category weighted by In(1 + S/B) of the category. The fitted curves in the projection
are similarly weighted.

12.4.2 Constraints on CP mixing

A fit is performed to the data in all twenty t¢H (yy) CP categories where the CP mixing
angle o and the coupling strength x; are left free, and the effective loop couplings x, and
Kk~ are constrained by combined ATLAS Higgs data (Equation 12.3). The fitted signal
and background yields are shown in Figure 12.12, calculated in the smallest m,, window
containing 90% of the ttH + tH signal. The bottom panel compares the fitted signal and
data minus the fitted background. Using the method described in [158], the compatibility
between the observed data and the fit in Figure 12.12 is found to have a p-value of 35%.

Table 12.5 shows the expected signal yield for three CP mixing hypotheses: Standard
Model (o = 0°, k, = 1), maximal CP mixing (a = 45°, K, = 1), and fully CP odd (a = 90°,
k¢ = 1). The expected background yields and observed data are also shown.

A comparison is performed between the data-minus-background and the extracted signal
from different CP mixing angles. These fits are performed with « fixed and x; free. In order
to obtain high enough statistics for a visual interpretation, categories are merged in to three
bins: CP even-like (categories 3, 6, 9, 12, 14, 17, 20), CP odd-like (1, 4, 7, 10, 13, 16, 19),
intermediate (2, 5, 8, 11, 15, 18). The results are shown in Figure 12.13. The data clearly
favor the o = 0° hypothesis over a = 90°.
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The two-dimensional likelihood scan of k;cosa and k;sin« is shown in Figure 12.14a.
The one-dimensional likelihood scan over CP mixing angle o (with the coupling strength s
profiled) is shown in Figure 12.14b. Systematic uncertainties have negligible impact on the
limit. Assuming that the SM (CP even) hypothesis is true, the expected 95% confidence
limit is || > 63°, and the observed data exclude |a| > 43° at 95% confidence level. The
probability to observe a limit on « that is stronger than the expectation is 11% (evaluated
on 500 toys).
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Figure 12.14: (Left) The 1, 2, and 30 exclusion contours in the (k;cosa, k;sina) plane,
calculated with x, and x, constrained by ATLAS combined Higgs boson data. (Right)
One-dimensional likelihood scan over the CP mixing angle . The coupling strength x; is

profiled.

The CP odd hypothesis (o = 90°) is rejected at the 3.90 level, and o = 180° is rejected
at the 2.50 level. The measured mixing angle (in degrees) is

a=0.0 3> (stat.) T2 (syst.) (12.9)

Parametrize loop processes in terms of x; and «

Assuming there is no new physics other than CP mixing in the Higgs-top interaction, the
effective loop coupling strengths x4, and k. are directly parameterized as functions of x; and
a using Equation 12.4. This result is more model-dependent than the primary interpretation
above. Here, the constraints from combined ATLAS Higgs data are not used, but only data
in the twenty ¢tH (yy) CP analysis categories.

The two-dimensional likelihood scan of x;cosa and k;sin« is shown in Figure 12.15a.
The entire negative branch of x; cos « is rejected at above 30. However, high values of r,
up to k; ~ 6, are allowed since no knowledge of the constraints from ggF and H — ~v
are applied in this interpretation. The region of allowed values contains a hole at x; = 4.7:
near this value of k;, the H — =7 branching fraction drops to zero (see Figure 12.16), a
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scenario excluded by the observation of 7 > 0 in the ttH (y7) CP analysis categories. The
one-dimensional likelihood scan of a with x; profiled is shown in Figure 12.15b. Systematic
uncertainties have negligible impact on the limit.
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Figure 12.15: (Left) The 1, 2, and 30 exclusion contours in the (k;cosa, k;sina) plane,
with k, and k., parameterized in terms of k, and « according to Equation 12.4. (Right)
One-dimensional likelihood scan over the CP mixing angle . The coupling strength x; is
profiled.
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Figure 12.16: The H — ~v branching fraction and SM ttH and tH cross sections as a
function of ;. The drop in the H — 77 branching fraction corresponds to the inner excluded
region in Figure 12.15.

Assuming that the SM (CP even) hypothesis is true, the expected 95% confidence limit
is |a| > 56°. The observed data exclude |a] > 43° at 95% confidence level, and the CP odd
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hypothesis is rejected at the 4.00 level. The measured mixing angle (in degrees) is
o= 0.1 725 (stat.) 774 (syst.) (12.10)

The region k; cos &« > 1.5 has been definitively excluded (> 95% CL) by ATLAS combined
Higgs data [31], and an interpretation combining this full dataset with the parameterization
in Equation 12.4 would yield a stronger limit than either presented here. In particular, it
would eliminate the region k;cosa > 1.5 from the second interpretation, which is not ex-
cluded by data in the t¢H (v7y) CP categories alone. However, this limit would be dominated
by the statistical power of ggF (and H — 77, to a lesser extent) rather than direct Higgs-top
production. This analysis is therefore left to a future combination of ATLAS Higgs data.
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Chapter 13

Conclusions

During Run 2 of the Large Hadron Collider, protons were collided at /s = 13 TeV, the
highest center of mass energy achieved by a collider to date. During this time, the ATLAS
experiment collected a dataset of unprecedented size, corresponding to a luminosity of 139
fb~!. Analysis of this dataset has provided fundamental insight into the nature of the Higgs
boson and its interaction with the top quark, the heaviest particle in the Standard Model.

By performing a statistical combination of ATLAS t{H searches in multiple Higgs decay
modes, Higgs boson production in association with a top-antitop quark pair was observed
for the first time in the partial Run 2 dataset at the level of 6.30 (5.10 expected). This
observation directly established the interaction of the Higgs boson with quarks and serves
as powerful validation of the theory of Higgs-quark couplings in the SM.

Due to the excellent diphoton mass resolution of the ATLAS detector and the clean
signature of the H — ~~v decay, this channel has proven to be one of the most powerful for
tt H measurements. Using machine learning techniques, a sophisticated multivariate analysis
was developed based on the momenta of jets, photons, and leptons. The resulting categories
contain a high ratio of t¢H signal to background. Top quarks were reconstructed with high
probability in selected ttH(v7) events, verifying the presence of both a top quark and a
Higgs boson in the final state. The measurement of the ttH cross section in the H — v
channel is among the most precise single channel measurements to date: a cross section times
branching fraction of oy x B,, = 1.59 fg:gg fb is measured using the full Run 2 ATLAS
dataset.

With the ttH process directly established, a direct measurement of the CP properties of
the Higgs-top interaction was then carried out in the H — vy decay channel. A CP-sensitive
multivariate categorization was developed using reconstructed top quark variables, yielding
a single-channel observed ¢tH significance of 5.20 (4.40 expected) and an observed upper
limit on the tH cross section is 11.6 times the SM expectation (11.7 expected). The observed
data excludes a fully CP odd Higgs-top coupling at the level of 3.90. The CP mixing angle
is constrained to |a| > 43° at 95% confidence level (Ja| > 63° expected).

With Run 2 brought to a successful conclusion, the LHC experiments (ATLAS included)
are undergoing large-scale upgrades in preparation for the High-Luminosity LHC (HL-LHC),
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which will expand the existing proton—proton dataset by a factor of ten or more over the
next few decades. The exploration of the Higgs boson and its couplings will continue at the
HL-LHC through high precision and differential Higgs measurements, in addition to searches
for new production and decay modes.
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Appendix A

Search for TeV-scale gravity

The increase in proton-proton center of mass energy from /s = 8 TeV to 13 TeV in
LHC Run 2 opened up a large phase space for new physics that had not been explored
by previous experiments. This Appendix describes an early Run 2 search for signatures of
TeV-scale gravity, such as microscopic black holes or string balls [2] [3], in final states with
many high pr jets [159].

The production of microscopic black holes and subsequent decay to jets are generated
using the CHARYBDIS2 event generator [160]. Figure A.1 shows the distribution of jet
multiplicity (nj) and scalar sum of jet pr (Hr) for an example signal point: a model of
rotating black holes in 6 extra dimensions, where the Planck scale in 4 4 6 dimensions (Mp)
is 2 TeV and the black hole threshold mass (My,) is 7 TeV. This signal point is just beyond
the limit on this process set by ATLAS using 8 TeV data [161]. The signal is concentrated
around Hrp ~ 5.5 TeV and nje; ~ 8.

Njet
WH‘Hl[Il ||I||||1|H!f!”?!lla?lll
sjuane

)

=3

N B o ®

=2TeV,M =7TeV

=)
N
©
~
]
o
~

8 9 10

Hy [TeV]

Figure A.1: Distribution of Hy and nje for a rotating black hole signal in 6 extra dimensions,
where the Planck scale in 4 + 6 dimensions (Mp) is 2 TeV and the black hole threshold mass
(Myy,) is 7 TeV.

This search targets signals with high jet multiplicity and large Hr, such as that shown
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in Figure A.1. Jets are required to have py > 50 GeV and |n| < 2.8. In order to ensure that
the trigger is fully efficient in the selected region, each event must have Hr > 1 TeV and
leading jet pr > 200 GeV. The analysis is performed in six inclusive jet multiplicity bins:
Njet 2 3 — 8.

The dominant background passing this selection is QCD multijet production, which is
estimated using a data-driven method. In each nje bin, the Hp range is divided into three
regions as shown in Figure A.2: a Control Region (CR) at low Hr, a Validation Region (VR)
at intermediate Hr, and a Signal Region (SR) at high Hy. The region boundaries C, V| and
S are optimized using a Pythia8 multijet Monte Carlo sample that is normalized to data at
low Hrp:

1. C'is chosen so that the background extrapolation uncertainty is minimized.
2. S is chosen so that the background extrapolation uncertainty in the SR is 0.5 events.

3. V is chosen so that 20 background events are predicted in the range V' < Hy < S.

Control | Validation Signal
Region Region Region
(CR) (VR) (SR)

QCD
background

H
1Tev C \Y S
Figure A.2: Diagram of the Control Region, Validation Region, and Signal Region definitions.

The multijet background is estimated separately in each n;; bin by fitting to data in the
Control Region. The functional forms considered for the shape of the multijet background
are listed in Table A.1. To evaluate the performance of each fit function, pseudo-experiments
(PEs) are generated from the Pythia8 multijet Monte Carlo. A candidate function qualifies if
the fit converges and the function decreases monotonically in at least 95% of PEs. Qualifying
functions are ranked based on their extrapolation uncertainty (determined using PEs). The
function with smallest extrapolation uncertainty is selected as the baseline: extrapolation of
this function to the VR and SR gives the central values of the background prediction.

The uncertainty on the background prediction has two components:

1. PE: extrapolation uncertainty calculated from the pseudo-experiments

2. DD: data-driven systematic uncertainty
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Functional form P1 D2
1 file) = U207 (0400)  (0,400)
2 fo(x) = po(1 — x)Prel2 (0,400 ) (-00 ,+00)
3 fi(x) =po(l — x)PraPe” (0,400 ) (-00 ,+00 )
4 fi(z) = po(1 — z)Prgpzlnz (0,400 ) (-00 ,+00 )
5 fs(@)=po(1 —ax)(142)™"  (0,400)  (0,400)
6 fole) =po(l —2)"(1+ )" (0,400)  (0,400)
7T fr(x)=B2(1 - x)[pl_m Ing] (0,400 ) (0,400 )
8 fslw) = 25(1—a)lPrr2inel (0,400)  (0,400)
0 folz) = U=z " (0400)  (0,400)
10 fio(z) = po(1 — x!/3)Prapine (0,400 ) (-00 ,400)

Table A.1: Functional forms considered for the Hy distribution of the multijet background.

The systematic uncertainty from pseudo-experiments is the difference in the number of
events in the SR between the Monte Carlo prediction and the fit extrapolation. The data-
driven systematic uncertainty is derived by extrapolating all qualifying fit functions to the
VR and SR. This gives a projected background yield that is different from the baseline. Any
qualifying function that does not agree with data in the VR within 95% confidence level is
rejected. The data-driven systematic uncertainty is taken to be the maximum difference in
the SR background projection between the baseline and the remaining fit functions.
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Figure A.3: Hr distribution in data with 3.0 fb™" in the nj > 3 bin, with qualifying fit
functions overlaid. Functions rejected by data in the Validation Region are marked with an
asterisk. The region boundary V' () is shown as a blue dotted (dashed) vertical line.

Bootstrap analysis method

The analysis strategy outlined above relies on the assumption that there is no significant
signal contamination in the Control Region. However, if the analysis is performed directly
with a few inverse femtobarns of 13 TeV data, then there are allowed signal points that could
impact the Hr spectrum in the CR and bias the background fit.

In order to ensure that the analysis is not biased by possible signal contamination, a
boostrap analysis method is applied: the analysis is repeated and at several steps in
integrated luminosity. If no new physics is observed at Step 4, then Step i+ 1 (at about 10x
higher luminosity) is safe from signal contamination in the CR. The Run 1 ATLAS exclusion
limit is taken as a starting point, and the 13 TeV analysis is performed at four luminosity
steps: 6.5 pb™!, 74 pb~!, 0.44 fb~!, and 3.0 fb~!. The total integrated luminosity used in
the analysis is 3.6 fb~.

Figure A.4 shows the observed Hp distribution in data at each luminosity step in the
Njet > 3 bin. The region boundaries C, V, and S (overlaid in blue) are calculated indepen-
dently for each nje; bin and for each luminosity step. A signal point near the exclusion limit
set by each step is shown in red.

The observed and predicted number of events in each region are shown in Table A.2 for
each luminosity step and each jet multiplicity bin. No significant excess is observed. At Step
1, only the nj > 3 bin has enough statistics to derive a result. Statistics are too low to
derive a result in the nj, > 8 bin until Step 3.
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Njet > VR (obs) VR (exp) SR (obs) SR (exp)

3 19 20.4 + 4.4 (PE) + 2.6 (DD) 0 0.65 + 0.46 (PE) + 0.64 (DD)
(a) Step 1: 6.5 pb™!

njet > VR (obs) VR (exp) SR (obs) SR (exp)

3 23 27.1 + 3.7 (PE) + 9.6 (DD) 1 1.42 + 0.41 (PE) *43, (DD)

4 27 25.4 + 3.2 (PE) + 15.5 (DD) 0 1.62 + 0.46 (PE) 72, (DD)

5 21 18.9 + 2.9 (PE) + 9.9 (DD) 0 1.32 £+ 0.48 (PE) ™33, (DD)

6 18 20.7 + 3.3 (PE) + 10.4 (DD) 0 1.19 + 0.48 (PE) T1%3 (DD)

7 29 22.2 + 3.7 (PE) + 7.0 (DD) 0 0.81 + 0.36 (PE) + 0.60 (DD)
(b) Step 2: 74 pb~!

Njet > R (obs) VR (exp) SR (obs) SR (exp)

3 21 20.4 + 2.7 (PE) + 10.5 (DD) 2 1.46 + 0.42 (PE) 437 (DD)

4 23 29.9 + 3.9 (PE) + 8.1 (DD) 2 1.95 + 0.46 (PE) T10¢ (DD)

5 17 21.4 + 3.4 (PE) + 7.1 (DD) 1 1.56 + 0.51 (PE) 21T (DD)

6 19 28.3 + 4.3 (PE) + 6.3 (DD) 0 1.44 + 0.40 (PE) 213 (DD)

7 28 24.7 + 3.8 (PE) + 4.5 (DD) 0 0.96 + 0.39 (PE) T{7s (DD)

8 25 31.8 + 4.7 (PE) + 1.4 (DD) 2 2.86 + 0.40 (PE) =+ 0. 70 (DD)
(c) Step 3: 0.44 fb~1

Njet > VR (obs) VR (exp) SR (obs) SR (exp)

3 28 19.5 + 3.6 (PE) + 4.1 (DD) 1 2.10 + 0.51 (PE) + 1.78 (DD)

4 27 20.8 + 2.3 (PE) + 6.4 (DD) 2 2.36 + 0.52 (PE) + 2.12 (DD)

5 26 22.3 + 2.6 (PE) + 6.8 (DD) 2 1.95 + 0.45 (PE) T332 (DD)

6 20 20.3 + 2.9 (PE) + 5.4 (DD) 3 1.82 £ 0.49 (PE) 1195 (DD)

7 14 20.7 + 4.1 (PE) + 1.7 (DD) 0 0.53 + 0.36 (PE) + 0.22 (DD)

8 19 18.2 + 4.9 (PE) + 3.5 (DD) 0 0.43 + 0.36 (PE) + 0.26 (DD)
(d) Step 4: 3.0 fb~1

181

Table A.2: Observed and expected event yields at each luminosity step in the bootstrap
analysis, shown in bins of inclusive jet multiplicity. At Step 1, only the nj > 3 bin has
enough statistics to derive a result. Statistics are too low to derive a result in the nje, > 8

bin until Step 3.
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Figure A.4: Comparison of data and multijet Monte Carlo at each step of the bootstrap
analysis in the nje; > 3 bin. The Monte Carlo prediction from Pythia8 (yellow) is normalized
to data at low Hp. The region boundaries C', V', and S are overlaid in blue, and a signal
point near the exclusion limit is shown in red for each luminosity step.

Limits on new physics

Limits are derived on multiple signal models simulated using the CHARYBDIS2 event
generator [160]. Figure A.5 shows the exclusion of rotating black holes in 6 extra dimensions
in terms of the model parameters Mp and My,. Figure A.6 shows the exclusion of string
balls in terms of the string coupling (gs), the string scale (Mg), and the string ball threshold
mass (M ).

A model-independent limit on the cross section of new physics at high Hr can be derived
from the limit on the number of signal events Ng:

NS 6I‘E)CO
0= T 6true (Al)
Here, L is the integrated luminosity and € (¢"°“®) represents the analysis selection efficiency

on true (reconstructed) signal events. The ratio of efficiencies €°°/e"™° is model dependent,
so a conservative estimate is used to obtain the cross section limit. The expected and
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Figure A.5: Limit on the production of rotating black holes in 6 extra dimensions generated
using CHARYBDIS2. The Run 1 ATLAS limit is shown in red, and the limit obtained at
each step in the bootstrap in the analysis is shown in blue.
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Figure A.6: Limit on the production of string balls generated using CHARYBDIS2.

observed cross section limits are reported in Table A.3 for each inclusive jet multiplicity bin.
The Hpr range of the Signal Region is also shown.
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Njet > Hrp > HIM (TeV)  Expected limit (fb)  Observed limit (fb)

3 5.8 1.6310:79 1.33
4 5.6 L7781 1.77
5 5.5 1.561573 1.75
6 5.3 1.5270:59 2.15
7 5.4 1.0210 50 1.02
8 5.1 1.0179-29 1.01

Table A.3: Expected and observed limits on the cross section of new physics in bins of
inclusive jet multiplicity.



185

Appendix B

Multijet modeling with
MG5 aMCQ@QNLO

Multijet final states constitute a major background in many ATLAS analyses, especially
searches for Beyond the Standard Model physics (see for example Appendix A). Because
pure QCD processes are challenging to model in Monte Carlo, background predictions of
multijet processes are often derived using data-driven methods. In order for multijet Monte
Carlo samples to be useful for analysis, a thorough understanding of their inputs and features
is essential.

This appendix presents the development of the first leading order 2 — 4 multijet sample
generated for use in ATLAS at /s = 13 TeV. The MG5_aMC@NLO generator is selected for
this sample because of its ability to perform leading order multileg and NLO calculations,
and because of its interface to multiple showering packages. For references associated with
each Monte Carlo generator software, see Table 5.3.

Throughout this Appendix, the MG5_aMC@NLO sample is compared to a leading order
2 — 2 Pythia sample generated with version 8.1.86. This sample uses PDF set NNPDF23
[162] and the A14 parameter tune, and EvtGen for bottom and charm hadron decays. This
Pythia sample is found to agree well with data in important jet distributions, including
leading and inclusive jet pr [163].

The MG5_aMC@NLO multijet sample is generated using MG5_aMC@NLO version 2.3.3.
The contribution from diagrams with up to four partons in the final state is calculated at
leading order in ag. Additional jets are generated by the parton shower, which is performed
by Pythia 8.2.12. The matching/merging is done according to the CKKW-L algorithm [164]
with a merging scale of 30 GeV. The EvtGen program is used for bottom and charm hadron
decays.

The NNPDF30 PDF set [127] is selected for the baseline sample with the A14 parameter
tune [122]. The CT10NLO PDF [165] set is chosen as an alternative PDF set, and a small test
sample is generated in order to examine the impact of the choice of PDF on jet variables. The
LHAPDF PDF reweighting procedure [13] is applied to this test sample, and the reweighting
is found to close within 15%. The total effect of PDF choice on the MG5_aMC@NLO sample
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is taken to be the envelope of these reweighted distributions. This gives an uncertainty on
the total jet cross section of about 10-20% for jet pr < 4.5 TeV. The impact of PDF choice
grows large in the high p tail.

Slicing

The MG5_.aMC@NLO sample is composed of twelve regions (or “slices”) in parton-level
Hr (scalar sum pr). Slicing at the parton level rather than particle level removes the need
for filters with low efficiency and therefore long generation times. The contribution from
each Hr slice to the full pr and Hyp distributions can be seen in Figure B.1. The boundaries
of the Hy slices are listed in Table B.1.

Slice name HT1 HT2 HT3 HT4 HT5 HT6
Min Hr [GeV] 0 100 200 300 200 700
Max Hr [GeV] 100 200 300 500 700 1000

Slice name HT7 HT8 HT9 HTI0O HTI1 HTI12
Min Hp [GeV] 1000 1500 2000 4000 6000 8000
Max Hr [GeV] 1500 2000 4000 6000 8000 13000

Table B.1: Hrp slice boundaries used for the MG5_aMC@QNLO multijet Monte Carlo sample.

The Hrp sliced sample agrees well with an Hp inclusive test sample, and it has been
verified that the distribution is smooth at the slice boundaries (Figure B.2).
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(a) Leading jet pr (b) Hr

Figure B.1: Leading jet pr and Hr for the MG5_aMC@QNLO multijet sample sliced in parton-
level Hy. Each slice is represented in a different color. The dashed black lines mark the
boundaries of the Hp slices.
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Figure B.2: Leading jet pr and Hr for the MG5_aMC@QNLO multijet sample sliced in parton-
level Hy (black) and unsliced (red). The ratio in the bottom panel is to the Pythia8 sample.
Agreement is good in the region where the unsliced sample has sufficient statistics, including
at Hr slice boundaries (vertical dashed lines).

Scale variations
Two forms are tested for the renormalization and factorization scales pugr and pp:

e Sp: the transverse mass of the 2 — 2 system resulting from kr clustering (the default
for LO generation in MG5_aMC@NLO)

e 5;: the total transverse energy in the event:

N
S, =
! Z 2 2 2
=1 \/px,z + py,i + pz,i

EipT,i

(B.1)

The renormalization and factorization scales (ug and pp) are varied independently up
and down by a factor of two to provide an uncertainty band on each distribution. The
total scale uncertainty on the MadGraph sample is taken to be the envelope of these eight
variations. The impact of scale variations on the jet cross section is dominated by g rather
than pp. These scale variations give an uncertainty on the total jet cross section of about
40%.

The leading jet pr and Hp distributions are shown in Figure B.3 using scales Sy and S;.
The sample using scale S; agrees better in shape with the Pythia8 sample in both variables.
In addition, the uncertainty due to scale variations is smaller on the sample with scale Sj.
This form of the scale is therefore chosen for the final MG5_aMCQ@QNLO sample.

Test samples with 2 — 2, 2 — 3, and 2 — 4 partons in the matrix element were generated
using scale S7. Figure B.4 shows that the scale variations on the 2 — 4 multileg sample
(light gray band) cover the differences between these calculations.
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Figure B.5: Variables sensitive to the third jet for MadGraph multijet Monte Carlo samples.
The light gray band shows scale variations on the 2 — 4 MadGraph sample, and the dark
gray band shows the impact of PDF choice on this sample. The ratio is shown to the Pythia8
sample.

Variables sensitive to the third jet (Figure B.5) can be used to probe the differences
between the 2 — 2 and 2 — 3,4 samples. The 2 — 3+ samples have a harder pr spectrum
for the third jet than 2 — 2, as well as a higher average jet multiplicity. All MG5_aMC@QNLO
samples show good agreement in the angular separation between the second and third jets
(A¢(j2,73)), but there is a large discrepancy with Pythia. The angle between the plane
formed by the leading jet momentum/beam and the plane formed by the second /third leading
jet momentum (1)*) [166] exhibits shape differences between the 2 — 2 and 2 — 34 samples,
and the MG5_aMC@NLO 2 — 2 sample is most similar in shape to Pythia.

In an optimal multijet Monte Carlo setup, the data provide a guide. Additional mea-
surements at /s = 13 TeV, particularly measurements of variables sensitive to the third jet,
will shed further light on the relative performance of the available multijet samples. Such
comparisons are underway, and this MG5_aMC@NLO sample is included in a comprehensive
comparison of ATLAS multijet Monte Carlo samples [163].
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Appendix C

Radiation damage in the IBL

This Appendix presents two offline studies of the effects of radiation damage on the
ATLAS Insertable B-Layer (IBL). Before describing these studies in detail, a description of
the IBL layout and electronics are provided that is beyond the scope of Chapter 3. Section
C.1 reports measurements of the rate of Single Event Upset (SEU) in the IBL obtained by
reading back pixel configuration latches. Section C.2 describes a measurement of leakage
current in the IBL and includes projections for Run 3.

The IBL: a closer look

The IBL is composed of silicon pixel sensors with two different designs:

1. Planar sensors are used in the central region (|z| < 24 cm). These sensors are of the
same design used in other layers of the Pixel detector. Each planar sensor consists of
26,880 pixels, each with surface area of 250 x 50 um? and thickness of 200 ym.

2. 3D sensors are used in the forward region. This new sensor design is used for the first
time in ATLAS [71]. Each 3D sensor has a surface area of 250 x 50 ym? and thickness
of 230 pm.

The readout chip used in the IBL is the FE-I4B, which is built in 130 nm CMOS technol-
ogy [167] [168]. Each planar IBL module is composed of two FE-I4B chips and one planar
sensor, and each 3D module is composed of a single FE-I4B chip and one 3D sensor. Each
pixel in the sensor is electrically bonded to one channel of an FE-I4B chip to form a module.

Fourteen carbon fiber staves support the IBL modules. Each stave is 64.3 cm long and 3
cm wide, and is oriented along the beam direction. Figure C.1 shows the orientation of the
IBL staves and the numbering scheme used to label them. Each stave holds twelve planar
and eight 3D modules. Four 3D modules are located on the A side (]z| > 0 ¢cm) and four on
the C side (|z] < 0 cm). In total, there are 32 FE-I4B readout chips on each stave.
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Figure C.1: Position of IBL staves in the & x ¢ plane [169].

C.1 Single Event Upset

Single Event Upset (SEU) is an effect of ionizing radiation where charge injected into a
circuit’s memory cell(s) leads to a flip in one or more logic states. At the LHC, SEUs are
caused by recoil nuclei and hadronic showers resulting from the interaction of particles in
the detector material near the memory cells affected [170]. Such interactions are difficult
to model, but an understanding of SEU rates is essential for detector operations. This
Section presents an in-situ measurement of the probability of bit flips in the radiation hard
memory cells known as Dual Interlocked CElls, or DICE latches [171] [172], which store the
configuration of each pixel in the IBL.

Each DICE latch contains thirteen bits, which correspond to the following configuration
settings:

e (: Output enable
e 1-5: Threshold tuning DAC (TDAC) value. 1 = most significant bit (MSB)

6-7: Selection of charge injection capacitor
e 8: HitBus (input to logical OR of all pixel discriminator outputs in the matrix)

e 9-12: Time-over-threshold (ToT) tuning DAC (FDAC) value. ToT represents the
length of time that single pixel discriminator is over threshold in counts of an externally
supplied clock (nominally 40 MHz). 12 = most significant bit (MSB)

During data taking, more than 99% of pixels are enabled: that is, they have a value of one
stored in bit 0. Both capacitor selection bits and the HitBus bit also store values of one.
The 5-bit TDAC stores an average value of fifteen, and the 4-bit FDAC stores an average
value of seven.
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The SEU rate is measured by copying the values of the pixel latches (which are radiation
hard) into a register which is not radiation hard. After allowing a certain fluence of particles
to traverse the device, the latch values are re-copied, read back, and compared to their orig-
inal values. The fraction of pixels in which the bit state flips after taking data of integrated
luminosity L depends on the probability of 0 — 1 (0p—1) and 1 — 0 (07,0) transitions due
to SEU:

WZOEHO X L (Cl)

1

No(0) — No =09 X L (C.2)
No

Figure C.2 shows the change in the fraction of ones (a) and zeros (b) for a sample bit
(the second most significant TDAC bit) during LHC fill 6371 in 2017. The first point is zero
by construction. Because the register cannot be read back while the FE-I4B chip is receiving
trigger signals, there are only two points for the planar modules (black): one before the start
of collisions, and the other after beam dump. For the 3D modules (red), the register is read
back after about 150 pb~! of data taking.
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Figure C.2: Fraction of pixels in which TDAC-bit2 flips, measured at the beginning of LHC
fill 6371 and after about 150 pb™! of integrated luminosity for 3D modules (red) and after
the end of LHC fill for planar modules (black).

From read back measurements like those shown in Figure C.2, the SEU probabilities og_,1
and 01,0 can be extracted for each of the thirteen pixel latches. The resulting probabilities
are shown in Figure C.3 for the three bits that are most important for operations: the
output enable bit, the TDAC most significant bit, and the FDAC most significant bit. The
probability oy_,; is not calculated for the output enable bit because most pixels are enabled
initially.

For the TDAC and FDAC most significant bits, the 0 — 1 transition is about five times
as frequent as the 1 — 0 transition. For additional studies of this asymmetry, refer to [169].



APPENDIX C. RADIATION DAMAGE IN THE IBL 193

a ET T T T T T T T T T 1T T T T T T T T 1T o 007;\ LI O O O O | a L O B B =
=045 ATLAS Pixel = = VU ATLAS Pixel B = 0.08= ATLAS Pixel 3
% '0045 LHC Fill 6371 1 3 006 LHC Fill 6371 a 007t LHC Fill 6371 E
5 F 00510150 3 2 F *%01°C1x0 7 277 00401 El
= 0.035E 1 £ oosip 4 < o006 E
2 o003 ER - i g 1L E
3 008 R + 3 5 oot E
©0.025F E £ + + ] B+ + E
E E| £ + E 0.04F s 4+ E|
002 E 005 + 4+t L 0.03F + + * E
0.0155 E 0,02 + + . + +*§ F Pag * o+ v E
0.0t 3 s * s E 0.025 A e -5
E Rt El 0.01E E 0.015 3
0.005E5 e - E B + + E| Bt El
S S, - . F - + B £ o - ety o
T e et T Y Y \_\‘\_\{f ob 1l 1% \J*rt« rerh \T\ \f T NS S 0EL1 \j’ij"rﬁ \Vﬁf\t\_ﬁt\ﬁ_\ T
8888533888850z 93233d2%2 5858333888050 zxz29223328¢%¢ 5858353388850 zxz29223328¢%¢
Module Module Module

(a) 0: output enable (b) 5: TDAC MSB (c) 12: FDAC MSB

Figure C.3: Probability of bit flip due to SEU in the three DICE latches in the three DICE
latches most important for IBL operations: (a) the output enable bit, (b) the most significant
TDAC bit, and (c) the most significant FDAC bit. The probability of the 0 — 1 (1 — 0)
transition is shown in blue (red).

C.2 Measurement of leakage current

The leakage current is a small current that is present in a reverse-biased semiconductor
sensor, even when no particles are traversing the sensor (see Figure C.4). The leakage
current increases linearly with non-ionizing energy loss (NIEL), or fluence, which measures
the radiation that damages the silicon pixel sensors. Fluence is measured in units of MeV
neutron-equivalent radiation per cm? (abbreviated MeV ne,/cm?) and is proportional to
integrated luminosity, which is well measured in ATLAS.

* Breakdown
Current

Surface
\ 7/
|

Volume

Figure C.4: Sample IV curve of a silicon pixel sensor [173]. The leakage current is the small
current measured at voltages between Vdepl and Vmax.

The Hamburg model [174] provides a phenomenological model for predicting the leakage
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current after n time steps:

n n

Lear = i‘; X ZLi [a; exp (— Z T(%)) + aj — Blog <Z %ﬂ)] (C.3)

Jj=1 Jj=1

Here, L; is the integrated luminosity, ¢; is the duration, and 7; is the temperature during the
ith time step. Lio; is the total integrated luminosity, ® is the fluence, and V is the sensor
volume. The measured values of a;, af, and [ are
ay = (1.2340.06) x 10717 A /em
af =7.07 x 1077 A/cm

B=(3.2940.18) x 107'* A/cm (C.6)
The factors 7 and © are
7 HT;) = 1.2758 x 10" s x exp | (—1.1 4 0.05) eV (C.7)
B (1.30+£0.14) eV, 1 1
O(1;) = exp |- LR L 3

The reference temperature Ty is taken to be 0°C for this study.

Given a prediction for the fluence ® and measurements of temperature, duration, and
integrated luminosity at each time step, the Hamburg model can be used to calculate the
leakage current as a function of integrated luminosity. The Hamburg model predictions are
overlaid on all measurements below.

To measure the leakage current, readings of high voltage, temperature, and uncorrected
leakage current are compiled for each IBLL module group listed in Table C.1. Each module
group in this table corresponds to four FE-14B chips in the IBL. The high voltage, temper-
ature, and leakage current readings are averaged over time steps of one luminosity block
(LB). The duration of a luminosity block is usually around one minute, and the experimental
conditions are assumed to be constant during this period.

The high voltage of the planar sensors (M1-M3) began at 80 V in 2015, increased to 150
V during 2016, to 300 V at the start of 2017, and finally to 400 V at the start of 2018. The
high voltage of the 3D sensors began at 20 V in 2015, and increased to 40 V for the remainder
of the run. The increase in the high voltage settings is necessary to ensure that the sensors
are fully depleted after experiencing more and more radiation damage. Measurements of
the leakage current recorded during an LB when the high voltage differs from the setting
by > 1V are vetoed: most vetoed points correspond to times when the high voltage is off
because ATLAS is not taking data.

The temperature of the IBL sensors varies with time and data taking conditions. How-
ever, the leakage current can be corrected to a constant reference temperature of T = 0°C
by applying a correction factor:

BosT) = ead D) exp (=52 |- - 7] ) (©9)
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Module group Module type  z [cm)]

LI Sxz_A4 3D > 24
LI Sxz_A3 Planar [16, 24]
LI_Sz_A2 Planar 8, 16]
LI.Sz_A1l Planar 0, §]
LISz C1 Planar [-8, 0]
LI_Sz_C2 Planar [-16, -8]
LI_Sz_C3 Planar [-24, -16]
LI Sx_C4 3D < -24

Table C.1: Summary of the IBL. module groups and their positions in ATLAS. The label x
corresponds to the stave number of the module group.

The silicon band gap energy FEj is taken to be 1.21 eV.

The measured leakage current as a function of Run 2 luminosity is shown in Figure C.5.
Measurements are averaged over all staves at the same z position and over the A and C
sides (which exhibit very similar behavior). The Hamburg model prediction is overlaid for
comparison, with a z-dependent scale factor applied to normalize the predicted fluence/lu-
minosity (®/L) factor to data. The predicted ®/L from FLUKA and the fitted scale factors
are reported in Table C.2. The simulation is found to over-predict ®/L at high |z|.

The sudden drops in the measured leakage current correspond to technical stops and
year-end shutdowns. The IBL is warm (room temperature) during this time, and substantial
annealing takes place. The level of annealing predicted by the Hamburg model is slightly
less than what is observed in data.

Modules Predicted ®/L Scale factor

A4 58.45 x 10! 0.75
A3 59.90 x 10 0.93
A2 62.40 x10 0.96
Al 65.45 x 10 1.04
C1 65.45 x 101 1.04
C2 62.40 x 10 0.94
C3 59.90 x 10! 0.91
C4 58.45 x 10 0.76

Table C.2: Predicted ®/L factors from FLUKA [(1 MeV ne,/cm?) x fb] and fitted scale
factors for each group of IBL modules.

The ratio of two leakage current measurements is predicted to be the ratio of the fluences
multiplied by the depleted volume. The measured ratio to the 3D modules and correspond-
ing Hamburg model predictions are shown in Figure C.6. The discontinuity near 35 fb™1
corresponds to the increase in high voltage in 2016: before the voltage change, the IBL
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Figure C.5: Measured leakage current in IBL modules as a function of integrated luminosity.
The leakage current is averaged over modules at similar |z| and normalized by the sensor
volume. The temperature is corrected to 0°C. The data (points) are compared to a Hamburg
model simulation (lines), which is normalized to data independently for each module group.

sensors were running under-depleted. Following this change, the ratio is approximately flat
for the remainder of Run 2.

Using the scale factors in Table C.2, the Hamburg model predictions for the IBL leakage
current can be extended to the end of LHC Run 3. Multiple temperature and luminosity
scenarios are under consideration for Run 3, but the maximum leakage current reached is
similar in all scenarios.

Figure C.7 shows the Run 2 measured and Run 2-3 predicted leakage current in each
module group. This projection corresponds to a total Run 3 luminosity of 320 fb~!, with
shutdowns (and therefore warm time for the IBL) after each 80 fb~! period. Since Figure C.5
has demonstrated that the Hamburg model tends to under-predict the amount of annealing,
this projection is considered conservative.
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Figure C.6: Measured leakage current in IBL. modules as a function of integrated luminosity,
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is corrected to 0°C. The data (points) are compared to a Hamburg model simulation (lines),
which is normalized to data independently for each module group.
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Figure C.7: Measured leakage current in IBL. modules as a function of integrated luminosity.
The leakage current is averaged over modules at similar |z| and normalized by the sensor
volume. The temperature is corrected to 0°C. The data (points) are shown through the end
of Run 2, and the Hamburg model simulation (lines) is projected through the end of Run 3.
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Appendix D
Toy BDT Model

This Appendix contains a toy example of the BDT method applied to a simple two-
dimensional dataset. It is intended to illustrate the structure of a BDT discriminant and
the impact of hyper-parameter choices. The code used to perform these tests is available at
https://github.com/jennetd/toy-bdt.

The dataset contains only two features, z and y, for ease of visualization. The train-
ing data is composed of 1,000,000 random points in (x,y), with signal (Label = 1) and
background (Label = 0) defined by the following:

1if y > Acos(nmx) + yo and y < Acos(nmx) +yo + 1

Label = f(z,y) = { (D.1)

0 otherwise

The distribution of signal and background in the (x,y) plane is shown in Figure D.1a for
A =0.5,n=4 and yo = 0.5. This choice of parameters gives a deterministic relationship
between the data label (0 or 1) and features (z,y), which is not the case in most systems.
A more realistic model introduces some small random noise: Label = f(x,y + €), where €
is a random number generated according to a gaussian distribution with mean p = 0 and
standard deviation ¢ = 0.1. A distribution of signal and background with the addition of
this random noise is shown in Figure D.1b.

D.1 Tuning single hyper-parameters

A single tree (Rounds = 1) is trained in XGBoost on the example dataset. The BDT
performance is tested for range of values for each tree hyper-parameter. For a discussion of
the mathematical meaning of each hyper-parameter, see Chapter 7.
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Figure D.1: Distribution in (z,y) of a sample binary dataset without random noise (a) and
with random noise (b). Yellow represents the signal (Label = 1) and blue represents the
background (Label = 0), according to Equation D.1 with A = 0.5, n =4 and yo = 0.5.
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Figure D.2 shows the BDT score as a function of training variables (x,y) for different
values of MinChildWeight. MaxDepth is fixed to infinity and MinLossReduction to zero, so
that MinChildWeight alone controls the size of the tree. Figure D.2a shows an over-trained
example: MinChildWeight = 1, and each leaf contains a single training event. Figure D.2d
shows an under-trained example: MinChildWeight = 1000, and the tree does not grow large
enough to resolve the signal well.

- I E b E E i i
02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1
X X

(a) MinChildWeight = 1 (b) MinChildWeight = 10

Score
Score

01 02 03 04 05 06 07 08 09 1
X b3

0 01 02 03 04 05 06 07 08 09 1
(¢) MinChildWeight = 100 (d) MinChildWeight = 1000

Figure D.2: Distribution of BDT score in (z, y) obtained by a single decision tree for different
values of MinChildWeight. MaxDepth is fixed to infinity and MinLossReduction to zero, so
that MinChildWeight alone controls the size of the tree.
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Figure D.3 shows the BDT score as a function of training variables (x,y) for different
values of MaxDepth. MinChildWeight is fixed to one and MinLossReduction to zero, so that
MaxDepth alone controls the size of the tree. Figure D.2a shows a highly under-trained
example: MaxDepth = 3, meaning that the tree has at most 23 = 8 leaves. Higher values of
MaxDepth allow for more leaves, and better resolution of the signal (see Figure D.2d).

Score
Score

0 0.1

02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X X

(a) MaxDepth = 3 (b) MaxDepth = 5

Score
Score

01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1

X X

(c) MaxDepth = 7 (d) MaxDepth = 9

Figure D.3: Distribution of BDT score in (z,y) obtained by a single decision tree for different
values of MaxDepth. MinChildWeight is fixed to one and MinLossReduction to zero, so that
MaxDepth alone controls the size of the tree.
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Figure D.4 shows the BDT score as a function of training variables (x,y) for different
values of MinLossReduction. MinChildWeight is fixed to one and MaxDepth to infinity, so
that MinLossReduction alone controls the size of the tree. Figure D.4a shows an over-trained
example: MinLossReduction = 0, and each leaf contains a single training event. Figure D.4d
shows an under-trained example: MinLossReduction = 100, and the tree does not grow large
enough to resolve the signal well.

02 01 02 03 04 05 06 07 08 09

(a) MinLossReduction = 0 (b) MinLossReduction = 1

\/\/

Score

02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

(¢) MinLossReduction = 10 (d) MinLossReduction = 100

Figure D.4: Distribution of BDT score in (z, y) obtained by a single decision tree for different
values of MinLossReduction. MinChildWeight is fixed to one and MaxDepth to infinity, so
that MinLossReduction alone controls the size of the tree.
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The power of gradient boosting is illustrated in Figure D.5, which shows the BDT score as
a function of training variables (x,y) at different steps in the boosting process. MaxDepth
is fixed to six, MinChildWeight to one, and MinLossReduction to zero so that the depth
controls the size of the tree. After only 5 rounds, the signal can be resolved with high

probability.
( ' i |

01 02 03 04 05 06 07 08 09 1

Score
Score

01 02 03 04 05 06 07 08 09 1
X

(a) 1 round (b) 5 rounds

Score
Score

W

01 02 03 04 05 06 07 08 09

02 03 04 05 06 07 08 09

(¢) 10 rounds (d) 50 rounds

Figure D.5: Distribution of BDT score in (z,y) obtained after different numbers of boosting
rounds. MaxDepth is fixed to six, MinChildWeight to one and MinLossRed to zero, so that
the depth controls the size of the trees.
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Figure D.6 shows the BDT score as a function of training variables (x,y) for different
values of the LearningRate. MaxDepth is fixed to six, MinChildWeight to one, and Min-
LossReduction to zero so that the depth controls the size of the tree. With larger values
of the LearningRate, the training converges faster and the separation between signal and
background becomes starker after the same number of boosting rounds (10).

Ly Iy ol L
02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09
X X

0 0.1

(a) LearningRate = 0.01 (b) LearningRate = 0.1

L L
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
X X

(c) LearningRate = 0.5 (d) LearningRate = 1.0

Figure D.6: Distribution of BDT score in (z,y) obtained after 10 boosting rounds for dif-
ferent values of the LearningRate. MaxDepth is fixed to six, MinChildWeight to one, and
MinLossRed to zero, so that the depth controls the size of the trees.
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Figure D.7 shows the BDT score as a function of training variables (x,y) for different
values of the Subsample parameter. MaxDepth is fixed to infinity, MinChildWeight to one,
and MinLossReduction to zero, a scenario that results in severe overtraining in a single tree
(see Figure D.2a). The Subsample parameter can mitigate the effects of overtraining by using
a different subset of the training data in each boosting round. Smaller values of Subsample
correspond to less overlap in the training samples, and therefore less overtraining.

Score
Score

04 05 06 07 04 05 06

(¢) Subsample = 0.1 (d) Subsample = 1

Figure D.7: Distribution of BDT score in (z, y) obtained after 10 boosting rounds for different
values of the Subsample parameter. MaxDepth is fixed to infinity, MinChildWeight to one,
and MinLossRed to zero, so that the depth controls the size of the trees. Subsample alone
suppresses overtraining.
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Figure D.8 shows the BDT score as a function of training variables (x,y) for different
values of the L1 Regularization parameter a. MaxDepth is fixed to infinity, MinChild Weight
to one, and MinLossReduction to zero, a scenario that results in severe overtraining in a single
tree. The Subsample parameter is fixed to one. The o parameter can mitigate the effects of
overtraining by restricting the magnitude of the leaf weights. Larger values of a correspond
to tighter restrictions on the weights, and therefore less overtraining.

03 04 05 086 A . . 1 0. 3 04 05 06 07 0.8

(a) L1 Reg v =10 (b) L1 Rega =1
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Figure D.8: Distribution of BDT score in (z, y) obtained after 10 boosting rounds for different
values of the L1 Regularization parameter . MaxDepth is fixed to infinity, MinChild Weight
to one, and MinLossRed to zero, so that the depth controls the size of the trees. Subsample
is set to one, and a alone suppresses overtraining.

02 03 04 05 06 07 08 . 0

(¢c) L1 Reg a =10 (d) L1 Reg o = 100
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Figure D.9 shows the BDT score as a function of training variables (x,y) for different
values of the L2 Regularization parameter \. Again, MaxDepth is fixed to infinity, MinChild-
Weight to one, and MinLossReduction to zero, a scenario that results in severe overtraining
in a single tree. The Subsample parameter is fixed to one. The A parameter can mitigate
the effects of overtraining by restricting the magnitude of the leaf weights. Larger values of
A correspond to tighter restrictions on the weights, and therefore less overtraining.

03 04 05 06 07 08 09

(a) L2 Reg A =0 (b) L2 Reg A =1

Score

02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08

(c) L2 Reg A =10 (d) L2 Reg A = 100

Figure D.9: Distribution of BDT score in (z, y) obtained after 10 boosting rounds for different
values of the L2 Regularization parameter A. MaxDepth is fixed to infinity, MinChild Weight
to one, and MinLossRed to zero, so that the depth controls the size of the trees. Subsample
is set to one and « to zero, and A alone suppresses overtraining.
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D.2 Dataset Size

The performance of a BDT decreases as training statistics become very low. Figure D.10
demonstrates the worsening performance of a BDT trained on datasets of decreasing size,
all obeying Equation D.1. The hyper-parameters are identical for each training dataset, and
tuned so that overtraining is not an issue. More training data gives a better approximation of
Equation D.1 (Figure D.10a), and with too small a training set Equation D.1 is not learned

at all (Figure D.10d).
- i :

01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09
X

(a) 1,000,000 points (b) 10,000 points

Score
Score

01 02 03 04 05 06 07 08 09 02 03 04 05 06 07 08 09

(¢) 2,500 points (d) 100 points

Figure D.10: Distribution of BDT score in (z,y) obtained from different numbers of randomly
generated training points. More training data gives a better approximation of the desired
function shown in Figure D.1a. The hyper-parameters are identical for each training dataset,
and tuned so that overtraining is not an issue.
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A realistic training dataset can often be very asymmetric: the ratio of signal events to
background is very small in measurements of rare physics process such as ttH(vyy). Figure
D.11 shows the change in BDT output as a function of the RelativeNorm parameter, which
gives the relative normalization of signal and background (S/B). In cases where S/B is very
large (Figure D.11a, b), the BDT score is more often signal-like. In the case where S/B is
very small (Figure D.11e, f), the BDT score is more often background-like.

01 02 03 04 05 06 07 08 08 01 02 03 04 05 06 07 08 O
x

(a) S/B = 100 (b) S/B =10

01 02 03 04 05 06 07 08 O

(d) $/B=05

of 02 03 04 05 06 07 08 09 1
x

01 02 03 04 05 06 07 08 O

(e) /B =0.1 (f) S/B = 0.01

Figure D.11: Distribution of BDT score in (z,y) obtained for the 10,000 event training set,
with different relative normalization of signal (S) and background (B). In the case where
S/B is very large (a), the BDT score is more often signal-like (yellow). In the case where
S/B is very small (f), the BDT score is more often background-like (blue).
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D.3 Training Packages

The first application of machine learning to t¢H (v7) categorization [94] used the TMVA
package [175] to train a simple five-variable BDT with gradient boosting. Subsequent more
sophisticated analyses (see Chapters 9 and 11) have relied primarily on the XGBoost package
[140].

XGBoost, TMVA
Rounds num_rounds NTrees
MaxDepth max_depth MaxDepth

MinChildWeight min_child weight MinNodeSize
MinLossReduction gamma -

Regularization lambda, alpha -
LearningRate eta Shrinkage
Subsample subsample BaggedSampleFraction

Table D.1: Summary of hyper-parameter names in different BDT training packages.

A comparison of the two algorithms is shown in Figure D.12. The same binary training
data as above (1,000,000 points) is used in all training comparisons. Hyper-parameters in
each package are tuned to identical values (as far as is possible) according to Table D.1.
MaxDepth is fixed to six, MinChildWeight to one, and MinLossRed to zero, so that the
depth controls the size of the tree. Subsample is fixed to one, and LearningRate is fixed to
one. The performance appears to be very similar between the two training packages.
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(a) XGBoost - 1 round (b) TMVA - 1 round
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Figure D.12: Distribution of BDT score in (z,y) obtained from XGBoost (left) and TMVA
(right) after different numbers of boosting rounds. The hyper-parameters are tuned to
identical values according to Table D.1. MaxDepth is fixed to six, MinChildWeight to one,
and MinLossRed to zero. Subsample is fixed to one, and LearningRate is fixed to one.
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D.4 Multiclassification

The multiclass toy dataset again contains only two features, x and y, for ease of visu-
alization. The training data is composed of 1,000,000 random points in (z,y), with three
regions (Label € (0,1, 2)) defined by the following:

2 if y > Acos(nmz) + yo
Label = g(z,y) = 1 if y < Acos(nmx) + yo + 1 (D.2)

0 otherwise

The distribution of signal and background in the (x,y) plane is shown in Figure D.13a
for A = 0.5, n =4 and yo = 0.5. As in the binary dataset, some small random noise
is introduced: Label = g(x,y + €), where € is a random number generated according to a
gaussian distribution with mean g = 0 and standard deviation o = 0.1. A distribution of
the three classes with the addition of this random noise is shown in Figure D.13b.

01 02 03 04 05 06 07 08 09 1
X

(a) (b)

01 02 03 04 05 06 07 08 09

Figure D.13: Distribution in (z,y) of a sample three-class dataset without random noise (a)
and with random noise (b). Yellow represents Label = 2, green represents Label = 1, and
blue represents Label = 0, according to Equation D.2 with A = 0.5, n =4 and yo = 0.5.

A single tree (Rounds = 1) is trained in XGBoost on the example dataset. The BDT
performance is tested for range of values for each tree hyper-parameter.

Figure D.15 shows the BDT “softprob” score as a function of training variables (z,y) for
different values of MinChildWeight. MaxDepth is fixed to infinity and MinLossReduction
to zero, so that MinChildWeight alone controls the size of the tree. Figure D.15a shows an
over-trained example: MinChildWeight = 1, and each leaf contains a single training event.
Figure D.15d shows an under-trained example: MinChildWeight = 1,000, and the tree does
not grow large enough to resolve the signal well. The assigned class label (corresponding to
max{ Py, P1, P,}) for each (x,y) pair is shown in Figure D.14.



APPENDIX D. TOY BDT MODEL

lass

01 02 03 04 05 06 07 08

(a) MinChildWeight = 1

lass

01 02 03 04 05 06 07 08 09

X

(¢) MinChildWeight = 100

214

01 02 03 04 05 06 07 08 09 1

X

(b) MinChildWeight = 10

01 02 03 04 05 06 07 08 09 1
b3

(d) MinChildWeight = 1,000

Figure D.14: Distribution of assigned class label in (z,y) obtained by a single decision tree
for different values of MinChildWeight. MaxDepth is fixed to infinity and MinLossReduction
to zero, so that MinChildWeight alone controls the size of the tree.
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Figure D.15: Distribution of “softprob” BDT scores in (x, y) obtained by a single decision tree
for different values of MinChildWeight. MaxDepth is fixed to infinity and MinLossReduction
to zero, so that MinChildWeight alone controls the size of the tree.
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Figure D.17 shows the BDT “softprob” score for each class as a function of training
variables (z,y) for different values of MaxDepth. MinChildWeight is fixed to one and Min-
LossReduction to zero, so that MaxDepth alone controls the size of the tree. Figure D.15a
shows a highly under-trained example: MaxDepth = 3, meaning that the tree has at most
23 = 8 leaves. The assigned class label (corresponding to max{Py, P;, P,}) for each (z,y)
pair is shown in Figure D.16.
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(¢) MaxDepth = 7 (d) MaxDepth = 9

Figure D.16: Distribution of assigned class label in (z,y) obtained by a single decision tree
for different values of MaxDepth. MinChildWeight is fixed to one and MinLossReduction to
zero, so that MaxDepth alone controls the size of the tree.
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Figure D.17: Distribution of “softprob” BDT scores in (z,y) obtained by a single decision
tree for different values of MaxDepth. MinChildWeight is fixed to one and MinLossReduction
to zero, so that MaxDepth alone controls the size of the tree.
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The power of gradient boosting is illustrated in Figure D.19, which shows the BDT
“softprob” score as a function of training variables (z,y) at different steps in the boosting
process. After only 5 rounds, the three classes can be resolved with high probability. The
assigned class label (corresponding to max{ Py, P;, P»}) for each (x,y) pair is shown in Figure
D.18 as a function of number of boosting rounds.
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Figure D.18: Distribution of assigned class label in (x,y) obtained after different numbers
of boosting rounds. MaxDepth is fixed to six, MinChildWeight to one, and MinLossRed to
zero, so that the depth controls the size of the tree.
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Figure D.19: Distribution of “softprob” BDT scores in (z,y) obtained after different numbers

of boosting rounds. MaxDepth is fixed to six, MinChildWeight to one, and MinLossRed to
zero, so that the depth controls the size of the trees.
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Appendix E

ttH in the diphoton decay channel
(79.8 fb— 1)

The ttH(v7y) categorization described in Section 9.2 was developed and optimized on
the partial LHC Run 2 dataset of 79.8 fb=!, collected during 2015-2017. This Appendix
describes the results on this partial dataset, which are superseded by the full Run 2 results
in Section 10.2.

E.1 Signal and Background Model

In each analysis category, the signal shape is determined by fitting a Double-Sided Crystal
Ball (DSCB) function to a sample of inclusive Higgs boson Monte Carlo (see Section 6.2.1).
The best fit DSCB parameters for each category are shown in Table E.1. Differences in the
signal parameters with respect to the full Run 2 analysis (Table 10.2), particularly the signal
resolution o¢pg, result from the addition of a high-pileup Monte Carlo sample representative
of the data taking conditions in 2018.

For the hadronic ttH () categories, the functional form of the continuum background is
extracted from templates created from NTT data. To enhance statistics in these templates,
events with no b-tagged jets are also included, and the b-tag status of all central jets are
set to “true” when computing the BDT score. For the leptonic ttH(yy) categories, the
background templates are constructed from ¢+~ Monte Carlo, since this process dominates
the continuum background once the BDT selection has been applied. In order to enhance
statistics, no photon ID or isolation cuts are applied.

The functional form of the continuum background and the spurious signal are listed in
Table E.2.
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Category pce [GeV]  ocp [GeV]  Omigh  Qlow  Mhigh  Miow
#H(77) had 4 125.27 1.63 19 19 38 34
tH(y7) had 3 125.27 1.59 20 18 38 43
tfH(’y’y) had 2 125.27 1.46 1.6 1.6 5.5 4.9
TH(yy) had 1 125.24 132 17 17 65 45
tt_H(’y’y) lep 3 125.26 1.73 1.9 1.7 3.6 4.9
HH(vy) lep2 12524 168 19 18 42 44
tfH(fw) lep 1 125.22 1.45 1.7 1.6 5.3 4.9

Table E.1: Best fit parameter values for the signal m,. shape in each of the seven ttH (yy)
categories at 79.8 fb~1. Note that these are the fitted values for the MC samples at my = 125
GeV.

Category Function Ny, x*/ndof
ttH(yv) had 4 Power Law  +0.96  0.98
ttH(y7v) had 3 Power Law  +0.63  0.88
ttH(vyy) had 2 Exponential +0.36  0.72
tH(yy) had 1 Power Law  +0.11  0.86
ttH(vy7v) lep 3 Exponential +0.24  1.26
(77)
()

ttH(yy) lep 2 Power Law  +0.33  0.79
ttH(yy)lep 1 Power Law  +0.12  0.97

Table E.2: Results of the spurious signal test for the ¢t£H () categories at 79.8 fb~!. The
x?/ndof indicates the performance of a background only fit to the template in the m.. range
105-160 GeV, but is in general not a part of the spurious signal criteria.

E.2 Systematic Uncertainties

The experimental uncertainties included in the t¢H (77) measurement are those summa-
rized in Section 6.4.2.

A conservative 100% heavy flavor uncertainty is applied to the predicted ggF, VBF,
and V H yields in each category, and inclusive uncertainties from [34] are applied to the
bbH, tHjb, and tWH vyields. For the ttH signal yields, QCD scale variations and PDF
uncertainties (31 eigenvector scheme) are evaluated separately in each category. In ad-
dition, a UEPS uncertainty is calculated by comparing event yields predicted by Monte
Carlo samples using different showering algorithms: ttH MG5_aMCQNLO+Pythia8 and
MG5_aMC@NLO+Herwig++. The magnitudes of the UEPS uncertainty are summarized in
Table 10.4.

The dominant uncertainty is the UEPS: since up to six jets in a single event are used in
the BDT training (see Chapter 9), dependence on the parton showering algorithm is to be
expected. The QCD scale uncertainty on the ttH yield is the second most dominant uncer-
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tainty. The photon energy scale and resolution are the dominant experimental systematics.

E.3 Results (79.8 fb™!)

The diphoton mass spectrum in each hadronic (leptonic) category is shown in Figure E.1
(Figure E.2) with the signal-plus-background fits overlaid. The observed ttH () significance
is 4.10, which corresponds to a signal strength of

pue = 1.41 7033 (E.1)

The expected ttH (v7) significance on this dataset (assuming the Standard Model) is 3.70
(from pre-fit Asimov).
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Figure E.1: Diphoton invariant mass spectrum in the four hadronic t¢H (v7) categories with
79.8 fb~! of ATLAS data. ttH(vv) had 1 (a) corresponds to the tightest cut on BDT score,
and ttH () had 4 (d) to the loosest. The data is shown in black, with the fitted continuum
background distribution in blue, the total background (including non-ttH Higgs processes)
in green, and the ¢t H signal plus background in red.
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Figure E.2: Diphoton invariant mass spectrum in the three leptonic ¢t H (y7) categories with
79.8 th™! of ATLAS data. ttH(y7y) lep 1 (a) corresponds to the tightest cut on BDT score,
and ttH (vv) lep 3 (c) to the loosest. The data is shown in black, with the fitted continuum
background distribution in blue, the total background (including non-ttH Higgs processes)
in green, and the ¢t H signal plus background in red.

Figure E.3 shows the fitted signal and background yields in each category, calculated in
the m., window containing 90% of the Higgs signal (Sgo).

In order to visually enhance the contribution of the most powerful analysis categories,
the data and fit in each category are weighted by In(1 + S/B) where S (B) is the expected
signal (background) in the smallest m.,, window containing 90% of the Higgs signal. This
weighting procedure serves to magnify the contribution to the m., spectrum of the categories
with highest S/B. The weighted diphoton mass spectrum (summed over all categories) is
shown in Figure 10.8.
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Figure E.3: Fitted number of t¢H (v7) and background events in each analysis category with
79.8 fb~1 of ATLAS data. The fitted continuum background yield is shown in blue, the
non-tt H Higgs background in green, and the ttH signal (normalized to the fitted p = 1.41)
in red. The total number of data events per category is overlaid in black.
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Figure E.4: Weighted diphoton invariant mass spectrum of all seven ttH () categories with
79.8 fb~! of ATLAS data. The data is shown in black, with the fitted continuum background
distribution in blue, the total background (including non-tt H Higgs processes) in green, and
the ttH signal plus background in red. The data and fit in each category are weighted by
In(1+ S/B), where S (B) is the expected signal (background) in the smallest m.., window
containing 90% of the Higgs signal.
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E.4 Top reconstruction in the 79.8 fb~! analysis

At the time of the 79.8 fb~! analysis, the BDT algorithm used to reconstruct top quarks
was in an early stage of development. This Early Top Reco BDT differs from the finalized
Top Reco BDT described in Chapter 8 in three major ways:

1. Background sample: The Early Top Reco BDT was designed for discrimination be-
tween tt H and non-top backgrounds, so the set of background triplets was constructed
from all combinations of three jets in the NTI data control sample. The final Top Reco
BDT was designed to correctly identify the jet triplet corresponding to the top in as
many ttH events as possible, so the set of background triplets was constructed from
all non truth-matched triplets in t¢H Monte Carlo.

2. Signal sample: The Early Top Reco BDT required that the jet truth-matched to
the bottom quark be b-tagged for all signal triplets. For the final Top Reco BDT, this
requirement on the signal is lifted, and instead the b-tag scores of all three jets were
used as training variables.

3. Tri-jet mass: The Early Top Reco BDT does not use the triplet mass as a training
variable. In the final Top Reco BDT, the addition of this variable improves the accuracy
by 2%.

The introduction of these changes increased the accuracy of the top reconstruction from
only 19% in ttH events with the Early Top Reco BDT to 37% with the final Top Reco BDT
described in Chapter 8.

Figure E.5 shows the mass of the reconstructed top quark in the NTT data control region
as reconstructed by the Early (left) and final (right) Top Reco BDTs. The distribution is
shown in each hadronic ttH(v7) category (recall from Chapter 9 that had 1 corresponds
to the highest S/B), and the distribution of events passing hadronic preselection but not
entering the BDT categories is shown in black.

The two Top Reco BDTs have similar qualitative behavior: as the S/B increases, the
reconstructed top mass peaks more strongly at m; = 173 GeV. However, because the triplet
mass is used as a training variable in the final Top Reco, this BDT sculpts the top candidate
mass into a sharper peak compared to the Early Top Reco.
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Figure E.5: Comparison of the Early Top Reco BDT and the Top Reco BDT described in
Chapter 8 in hadronic NTI data events.

E.4.1 Decomposition of continuum background

In order to study the continuum background in the hadronic ttH categories at 79.8
fb~!, the template fit procedure described in Chapter 9.3 was used to determine the relative
contribution of ttyy and 7y + jets processes. The top quark mass reconstructed by the Early
Top Reco BDT is chosen as the PDF distribution.

The Early Top Reco BDT does not suffer from sculpting of the top candidate mass
distribution to the extent that the final Top Reco BDT does. As a result, templates built
from ttyy and vy + jets Monte Carlo samples have a larger shape difference in the Early
Top Reco candidate mass than in the final Top Reco candidate mass. For the decomposition
of the continuum background, it is therefore advantageous to use the Early Top Reco BDT,
despite its lower top identification accuracy.

The template fit to Equation 9.8 are shown in Figure E.6. The fit is performed to data
in the two hadronic categories with highest signal-to-background ratio (S/B). The top
background fraction obtained is shown in Table 9.7, along with the uncertainty due to the
statistics of the data. The statistical uncertainty on the Monte Carlo templates is small
compared to the statistical uncertainty in data.

no3 /ngaa Top bkg fraction
HH(7) had 12 10% 58% + 19%

Table E.3: The top background fraction obtained in the two hadronic ttH(y7y) categories
with highest S/B at 79.8 fb~1.

The top background fraction measured in 79.8 fb™! of data using the Early Top Reco
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Figure E.6: Template fit to data in the two hadronic ttH () categories with highest S/B
at 79.8 fb~!. The contributions from tyy (blue) and yy+ jets (red) are normalized to
their fitted values. The t¢H contribution (green) is fixed to the SM expectation. The fitted
combined PDF is shown in the dashed black line.

BDT is 58% = 19%. As reported in Section 9.3, the top background fraction measured in
139 fb~! of data using the final Top Reco BDT is 31% =+ 16% (neglecting the uncertainty due
to template statistics, for a proper comparison). The measurements agree within statistical
errors. Because of the disadvantageous sculpting of the top mass templates constructed from
the final Top Reco BDT, the precision on the top background fraction measurement does
not improve much with the luminosity increase from 79.8 to 139 fb=1.

E.5 Event displays of ttH(~v) candidates

Figures E.7-E.10 present visualizations of data events selected into the ¢t H () categories
with highest signal-to-background ratio.

In these images, jets reconstructed using the anti-k; algorithm with R = 0.4 are rep-
resented by cones, with blue cones indicating that the jet is b-tagged at the 77% working
point. Muon candidates are represented as a red track passing through the detector, and
electron candidates as a green line leading to green deposits in the electromagnetic calorime-
ter. Photon candidates correspond to green towers in the electromagnetic calorimeter with
no associated track.
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Appendix F

Higgs couplings in the diphoton decay
channel

This Appendix describes the full measurement of Higgs couplings in the H — ~vy decay
channel with 79.8 fb=! of 13 TeV ATLAS data. Section F.1 describes the selection of diphoton
events into categories targeting all Higgs boson production modes. Section F.2 details the
parameterization of the signal and background m.. shapes, and Section F.3 reviews the
dominant systematic uncertainties. Results are presented in Section F.4.

The inclusive Higgs boson cross section is measured, as well as the individual cross
sections for four Higgs boson production modes: ggF, VBF, VH, and ttH +¢H. In addition,
the rate of H — ~v events is measured in the Simplified Template Cross Section
(STXS) scheme [34] [176], which gives a coarse differential binning in kinematic variables
like jet multiplicity, Higgs candidate pr, and jet pr. The STXS regions targeted are shown
on the left-hand side of Figure F.1. The boxes denote STXS region measured, including
merging of categories due to low statistics.

The measurements reported in this Appendix were supplied as input to the ATLAS Higgs
combination [31], which included results from analyses targeting all Higgs boson production
and decay modes.

F.1 Event Categorization

All events included in the H — ~ categories are required to have two photons passing
the identification and isolation criteria outlined in Section 4.2. The categories are designed
to target different Higgs boson production modes, and the categories targeting the rarest
processes are filled first. Events failing selection for one production mode are considered for
the next rarest mode. In total, the H — ~v analysis includes:

1. Seven categories targeting tt H

2. Five categories targeting leptonic V H
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3. Seven categories targeting VBF and hadronic VH
4. Ten categories targeting gluon fusion

The seven ttH categories are those described in Chapter 9. The remaining categories are
described in the following sub-sections.

Table F.1 summarizes all 29 categories and their definitions. The STXS regions corre-
sponding to each category are shown in Figure F.1, and the contribution from each STXS
bin to the Higgs signal in each category is shown in Figure F.2. Figure F.3 shows the
contribution from each production mode to the total Higgs signal in each category.

Category label Selection

ttH lep BDT1 Niep > 1, Np_jet > 1, BDTyipep > 0.987

ttH lep BDT2 Niep > 1, Ny_jer > 1, 0.942 < BDTyipriep < 0.987

ttH lep BDT3 Niep > 1, Ny_jer > 1, 0.705 < BDTypiep < 0.942

ttH had BDT1 Niep = 0, Niets >3, Np_jer > 1, BDTyipnaa > 0.996

ttH had BDT2 Niep = 0, Niets >3, Np_jor > 1, 0.991 < BDTip1paa < 0.996

ttH had BDT3 Niep = 0, Niets > 3, Np_jor > 1, 0.971 < BDTyppaa < 0.991

ttH had BDT4 Niep = 0, Njets > 3, Np_jet > 1, 0.911 < BDTyHnaa < 0.971

VH dilep Niep > 2, T0GeV < myy < 110 GeV

VH lep High Niep = 1, |mesy — 89GeV| > 5GeV, py T > 150 GeV

VH lep Low Nigp =1, |mey —89GeV| > 5GeV, pf;rET < 150 GeV, Elf“iss significance > 1
VH MET High 150 GeV < EIiss < 250 GeV, EIsS significance > 9 or EIRISS > 250 GeV
VH MET Low 80 GeV < E?‘ss < 150 GeV, E?‘ss significance > 8

qqH BSM Njets > 2, pr,j1 > 200 GeV

VH had BDT tight 60 GeV < mj; <120GeV, BDTyg > 0.78

VH had BDT loose 60 GeV < mj; < 120GeV, 0.35 < BDTyg < 0.78

VBF high-p777 BDT tight  |Anj;| > 2, |74y — 0.5(nj1 + nj2)| < 5, pi97 > 25GeV, BDTUEL > 0.47

VBF high-pi?/ BDT loose  |An;;| > 2, 14 — 0.5(nj1 + mj2)| < 5, pi?) > 25GeV, —0.32 < BDTS} < 0.47
VBF low-p5?? BDT tight  |An;;| > 2, |10 — 0.5(nj1 + mi2)| < 5, pii?? < 25GeV, BDTY¥Yp > 0.87

VBF low-p27 BDT loose  |An;j| > 2, 14y — 0.5(nj1 + mj2)| < 5, pH97 < 25GeV, 0.26 < BDTOYL < 0.87

ggF 2J BSM Njets > 2, pJ > 200GeV

ggF 2J High Niets > 2, pp' € [120,200] GeV

geF 2J Med Niets > 2, pl € [60,120] GeV

ggF 2J Low Nicts > 2, pl €[0,60] GeV

ggF 1J BSM Niets = 1, pp’ > 200 GeV

ggF 1J High Niets = 1, pi’ € [120,200] GeV

ggF 1J Med Njets = 1, pJ € [60,120] GeV

ggF 1J Low Njets = 1, pJ’ € [0,60] GeV

ggF 0J Fwd Nijets = 0, one photon with |n| > 0.95
ggF 0J Cen Njets = 0, two photons with || < 0.95

Table F.1: Summary of the 29 H — v analysis categories.
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Figure F.1: Correspondence between Simplified Template Cross Section regions (left) and
H — ~v analysis categories (right).
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ATLAS Simulation Preliminary ~ H—vyy, Vs = 13 TeV, m,=125.09 GeV

c
o bbH |1 1 1 1 1 100 :\5
g tWH 1 12 232 2 2 ‘;
o tHq 2 2 1 6 4 2 113 5 1 5
0 ttH 1101 2 101 4 5 9 16 1[5475 >
ﬁ gg—Hil 15 18[ 1 1|18 =
7} qg->Hil 44 49| 6 4 2 O
qq—HNv 11 22 25|69 77 5 2 —170 ;
qg—Hagq (p} =200 GeV) 12 |£ 3 2 =
qq—Haq (rest) 4 810 2 7 1011 9 10 4 6 4 5 3 5 3 1 a
qq—Hagq (VH) 32 2 2 20 35 3 1 —60 c
qq—Hagq (VBF-like 3-jet) 2 4|5 18 o
qg—Hagq (VBF-like 3-jet veto) 1 3668 3 8 —{50 %
ggF (VBF-like, 3-jet) 1 4 3 18 30 3 1 o
ggF (VBF-like, 3-jet veto) 26 14 4 5 1 —40
ggF (> 2-jet, pi! > 200 GeV) 11 2 3 8 5 14 43 17 4 2
9gF (= 2-jet, 120 < p¥ < 200 GeV) 10 71| 2 1 11 4 2530 10 3 8 4 1
ggF (> 2-jet, 60 < pH < 120 GeV) 8 56| 1 3 9 4269 3 6 3 1 —30
ggF (> 2-jet, p! < 60 GeV) 3 34 2 4 2 1 1
ggF (1-jet, p¥ > 200 GeV) 69 3 4 —20
ggF (1-jet, 120 <p* <200 GeV) 70| 1 10 1 2 4 3 3
ggF (1-jet, 60 <p! <120 GeV) 1 76| 2 24 6 110 8 8 2 4 1 —10
ggF (1-jet, pt! <60 GeV) | 5 5 (51| 1 25 5 12 1 2
9gF (O-jet) 38 3 24 1 3 8 2 5 0
S 223622362 2585852 z25z2080RQERQNL
§:32283222¢82828225828f2hbE56E66556
S 25955 Do aoo i k- EZE T R oo @0OO000DMMD
OO0~~~ ~ddddEOo0O OO GG LW O O S T T T T o aQq
Lol uew@2o0n2ms ss == B BRI )
D D2 9D 0 90 0 0o 0y I T TT
S 55 55555 50s s, o & T > > ITIIIEz==x
Sl > > EEEE
£ 3<5r 2
o 1 2TT3x
i w T o .
] Lo Reconstruction Category
>

Figure F.2: Breakdown of expected Higgs signal by STXS process (y-axis) in each analysis
category (z-axis). The regions bounded in light gray contain categories corresponding to
the same Higgs production mode. The entries outlined in dark gray indicate the target
process(es) corresponding to each category. The categories are generally very pure in the
target process, though there is some contamination (e.g. between ggF and VBF categories).
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Figure F.3: Breakdown of expected Higgs signal by production mode in each analysis cat-
egory. The categories are generally very pure in the target process, though there is some
contamination (e.g. between ggF and VBF categories).
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F.1.1 Leptonic VH

The V H dilepton category targets qq/qg — Z H production where the Z boson decays to
charged leptons: events in this category must contain two same-flavor opposite-sign leptons
with dilepton invariant mass my, between 70 GeV and 110 GeV.

The V H single lepton categories target qq/qg — W H production where the W boson
decays to a charged lepton (e or p) and a neutrino. Events in these categories must contain
exactly one electron or muon. Events where the electron and either of the two photons have
Mey € [84,94] GeV are vetoed. Two categories are defined by dividing events by the missing
Er significance and the transverse momentum of the lepton plus missing Er system: low
(ph + ERss < 150 GeV and EX significance > 1.0) and high (p§ + E&is > 150 GeV).

Events with zero leptons (e or ) fall into the VH MET categories if they contain high
missing Fp. These categories target qq/qg — ZH production where the Z boson decays
to neutrinos. Two such categories are defined: low MET (80 GeV < ER* < 150 GeV and
Ess significance > 8.0), or high MET (ER > 150 GeV and EF* significance > 9.0, or
Emiss > 250 GeV).

F.1.2 Vector boson fusion and hadronic VH

The qqH BSM category contains events with at least two jets and very high leading jet
pr (> 200 GeV).

Hadronic VH events target WH and ZH production where the vector boson decays
hadronically. Events in these categories must contain two jets with dijet invariant mass 60
GeV < mj; < 120 GeV. A BDT is trained to separate simulated V H events from a back-
ground sample constructed from simulated diphoton background and data-driven estimates
of photon+jet and dijet backgrounds from NTI data. The BDT uses training variables A¢
and Ay between the diphoton and dijet systems, cos ¢, .., dijet invariant mass, diphoton pr
orthogonal to the diphoton thrust axis in the transverse plane, pr of the diphoton system,
Hr+ E%l + E:}’Q, minimum AR between a photon and a jet, the dijet transverse momentum,
and Zeppenfeld 7 (|0, — 3 (n;1 +n;2)|). Using the BDT output as the discriminating variable,
events are classified into two categories: tight (BDT score > 0.78) and loose (BDT score
< 0.78).

In the four VBF categories, events are required to contain at least two jets. The two
jets with highest pr must be separated by a pseudorapidity difference |An(j1,52)| > 2.0. In
addition, events in the VBF categories must satisfy |ng — 0.5(n;1 + 1;2)| < 5.0, where ny is
the pseudorapidity of the Higgs candidate (diphoton system).

Another BDT is trained to separate simulated VBF events from a background sample
constructed from simulated diphoton background and data-driven estimates of photon+jet
and dijet backgrounds from NTI data. The BDT uses six training variables: dijet invariant
mass, An between the leading jets, A¢ between the diphoton and dijet systems, diphoton
pr orthogonal to the diphoton thrust axis in the transverse plane, minimum AR between a
photon and a jet, and Zeppenfeld 7. Four exclusive regions are defined based on the BDT



APPENDIX F. HIGGS COUPLINGS IN THE DIPHOTON DECAY CHANNEL 238

discriminant and the transverse momentum of system composed of the Higgs candidate and
two leading jets (pJI{] 72 The cut values are listed in Table F.1.

F.1.3 Gluon fusion

Events failing the ttH, V H, and VBF selection are divided among the ten ggF categories.
The events are divided into bins of jet multiplicity (0,1,> 2). Events with 1 or > 2 jets are
further divided into four bins in Higgs candidate py: low (0-60 GeV), med (60-120 GeV),
high (120-200 GeV), and BSM (> 200 GeV). The ggF events with 0 jets are split into two
bins in based on the pseudorapidity of the photons: forward events (fwd) contain at least
one photon with |n| > 0.95, and central events (cen) do not.

F.2 Signal and Background

In each analysis category, the signal shape is determined by fitting a Double-Sided Crystal
Ball (DSCB) function to a sample of inclusive Higgs boson Monte Carlo (see Section 6.2.1).
The best fit DSCB parameters in each category are summarized in Table F.2. The ttH
categories are included in Table E.1.

The shape of the continuum background in the ggF and VBF categories is derived from
templates constructed from diphoton Monte Carlo (see Section 5.2.3). The templates are
constructed by adding together m.., distributions representing true diphoton (y7) events,
single photon+jet (vj), and dijet (jj) events. The shape of the vj distribution is modeled
using the data sidebands where exactly one photon fails the identification and/or isolation
criteria. The shape of the jj distribution is modeled using the data sidebands where both
photons fail the identification and/or isolation criteria. The relative fraction of v7, vj, and
77 is calculated by a template fit of these three distributions to the TT data sidebands.

In the V H categories, background templates are constructed from V' + vy Monte Carlo
generated with Sherpa following the setup used for the diphoton background sample de-
scribed in Section 5.2.3. The Monte Carlo templates are normalized so that the number of
sideband events is equal to that in the tight/isolated data. Statistics in the Monte Carlo
sample are low in some V H categories, resulting in large spurious signal.

The functional form of the continuum background and the spurious signal are listed in
Table F.3 for the ggF, VBF, and VH categories. The background functional form and
spurious signal for the ttH categories at 79.8 fb™! are included in Appendix E. The x?/ndof
indicates the performance of a background only fit to the template in the m.,, range 105-160
GeV, but is in general not a part of the spurious signal criteria.
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Category pee [GeV]  ocp [GeV]  Quow  Qhigh  Miow  Mhigh
ggH 0J cen 125.22 1.60 1.6 1.9 8084 4.1
ggH 0J fwd 125.17 2.00 1.5 1.7 8652 5.9
ggH 17 low 125.22 1.81 1.5 1.7 6877 55
ggH 1J med 125.19 1.72 14 1.7 3717 5.1
ggH 1J high 215.19 1.54 14 1.7 450 55
ggH 1J BSM 125.15 1.30 15 1.6 175 55
ggH 27 low 125.28 1.84 14 1.7 4264 5.0
ggH 2J med 125.23 1.73 1.5 1.7 348 5.0
ggH 2J high 125.18 1.55 15 18 307 4.9
ggH 2J BSM 125.17 1.37 1.5 1.7 207 58
VBF low pi#7 loose  125.19 1.74 1.5 1.7 352 48
VBF low pi# tight — 125.17 1.54 1.5 16 337 64
VBF high pi7 loose 125.26 1.72 14 1.7 263 47
VBF high pi# tight 125.24 1.57 1.5 1.7 262 54
VH had loose 125.20 1.64 1.5 1.7 251 48
VH had tight 125.19 1.46 1.5 1.7 223 52
qqH BSM 125.15 1.33 15 1.6 176 59
VH MET low 125.19 1.70 15 15 6.1 54
VH MET high 125.19 1.48 1.6 1.7 11.0 6.1
VH lep low 125.19 1.75 1.5 1.7 231 47
VH lep high 125.14 1.38 14 16 138 5.0
VH dilep 125.20 1.59 1.8 1.7 60 42

Table F.2: Best fit parameter values for the signal m., shape in each H — v category,
excluding the ttH categories (which are shown in Table E.1.)
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Category Function Ny, x*/ndof  Prob(x?) [%)]
ggH 0J cen ExpPoly2 —48.3 1.12 25.1
ggH 0J fwd ExpPoly2 —228 1.1 29.6
ggH 1J low ExpPoly2 +45.9 1.18 17.5
ggH 1J med ExpPoly?2 +40.7 1.59 0.445
ggH 1J high PowerLaw —-9.79 1.03 41.6
ggH 1J BSM Exponential —2.63 1.23 12.1
ggH 2J low ExpPoly2 —38.1 0.957 56.3
ggH 2J med ExpPoly2 +21.7 1 47.1
ggH 2J high PowerLaw +7.43 1.28 8.27
geH 2J BSM Exponential +40.426 1.11 26.8
VBF low p# loose PowerLaw  +10.3  1.05 38.2
VBF low pi#, tight — Exponential +5.16  0.922 63.7
VBF high p}”/ loose PowerLaw  —12.2  0.895 69
VBF high p/'7/| tight PowerLaw  —17.4  1.37 3.75
VH had loose PowerLaw +6.45 1 47.3
VH had tight Exponential —1.81 1.07 33.1
qqH BSM Exponential —11.7 1.02 43.8
VH MET low Exponential +2.45 2.61 0.001
VH MET high PowerLaw +1.94 0.989 479
VH lep low Exponential —4.67 1 46.4
VH lep high Exponential —0.598 1.56 3.52
VH dilep PowerLaw +0.608 1.51 4.53

240

Table F.3: Results of the spurious signal test for the H — ~v categories at 79.8 fb~!,
excluding the ttH categories (which are shown in Table E.2). The x?/ndof indicates the
performance of a background only fit to the template in the m.., range 105-160 GeV, but is
in general not a part of the spurious signal criteria.
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F.3 Systematic uncertainties

The experimental uncertainties included in the H — 7 couplings measurement are those
summarized in Section 6.4.2.

For each Higgs signal process, QCD scale variations and PDF uncertainties (31 eigenvec-
tor scheme) are evaluated separately in each category. The heavy flavor uncertainty in the
ttH categories is retained, and UEPS uncertainties are evaluated on each Higgs production
mode.

For the measurement of the ggF cross section, the UEPS uncertainty on ggF and the
spurious signal in the O-jet ggF' categories dominate the systematic uncertainty, along with
the photon identification efficiency. For the VBF cross section, the UEPS uncertainty on
VBF and the experimental jet uncertainties are the dominant systematics. The dominant
uncertainties for the measurement of the V H cross section are the spurious signal in the
leptonic V H categories.

For the measurement of the ttH + tH cross section, the UEPS uncertainty on ttH and
the heavy flavor uncertainties on ggF' and V H are dominant. Pulls on the photon energy
scale and resolution are not as strong as seen in the observed data shown in Appendix E.
This is due to the constraining power of the higher statistics categories dedicated to other
production modes.

F.4 Results (79.8 fb™ 1)

The inclusive cross section is extracted from the fit with a single POI p. For the inclusive
fit, the number of Higgs boson signal events can be expressed as

NG =px > N +o0,) [J(1+obe00) [](1 + 07567 (F.1)

p ( J

where the systematic uncertainty magnitudes o and nuisance parameters ¢ have the same
definitions given in Chapter 6.
The measured inclusive signal strength is

=106 1013 = 1.06 4 0.08 (stat) Foio (syst) (F.2)

This is in good agreement with the SM prediction of 1.00%515. The likelihood scan for the
inclusive cross section is shown in Figure F.4.

Figure F.5 shows the weighted diphoton invariant mass spectrum summed over all 29
H — ~~ analysis categories. In order to visually enhance the contribution of the categories
targeting each production mode, the data and fit in each category are weighted by In(1+S/B)
where S (B) is the expected signal (background) in the smallest m., window containing 90%
of the Higgs signal. The signal here is taken to be all Higgs boson events, and the calculation
of error bars in Figure F.5 follows the prescription outlined in Section 6.5.



APPENDIX F. HIGGS COUPLINGS IN THE DIPHOTON DECAY CHANNEL 242

a3 S
=4 r L
g F 4
R 179.8 b, Vs =13 TeV
C “-‘— Observed
4? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
s\ \ L E
2r =
T N i -
L . B
%7 08 09 1 11 12 13
w

Figure F.4: Likelihood scan of the inclusive Higgs signal strength measured in H — vy with
79.8 fb~1.
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Figure F.5: Weighted diphoton invariant mass spectrum of data from all 29 H — ~~ analysis
categories with 79.8 fb~!. Each data event is weighted by In(1 + S./B.), where c is the
category containing the event, and S, and B, are the fitted Higgs signal and continuum
background in category c, respectively.
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F.4.1 Higgs cross section by production mode

The cross sections of individual Higgs boson production modes (p = ggF+bbH, VBF,
VH, ttH + tH) are fitted simultaneously with POIs p, corresponding to each process:

NG =" |y x NJMe(U+010,) [T+ oleoh) T[ (1 + o,67) (F.3)

p ? J

where the systematic uncertainty magnitudes ¢ and nuisance parameters ¢ have the same
definitions given in Chapter 6.

Figure F.6 shows the weighted diphoton invariant mass spectrum summed over all 29
H — ~v analysis categories. In order to visually enhance the contribution of the categories
targeting each production mode, the data and fit in each category are weighted by In(1+S/B)
where S (B) is the expected signal (background) in the smallest m.,, window containing 90%
of the Higgs signal. In each panel of this figure, a different production mode is treated as
signal in the calculation of the category weight. The calculation of error bars in Figure F.6
follows the prescription outlined in Section 6.5.

The measured cross section time H — v branching fraction for each production mode
is:

Oggr X By, = 98.28 11100 fb = 98.28 £ 11.18 (stat) "¢ ;3 (syst) fb (F.4)
ovpr X By, = 11.15 338 fh = 11.15 7235 (stat) T720 (syst) fb (F.5)
ovi X By, = 4.84 729 fh = 4.84 1230 (stat) T1 0 (syst) fb (F.6)
Ouirriim X Byy = 1.50 7938 fh = 1.50 1049 (stat) 7070 (syst) fb (F.7)

The uncertainty on these measurements is dominated by statistical error at 79.8 fb~!, though
the statistical and systematic errors are similar in magnitude for the gluon fusion cross
section.

The measured production mode cross sections are shown in Figure F.7, normalized to
the SM prediction. The red line represents the Standard Model prediction, with theory error
included in the gray uncertainty band. Measurements are shown as black points, with the
inclusive uncertainty shown as black error bars. The uncertainty is also shown in separate
statistical (yellow) and systematic (blue) components. The likelihood scan for each cross
section measurement is shown in Figure F.8. No significant deviation from the Standard
Model is observed.

The measured correlations between the production mode cross sections are displayed in
Figure F.9. The correlations are overall small, with the correlation between the ggF and
VBF modes being the largest.

The expected and observed significance of each production mode is reported in Table
F.4.

In addition to direct measurements of the production mode cross sections, ratios of the
production mode cross sections to the ggF cross section are calculated. This allows for
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Figure F.6: Weighted diphoton invariant mass spectrum of data from all 29 H — ~~ analysis
categories with 79.8 fb™! with different Higgs boson processes treated as signal. Each
data event is weighted by In(1 4+ S./B.), where ¢ is the category containing the event. In
subfigures (a), (b), (c¢), and (d), S. corresponds to the fitted ggF, VBF, VH, and ttH + tH
signal, respectively. The background B, in each case is corresponds to the fitted continuum
background plus the fitted Higgs background from non-signal processes.
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Figure F.7: Measured cross section by production mode in the H — 7~ channel with 79.8
fb~!, normalized to the Standard Model prediction. The red line represents the Standard
Model prediction, with theory error included in the gray uncertainty band. Measurements
are shown as black points, with the inclusive uncertainty shown as black error bars. The
uncertainty is also shown in separate statistical (yellow) and systematic (blue) components.
No significant deviation from the Standard Model prediction is observed.
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Figure F.8: Likelihood scan of Higgs production cross sections in the H — 7~ channel with
79.8 tb=t. The ggF, VBF, VH, and ttH + tH production modes are shown in black, blue,
cyan, and red respectively. The statistical only errors are indicated by dashed lines. No
significant deviation from the Standard Model is observed.
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Figure F.9: Measured correlations between production mode cross sections in the H — 7y
channel with 79.8 fb=1.

Production mode Expected significance Observed significance

ggF 7.90 7.60
VBF 3.60 4.70
VH 1.90 2.00
ttH +tH 3.60 3.80

Table F.4: Expected and observed significance of each Higgs production mode in the H — ~~
channel with 79.8 fb~!.

the cancellation of some common systematic uncertainties. The measured cross section
ratios are shown in Figure F.10, normalized to the SM expectation. The red line represents
the Standard Model prediction, with theory error included in the gray uncertainty band.
Measurements are shown as black points, with the inclusive uncertainty shown as black
error bars. The uncertainty is also shown in separate statistical (yellow) and systematic
(blue) components. The likelihood scan for each cross section ratio is shown in Figure F.11.
No significant deviation from the Standard Model is observed.
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Figure F.10: Measured ratio of production cross section to ggF in the H — v channel with
79.8 fb~!. The ratio is normalized to the Standard Model prediction. The red line represents
the Standard Model prediction, with theory error included in the gray uncertainty band.
Measurements are shown as black points, with the inclusive uncertainty shown as black
error bars. The uncertainty is also shown in separate statistical (yellow) and systematic
(blue) components. No significant deviation from the Standard Model is observed.
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Figure F.11: Likelihood scan of Higgs production cross section ratio to ggF in the H — v~
channel with 79.8 fb~!. The ratios of VBF, VH, and ttH + tH to ggF are shown in blue,
cyan, and red respectively. The statistical only errors are indicated by dashed lines. No
significant deviation from the Standard Model is observed.
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F.4.2 Measurement of STXS

For the measurement of STXS rates, a POI p; is associated with each STXS bin b.
The exception is the ggF and VBF BSM bins, where the sum is fitted with POI uggas
and the difference is profiled. All categories are fit simultaneously. The measured STXS
rates are shown in Figure F.12, normalized to the SM expectation. The red line represents
the Standard Model prediction, with theory error included in the gray uncertainty band.
Measurements are shown as black points, with the inclusive uncertainty shown as black
error bars. The uncertainty is also shown in separate statistical (yellow) and systematic
(blue) components. No significant deviation from the Standard Model is observed.
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Figure F.12: Measured Simplified Template Cross Sections in the H — 7~ channel with 79.8
fb~!, normalized to the Standard Model prediction. The red line represents the Standard
Model prediction, with theory error included in the gray uncertainty band. Measurements
are shown as black points, with the inclusive uncertainty shown as black error bars. The
uncertainty is also shown in separate statistical (yellow) and systematic (blue) components.
No significant deviation from the Standard Model prediction is observed.

The measured correlations between the STXS measurements are displayed in Figure F.9.
The correlations are overall small, with the correlation between ggF bins of different jet
multiplicity being the largest.
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Figure F.13: Measured correlations between STXS bins in the H — vy channel with 79.8
fb=t.
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Appendix G

Multiclassification of ttH, tH, and
background

Higgs boson production in association with a single top quark (¢H) is predicted by the
Standard Model, but with much lower cross section than ttH due to destructive interference
between Higgs-top and Higgs-W diagrams. Many models of BSM physics, including those
discussed in Section 2.4.1, predict a large enhancement of ¢ H cross sections: any observation
of this process during LHC Run 2 would be a clear sign of new physics. However, the analysis
of H — 7~ couplings described in Appendix F includes no categories designed specifically
to target tH production.

This Appendix presents a study of multiclass BDT performance for separation of ttH, tH,
and continuum background. This can be viewed an extension of the binary ttH (vv) strategy
presented in Chapter 9, with the addition of a third class dedicated to tH. The goal of this
multiclass approach is to enhance sensitivity to tH without sacrificing ttH significance.

G.1 Multiclass BDT training

Separate multiclass BDTs are trained in the hadronic and leptonic channels using XG-
Boost [140]. Each multiclass BDT is trained to separate the following three samples:

e Class 0: not tight/isolated (NTI) data, the control sample representing the continuum
background

e Class 1: MG5_.aMC@NLO+Pythia8 tH jb(yvy) Monte Carlo
e Class 2: Powheg+Pythia8 ttH(yy) Monte Carlo

Only 50% of each sample is used for training, with 25% of each sample reserved for validation
(including hyper-parameter optimization) and 25% reserved for testing.

No tW H Monte Carlo included in the training. The separation between ttH and tH is
found to be worse when the tH training sample includes tH b+ tW H than when it includes
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tHjb alone. This is due to the low cross section of tW H (even compared to tHjb) and the
kinematic similarities between tW H and ttH.

The same set of training variables are used for the hadronic and leptonic multiclass BDTs.
These variables are:

e pr and 7 of the diphoton system (Higgs candidate)

e pr, 1, ¢ (with respect to the Higgs candidate), and Top Reco BDT score of the recon-
structed top candidate and the second top candidate (see Chapter 8). In the case where
no second top is reconstructed (either partially or fully), a missing value is passed to
XGBoost for Top 2 Reco BDT score.

e Angles An and A¢ between the top candidates. In the case where no second top is
reconstructed (either partially or fully), a missing value is passed to XGBoost.

e Two-object invariant masses my, g, and myy,. In the case where no second top is
reconstructed (either partially or fully), a missing value is passed to XGBoost.

hd HT - Zjet jp%“
e Jet multiplicity and b-jet multiplicity (77% working point)
e Missing Er significance (Equation 4.7)

Additional training variables were tested, but found to yield similar or worse performance.
The alternative variable sets tested were:

e The above variables plus the momenta of up to 4 (2) jets

e Instead of the above variables, use only the momenta of photons, 0 (up to 2) leptons,
and up to 6 (4) jets in the hadronic (leptonic) channel

Multiple possibilities were investigated for the relative normalization of the training sam-
ples. Normalizing each sample (t¢H, tH, and NTI data) to the predicted SM yield resulted
in poor separation: the overwhelming majority of events were predicted to belong to the
Class with highest cross section (Class 0, continuum background). Instead, each sample
is normalized to equal yield. An additional test was performed where the relative normal-
izations of the Classes are optimized as hyper-parameters: the performance is found to be
similar to the case where the Classes are normalized to equal yield.

G.1.1 Hadronic channel

Following the preselection in Chapter 9, hadronic channel events must contain zero lep-
tons (e or p) and at least three jets, one or more of which is b-tagged. Figures G.1 -G.6
compare the distribution of each training variable in t¢H, tHjb, and tWH Monte Carlo, as
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Figure G.1: Hadronic multiclass BDT training variables: pJ’ and 777. The open squares
show TT data in the sideband region.

well as in NTI data. The TI data sidebands are overlaid for comparison to the NTI data
control sample used as background in the training.

The BDT hyper-parameters are chosen to maximize the error evaluated on the validation
set. The error is defined as the ratio of the number of misclassified events to the total number
of events. Similar performance is obtained when the parameters are chosen to maximize the
multiclass log-loss.

G.1.2 Leptonic channel

Again following the preselection in Chapter 9, leptonic channel events must contain at
least one lepton (e or u) and at least one b-jet. Figures G.7 -G.12 compare the distribution
of each training variable in ttH, tH jb, and tW H Monte Carlo, as well as in NTI data. The
TI data sidebands are not overlaid due to low statistics in the leptonic channel.

The BDT hyper-parameters are chosen to maximize the error evaluated on the validation
set. The error is defined as the ratio of the number of misclassified events to the total number
of events. Similar performance is obtained when the parameters are chosen to maximize the
multiclass log-loss.
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Figure G.2: Hadronic multiclass BDT ttraining variables: pr, n, ¢ with respect to the Higgs
candidate, and Top Reco BDT score of the first reconstructed top quark. The open squares
show TT data in the sideband region.
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Figure G.3: Hadronic multiclass BDT training variables: pr, 1, ¢ with respect to the Higgs
candidate, and Top Reco BDT score of the second reconstructed top quark. The underflow
bins in pr, 1, and ¢ represent events where no second top is reconstructed (either partially
or fully). The underflow bin in Top 2 Reco BDT score represents events where a second to
cannot be fully reconstructed. The open squares show T1 data in the sideband region.
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Figure G.4: Hadronic multiclass BDT training variables: An(ti,ts) and A¢(ty, ). The
underflow bins represent events where no second top is reconstructed (either partially or
fully). The open squares show TI data in the sideband region.
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Figure G.5: Hadronic multiclass BDT training variables: my, g and my,:,. The underflow
bin in my,;, represent events where no second top is reconstructed (either partially or fully).
The open squares show TT data in the sideband region.
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Figure G.8: Leptonic multiclass BDT training variables: pr, n, ¢ with respect to the Higgs
candidate, and Top Reco BDT score of the first reconstructed top quark. The underflow bin
corresponds to events containing > 2 leptons, where no top is reconstructed.
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Figure G.9: Leptonic multiclass BDT training variables: pr, n, ¢ with respect to the Higgs
candidate, and Top Reco BDT score of the second reconstructed top quark. The underflow
bins in pr, n, and ¢ represent events containing > 2 leptons or where no second top is recon-
structed (either partially or fully). The underflow bin in Top 2 Reco BDT score represents
events where the second top is not fully reconstructed.
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Figure G.10: Leptonic multiclass BDT training variables: An(ty,t2) and A¢(ty,t5). The un-
derflow bins represent events containing > 2 leptons or where no second top is reconstructed
(either partially or fully).
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Figure G.11: Leptonic multiclass BDT training variables: m;, z and my,s,. The underflow
bin in my,+, represent events containing > 2 leptons or where no second top is reconstructed
(either partially or fully).
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variables: jet multiplicity, b-jet multiplicity,



APPENDIX G. MULTICLASSIFICATION OF ttH, tH, AND BACKGROUND 262

G.2 Performance

The output of the multiclass BDT is a vector (Fy, Py, P2), where P; is the probability
that the event belongs to Class i.

Figure G.13 shows the scores Py, P;, and P, for the hadronic multiclass BDT for ttH
Monte Carlo, tHjb Monte Carlo, and NTT data. Each sample behaves as expected: for
sample j, P; should peak near 1 (sample j should be very j-like) and P should peak near
0 for £ # j (sample j should not be very k-like). The tWH Monte Carlo is similar in
shape to ttH Monte Carlo in all three scores, reflecting the similarity between tW H and tt H
kinematics. There is good agreement between NTI data and T1 data sidebands.
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Figure G.13: Multiclass BDT output in the hadronic channel. t¢H Monte Carlo is shown in
red, tHjb Monte Carlo in green, tW H Monte Carlo in cyan, and the data control regions in
black. P; is the probability that the event belongs to Class i, where ¢ = 0 corresponds to
background, ¢ = 1 corresponds to tH, and ¢ = 2 corresponds to ttH.

Figure G.14 shows the scores Py, P, and P, for the leptonic multiclass BDT for ttH
Monte Carlo, tHjb Monte Carlo, and N'TT data. Each sample again behaves as expected,
and the tWH Monte Carlo is again similar in shape to ttH Monte Carlo in all three scores.
The TT data sideband distributions are not shown due to very low statistics in the leptonic
channel.

Each event is assigned to a class based on which probability is highest. If Py > Py, Ps,
then the event falls into Class 0; if P, > Fy, P,, then the event falls into Class 1; and if
P, > By, Pp, then the event falls into Class 2. The efficiency of these Classes is shown
in Figure G.15 for the hadronic and leptonic channels. As expected, the background (NTI
data) is concentrated in Class 0, tHjb Monte Carlo is concentrated in Class 1, and ttH
Monte Carlo is concentrated in Class 2. The TT sideband data is overlaid for comparison.
Though agreement between NTI data and the TI data sidebands is good in the hadronic
channel, the agreement in the leptonic channel is rather poor and the statistical errors are
large.
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Figure G.14: Multiclass BDT output in the leptonic channel. t#H Monte Carlo is shown in
red, tHjb Monte Carlo in green, tW H Monte Carlo in cyan, and the NTT data control region
in black. P; is the probability that the event belongs to Class ¢, where ¢ = 0 corresponds to
background, 7 = 1 corresponds to tH, and 7 = 2 corresponds to ttH.
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The efficiency of the multiclass BDT Classes can be compared to the efficiency of the
ttH () categories defined in Chapter 9 using binary BDTs. Figures G.16 and G.17 show
these comparisons for the hadronic and leptonic channel, respectively.
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Figure G.16: Efficiency of each hadronic multiclass BDT Class on ttH, tH, and background

samples (left), compared to the efficiency in the hadronic ¢t¢H(vy7) binary BDT categories
(right).
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Figure G.17: Efficiency of each leptonic multiclass BDT Class on ttH, tH, and background

samples (left), compared to the efficiency in the leptonic ttH(y7y) binary BDT categories
(right).
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G.2.1 Sensitivity estimate at 139 fb~!

To evaluate the ttH significance Z;y using the multiclass BDT strategy, fourteen cate-
gories are considered:

e Class 2 is divided into four (three) categories based on the hadronic (leptonic) binary
ttH(yy) BDT score

e Class 1 is divided into four (three) categories based on the hadronic (leptonic) binary
ttH(vyy) BDT score

Because the binary BDT has not been optimized independently in Class 1 and Class 2, the
sensitivity calculated this way is not optimal, but gives an estimate of the performance.

To evaluate the t H significance Z,;y using the multiclass BDT strategy, eighteen categories
are considered:

e The same fourteen categories used to calculate Z;;y

e Hadronic (leptonic) events in Class 2 that are rejected by the hadronic (leptonic) binary
ttH(yy) BDT

e Hadronic (leptonic) events in Class 1 that are rejected by the hadronic (leptonic) binary
ttH(yy) BDT

Most tH events are rejected by the binary BDTs (as shown in Figures G.16-G.17) and
therefore fall into these additional four categories. Again, the sensitivity calculated this way
is not optimal, but gives an estimate of the performance.

The single-category significances are evaluated according to Equation 9.3, with S = ttH
for Zyy and S = tH jb+tW H for Z;y. Table G.1 (G.2) shows the ttH and tH significances
where the continuum background is estimated from the NTT data (TI data sidebands). The
hadronic, leptonic, and total significances are obtained by adding the relevant single-category
significances in quadrature.

Significance Multiclass Binary % difference

Ziry had 3.66 3.58 2.1
Zig had 0.190 0.168 11.5
Zim lep 3.26 3.42 -4.9
Zig lep 0.242 0.184 24.0
Zy total 4.91 4.95 -0.8
Z total 0.308 0.249 19.2

Table G.1: Sensitivity to ttH and tH obtained from the multiclass BDT categories and the
binary ttH categories at 139 fb~!, where the continuum background yield estimated from
scaled NTT data.
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Significance Multiclass Binary % difference

Zim had 3.84 3.12 18.8
Z.i had 0.160 0.161 0.6
Zytm lep 3.68 3.43 6.8
Zow lep 0.214 0.186 13.1
Zyemr total 5.32 4.64 12.8
Z,ir total 0.268 0.246 8.2

Table G.2: Sensitivity to ttH and tH obtained from the multiclass BDT categories and
the binary ttH categories at 139 fb~!, where the continuum background yield estimated by
scaling the T1 data sidebands.

The sensitivity estimate depends somewhat on the choice of control sample used to es-
timate the continuum background, as seen in previous Chapters. This is particularly true
in the leptonic channel. However, in both background estimation schemes the multiclass
BDT approach achieves similar ttH sensitivity to the binary BDT categories, and O(10%)
higher tH significance. Optimization of the categories defined within each Class (e.g. using
dedicated binary BDTs) promises to bring additional sensitivity.
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