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ABSTRACT

A SEARCH FOR RESONANT AND NON-RESONANT DI-HIGGS
PRODUCTION IN THE ~ybb CHANNEL USING THE ATLAS DETECTOR

Tyler James Burch, Ph.D.
Department of Physics
Northern Illinois University, 2020
Jahred Adelman, Director

This dissertation presents a search for resonant and non-resonant di-Higgs production in
the yybb final state using data from the ATLAS detector at the Large Hadron Collider (LHC).
The search is performed on 36.1 fb~! of data from proton-proton collisions at a center-of-mass
energy of 1/s = 13 TeV collected in 2015 and 2016.

No significant excesses are observed in this search. The non-resonant analysis sets limits
on the HH — yybb cross-section times branching ratio, with an upper observed (expected)
limit of 0.73 (0.93) pb. The observed (expected) limits on the Higgs boson trilinear coupling
at 95% Confidence Level (CL) are set at —8.2 < k) < 13.3 (=8.5 < k) < 13.7). A model-
independent resonant search is also presented, setting limits on a generic scalar resonance
under the narrow-width approximation. These limits cover mass hypotheses ranging from
260 GeV to 1000 GeV, and the observed (expected) limits set are 0.85 (0.92) pb at the lowest
mass hypothesis to 0.13 (0.15) pb at the highest mass hypothesis.

Work toward the future of this analysis is presented. Improvements in photon identification
are studied, investigating optimization through two approaches. First, through adding the

moments of topological clusters as inputs, which show additional discriminating power.



Second, through using a multivariate approach to define photon identification, studying a
Boosted Decision Tree (BDT) and a Neural Network (NN). Through these additional inputs
and the employment of a BDT, an improvement of as much as 27% background rejection for
the same signal efficiency as the current tight working point is shown.

Additionally, improvements to the analysis through studying the Vector Boson Fusion
(VBF) production mode are shown. This provides handles on new couplings, and a dedicated
signal region targeting this mode can improve overall Asimov significance. To define this signal
region, a multiclass BDT is used, with classes to model the VBF H H production mode, along
with gluon-gluon fusion H H production, as well as the dominant yy-continuum background,
and ttH mono-Higgs background. By adding this signal region, a 9.7% improvement in

Asimov significance is achieved using the full 140 fb~! of Run 2 data.
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CHAPTER 1
THEORY

It's nice to be right sometimes.
— Peter Higgs

Humans have been concerned with the fundamental nature and constituents of matter
since as early as eighth century BCE, when ancient Indian philosophers, proposed that the
objects we experience are collections of particles too small to be seen [1]. In sixth century
BCE, Greek philosophers such as Democritus and Leucippus proposed indivisible building
blocks of nature known as “atoms.” It wasn’t until Dalton in the nineteenth century when
scientific modeling of the atomic theory began to take shape [2]. Fundamental advances on
the nature of atoms and their substructure were made over the next centuries by Mendeleev,
Thomson, and Rutherford, among others. Over the course of the latter 1900s, particle
theory advanced rapidly and many particles were discovered, forming what was known as the
“particle zoo.” In order to classify these particles, Gell-Mann and Zweig proposed the quark
model in 1964 [3]. In the 1970s Glashow, Weinberg, and Salam put forth the electroweak
theory, which gave a model for vector bosons, leading to successful mass predictions of the
W= and Z bosons confirmed at the European Organization for Nuclear Research (CERN) in
1983 [4, 5]. The collective of these works is known as the Standard Model (SM) of particle

physics, a term first used in 1975 [6]. It remains our best model for describing fundamental



particles and their interactions!, successfully predicting the top quark [8], tau neutrino [9],

and Higgs boson [10, 11].

1.1 The Standard Model

The SM of particle physics aims to provide a description of the known fundamental
particles and their interactions. A fundamental particle is one which cannot be further
divided into smaller particles, thus having no substructure. These can be separated into two
classes, fermions and bosons. Fermions are the particles which take up space and make up
matter. In Section 1.1.1, the two categories of fermions, quarks and leptons, will be discussed.
By contrast, interactions between particles are due to exchange of a gauge boson, which are
discussed throughout Section 1.1.2.

The SM is a Yang-Mills theory [12], a gauge theory based on SU(3) symmetry. Gauge
theories are field theories in which the Lagrangian is invariant under local transformations
(known as gauge invariance). The group of these transformations is known the symmetry
group of the theory. Further, Yang-Mills theories are non-abelian gauge theories, meaning
their symmetry group is non-commutative. Noether’s theorem [13] states that every symmetry
of nature implies a corresponding conservation law, and the invariance of many gauges of the
SM point toward such conservation laws. In Section 1.1.2, the interactions of the SM are

shown, each with a gauge invariance and associated force-carrying boson.

"'While the SM has been extraordinarily successful in providing experimental predictions, it has several
known shortcomings. Notably, the SM only explains 3 of the 4 fundamental forces, the exception being
gravitation. It does not have an explanation for dark energy or a dark matter candidate. Neutrino flavor
oscillation is not predicted by the SM, and the nature and origin of neutrino masses remains an open
question [7]. The matter-antimatter asymmetry is also not addressed by the SM. Nevertheless, it represents
our best collective understanding of particle physics.



1.1.1 Fermions

Fermions are half-integer spin particles which obey the Pauli Exclusion principle, and

thus take up space and make up matter. In the SM, there are two types of fermions: quarks

and leptons. Fach of these can be broken down into three generations of particles, shown in

Table 1.1.

Quarks

Quarks are fermions which combine to form hadrons. Quarks have several properties:

e Flavor - There are 6 flavors of quarks: up (u), down (d), strange (s), charm (c), bottom
(b), and top (¢) (from lightest to heaviest). Each quark also has a corresponding
anti-quark: anti-up (), anti-down (d), etc. These antiquarks have the same mass,
lifetime, and spin as the corresponding quark, but have the opposite sign for their

various charge values.

Electric Charge - Quarks either have electric charge of % (u, ¢, t) or —% (d, s, b) in units
of electron charge, while anti-quarks have the opposite charge. The electric charge of

bound states formed by quarks have integer charge, the sum of the constituent quarks.

Color Charge - Each quark has a degree of freedom known as color charge?, which can be
“red,” “blue,” or “green,” as well as a corresponding anti-color. Color charge is a product
of Quantum Chromodynamics (QCD), discussed in section 1.1.2.2, which has a distinct
property that particles with color charge cannot be isolated, and must form bound
states. This feature is known as color confinement. Bound states require a colorless
configuration, which may be achieved either through a color-anticolor combination

known as mesons, or an (anti)-RGB triplet known as (anti)-baryons.

2Quark color is a tool for describing a degree of freedom and has no connection to visible color.



Leptons

The remaining fermions are leptons, which differ from quarks in that they do not have

QCD color. Each lepton generation contains one charged particle and a neutral counterpart,

known as a neutrino. The charged leptons are the electron, muon, and tau (from lightest to

heaviest). Table 1.1 also lists the leptons and neutrinos by generation as well as their masses.

Each lepton has an associated antilepton as well: the positron, antimuon, and antitau, as well

as their antineutrinos. The properties of the antileptons match their corresponding lepton

exactly, except the electric charge and lepton number have opposite sign. Lepton number

is a conserved quantity in particle interactions and is +1 for all standard leptons, -1 for all

antileptons.

Table 1.1: Fermions in the SM, with their masses and charges listed [14].

1st Generation 2nd Generation 3rd Generation Charge
Up (u) Charm (c) Top () 5/3
Quarks | m =237 MV | m = 1.275 +0.025 GeV | m = 1732+ 0.7 Gev | T2/
Down (d) Strange (s) Bottom (b) 1/3
m = 4.8705 MeV m =95+ 5 MeV m =418+ 0.03 Gev | Y/
Electron (e™) Muon (p™) Tau (77) ]
Leptons m = 511 keV m = 105.7 MeV m = 1.8 GeV
Electron Neutrino () | Muon Neutrino (v,,) Tau Neutrino (v, ) 0
m <2 eV m < 0.17 MeV m < 15.5 MeV

Generally, the wave function of a fermion is given by v (z), and is a spinor of four

components. The motion is described by the relativistic version of the Schrodinger equation

known as the Dirac equation, given as

(iv"0, —m)¥' =0,

and interactions are given by the Dirac Lagrangian,

L= @E(Z’yua}i - m)d%

(1.1)

(1.2)




for a particle of mass m.

1.1.2 Bosons and Particle Interactions

In nature, there are four fundamental forces describing interactions: the strong nuclear
force, the weak nuclear force, the electromagnetic force, and the gravitational force. The
SM models the former three of these forces®, describing each via a Quantum Field Theory
(QFT) corresponding to the exchange of a gauge boson, a particle with integer spin that does
not obey the Pauli Exclusion principle. A broad summary of the forces, their bosons, and
their associated QFTs can be found in Table 1.2, and the following sections will describe the

various theories relating to each interaction.

Table 1.2: List of forces described by the SM, as well as their associated field theory and
gauge boson mediator. Relative strength is an order of magnitude estimate at a distance of
1 fm. The strength of the strong and weak force vary significantly with distance. By coupling
constants only (neglecting distance), the weak force is comparable in strength to the EM
force.

Force ‘ Field Theory ‘ Mediating Boson ‘ Relative Strength
Strong Nuclear Quantum Chromodynamics | Gluon (g) 1
Electromagnetism | Quantum Electrodynamics | Photon (7) 1073

Weak Nuclear Quantum Flavordynamics? | W+, Z 10-8

3The gravitational force is not modeled by the SM. It has relative strength of 10737 at 1 fm. In theories
of quantum gravity, it is mediated by the “graviton” (G), a massless spin-2 particle.

4Modern particle physics seldom uses the term quantum flavordynamics. At high energy scales, the
weak force and electromagnetic force are interpreted through electroweak theory, which is discussed in
Section 1.1.2.3.



1.1.2.1 Quantum Electrodynamics

Equation 1.1, the Dirac equation, is not gauge invariant. Performing a local gauge

transformation on the aforementioned fermion spinor (denoted by )

Y(z) = e " Dy(a), (1.3)
for real-valued function 6(x), will transform the Dirac Lagrangian, Equation 1.2, like

L — L — (0,0)y". (1.4)

In order to impose gauge invariance, a vector field can be introduced. Such a vector field

must transform as

Au(@) = Au(x) +0,0(), (1.5)

which has covariant derivative

D, =, +iqA,, (1.6)

for a particle with charge ¢q. This massless vector field corresponds to the electromag-
netic field, and the covariant derivative describes the minimal coupling of the photon, its
quanta, to fermions. Applying this vector field to the Dirac Lagrangian gives the Quantum

Electrodynamics (QED) Lagrangian,

. 1 v
£QED = ?ﬁ(W“Du - m)?ﬂ - ZF;WFH (17>

With F,

w, the electromagnetic field tensor, as:

F,, =0,A, — 0,A, (1.8)



By this construction, the QED Lagrangian is gauge invariant, and symmetric under the
transformation described in Equation 1.3. This transformation is equivalently thought of
as multiplication by a unitary 1 X 1 matrix of the U(1) group, meaning QED is symmetric

under U(1).

1.1.2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the QFT corresponding to the strong nuclear
interaction, and predicts how quarks and gluons interact. While QED corresponds to
a U(1) local gauge symmetry, QCD corresponds to a SU(3) gauge group, where quarks
transform in the fundamental 3 representation. This representation has eight 3 x 3 generators,
corresponding to eight gluons, the mediator of the strong force. The dimensionality of the
generators mean the wave function has three additional degrees of freedom known as color.
Taking the convention of denoting these as “red” (r), “green” (g), and “blue” (b), the quark

spinor can be denoted as a vector:

(28
Y= Uy | > (19)
Py
which makes a gauge transformation
Y — ePemi9r Oy, (1.10)

Here A are the eight Gell-Mann matrices, while ¢ = —a/g for vector of length 8 a, and

strong coupling constant g. This corresponds to the SU(3)¢ group (C indicates “color”).



In order to achieve invariance under said transformation, the derivative in the Dirac

equation is replaced by the covariant derivative
D, =0, + igA-G,,. (1.11)

In this, G, represents eight fields, corresponding to eight gluons with various color charge,

the mediator of the strong force. This makes the QCD Lagrangian

_. . ) 1
Locp = (iy"DIf — m/*)y* — —Fo Fi (1.12)

4#11&’

for mass m, indices j and k taking values 1 to 3, and gluon field tensor F),,, given as
F = 0,G) - 0,G}, — gf“bc/\aGZGi. (1.13)

Here fu. are the structure constants associated with the SU(3) group, and indices a, b,
represent the gluons, running from values 1 to 8. Of special note, this tensor contains triplet

and quartic gluon self-coupling, a product of the gluon color charge.

1.1.2.3 Electroweak Interaction

In the SM, the weak and electromagnetic interactions are interpreted as manifestations of
a single force. This unification occurs at energies above 100 GeV, and the combined force
after unification is known as the electroweak force.

Electroweak interactions have four mediators, the W+, Z, and ~, and subsequently four
generators. The SM would require the masses of these generators to be symmetric: all equal
to zero. The W* and Z, however, have non-zero masses (mpy+ = £80.379 £ 0.012 GeV

and mz = 91.1876 + 0.0021 GeV). To reconcile this, a symmetry breaking is introduced,



leaving the gauge group electromagnetically invariant. The SM of electroweak interactions by

Glashow, Weinberg, and Salam [15-17] contains symmetry breaking:
SU(2) x U(1) = U(1)gar. (1.14)

The SU(2) subgroup is weak isospin, where left-handed fermions are doublets, and right-
handed fermions are all singlets. The U(1) subgroup is weak hypercharge (Y'), a conserved
quantity. The symmetry breaking described requires the Higgs field, and is known as

Electroweak Symmetry Breaking.

1.2 The Higgs Field and Higgs Boson

Consider the U(1) gauge theory with a single gauge field (the photon). The Lagrangian is

the second term of Equation 1.7,

1
Loep = _ZF/WFW7 (1.15)

with F),, defined in Equation 1.8. Adding a massive term to this equation would violate the
established local gauge invariance, as the U(1) invariance requires the photon to be massless.

Extending this by adding a complex scalar doublet,

oa 1 [ &1+ i
¢ = = (1.16)
o] V2 gy tion,

then the Lagrangian and gauge-invariant potential become:

1
L=~ 1FuP* + Dudf* = V(9), (1.17)
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with:
D, =0, +iZ 9
= N+Z§T'WM—|—Z§BMY (1.18)
V(9) = p*lol* + Alll)*. (1.19)

Where ¢ is the SU(2) gauge coupling, ¢’ is the U(1) gauge coupling, and Y is the U(1)
hypercharge. The minima of this potential is known as the vacuum state, and for the minima
to be finite, A must be greater than 0. For u? > 0, the minima is located at 0, however, for
u? < 0, the potential has minima at:

oo = (1.20)

where

v =/—12/ . (1.21)

This potential is shown (in 2 dimensions) in Figure 1.1.
These minima are degenerate. By convention, v is selected to be real, making ¢; = ¢ =
¢3 = 0, and ¢4 = v. In making this selection, electroweak symmetry is broken. Unitarity

gauge is given by expanding about this minima, making this field:

¢(r) = —= (1.22)
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Vig)

_v ] +v

Figure 1.1: The one-dimensional Higgs potential where y? < 0. The minima of this curve,
known as the Higgs vacuum expectation value (vev), is indicated.

In this formulation, H (z) represents the Higgs field, and v is known as the vacuum expectation
value (vev). The contribution to the gauge boson masses from the scalar kinetic energy term

of the Lagrangian is then,

1 1 1 0
5(0,1})(597 W, + ig'B“)2 , (1.23)
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yielding two charged gauge fields and two neutral gauge fields,

1

+ 1 . 2
W \/i(Wu Fiw?) (1.24)
—d 3
gu_ “9 Bt gy (1.25)
2 12
Vat+yg
B, +gW;
A= 9P 9 W (1.26)

This provides a prediction the prediction of the gauge boson masses:

2 2 _
My, = ) my =

2,2
% ma =0, (1.27)

which agrees with experimental values when the vev is 246 GeV. In unitarity gauge, the

Higgs potential takes the form:
272 5, Ay
V(h) = A*h* 4+ Avh® + Zh , (1.28)

indicating self-interactions with the Higgs boson. The second term gives rise to the trilinear
coupling, while the third indicates the Higgs quartic coupling. These couplings imply the

existence of hhh and hhhh vertices, respectively. The Higgs boson mass can also be derived

as my, = V2.

1.2.1 The Higgs Boson at the LHC

Higgs Boson Production
The dominant Higgs boson production modes are shown in Figure 1.2 as a function of

the center-of-mass energy.
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Figure 1.2: The cross-section of various Higgs boson production modes for a SM Higgs boson
with my = 125 GeV as a function of the center-of-mass energy [18].

The most dominant production mode at the Large Hadron Collider (LHC) is gluon-gluon
Fusion (ggF). At the current center-of-mass energy of 13 TeV, it makes up 87% of Higgs
boson events. In this production mode, two initial state gluons produce the Higgs boson
through a heavy quark loop.

Vector Boson Fusion (VBF) production is the second-most dominant Higgs boson produc-
tion mode at the LHC, comprising 6.8% of Higgs boson events. In VBF production, incoming
quarks radiate vector bosons, which interact to produce the Higgs boson. The radiating

quarks are present in the final state, and possess a distinct forward signature.
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The remaining major Higgs boson production modes at the LHC are vector boson
associated production (W H and ZH), top associated production (t£H and tH ), and bb fusion
(bbH).

Higgs Boson Decay

Due to the short lifetime of the Higgs boson, measurements and searches are performed by
studying its decay products. The Higgs directly couples to all massive particles, and decays
directly to any such massive particles provided conservation laws are followed. Additionally,
it can decay to massless particles via virtual loops, but as a result, these branching ratios are

relatively small. The SM Higgs branching ratios are shown in Table 1.3.

Table 1.3: Branching ratios for the SM Higgs boson [14].

Channel | Branching Ratio

T — b 575+ 1.9
H— Ww* 21.6 + 0.9
H - gg 8.56 & 0.86
H—7r7 |  6.30£0.36
H = cc 2.90 & 0.35

H— 27 2.67 4 0.11
H — vy 0.228 + 0.011
H—Zy | 0.155+0.014

H — ptp~ | 0.022 +0.001

1.3 Di-Higgs Production

Observing the trilinear coupling directly probes electroweak symmetry breaking, and
provides a precision test electroweak theory. For a direct probe, production modes resulting

in pair and triplet Higgs production must be studied®. The cross-section of such production

5Through loop corrections, mono-Higgs searches can provide an indirect handle on the trilinear coupling.
ATLAS has published one such analysis with 80 fb=!, found in Reference [19]. When making the assumption
that all other Higgs couplings are as predicted by the SM, this analysis finds the observed (expected) 95%
C.L. interval on the trilinear coupling to be —3.2 < k) < 11.9 (—6.2 < k) < 14.4).
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modes, however, is quite small. Triplet production of Higgs bosons occurs at a rate 6 orders
of magnitude less frequently than mono-Higgs production, and is not feasible to study at the
LHC. Pair production is 3 orders of magnitude more rare than mono-Higgs production, but
over the full LHC lifetime, a handle on the trilinear self-coupling may be achievable.

The analysis presented in this thesis is one such search for di-Higgs production, specifically
where one of the produced Higgs bosons decays to a pair of photons, and the other to a bb

pair.

1.3.1 Higgs Boson Pair Production in the Standard Model

In the standard model, several production modes pair produce Higgs bosons. ggF is the
most dominant with a cross-section accounting for over 90% of di-Higgs production, described
in Section 1.3.1.1. The next most dominant is VBF, which is responsible for just over 5% of
di-Higgs production and is described in Section 1.3.1.2. The remaining production modes,
VHH, ttHH, and tjHH collectively comprise less than 5% of di-Higgs production, and have
a cross-section too small to make a meaningful contribution to the presented analysis with

the current LHC dataset.

1.3.1.1 Gluon-Gluon Fusion

The predominant di-Higgs production mode is ggF, in which the production is mediated
by a quark loop. In the SM, this proceeds through two diagrams at tree level, where the quark
loop either forms a box or a triangle. The former directly pair produces two Higgs bosons
while the latter pair produces via a virtual Higgs boson, making it sensitive to the Higgs

self-coupling, Ayppy. These two diagrams interfere destructively. QCD corrections to this
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process are known to next-to-leading order (NLO), and can double the cross-section from the
leading order (LO) value. Furthermore, next-to-next-to-leading order (NNLO) corrections are
known in the large top mass limit® and represent a ~20% increase from the NLO prediction.

At 13 TeV, the cross-section for ggF production” is 31.05122% & 3.0% fb [18].

TOO) ---H H
A -~
Q00 ---H “H

Figure 1.3: Tree level Feynman diagrams for non-resonant ggk' H H production. The left is
the “box” diagram, which is not sensitive to the Higgs trilinear coupling. The right is the
“triangle” diagram, which is sensitive to the Higgs trilinear coupling, Ay gy, via the interaction
between the virtual Higgs boson and the pair produced di-Higgs system labeled by the blue
vertex.

1.3.1.2 Vector Boson Fusion

The second-most dominant H H production mode is VBF (qq — HHqq), in which two
quarks scatter via the exchange of a virtual vector boson, W* or Z (generally denoted V),
and from that boson, a di-Higgs system is produced. This proceeds via three Feynman
diagrams at tree level, shown in Figure 1.4. At 13 TeV, the cross-section for VBF production
is 1.73700%% +2.1% b [18].

The coupling denoted ¢y is the interaction between two vector bosons and a Higgs boson.

+0.22

This coupling has constraints from mono-Higgs analyses, measured at 1.217;57 the SM

value [22]. The coupling denoted k) is equal to A/Agys, meaning that the VBF production

6The large top mass limit approximates m; to be large compared to the partonic center-of-mass collision
energy and mpy, in order to approximate QCD corrections to HH production. This approximation provides
a poor description of of the total cross-section and kinematics [20].

"The first (upper and lower) uncertainties refer to scale uncertainties, the second is PDF + a; uncertainty.
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Figure 1.4: Tree level Feynman diagrams for non-resonant VBF H H production [21].

mode offers sensitivity to the Higgs trilinear coupling as well. Phenomenology studies at
parton level have shown the sensitivity in the VBF mode to provide a competitive handle
on k) [23]. The coupling denoted coy is the interaction between two vector bosons and two
Higgs bosons. VBF H H searches offer a unique handle on this vertex, previously entirely
unconstrained.

Despite the low cross-section of VBF production, the unique kinematics make the channel
appealing for searches. The diphoton VBF channel contributed to the 2012 single Higgs boson
discovery [10]. The kinematics of VBF di-Higgs production are similar to that of mono-Higgs,
with a forward, high-m;; system. The major difference is that mono-Higgs searches take
advantage of the low central jet activity by applying a veto. In HH — ~yvbb, however, the
H — bb (Higgs decay modes are discussed in Section 1.3.3) system causes central jet activity,

making such a veto impossible.

1.3.2 Production Beyond the Standard Model

Due to the small cross-section of HH production, the current ATLAS dataset does not
have sensitivity to SM production. An enhancement to the cross-section, however, may be

noticeable in the dataset and would indicate the presence of physics Beyond Standard Model
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(BSM). There are a variety of scenarios in which this could occur, both through non-resonant

and resonant enhancements, discussed in Sections 1.3.2.1 and 1.3.2.2, respectively.

1.3.2.1 Non-Resonant BSM Production

Non-resonant enhancements to the HH cross-section could occur in two ways: coupling
strengths which deviate from the SM prediction, or the presence of couplings not predicted
by the SM.

K

Deviations from the SM prediction of the Higgs trilinear coupling can cause enhancements
to the cross-section, which may be observable at the current LHC dataset. The cross-section
is minimized at 2.45 times the SM value, in which the destructive interference between the
box and triangle diagrams is maximized. The cross-section for each production mode as a
function of the coupling strength can be seen in Figure 1.5.

Coy

The VBF H H production mode offers sensitivity to the hhV'V vertex, and any deviations
from SM expectations for this coupling would lead to a significant enhancement in the HH
cross-section. At a factor of 2 times the standard model coupling strength, the cross-section
increases by two orders of magnitude (shown in Figure 1.6), allowing for an enhancement

visible in the current LHC dataset [25].

1.3.2.2 Resonant BSM Production

Several BSM theories predict new particles that would decay to a pair of Higgs bosons,

which would result in a resonant enhancement to the HH cross-section. Notably, Two
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HH production at 14 TeV LHC at (N)LO in QCD
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Figure 1.5: LO (dashed lines, light-color bands) and NLO (solid lines, dark-color bands)
cross-sections for the various HH production modes as a function of the Higgs trilinear
coupling, normalized to the standard model coupling value. Uncertainties represent scale and
PDF uncertainties, added linearly [24].

Higgs Doublet Models (2HDMs) extend the Higgs sector with the presence of a heavy
scalar doublet [26, 27]. Among these models are the minimal supersymmetric extension
of the SM [28-30], twin Higgs models [31, 32], and composite Higgs models [33]. The
analysis presented in this thesis is model-independent, searching for enhancements to the
HH cross-section through the presence of a generic scalar particle.
ggF

In ggF production, the resonance would be present through a coupling to the triangle
diagram, which subsequently decays into the H H pair. As a result, this resonance would be
observed as an enhancement to the HH cross-section, as this production is not modeled in
the SM. By conservation laws, its mass would be equivalent to the four-vector sum of the

pair produced Higgs bosons, myx = mypy. A sample Feynman diagram for such a resonance
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Figure 1.6: The VBF HH cross-section as a function of coupling deviation from prediction,
in units of the SM value (§ = ¢ — cgps for coupling, ¢. I.e. 6 = 0 corresponds to the SM
prediction, § = 1 is twice the SM prediction). The solid blue line shows deviations in the oy
vertex, 0., , while the red line shows deviations for the c3 vertex, ¢, after applying broad
acceptance cuts presented in Reference [25]. The dashed lines represent the cross-section
after analysis cuts targeting VBF H H production.
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can be seen in Figure 1.7. The presented analysis searches for this resonance as a generic

scalar particle, in order to maintain model-independence.

DO H
A --@
090/ “NH

Figure 1.7: A Feynman diagram for resonant ggF' H H production. In the analysis presented,
X takes the form of a generic scalar to remain model-independent.

VBF

Similar to searches for resonant ggF Higgs boson pair production, VBF H H production
involving an intermediate resonance may be considered. This kind of search would be
complementary to the ggF searches, as in this case the vector bosons are coupling to the new
resonance, which then decays to a pair of Higgs bosons, as depicted in Figure 1.8. However,
this production mode is not particularly well studied (Reference [34] presents an analysis
in the context of a model with warped extra dimensions), since its very small cross-section
poses a question on the ability of the LHC to impose significant constraints through this type

of search.

1.3.3 Di-Higgs Decay

In di-Higgs searches, properties of both decaying Higgs decays must be considered.
Branching ratios for various combinations of H H decays are shown in Figure 1.9. The already
small HH cross-section motivates searches to target high branching ratio decay modes, thus
the three primary channels of study all incorporate the H — bb decay. The bbbb decay channel

has highest possible branching ratio at 33.9%, but has significant challenges presented by
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q

Figure 1.8: A Feynman diagram for resonant VBF H H production.

triggering and a large QCD background. The bbr7 has the third largest branching ratio at
7.3%, and benefits from a much smaller SM background than the bbbb channel, primarily
tt and Z — 777~ + jets. Last the bbyy channel, presented in this thesis, has just a 0.3%
branching ratio, but takes advantage of the excellent H — 7 mass resolution, as well as the

clean diphoton trigger and photon reconstruction efficiency.
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Figure 1.9: SM Higgs boson branching ratios for H H pairs to various final state combina-

tions [35].



CHAPTER 2
THE LHC AND ATLAS EXPERIMENT

You can observe a lot by watching.
— Yogi Berra

2.1 The Large Hadron Collider

The LHC [36] is a hadron accelerator and collider 27 km in circumference located on the
French-Swiss border. It collides beams of protons® at high rate and center-of-mass energy. In
Run 2, which spanned from 2015 to 2018, the center-of-mass energy (y/s) in the laboratory
frame was 13 TeV (6.5 TeV per beam), and bunches of about 10! protons collided every
25 ns.

Hydrogen atoms are the source of the protons the LHC collides. The protons are
liberated from the atom using an electric field, then pass through several accelerators, which
take advantage of radiofrequency (RF) cavities, to get to their final energy. First, the
Linear Accelerator (Linac) accelerates the bunches to 50 MeV. The remaining pieces of the
acceleration chain are circular accelerators, starting with the Proton Synchrotron Booster
(PSB), which raises the energy to 1.4 GeV, then the Proton Synchrotron (PS) accelerates
bunches to 26 GeV, and the Super Proton Synchrotron (SPS) accelerates them to 450 GeV
before delivering to the LHC, where they are accelerated to their final energy of 1/s = 13 TeV.

Along the LHC, collisions occur at four interaction points, where detectors are situated.
LHCb (Large Hadron Collider beauty) is a forward physics experiment designed to study

B physics [37]. ALICE (A Large Ton Collider Experiment) is a heavy-ion detector studying

!The LHC also collides ions to study lead-lead (PbPb) as well as proton-lead interactions
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nuclear physics [38]. The ATLAS [39] and Compact Muon Solenoid (CMS) [40] experiments
are general-purpose detectors, designed to study a variety of physics. A schematic showing

the location of these interaction points and detectors can be found in Figure 2.1.
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Figure 2.1: A schematic of the LHC with the various interaction points indicated [36].

2.2 The ATLAS Detector

ATLAS [39] is a general-purpose detector designed to reconstruct events from hadrons

collided by the LHC. With respect to the Interaction Point (IP), it has forward-backward
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symmetric cylindrical geometry, and covers a solid angle of almost 47. It is 44 m long, 25 m
in diameter, weighs over 7,000 tons, and is located 100 m underground.

ATLAS is composed of several nested cylindrical subsystems. Nearest the IP is the Inner
Detector (ID) (discussed in 2.2.3), measuring the trajectory of charged-particles as they
bend through a 2 T magnetic field created by a solenoid which envelops the ID (discussed
in 2.2.2). The ID is composed of three components: the silicon Pixel Detector, a semiconductor
microstrip detector known as the SemiConductor Tracker (SCT), and a straw-tube tracker
known as the Transition Radiation Tracker (TRT). Outside of the ID are the calorimeters
(discussed in 2.2.4). ATLAS utilizes two calorimeters, a Liquid Argon (LAr) calorimeter to
measure electromagnetic radiation and a scintillating tile calorimeter to measure hadronic
radiation. Beyond the calorimeters is a 4 T toroidal magnetic field (also discussed in 2.2.2) and
the Muon Spectrometer (discussed in 2.2.5), which tracks muon trajectories. ATLAS employs
a two-stage triggering system, one hardware-based and one software-based, to identify and
record interactions containing interesting physics by sending them to the Data Acquisition
(DAQ) system (discussed in 2.2.6.) A schematic of the ATLAS detector can be found in

Figure 2.2.

2.2.1 The ATLAS Coordinate System

ATLAS uses a right-handed coordinate system, with the IP defining the origin. The z-axis
is along the beamline, the x-axis points toward the center of the LHC, and the y-axis points
upwards, toward Earth’s surface. Transverse quantities such as pr and Et are calculated in
the © — y plane. The half of the detector pointed toward the Saleve is known as the “A-side”
and has positive z coordinates. The side with negative z, pointed toward the Jura, is denoted

“C-side,” where “B” is used to denote the barrel.
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Figure 2.2: A cut-away schematic the ATLAS detector. Major components and dimensions
are labeled [39].

Due to the shape of the detector, cylindrical coordinates are also useful for describing
position. The azimuthal angle, ¢, is measured around the beam axis, with ¢ = 0 lying on the
positive z-axis. The polar angle, #, is the angle from the beam axis, where § = 0 is parallel

to the beampipe. Commonly, the pseudorapidity is used to define position, defined as

n = — In[tan(0/2)]. (2.1)

This value is 0 perpendicular to the beamline, and infinite as it approaches the beam axis,

as shown in Figure 2.3. Occasionally the rapidity, defined as

11 E+p,
=—lo

(2.2)
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Figure 2.3: Pseudorapidity distribution shown on a polar grid.

is used to describe position as well. Rapidity and pseudorapidity are preferable to the polar
angle due to their Lorentz invariance. For massless particles, the rapidity and pseudorapidity
are equivalent.

To describe distance between particles, the angle space in pseudorapidity and azimuth is

commonly used. It is also Lorentz invariant under longitudinal boosts and defined as

AR = /(An)? + (Ag)%. (2.3)

2.2.2 Magnet Systems

In order to measure the charge and momentum of particles in the detector, a magnetic
field is used. The curvature of a charged particle as it traverses through a magnetic field can
be used to derive the charge to mass ratio. The sign of the charge is determined from the
bend of the track.

The magnet system in ATLAS is a hybrid system comprised of four superconducting
magnets: a central solenoid, a barrel toroid, and two end-cap toroids. The barrel toroids

define the dimensions of the ATLAS detector, extending 26 m along the beam axis, and have
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an outer diameter of 22 m [41]. A schematic of the components of the magnet system is

shown in Figure 2.4.

barrel end-cap
toroids toroids

toroids solenoid

Figure 2.4: A schematic of the components of the magnet system in the ATLAS detector [42].

Central Solenoid

The central solenoid sits between the ID and the EM calorimeter and provides a 2 T
magnetic field. This field is axially symmetric, and causes curvature in charged particles
as they move through the ID. In order to minimize material before the calorimeters, it was
designed to be thin, a single-layer coil wound with 1173 turns with Al-stabilized Nb/Ti
conductor. It covers a length of 5.3 m along the beam axis and has an outer diameter of
2.63 m [43].
Toroids

The barrel toroid is made up of eight coils of a flat racetrack shape, which provide a
symmetric radial magnetic field toward the beam axis, with a peak field of 3.9 T [44]. The

two end-cap toroids are also composed of eight coils, with a length of 5 m, outer diameter of
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10.7 m and an inner bore of 1.65 m, and providing a peak 4.1 T field. The end-cap toroids
are inserted into the barrel toroid and line up with the center solenoid. The three-toroid
design was chosen over a single toroid to maintain easy access to the core of the detector [45].
Together the toroids provide a magnetic field to the muon system, causing curvature in the

muon trajectory.

2.2.3 Inner Detector

The ID [46] serves to identify the precise interaction point and trajectory of charged
particles. The ID is segmented into barrel and end-cap sections along the beam axis. The
barrel extends 1.6 m, covering |n| < 1, and the end-cap sections cover the remainder of
the 7 m length. With this setup, the ID provides precision tracking up to || = 2.5. It is
composed of three subsystems, the Pixel Detector, the SCT, and the TRT.

Pixel Detector

Nearest the IP is the Pixel Detector, which provides high-granularity, high-precision
measurements, and is used to determine impact parameters.

Pixel sensors are reversely polarized diodes, created by an n+ implant on an n-doped
silicon substrate with dimensions 50 pm x 400 pm, and a depth of 250 pm. The detector has
1,744 modules with 46,080 readout channels per modules, for a total of over 80 million pixels.

The innermost layer, the Insertable B-Layer (IBL) [47], was installed between Run 1 and
Run 2, during the shutdown that lasted from 2013 to 2015. It takes advantage of smaller
modules for finer granularity at 50 pm x 250 pm. Additionally, it is located closer to the
interaction point, at a distance of R = 33.25 mm, compared to the previous first layer at
R = 50.5 mm. The smaller distance between the beamline and first detector layer helps for

finding displaced vertices from b-jets and photons converting into an eTe™ pair.
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SemiConductor Tracker

The SCT provides measurements at intermediate range from the IP; vital for momentum,
impact parameter, and vertex position measurements. It is composed of a barrel region and
two end-caps, covering the distance R = 300 mm to R = 520 mm from the IP. SCT modules
are made up of four strip sensors, two on each side, oriented at an angle of 40 mrad from
each other. The sensors are single-sided p-in-n microstrip detectors on silicon wafers. The
barrel is constructed of 2112 modules in four layers that are equally spaced, and each end-cap
is constructed of 988 modules over nine disks. Collectively, the SCT has about 6 million
silicon strips.

Transition Radiation Tracker

The TRT is the outermost subdetector of the ID, spanning from a distance R = 554 mm to
R = 1082 mm from the IP, and pseudorapidity range |n| < 2.0. The TRT contributes to the
momentum measurement, aids in pattern recognition for tracking, and provides discrimination
between electrons and hadrons. It is a proportional drift tube composed of 372,032 straws,
each with a 4 mm inner diameter. In the barrel, the straws have a length of 144 cm and are
arranged parallel to the beam axis. In the end-cap, straws are 37 cm long, and arranged into
18 wheels, radially from the beam axis.

The straws are filled with a gaseous mixture? composed of 70% Xe, 27% CO,, and 3%
O,. As a charged particle penetrates the straw, it deposits energy into the gas and creates
electron-ion pairs. The electrons drift to the center wire, while the ions drift to the inner wall
of the straw. The drifting charge produces an electrical signal, which is then compared to a
low and high threshold. The low threshold is used to measure drift time, which is used to
derive position of incidence. The high threshold is used to identify large energy deposits from

transition radiation X-rays, which is useful to discriminate charged pions from electrons.

2This was the design gas mixture, as described in the ID Technical Design Report, Reference [46]. During
Run 2, straws with leaks were filled with 70% Ar gas, rather than Xe due to cost. Ar provides similar tracking
performance as Xe, but a worse efficiency absorbing transition radiation X-rays.
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For momentum measurement, the TRT provides measurements equivalent to a single
point with precision of 50 pm. For tracking, it provides around 36 hits per track. For electron-
hadron discrimination, it has a pion rejection factor of between 15 and 200 (depending on 7)

for pions with pr > 20 GeV, at an electron efficiency of 90%.

R =1082mm

R = 554mm
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Pixels { R =88.5mm
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R =33.25mm
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End-cap semiconductor fracker

Figure 2.5: Schematic of the components of the ATLAS ID. A scale cutaway view of the
ID with the Pixel and SCT (left) [48], and a layer-by-layer view of the ID subdetectors
(right) [49].

2.2.4 Calorimeters

The calorimeter system in ATLAS serves to measure the energy of particles absorbed
by their active material. ATLAS employs calorimeters targeting different types of particle
showering: the LAr EM calorimeter targets EM showers from photons and electrons, while
the hadronic Tile calorimeter targets hadronic showers. The EM calorimeter lies outside the
ID and central solenoid, and the hadronic calorimeter is outside of the EM calorimeter. A
schematic of the calorimeter can be found in Figure 2.6.

Electromagnetic Calorimeter

The electromagnetic calorimeter is a LAr sampling calorimeter. Upon interacting with
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Figure 2.6: A schematic of the calorimeters in the ATLAS detector [39].

the LAr active material, photons will interact dominantly by creation of ete™ pairs above 5
MeV. Below that threshold, photons interact via the photoelectric or Compton effect. For
electrons, interaction occurs via bremsstrahlung at energies above 1 MeV, causing the electron
to radiate photons and decelerate. This continues for subsequent daughter particles and has
a showering effect in the calorimeter [51].

The LAr EM calorimeter features absorbers with an “accordion” style geometry, and
read-out electrodes. The accordion geometry provides gap-less azimuthal (¢) symmetry. The
EM calorimeter is composed of three regions, the Electromagnetic Barrel (EMB) and two
Electromagnetic End-Cap (EMEC), each with their own cryostat.

The EMB uses lead-stainless steel converters as the passive material and covers || < 1.5.
It is split into two half-barrels, meeting at |n| = 0, each with 1024 converters and electrodes.
Longitudinally, the EMB is divided into three layers. The first strip layer is very finely

segmented in 7 to provide precision position information, with granularity 0.003 x 0.1 in
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Figure 2.7: A sketch of the LAr EM calorimeter [50].

An x A¢. The second layer has a wider segmentation, 0.025 x 0.025, and absorbs the bulk
of the EM shower. The last layer has even lower granularity in n, 0.05 x 0.025, and serves
to pick up the EM shower tails. In total, these three layers cover more than 22 radiation
lengths (Xo) and have 101,760 total channels.

The EMEC also uses lead-stainless steel as the passive material and is comprised of two
concentric wheels, an inner wheel covering 1.4 < |n| < 2.5, and an outer wheel covering
2.5 < |n| < 3.2, and covers > 24 X,. Between the EMB and EMEC, a transition crack spans
1.37 < |n| < 1.52, which is also used to service the detector.

In front of the calorimeter cryostats, a presampler is used to correct for energy lost before

particles reach the calorimeters. The presampler uses thin copper electrodes and LAr as the
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active material, with a layer of 1 cm thickness in the barrel and 5 mm in the end-caps, and
granularity of 0.025 x 0.1 in An x A¢ [50].

A sketch of the composition of the EM calorimeter can be found in Figure 2.7.

Photomultiplier

Wavelength-shifting fibre
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Figure 2.8: A sketch of the hadronic Tile calorimeter [52].

Hadronic Calorimeter

As hadrons interact with matter, their scattering produces secondary hadrons as well as
protons and neutrons. These also decay and this cascade, known as a hadronic shower, will
continue until the energy of the decay products is small enough to be halted by ionization

energy loss or absorbed in a nuclear process.
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The hadronic Tile Calorimeter is designed to measure the energy of particles by using
these decays, employing steel as the absorber and scintillating tiles as the active material. The
scintillators transmit light via fiber optics to photomultiplier tubes (PMTs). The hadronic
calorimeter is composed of three regions, the central barrel, covering |n| < 1.0, and two
extended barrels on either side of the central barrel, covering |n| > 1.0. Each of these three
regions have 64 azimuthal modules, and 3 layers longitudinally. The first two layers have
granularity 0.1 x 0.1 in Anp x A¢, while the third is 0.2 x 0.1. The thickness covers more
than 9.7 interaction lengths (). A sketch of the composition of the Tile Calorimeter can be
seen in Figure 2.8.

A Hadronic End-Cap (HEC) also works to detect hadronic decays, covering pseudorapidity
range of 1.4 < |n| < 3.2. There are two wheels per end-cap, located behind the EMECs and
sharing their cryostats. The HEC uses LAr as the active material, and copper plates as the
passive material. Each end-cap features 32 wedge shaped modules, and two segments in
depth, making four total samplings per end-cap [50].

Forward Calorimeter (FCal)

In order to get precise measurements of missing transverse energy (MET)?, full 5 coverage
is necessary. The FCal covers the most forward regions, covering 3.1 < |n| < 4.9. It is three
modules deep, covering 10 A, the first module made of copper, targeting EM depositions, and

the outer two made of tungsten targeting hadronic depositions.

3MET is not used in the present work, however is used in many ATLAS analyses. It aims to measure
those particles which do not interact with the detector, such as neutrinos or many BSM signatures. Since
the two colliding partons (defined in Section 3.1.1) cancel out each other’s momentum, the initial transverse
momentum is 0. Because of the law of conservation of momentum, the sum of momentum of the final state
particles must also sum to 0. If the reconstructed particles do not, then the remainder is defined as MET.



37

2.2.5 Muon Spectrometer

The Muon Spectrometer (MS) [53] is the outermost layer of the ATLAS detector, aiming
to track muons via independent triggering (for |n| < 2.4) and momentum measurement (for
In| < 2.7). Triggers based on the MS are combined with information from the ID to make
the final trigger decision, so good timing resolution is imperative.

Timing information in the MS is collected in the Resistive Plate Chambers (RPC) and
Thin Gap Chambers (TGCs). These both feature timing resolution better than 4.5 ns. The
RPCs cover the barrel (|n] < 1.05) region while the TGCs covers the end-cap (1.0 < |n| < 2.4).

Momentum information is provided through Al tubes 30 mm in diameter and filled with
a 0.05 mm gold-plated tungsten wire in the center, called a Monitored Drift Tube Chamber
(MDT). Three layers of Monitored Drift Tube Chambers (MDTs) cover the central region of
the MS, at |n| < 2.7. In the forward region, 2.0 < |n| < 2.7, the first MDTs layer is replaced
by multi-wire proportional chambers with precision cathode strips, known as Cathode Strip

Chambers (CSCs). A schematic of the MS is found in Figure 2.9.

2.2.6 Trigger and Data-Acquisition

Dataflow and storage are a major challenge for ATLAS. Bunches of protons interact every
25 ns, a rate of 40 MHz. On average, a raw event contains about 1.6 MB [55]; recording
all of those interactions would not be possible, nor desirable since they are dominated by
soft collisions processes which do not yield interesting physics. To isolate events which are
desirable to record, ATLAS utilizes a two-stage trigger system [56].

First, the Level 1 (L1) trigger receives events at 40 MHz and makes quick decisions based

on coarse information. This trigger system is hardware based, constructed out of custom
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Figure 2.9: A schematic of a quarter of the MS. The described systems, the RPC, TGC,
MDT, and CSC are labeled [54].

electronics, and targets specific features in the calorimeter or muon system. From hits in
each detector, candidate physics objects (electrons, photons, muons, jets, taus, and MET)
are formed, and events are accepted or rejected based on features of these candidates in order
to get to an average event rate of between 75 and 100 kHz, a reduction factor of about 400.
Additionally in this process, Regions of Interest (ROIs), cones in 1 x ¢ containing interesting
physics, are identified and passed down the trigger chain.

The second stage of the trigger is software-based, known the High-Level Trigger (HLT).
On average, the HLT has 200 ps per event to make decisions. It uses the ROI provided from
L1 to make decisions based on fast algorithms by reconstructing partial events within that

region, reconstructing just 2%-6% of the total event data. At this stage, the event rate is

reduced to around 3 kHz.



39

Events that pass this stage then are reconstructed with offline-like algorithms, allowing for
triggering on sophisticated signatures (e.g. MET) and the final trigger decision is made using
those objects. This produces a final output between 500 and 1000 Hz. Events selected by the
HLT are saved to the offline system based on their trigger decision, known as data streams. A
schematic of the pipeline for trigger decisions in conjunction with the DAQ system is shown
in Figure 2.10.
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Figure 2.10: The ATLAS Trigger and DAQ systems during the Run 2 data taking period.
Inputs from the various subsystems start at the top right, where they are then passed to
the L1 trigger, shown in the upper left. Events passing that are sent to the HLT (lower
left), while simultaneously data are passed from the Readout Drivers (RODs) to the Readout
System (ROS) on L1 accepts. They are buffered and available for the HLT to sample. These
accepted events are then sent to storage via the Data Logger. Event and data rates are shown
for each step on the left and right, respectively [57].



CHAPTER 3
EVENT SIMULATION AND RECONSTRUCTION

In theory, there is no difference between theory and practice. In practice there is.
— Benjamin Brewster

3.1 Monte Carlo Simulation

To properly understand and interpret results, comparisons to theoretical predictions must
be made. In the context of particle colliders, this means an understanding of both the
underlying process as well as predictions of detector effects. In order to do this, ATLAS
utilizes simulation based on Monte Carlo (MC) methods.

A MC simulation attempts to model a process by taking a function’s underlying probability
distribution and sampling it randomly. The steps of MC integration that compose the ATLAS
simulation chain evolve serially, and each step is Markovian: the process is completely
dependent only on the prior step, so sampling is performed on its posterior distribution.
Producing MC from a set of subsequent Markovian processes is known as Markov Chain MC
(MCMC), which is used to simulate complex processes, such as particle collisions.

The ATLAS simulation framework is designed to produce MCMC in this manner, evolving
in steps of event generation (Section 3.1.1), parton showering (Section 3.1.2), hadronization
(Section 3.1.3), detector simulation (Section 3.1.4), and finally reconstruction of physics

objects (Section 3.2).
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3.1.1 Event Generation

The first step of the ATLAS simulation is generating the hard-scatter process. When
simulating collisions, parton distribution functions are used. A parton refers to one of the
strongly interacting particles (quarks and gluons) that comprise protons. In pp collisions,
these constituents are what actually interact, so distribution functions model this. These
distribution functions describe the probability of finding a parton carrying a given fraction of
the proton momentum.

Event generators use matriz elements, which take into account the partonic cross-section
to a specified order approximation. The matrix element is returned in the Les Houches
Accord format [58], which was designed to create a uniform event generator output. This
format can then be interfaced to tools for parton shower and hadronization.

The ATLAS software contains many event generators. For the samples used in the

presented analysis, the following generators are used:

Herwig++: A general-purpose event generator [59].

MADGRAPH: A matrix element generator, generating tree-level matrix elements for

Lagrangian-based models [60].
PyYTHIA: A general-purpose event generator [61].

PowHEG: A NLO event generator that is built to overcome the problem of negatively

weighted events [62].

SHERPA: A general-purpose simulation tool, containing all necessary components for a

factorized description of scattering events [63].
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3.1.2 Parton Showering

After interacting, the parton showering must then be simulated. Hard scatter processes
emit QCD bremsstrahlung radiation in the form of gluons. Emitted gluons carry color
charge, which also can further radiate. This process is known as parton showering, and
generators approximate these higher-order QCD corrections through a chain of one-to-two
parton branching. This is performed iteratively until reaching the non-perturbative regime,
around 1 GeV.

Three event generators in the ATLAS software have parton showering built in: PYTHIA,
HERWIG, and SHERPA. Other event generators are able to interface with one of those three
for parton showering and hadronization. These event generators order the parton shower
to avoid divergences and double-counting. PYTHIA and SHERPA order showers such that
the highest pt emissions occur first. HERWIG utilizes angular ordering, such that the widest
emissions occur first, and proceed toward smaller angles.

In addition to the hard scatter process, these generators simulate the underlying event.
This process accounts for effects due to rescattering or multiple parton interactions within

the colliding protons.

3.1.3 Hadronization

Once partons have reached sufficiently low energies, they form hadrons. This is known as
hadronization'. Hadronization is a non-perturbative process, that relies on phenomenological
models tuned on data. Commonly used models are the Lund string model [64] (PYTHIA)

or clustering models [65] (HERWIG, SHERPA). ATLAS has several set tunes for each event

LAlso “jet fragmentation.”
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generator, as well as Parton Distribution Function (PDF) sets. In this work the following are

used:

e The A14 PyTHIAS tune (ATLAS 2014) [66]. Tunes for four separate LO PDF sets were

performed, notably NNPDF23L0.

e The UEEE5 tune [67], implemented in HERWIG, PYTHIA, and SHERPA. This accom-
panies hard collisions by Underlying Event (UE) simulation to mirror minimum bias
interactions. In this work, the C10 PDF sets [68], derived by global analysis of hard
scattering data in the general-mass framework of perturbative QCD are used with this

tune.

e The H7-UE-MMHT tune [69] for HERWIG, which provides a good description of the UE

and double parton scattering.

e The H7-MMHT2014L0 tune [70], also for HERWIG, containing PDF sets of the proton at

NLO, NNLO, and LO.

Through hadronization, simulation is agnostic of detector, describing just the particle
interaction. A schematic of the evolution of a simulated event from event generation through

hadronization is shown in Figure 3.1.

3.1.4 Detector Simulation

After hadronization, the model is a full detector-independent description of a process;
next, the simulation must model how the particle will interact with the ATLAS detector.
In order to do this, a component-level model of the ATLAS detector is implemented in

GEANT4 [72], and particles are propagated through this model. The energy deposition
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Figure 3.1: Schematic of the procession of a simulated hadron-hadron collision through
hadronization. The red circle represents the matrix element, simulated by an event generator.
The emitted red lines represent the bremsstrahlung radiation, which is simulated by a parton
shower. The purple oval represents a secondary vertex. Hadronization is represented by the
light green circles, in which hadrons are produced (dark green) as well as photon radiation
(yellow) [71].
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in each detector component is calculated stochastically and output as a collection of hits.
The electrical response for these hits in each detector component is simulated, and output
in a format matches that from actual data collection. From this, physics objects may be
reconstructed via the same methods as real data, outlined in Section 3.2.

While this method is the most accurate method of simulation, it is CPU-intensive. Methods
of faster simulation have been developed to mitigate this problem. The Atlfast-II (AFII)
simulation reduces simulation time by an order of magnitude through using FastCaloSim for
calorimeter simulation [73]. FastCaloSim uses parameterizations of electromagnetic showers

to directly deposit energy rather than explicit simulation.

3.2 Object Reconstruction

Both the full simulation chain and actual data collection result in a set of hits within
the ATLAS detector. Reconstruction is the method by which these hits are defined into
final physics objects useful for analysis. This is performed independently for each type of
signature. The following sections discuss the reconstruction of objects used in the analysis
presented in this thesis. For the Higgs decays studied, the final state physics objects are a
pair of photons (discussed in Section 3.2.1) and a pair of jets (discussed in Section 3.2.2).
To account for energy losses in jets, corrections using muons (discussed in Section 3.2.3) are
applied. In addition to the objects used in this analysis, ATLAS reconstructs tau leptons
and MET (corresponding to neutrino signatures in SM analyses, as well as a number of BSM

signatures), not discussed here.
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3.2.1 Electromagnetic Signatures: Electrons and Photons

Interaction

Photons and electrons interact with the LAr calorimeter, leaving an electromagnetic
signature in a group of neighboring cells known as showering. Their reconstruction is
performed in parallel due to the similarity in signature.

EM signatures can be the result of three different sources:

e FElectrons: Being a charged lepton, in addition to interactions in the EM calorimeter,
electrons interact with the ID, leaving a track that can be extrapolated to the EM

cluster.

e Converted Photons: Photons that pair produce electron-positron pairs in the detector
prior to the calorimeter have a EM cluster matched to a secondary vertex. The rate of
photons that convert varies with 7, as more detector material is traversed at higher
angles. At low |n|, about 20% of photons convert, where above |n| = 2.3, up to 65%

convert [74].

e Unconverted Photons: Unconverted photons do not interact with the ID, and thus are

not matched to an electron track or secondary vertex.

As a result of bremsstrahlung radiation, an electron can lose a substantial portion of its
energy as it traverses the detector material. In this process, the electron radiates a photon,
which itself can radiate an electron-positron pair. Should these occur in the beampipe or 1D,
there may be multiple track candidates from the same electron. The process by which these
depositions become final analysis objects proceed in steps of cluster reconstruction, track

reconstruction, supercluster reconstruction, then construction of the final analysis object.
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Cluster Reconstruction

The algorithm to build electron and photon candidates is a dynamic algorithm, building
variable-sized clusters. This is in contrast to previous methods, which use a fixed “sliding
window” definition [75]. The algorithm starts from a seed cell, which is identified by a signal
larger than a high signal threshold relative to underlying electronic noise, So,;sc. The seed
and its neighbors are added to the cell, known as a proto-cluster. Then, all neighbor? cells are
scanned for a signal larger than a moderate threshold, No,.;s.. The subsequent neighbors of
cells meeting this criteria are added to the cluster, and themselves are evaluated if they pass
the moderate signal threshold, provided that they pass a cell filter defined by Po,ise- In
the case where two clusters have an overlapping cell, the clusters are merged. ATLAS uses
default values of S =4, N =2, P =0 in this algorithm. The choice of P = 0 means that no
filter is applied, and candidates passing the 20, have all neighboring cells added to the
cluster. This method of clustering is known as topological (topo) clustering [76].

For EM objects, only energy in the EM calorimeter is used®, denoted EM energy. Clusters
considered for must pass a EM fraction (fgy) criteria, in which the EM energy must be
greater than 50% of the total cluster energy. This cut rejects ~60% of pile-up clusters with
no affect on true electron topo-clusters. Clusters passing this criteria are known as EM
topo-clusters.

Track Reconstruction

Tracks are constructed out of hits within the ID, in which three dimensional space-points
are constructed out of clusters. Three sets of space-points are formed into track seeds, which
then undergo stages of pattern recognition, ambiguity resolution, and TRT extension. Track

candidates with py > 400 MeV are fit with the ATLAS Global y? fitter [77].

2In the same sampling layer, neighboring means cells are adjacent. In adjacent layers, neighboring cells
must have overlap in the (7, ¢) plane.

3In the crack in the EM calorimeter, 1.37 < |n| < 1.63, the presampler and scintillator between the
calorimeter cryostats are used.
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For tracks with at least four silicon hits that match to an EM cluster, a secondary
fit is performed using a Gaussian-sum filter [78]. This filter is is a generalization of the
Kalman filter [79], taking into account non-linearities resulting from bremsstrahlung radiation.
The separation between the cluster barycenter and the position of the track extrapolated
from the perigee to the calorimeter must satisfy* |Nauster — Mirack| < 0.05, and —0.10 <
q (Dtrack — Detuster) < 0.05 for reconstructed track charge, g.

If multiple tracks are matched to a cluster, they are ranked. First, priority is given to
tracks with pixel hits over those with just SCT hits. Second, tracks are ordered in AR to the
cluster. If multiple tracks have small AR differences, then the track with the most pixel hits
is selected.

Supercluster Reconstruction

The object ultimately defined as an electron or photon is a supercluster, which is a
grouping of topo-clusters. Superclusters are formed in a two-stage process.

First, topo-clusters are tested for use as a seed for the supercluster. Topo-clusters are
sorted by Er, then sequentially tested to be seed candidates. An electron seed candidate
must have EFr > 1 GeV and a matching track; a photon seed must have Er > 1.5 GeV.

Second, the topo-clusters near the identified seed are selected to be added to the super-
cluster. These extra topo-clusters, called satellite clusters, can arise from either splitting
or through bremsstrahlung radiation. A window of An x A¢ = 0.075 x 0.125 around the
barycenter is considered. A wider window of Anp x A¢ = 0.125 x 0.300 is used for electrons if
the best-matched track for the seed cluster is the same best-matched track for the satellite
cluster. For photons that have converted, a cluster is added if its best-matched track belongs
to the conversion vertex matched to the seed. The supercluster reconstruction logic is shown

in Figure 3.2.

4This requirement is asymmetric because clusters can measure energy from radiated photons that tracks
miss.
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+ . .
All e=, y: Electrons only:
Add all clusters within 3 x 5 window Seed, secondary cluster
around seed cluster. match the same track.
¢ ( . Seed cluster

. Satellite

5x0.025
12 x 0.025

3 x0.025 5x0.025

Converted photons only:

Add topo-clusters that have the same conversion Add topo-clusters with a track match that is part of
vertex matched as the seed cluster. the conversion vertex matched to the seed cluster.

Figure 3.2: Pictorial representation of supercluster algorithm for EM objects [74]. The
resolution of 0.025 is due to the granularity of the EM calorimeter.
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Figure 3.3: Logic flowchart for superclusters that are reconstructed as both an electron and a
photon [74].

Analysis Objects

Once superclusters are constructed, they make up the final analysis objects, but due to



(@)
=)

a T [ T T T [ T T T T [ T T T T [ T T T T c F T T T LI L B R BN S B B
g 1 ssssasssssssanney S 08f nwdattion 3
§ __!..ﬂggﬂﬂlﬂ“ﬂmﬁ I 08E ATLAS Simulation ]
% o -.l .‘AA'vv - E 0 7; pos - . - =
§ og- " 18 Ee 1
g | = A ; ; | F  Previous reco. : open —o— 2-track Si ]
é - ° ATLAS Simulation g § 06 = Curent reco. : full —8— 2-track TRT =
2 - il Cluster 4 = - —+— 2-track SFTRT ]
. o= r —e— Alltypes rack Si =
g o6r= ¢ o Track 1 = 0.5¢ 1-track Si ]
x i Y > E 3
- Cluster and track 4 g 0 4= coets. —+— 1-track TRT ]
04' . " Electron candidate 1 E ) ;,“ e S N 3
AT 18 o3f T E
L 4 a o ]
L 4 2 - o o =
02— o 8 0.2E souommo—o—o— 1
i i & 0.1= E
owador L] 8 i ot B PP R
0 5 10 15 20 ‘ 25 100 200 300 400 500

ET" [GeV] N
E™ [GeV]

T

Figure 3.4: The reconstruction efficiency as a function of Er for clusters, track, cluster and
track, and electrons (left) and the various photon conversion types (right) [74].

the logic of supercluster formation, a seed could be both an electron and photon candidate.
In these cases, after calibration and positron correction, the logic shown in Figure 3.3 is
applied. In cases denoted ambiguous, both a photon and electron are formed, and these
are marked as “ambiguous” for analysis-specific requirements. The electron and converted

photon reconstruction efficiency is shown in Figure 3.4 as a function of truth Er.

3.2.2 Jets

As discussed in Section 1.1.1, strongly interacting particles cannot exist independently
due to color confinement. Due to this, partons created in pp collisions shower, a process
where they produce additional strongly interacting particles through splitting and radiation.
This creates a proliferation of nearly collinear subsequent partons. Ultimately, once they’ve
reached a sufficiently low energy, about 1 GeV, they hadronize in order to create a colorless

state, such as mesons or baryons that deposit energy into the calorimeters. This spray of
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interactions all proceeding in the same general direction as the initial parton is known as a
“jet-”
In principle, jets can be built from any set of 4-vector objects. The standardized jet

definition [80] requires that jets be:

e Simple to implement in both experimental analysis and theoretical calculation.
e Defined at any order of perturbation theory, and yield a finite cross-section.

e Yield a cross-section relatively insensitive to hadronization.

For this work, they are constructed via topological clusters. The topological clustering
logic described in detail in 3.2.1 can also be applied to the hadronic calorimeter and jets can
be formed out of these topo-clusters or EM topo-clusters [76]. Two classes of jet definitions
exist. The first is cluster-based, which defines the jet by combining sets of four-vector objects
until the distance between objects surpasses a stopping condition. The second is cone-based,
which define jets as the sum of momenta within a defined radius, realizing jets as energy flow
in a specified direction. ATLAS uses one such cone-based algorithm, known as the Anti-k;
algorithm [81]. The cone is built from topological clusters using a fixed radius®, R = 0.4.

Since all fragmenting strongly interacting particles appear as jets in the detector, an
important process is flavor tagging, which aims to classify the type of particle that produced
a given jet. Paramount to the presented analysis is the process of b-tagging®, the method
of classifying jets which come from b-quarks. There are several algorithms to perform this
classification, notably a BDT named MV2 [82] and a feed-forward deep NN’ known as
DL1 [82]. From this score, b-tagging working points are established and calibrated based on

their identification efficiency.

5In analyses that probe high mass regimes, two jets may be overlapping and merge to produce one single
large radius jet. This is known as a “boosted” topology, where the radius parameter is typically R = 1.0.
The presented analysis is not sensitive at high mass, thus such topologies are not considered.

In addition to b-tagging, ATLAS has also produced discriminators for charm jets (c-tagging).

"See Appendix A for an explanation of these multivariate techniques.
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3.2.3 Muons

Muons are a minimum-ionizing particles, leave very little energy in the calorimeter, and
are not stopped by any of the material in ATLAS. Thus, muons are reconstructed using a
combination of track-based information from the ID and the MS. In the ID tracks for muons
are identical to other charged particles, outlined in Section 3.2.1. In the MS, each detector
region (i.e. MDTs, CSCs, etc.), builds track segments from aligned hits in the bending
plane of the detector, found via a Hough transform [83]. Track candidates are formed by
fitting together hits from different track segments via a combinatorial search outlined in
Reference [84]. Then an overlap removal algorithm finds the optimum track assignment.
Hits are fitted with a global x? fit. Afterward, a hit recovery and subsequent track refit are
performed if necessary.

Ultimately four muon types are defined [84]:

Combined (CB) muon: Tracks reconstructed in the ID are formed into a combined

track using a global refit incorporating hits from both subdetectors.

e Segment-tagged (ST) muon: An ID track is extrapolated to a local track segment in

the MDT or CSC, accounting for muons that only cross one layer of MS chambers.

e Calorimeter-tagged (CT) muon: An ID track matched to a energy deposit in the
calorimeter compatible with a minimum-ionizing particle. This muon type compensates

for portions of the MS that are only partially instrumented, near |n| = 0.

e Extrapolated (ME) muons: These use only track information from the MS, where
parameters must be loosely in agreement with the location of the IP. ME muons are

useful for acceptance in 2.5 < |n| < 2.7, which is uncovered by the ID.
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From these muons, four selections are created (loose, medium, tight, and high-pr). These
are defined based on varying requirements on the type of muon considered, number of hits,
X2 fit, 0, q/p significance, and pp. The efficiencies for the loose and medium selections are
> 98%, and the tight selection ranges from 90% to 98% efficient. Figure 3.5 shows these

efficiencies as a function of 7.
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Figure 3.5: The reconstruction efficiency for muons with pr > 10 GeV as a function of 7.
The left panel shows the loose selection, the right shows the tight selection [84].



CHAPTER 4
PHOTON IDENTIFICATION OPTIMIZATION

I've found you've got to look back at the old things and see them in a new light.
— John Coltrane

Photon identification in ATLAS is carried out through applying cuts to 9 shower shape
variables that explain the longitudinal and lateral showering development of electromagnetic
interactions in the calorimeter. These include widths of energy depositions in the EM
calorimeter (wy,, wsy3), energy ratios of depositions in the EM calorimeter (R,, Ry, Fiige), the
energy difference and ratios of the strips (AE, E,qu0), and variables describing the energy
that deposits past the EM calorimeter, in the hadronic calorimeter, called leakage (Rpqq,
Rhpaa,)- A schematic of all these variables can be found in Figure 4.1. Additionally, a table
describing these variables can be found in Table 4.1. Two sets of cuts are defined, the tight
and [oose working points.

Cuts on these variables are derived in bins of |n|. The intervals are 0.0, 0.6, 0.8, 1.15,
1.37, 1.52, 1.81, 2.01, 2.37, with a bin defined between each step (e.g. [0.0,0.6), [0.6,0.8),
etc.) to account for the geometry of the calorimeter and the effects upstream material has on
the shower shapes. The region [1.37,1.52) is omitted, due to the transition crack between
where the EMB and EMEC lies. In this region, there is considerable material before the
EM calorimeter, and is not considered for precision photon identification. The most recent
iteration of the tight photon identification introduced binning in pt, where bins are defined
at 25, 30, 40, 50, 60, 80, 100, 125, 150, 175, 250, 500, and 1000 GeV. This provides increased
signal efficiency at low pr, and improved background rejection at high pr.

This chapter describes an optimization to photon identification through two approaches.

First, through adding additional discriminating variables to be used as inputs. This is done



Category Description Name | loose tight
Acceptance In] < 2.37, with 1.37 < || < 1.52 excluded - v e
Hadronic leakage Ratio of Et in the first sampling layer of the hadronic  Rpagq, v v
calorimeter to Et of the EM cluster (used over the
range |n7| < 0.8 or |n7| > 1.37)
Ratio of ET in the hadronic calorimeter to E1 of the Rpag v v
EM cluster (used over the range 0.8 < || < 1.37)
EM Middle layer Ratio of 3 X 71 X ¢ to 7 X 7 cell energies R, v v
Lateral width of the shower Wy, v v
Ratio of 3x3 17 X ¢ to 3x7 cell energies Ry v
EM Strip layer Shower width calculated from three strips around the wj3 v
strip with maximum energy deposit
Total lateral shower width Wy ot v
Energy outside the core of the three central strips but  Fige e
within seven strips divided by energy within the three
central strips
Difference between the energy associated with the AE v
second maximum in the strip layer and the energy re-
constructed in the strip with the minimum value found
between the first and second maxima
Ratio of the energy difference associated with the FEu, v

largest and second largest energy deposits to the sum
of these energies

95

Table 4.1: List of discriminating variables used in the present photon identification [86].
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Figure 4.1: Schematic of the shower shape variables used in the present cut-based photon
identification [85].

through investigating the use of observables of topological clusters, described in Section 4.2.
Second, alternative methods of classification are studied, replacing the current univariate

cut-based approach with a multivariate algorithm. This is shown in Section 4.3, in which a

BDT and a NN are studied.

4.1 MC Samples

In optimization of photon identification, the aim is to discriminate prompt photons from
various background sources. The predominant background is from decays inside of hadronic
jets which result in non-prompt photons, such as 7 — .

For these studies, a sample of leading-order y+jet events from qg — ¢y and qq — gy hard
scattering, as well as events with prompt photons from quark fragmentation in QCD dijet
events is used. For background non-prompt photons in jets, a jet-jet sample with all tree-level
2 — 2 QCD processes is used, with v+jet events containing prompt photons removed. Both
samples are generated using PYTHIA8 with the A14 tune and NNPDF2.3L0 PDF set. The

simulation matched the detector conditions in the 2015 and 2016 data taking period. In both
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cases, an inclusive OR of loose single photon triggers is applied, with thresholds running as

low as 10 GeV'.

4.1.1 Event Selection

Selected events are required to have a photon with |n| < 2.37, excluding the crack region
(1.37 < |n| < 1.52), and pr > 25 GeV. In each event, the photon with the highest pr is
considered. For the signal single photon sample, MC truth information is used to require the
selected photon to be a prompt photon (truth-matched), for the jet-jet background a prompt

photon veto is applied to the selected photon (truth-vetoed).

4.2 Topological Clusters

Photon reconstruction is performed through a method known as “topological clustering,”

which is described in Section 3.2.1. In the calorimeter, energy depositions are clustered via
this method, then these topo-clusters are merged into superclusters, which are ultimately the
detector signature which may be defined as the photon. The reconstructed observables of
these topological clusters, or moments, can be used to characterize them. This section will
discuss the use of these topological cluster moments in photon identification to better reject
background from non-prompt photons.

In general, moments are given at order n for a calorimeter cell variable, v. as

geo EM ,n
2{1|EEM >0} wcell,z‘Ecell,iUcell,z'

cell,i

n
(Veen) =
cell geo EM
Z{qEEM >0} Ween ; Ecen;

cell,i

(4.1)

!The triggers applied are HLT_g*_loose
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The moments use EM scale cell signals, Efell\ﬁ, and the summation is performed over 7 cells

in a cluster. To restrict moment calculation to in-time signals, EX); must be greater than 0.

geo

The geometric signal weights are given by wg, ;,

which are introduced by cluster splitting. If

proto-clusters have multiple local signal maxima with EEM > 500 MeV in the EM sampling

layers, the cluster is split. Cells which are neighbors to multiple maxima are assigned in a

weighted proportion to the two highest energy clusters, E5M | and EEM | after splitting the

clus,1 us,2’

original topo-cluster. For cells of distances d; and ds to the center of the maxima, these are

given by:
EEM
geo clus,1
we | = (4.2)
“h BRe HrEG
Weanz = 1 = Wiy (4.3)
r = exp(d; — da). (4.4)

For cells not split between maxima, this value is 1. The used moments are all of order n =1
(centroids) or n = 2 (spreads) [76].
Number of Topo-Clusters

As described in Section 3.2.1, superclusters are made up of one or more topo-clusters.
Multiple topo-clusters in a supercluster can be a result of cluster splitting or bremsstrahlung
radiation. In over 90% of photon events, there is only 1 topo-cluster associated to the photon
supercluster, shown in Figure 4.2. As a result, the quantities studied as inputs are all of the
topo-cluster with the largest total energy (summed over constituent cells). Additionally, the
number of topo-clusters is on average fewer for prompt photons than fakes, so this value is
used as an input into the classification.
Shape Information

The size of the topo-cluster indexed ¢ is parameterized by moments in r; and \;, which

are defined as:
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Figure 4.2: Number of topo-clusters in unconverted photon superclusters in truth-matched
~v+jet events and truth-vetoed jet fake events. Both prompt and fake photons predominantly
just have 1 topo-cluster per supercluster. This is more true for prompt photons, which on
fewer topo-clusters on average than fakes.

ri = |(z; — €) x 3§ (radial distance to shower axis) (4.5)
Ni = (7;—¢)-§  (longitudinal distance to shower center of gravity), (4.6)

where § is the shower axis and ¢ is the center of gravity. The center of gravity, ¢, is
calculated using Equation 4.1, using the first moments of the Cartesian coordinates specifying
calorimeter cell centers. The locations are in the frame of reference of the detector with the
IP at (z,y,2) = (0,0,0). The shower axis measures the direction of flight of the particle and
is given by:

1 geo EM 2
Cuw = W Z (wcell,i’ Ecell,i) (ul o <u>)(2}1 o <U>) (47)

{i|EEM >0}

cell,i
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for every permutation of u,v € {z,y, 2z} and

W= > (i Ea)’ (4.8)
{i|EEM >0}

cell,s

Then, the values of C,, can be used to create a 3 x 3 matrix, C = [Cy,]. The shower axis, §,
is the eigenvector of C closest to the direction ¢ from the IP to the center of gravity of the
topo-cluster. If the angular distance between ¢ and s is larger than 20 degrees, then ¢ is used
as the shower axis.

Through this parameterization, the topo-cluster can be analyzed as a spheroid, with
the second moments in 7 and A as the extensions; 1/(\2) is the semi-major axis in depth
(along the shower axis), \/W is the semi-major axis in width. The distribution of these
two parameters are shown for the leading topo-cluster in Figures 4.4 and 4.5, after applying
the current loose and tight photon identification criteria. Differences remaining in these
distributions after applying the current identification is information the current criteria does

not capture, and can bring additional discriminating power.

¢ centre of gravity of cluster, measured from the
nominal vertex (x = 0,y = 0,z = 0) in ATLAS
X; geometrical centre of a calorimeter cell in the

cluster, measured from the nominal detector
centre of ATLAS

§  particle direction of flight (shower axis)

Aa angular distance Aa = £(C, §) between cluster
centre of gravity and shower axis §

A; distance of cell at X; from the cluster centre of
gravity measured along shower axis §(2; < 0
is possible)

r; radial (shortest) distance of cell at X; from
shower axis § (r; > 0)

Figure 4.3: The geometric moments and relevant parameters for topo-clusters [87].
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Location Information

The location of the topo-cluster is calculated from the first moments of the three Cartesian
coordinates, describing the position of ¢. Due to azimuthal symmetry in the detector, the
key locational component of topo-clusters is the depth in the calorimeter. Thus, this location
can be described via \.,s, the distance of the center of gravity from the front face of the

calorimeter. This distribution is shown in Figure 4.6.
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Figure 4.6: The distribution of the centroid depth (< Ay >) of the leading topo-cluster in
truth-matched v+jet events and truth-vetoed jet fake events.

A visualization of the geometric moments, both location and shape can be found in
Figure 4.3, with relevant spacial parameters (e.g. ¢, S, etc.) shown and defined.
Additional Moments

Beyond the shape and location information, there are several other moments that can be

used. Two are considered as inputs, cluster isolation and EM probability.
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The signal thresholds built into the topological clustering algorithm are constructed to
suppress noise, but lead to signal losses at the perimeter of clusters. The isolation moment,
fiso, measures the degree of isolation of a cluster. It is constructed as a weighted fraction
of the sampling layer energy (E*™) of non-clustered neighbor cells on the perimeter of the

topo-cluster in the sampling layer. It is given by

Nneighbor

EM prnoclus
ZSE{samplings withEEM >0} Es Ncell,s / cell,s

.fiso = (49)

ZSG{samplings withEEM >0}
Here, Ngs JN2SERO i the ratio of unclustered perimeter cells to the total number of
perimeter cells for a given cluster. This is summed across all sampling layers with positive

energy, s. For the signal and background samples, the isolation is shown using the existing

loose and tight identification criteria in Figure 4.7.
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Figure 4.7: The distribution of the isolation moment of the leading topo-cluster in truth-

matched y+jet events and truth-vetoed jet fake events
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Energy losses in topo-clusters are corrected through a method known as Local Hadronic
Calibration (LCW) [88]. Since energy losses differ between hadronic and electromagnetic
deposits, LCW includes a step where the likelihood that a topo-cluster originates from
an electromagnetic shower is evaluated. The likelihood is defined through measuring the

efficiency for detecting an EM-like cluster in bins of four other topo-cluster observables,

defined by

Dgﬁﬁs - {EcEl:ﬁ/; Tlclus logl()(pdus/po) - loglo( clus/EO) 10g10( CIUS/)‘O)} (410)

where pg = 1 MeV mm 3, Ey = 1 MeV, A\g = 1 mm. These bins (denoted ijkl) can then be

used to define the likelihood, PEM in each bin as

lus»

7.|.0

zg jkl
Pclus ( 1u57 Tlclus pclus/ 1us7 clus) Pclus gkl — —2 (4 1 1)
ijkl + ezgkl

+
where egok(f ) is the efficiency, defined as

NTI'O(ﬂ'i)
0 (mE igkl
€ijki = N;O(Wi) (4.12)

1

for N;;Zgwi) topo-clusters in a given bin ijkl and NZ;O(F) topo-clusters in bin ij of the

(EEM naus) phase space. This likelihood, PEM

clus?

by definition is bounded from 0 to 1, and
considered as an input. This distribution is shown in Figure 4.8, with both the current loose

and tight photon identification criteria applied.
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Figure 4.8: The distribution of the EM probability moment of the leading topo-cluster in
truth-matched v+jet events and truth-vetoed jet fake events

4.2.1 Data-MC Comparison

In order to ensure that the topological clusters are properly modeled in the MC simulation,
the variables investigated are compared to data. To do so, the present tight photon ID
is applied to both the MC simulation and data. Data from the 201542016 data-taking
period is considered, collected using a set of single-photon triggers with loose identification
requirements matching those applied to the MC samples, running as low as 10 GeV. As
before, photons in MC must correspond to a truth photon. Comparisons for \/)\_3 and \/7“_(2)
are shown in Figure 4.9 and 4.10, respectively. Comparisons for the remaining input variables

considered are included into Appendix B for both converted and unconverted photons.
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In general, the MC models the unconverted photons well, with the exception of the
isolation, particularly in the most central bin and beyond the crack. For converted photons,
\/% modeling differs between data and MC, and isolation differs considerably, particularly
in the most central bin. On average converted photons have more topo-clusters per photon
object, meaning they suffer more from cluster splitting, which influences these effects.
Correlations

The correlations of the topo-cluster variables to each other, to the shower shape variables,
and to the isolation working points are evaluated. The correlations between variables are
checked since highly correlated do not bring new information, and thus are not useful for adding
to photon identification methods. Photon identification and isolation must be uncorrelated
in order to define the regions used for 2x2D sideband methods [89], as correlations can affect
the purity estimation. These correlations are shown for both the y+jet in Figure 4.11 and for
the jet-fakes sample in Figure 4.12. The added variables have low correlation to the isolation
working points with the exception of the topo-cluster isolation, which is ~40% correlated
to the working points. Additionally the topo-cluster variables have some correlation to one
another, particularly the ones with shape information, but in general are comparable to the

level of correlation between the shower shape variables.

4.2.2 Incorporating into Photon Identification

The topological cluster variables were added to the existing shower shape variable-based
photon identification. The cut-based approach is reoptimized including the new variables,
and new cuts are derived in each |n|-pr bin. To compare improvement across bins, the figure
of merit used is the improvement in background rejection for the same signal efficiency as the

current method, given as
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Figure 4.9: Data-MC comparison of the semi-major axis in depth of the leading topo-cluster
(\/)\_%) for unconverted photons. The current tight identification is applied to both samples,
and the MC requires truth-matched photons. The absolute difference of the distribution
/thavg is shown.

means normalized to their average mean, |Apu



|| ftavg = 0.042

|8}t = 0.052

|A4] oy = 0.049

|8ty = 0.062

20 <pr<25 02

00

.
|8l /itavy = 0.037

.
D] /iay = 0.046

.
|80l /itavy = 0.041

.
|0l /tavg = 0.059

25 <pr<30 024

00

T
84|29 = 0.040

;
B3] /targ = 0.043

T
84|29 = 0.040

T
54|z = 0.060

30 <pr<35 02+

00

|Bl/ta g =0.039

[Bpl/ptarg =0.041

|Bpl/ita g =0.044

|8p)/keg = 0.057

35<pr<an 021

00

|Bul e =0.027

DU}/ = 0.034

|84 s =0.033

DUl = 0.048

40 <pr<4s5 02

00

T
8]ty = 0.029

T
8]ty = 0.035

T
8] fptavg = 0.033

T
|8p)/uau = 0.047

45 <pr<s50 021

00

T
Al sy = 0.026

:
A3l /targ = 0.033

T
A4l tsip = 0.031

. .
|l /targ = 0.045

50 <pr<60 02

00

.
|04tz = 0.020

.
|0l iz = 0.028

.
|0tz = 0.027

.
|0l iz = 0.037

60 <pr<8o 021

00

Unconverted
y_topoCluster0_secondR

Vers [mm]

0.00 < || < 0.60

100 150 0

18ul/ptavg = 0.054

100 150
0.60 < || < 0.80

B 100 150
0.80<|n| < 1.15

84l iarg = 0.028

0 100 150
1L15<|n| <137

— y+jetMC Data

|04 sy = 0.031

20 <pr<25 025

0.00

T T
|8 /g = 0.049

T T
|au|/pav = 0.026

T T
|8u)/uau = 0.030

25<pr<30 g5

0.00

T T
|8 /s = 0.046

y T
|ap|/pav = 0.029

T T
|Bp)/pau = 0.031

30<pr<35 (o5 |

0.00

. .
|8l /iay = 0.047

. .
|8 /itay =0.025

. .
|8l /tay = 0.027

35<pr<40 (g |

0.00

. .
[8)/ptag = 0.038

v "
18]/ptag = 0.020

: "
Bl jtany =0.025

40<pr<45 (o5 |

0.00

|8p)/usvg = 0.035

|ap]/pavs = 0.023

|8t = 0.025

45 <pr<30 (25

0.00

[8u]/pog = 0.038

|ap|/pavg = 0.020

| ftarg =0.022

50 <pr<60 (o5 |

0.00

. .
|0 /ag = 0.031

. ;
8Ly = 0.018

. ;
|8l /iag = 0.020

60 <pr<80 (g5 |

0.00

Unconverted
y_topoCluster0_secondR

Verls [mm]

0 75 100 125 150

1.52<|n|<1.81

T
75

100 125 150 25

L8l<|n|<2.01

% 75 100 125 150
2.01<|n|<2.37

— y+jetMC Data

69

Figure 4.10: Data-MC comparison of the semi-major axis in width of the leading topo-cluster
(\/r_g) for unconverted photons.The current tight identification is applied to both samples,
and the MC requires truth-matched photons. The absolute difference of the distribution
means normalized to their average mean, |Ap|/ftqy4 is shown.
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Figure 4.11: Correlation values between the shower shape variables, topological cluster

variables, and isolation working points for the y+jet sample.
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Figure 4.12: Correlation values between the shower shape variables, topological cluster
variables, and isolation working points for the jet-fakes sample.
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Z = (1 = €bhgi) — (1 — €brg0)  €bkg0 — €bkg,i (4.13)
re (1 — €prgo) 1 — €prg0 .

for relative gain Z,q (the figure of merit), and background efficiency ey, (thus, background
rejection is (1 — €y), where index ¢ indicates the reoptimized photon identification, and
index 0 indicates the shower shape-only identification. This value is calculated bin-wise in
In|]-pr and shown in Figure 4.14. In principle, adding additional variables to a cut-based
method should only improve optimization if the search over possible cut values is exhaustive.
However, in several bins, worse performance is found by incorporating new variables. This

can be the result of two causes:

e In a high dimensional space, such a grid search becomes computationally prohibitive,
so a Genetic Algorithm? [91] is used to find an approximate solution. Increasing
dimensionality increases the probability to find local minima that differ from the global

minimum, and thus suboptimal solutions.

e Statistical fluctuations. Models are trained on an orthogonal subset of events than they
are evaluated on, and statistical fluctuations in these samples can influence reported gain,
particularly in low stats bins. Figure 4.13 shows the number of signal and background

events in each |n|-pr bin.

As shown in Figure 4.14, by adding these variables as inputs, as much as a 12% improvement

in background rejection for the same signal efficiency can be achieved.

2The Genetic Algorithm used is a standard method implemented in TMVA, and the details of implementation
can be found in Reference [90].
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The preselection described in Section 4.1 is used.
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4.3 Multivariate Analysis Techniques

The current photon identification working points are defined by a univariate rectangular
cuts method. Cut optimization is performed through a 9-dimensional scan over the shower
shape variables. In order to better reject background, a multivariate approach to defining
these working points has been investigated. Multivariate Analysis (MVA) methods are
described in detail in Appendix A, and this section will discuss the improvements brought
to photon identification through implementing them. The methods investigated are a BDT,

described in Section 4.3.1, and a NN, described in Section 4.3.2.

4.3.1 Boosted Decision Tree

A gradient boosted BDT was employed as an alternative classification algorithm. These
models are built using TMVA [90]. In training, performance suffered heavily from the lack of
background training statistics when segmenting into |n|-pt bins. To navigate this problem,
rather than training an independent model for each |n|-pr bin, pr inclusive models were
trained. As shown in Figures 4.11 and 4.12, the input variables have low correlation to pr,
and thus this does not bias the model. This provided better performance in high pt bins.
In low pr bins, it provided better performance overall, but in a few bins had equivalent or
negligibly worse performance. The percent improvement, as defined using the same metric
defined in Equation 4.13, is shown in Figure 4.15, with the bin-wise trained BDT used as the
baseline.

To see the improvement over the cut-based method, the BDT is compared to the current
photon identification, using the same figure of merit (Equation 4.13), where the efficiency

denoted ¢ now represents the BDT model, and the efficiency denoted 0 represents the current
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Figure 4.15: The relative gain in background rejection, Z., for each |n|-pr bin at 85%
signal efficiency by using a pr-inclusive trained BDT compared to a pr-binned BDT. Only
shower-shape variables are included as inputs. Bins with fewer than 400 background events

are masked.
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cut-based model. This model performs better in the majority of bins, by as much as 22%,

but performs worse in all of the outer |n| bins where there are poor background statistics,

shown in Figure 4.16.
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Figure 4.16: The relative gain in background rejection, Z,, for each |n|-pr bin at 85% signal
efficiency by using a BDT compared to the cut-based photon identification menu. Only
shower-shape variables are included as inputs. Bins with fewer than 400 background events

are masked.

4.3.2 Neural Network

In addition to a BDT, a NN was studied for photon classification, considering the same

shower shape variables. The model topology® used is shown in Figure 4.17, it has an input

3A description of NN topologies, activation functions, and other associated terminology can be found in

Appendix A.
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layer of size 9 to match the number of shower shape variables, which is densely connected to
a hidden layer of size 6, with ReLLU activation functions. This layer is densely connected to
an output with a sigmoid activation function. A dropout [92] of 20% is used on the hidden
layer while training to reduce overtraining. This produces a total of 67 trainable parameters.
Models with additional layers and with a wider hidden layer were investigated but found to

not provide any additional improvement in background rejection, so were rejected.

input: | (None, 9)

input_1: InputLayer

output: | (None, 9)

Y

input: | (None, 9)

dense_1: Dense

output: | (None, 6)

A

input: | (None, 6)

dropout_1: Dropout

output: | (None, 6)

Y

input: | (None, 6)

dense_2: Dense

output: | (None, 1)

Figure 4.17: A diagram of the NN topology used for photon identification. Inputs to this NN
are the shower shape variables.

The NN performed better at low pr than the inclusively trained BDT by as much as 30%,
but worse at high pr. This comparison can be seen in Figure 4.18. A pr-inclusive training
approach was considered for the NN as well, however provided a worse performance for the

majority of |n|-pr bins, shown in Figure 4.19.

4.3.3 MVA With Topo-Cluster Variables

The BDT was studied incorporating the topo-cluster moments as inputs. The relative gain

when doing so is shown in Figure 4.20, as compared to the current tight photon identification
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Figure 4.18: The relative gain in background rejection, Z, for each |n|-pr bin at 85% signal

efficiency by using a NN trained in each |n|-pr bin compared to a BDT trained inclusively.
Negative values can be interpreted as the BDT having better performance than the NN. Only

shower-shape variables are included as inputs for both models. Bins with fewer than 400

background events are masked.
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efficiency by using a NN trained inclusively compared to one trained in each |n|-pr bin
Negative values can be interpreted as the bin-wise training having better performance than

the inclusive training. Only shower-shape variables are included as inputs for both models

Bins with fewer than 400 background events are masked.
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working point using the cut-based method. Through applying this optimization, as much as

a 27% improvement is shown, and in most |n|-p bins, a gain of greater than 10% is shown.

80<pr<100- 3 15 -8.7 3.8 40
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Figure 4.20: The relative gain in background rejection, Z,, for each |n|-pr bin at 85% signal
efficiency by using a BDT with the topo-cluster variables as input in addition to the shower
shape variables compared to the current tight photon identification cut-based method. Bins
with fewer than 400 background events are masked.

4.4 Conclusion

Through adding topo-cluster moments as inputs and by switching to a BDT, an improve-
ment of greater than 10% in background rejection for the same signal efficiency as the tight
working point is demonstrated in most |n|-pr bins, and as much as a 27% improvement is

shown. While the comparison between data and MC modeling for the topo-cluster moments
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already demonstrates reasonably good agreement, proper calibration must be performed
before full implementation.

The presented analysis in this thesis, studying HH — yybb production, has two photons
in the final state. These per-photon improvements can lead to a improvement, since the
signal selection is sensitive to the square of the photon identification efficiency. The analysis
is statistics limited, the signal significance effectively scales as the number of signal events, so

the ability to loosen the signal selection will directly improve the final analysis sensitivity.



CHAPTER 5
SEARCH FOR DI-HIGGS PRODUCTION IN THE ~ybb
CHANNEL

Science is magic that works.
— Kurt Vonnegut, Cat’s Cradle

5.1 Analysis Overview

This analysis searches for resonant and non-resonant di-Higgs production, where one
Higgs boson decays to a pair of photons, and the other decays to a bb pair. The motivation
for searching for di-Higgs production is outlined in Section 1.3. Di-Higgs production provides
a direct probe of the Higgs trilinear coupling. This decay channel, yybb, is appealing to
study due to the clean diphoton trigger, relatively small backgrounds, and excellent diphoton
mass resolution. Enhancements to the di-Higgs rate may be observable in the current Run 2
dataset, and realized through a resonance or non-resonantly. The resonant search looks for
a generic scalar, and thus is model independent, however this scalar may be realized as a
heavy Higgs in a 2HDM [26]. Non-resonantly, enhancements can occur through the presence
of BSM couplings.

Previous results were presented with an integrated luminosity of 20 fb~! at /s = 8 TeV
representing ATLAS dataset in 2012. In this, a 2.40 excess was observed [93]. This was
followed by a search encompassing early Run 2 data, just that taken in 2015, corresponding
to 3.2 fb™! at /s = 13 TeV [94]. This search used the same object selection as the Run 1
analysis, and a common selection between the resonant and non-resonant analysis. No

significant excesses were seen.
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The presented analysis expands on the prior analyses, using Run 2 data from 2015-2016
corresponding to 36.1 fb~!. A new event selection is defined to be sensitive to the Run 2
conditions. Furthermore, the previous cut-and-count approach has been replaced by unbinned
profile likelihood fits to the signal and background. In the resonant analysis, this is performed
on the m..,; distribution after cutting on m., to isolate H — 7 events. In the non-resonant
analysis the fit is performed on the m., spectrum. Chapter 6 will then present future updates

to this analysis.

5.2 Data and Simulated Samples

5.2.1 Data

The analysis presented uses pp collision data recorded by the ATLAS experiment at the
LHC in 2015 and 2016, the first half of “Run 2.” After detector and data quality requirements,
the total collected data corresponds to 36.1 fb~. An unprescaled loose diphoton trigger
is used for this search, HLT _g35_loose_g25_loose, which triggers on diphoton events where
the leading (subleading) photon candidate pr is greater than 35 (25) GeV. At HLT, these
candidates must pass loose photon identification criteria. Using bootstrap methods presented
in reference [95] the efficiency of the diphoton trigger is found to be 99.4% for events that

pass the event selection described in Section 5.4.



85

5.2.2 Simulated Samples

Simulation is generated as outlined in Chapter 3 in order to compare theoretical predictions
to data. Independent samples are made for the signal hypotheses considered (outlined in

Section 5.2.2.1), as well as for the predominant backgrounds (outlined in Section 5.2.2.2).

5.2.2.1 Signal Samples

This analysis considers two signal sources: non-resonant di-Higgs production and resonant
production of Higgs boson pairs through a scalar resonance. In addition to SM non-resonant
signal samples, samples with varied k) are produced. This section describes the MC samples

used to model these various signal processes.

Non-resonant SM Signal Samples

The non-resonant di-Higgs signal sample corresponding to SM ggF H H production is
generated at NLO in QCD. The model was developed within the Cosmology, Particle Physics,
and Phenomenology (CP3) theory group [96], and is known as FT,,pm0x. It generates events
in a Higgs Effective Field Theory (EFT) by using the aMC@NLO method [97].

An event reweighting is applied to account for top-quark mass dependence. Considering the
interference between the box and triangle diagrams, this is an important effect (documented,
for example, in Reference [98]). All exact one-loop amplitudes and known exact two-loop
amplitudes are used. For the NNLO normalization, these effects are of order 5%.

The sample used is showered using Herwig++ [59], using the UEEE5 tune and the CTEQ6L1
PDF set.
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Non-resonant Varied k), Signal Samples

Samples for non-resonant di-Higgs production with varied k), were generated at values
ky = 0,%£1,£2,+4, +6, +£10. These samples were generated at LO, then reweighted to NNLO
through a K-factor, taking the ratio of the cross-sections of the FT,,pr0x SM non-resonant
signal sample (at NNLO) and the x) = 1 sample (at LO).

For generic ky, an interpolation function can be used to predict the amplitude, and thus

the signal yield. The amplitude can be written as

A(kt, K/)\) = thB + ktli)\T, (51)

where B is the contribution from the box diagram (with two th vertices, thus squared) and
T is the contribution from the triangle diagram (containing one th and one hhh vertex).

Squaring this amplitude and varying k) (consider values 0, 1, and 10) gives

|A(ky, k2)|? = k| B|* + E263|T|* + kP rp(B*T + BT*) (5.2)
|A(L,0)* = |BJ? (5.3)
|A(1,1)]? = |B* + |T|* + (B*T + BT*) (5.4)
|A(1,10)* = |B|* + 100|T'|* + 10(B*T + BT™). (5.5)

These equations can then be combined to express the squared amplitude in terms of the

amplitudes of the varied reference samples for any arbitrary ) and k,

90k2 + 92 — 99k ki
90

100k — 103
90

K3 — kykiy

Ak 2 _ 2
|A(ky, k)| ; 90

[A(L,0)]” + [A(L D + [A(L,10)[7] .

(5.6)
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Resonant Signal Samples

The resonant samples were generated using a model of a heavy scalar decaying to two
Higgs bosons, with the narrow-width approximation for the X — HH decay, requiring that
the width is much smaller than the mass (I' = 10 MeV is used, which is ~0 considering
resolution effects). A gg-initiated state is generated at NLO using aMC@QNLO, and the scalar
is forced to decay to two SM-like Higgs bosons with my = 125 GeV. Showering is performed
in Herwig++ using the CT10 NLO PDF set and UEEE5 tuned parameters. An event filter
is used, which selects subsets of the full event generator output, requiring the vybb decay
channel'. Samples are generated at the following scalar mass hypotheses (in GeV): 260, 275,
325, 350, 400, 450, 500, 750, 1000.

5.2.2.2 Background Samples

The dominant background in this analysis are the non-resonant m.,, continuum events.
Additionally, mono-Higgs boson production is a subdominant background to this analysis,
which is composed of several production modes. This section describes the samples used to
model these background processes.
vy-Continuum

~y-continuum processes including two photons and jets are generated at LLO using SHERPA.
This MC sample is used predominantly for shape information, since normalization is taken
through a data-driven approach using the diphoton sidebands. Jets faking photons are also

modeled from the data sidebands using a template fit, described in Section 5.5.1.

Mono-Higgs Production

The following mono-Higgs production channels are considered: gluon-gluon fusion (ggH ),

!The XtoVVDecayFilter is used for this
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vector-boson fusion (VBF H) Z-associated production (Z H), W-associated production (W H),
single and top quark pair associated production (tH and ttH, respectively), and bottom
quark pair associated production (bbH). Rates for these samples are taken from the 2016
Yellow Report [99]. The generators for these samples vary, and are listed in Table 5.1, along

with the cross-section times Branching Ratio (BR) for each sample.

Table 5.1: Mono-Higgs boson backgrounds considered, including generator and PDF used to
produce each sample. Cross-section for each sample is shown, multiplied by the H — vy BR
of 0.00227. Cross-sections assume /s = 13 TeV and mpy = 125 GeV.

Process Generator+PDF o x B (H — ~y) [pb]
g9H POW;S; 4J£§8{1T5HIA8 0.1101404
VBF H POW;S; 4}2}? CYlEHIAéB 0.00857833
W-H POW;SE 4;2}? 51T5H1A8 0.00120605
WtH POW;S; 4;25 ngSHIAS 0.00190226
ZH POW;S; 4;25 glgHIAS 0.001724519
997 H POW;S; 4;25 512H1A8 0.000278529
tiH ALs ;E?%‘;ZSL o 0.001149755
bbH (positive) aMACl@KLNl\IIJI\?P—[i_)FP;?E}CI)IAS 0.00110390
bbH (negative) aMXﬁNﬁﬁPEPiYSEPg“ -8.95378¢-05
tH (i-channel) MADiﬁ%HTTO;ETHIAS 0.00016857
tH (W-associated) Ugyé@g%gQ—gLﬁ)g;igs[E 3.44359¢-05
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5.3 Object Definition

5.3.1 Photons

Photons selected for this analysis are converted or unconverted photons which pass
tight ID cuts (outlined in Section 3.2.1). Photons must have pr > 25 GeV and |n| < 2.37.
Additionally, the crack region of 1.37 < |n| < 1.52 is rejected.

Isolation criteria are set on EX° and pi°. EX° is the calorimeter-based isolation, the sum
of energy of all topological clusters in AR = 0.2 of a photon candidate. p£° is the track-based
isolation, the sum of the transverse momenta of all tracks with pr > 1 GeV within AR = 0.2
of the candidate. Photon candidates must have E$° less than 6.5% of their transverse energy,
and pi° less than 5% of their transverse energy?. This requirement is 98% efficient.

Photons must pass an ambiguity tool that reduces the large e — ~ fake rates from converted
photons. This differentiates overlapping selections by making additional requirements on
silicon hits and conversion rates [86].

The leading photon pr distribution is shown in Figure 5.1, the subleading is shown in
Figure 5.2. In these figures, the histograms are split by the MC truth flavor label of the
H — bb decay products. The 73, jv, and jj fakes are taken from not-tight, not-isolated data
and further described in Section 5.5.1.

Since photons do not leave tracks in the detector, the standard Primary Vertex (PV),
chosen by the highest track Y p2, is often incorrect. To select the PV, a NN is used. This

NN uses the following inputs:

® (Zeommon — Zvertex)/(02). Zvertex 1S the position of the primary vertex. Zeommon 18 defined

by the weighted mean of extrapolated photon trajectories. For converted photons,

2Known as the FixedCutLoose working point.
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Figure 5.1: Leading photon pr by b-tagging category. The low (left) and high (right) mass
selections are shown. Both data and MC are normalized such that the integral is 1. Histograms
are split by the flavor of the H — bb decay products, where labels are taken from MC truth
information. The ~j, jv, and jj fakes are taken from not-tight, not-isolated data and further
described in Section 5.5.1.
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Figure 5.2: Subleading photon pr by b-tagging category. The low (left) and high (right)
mass selections are shown. Both data and MC are normalized such that the integral is 1.
Histograms are split by the flavor of the H — bb decay products, where labels are taken from
MC truth information. The 7, jv, and jj fakes are taken from not-tight, not-isolated data
and further described in Section 5.5.1.
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this is replaced by the direction derived by connecting the conversion location to the
cluster barycenter in the first sampling layer in the EM calorimeter. o, is the associated

uncertainty.
e log(>  pr), the scalar sum of transverse momenta of tracks associated to the vertex.

e log(>" p2), the squared scalar sum of transverse momenta of tracks associated to the

vertex.

o Ap(yv,PV), the azimuthal angle between the 7 system and the system defined by the
vector sum of tracks associated to the vertex. ¢ of the PV is defined as the ¢ vector

sum of tracks associated to the vertex.

After selecting this PV, tracking and calorimeter variables are recomputed with respect
to the new PV. This method is typically between 70% and 100% efficient at selecting the

correct PV, depending on sample and selection.

5.3.2 Electrons

Electrons are used to reject jets originating from leptons. Electrons are required to have
pr > 10 GeV, and |n| < 2.47 and outside of the crack-region (1.37 < |n| < 1.52). They must
pass medium identification and loose isolation requirements [100], which are set on both

calorimeter and tracking variables and are 99% efficient.

5.3.3 Jets

Jets are reconstructed with the FastJet [101] package. They are defined using the anti-k;

algorithm with R = 0.4, using jets with energy corrected for pile-up effects and direction
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readjusted to the primary vertex (EM-JES jets). Jets considered must have pr > 25 GeV and

be within the tagging region, |n| < 2.5. The following additional requirements are applied?:

e Jets with pr < 50 GeV and |n| < 2.4 must pass the “default” Jet Vertex Tagger (JVT)

requirement, with |JVT| > 0.59 [102].

e Events that contain a jet passing the “LooseBad” cut are vetoed. This criteria is defined
in Reference [103], and target fake jets resulting from detector noise and non-collision

background.
e Jets with AR < 0.4 from a tight, isolated photon are vetoed.

o Jets with AR < 0.2 from a selected electron are vetoed.

In order to reconstruct the 4-body mass, m.;;, in cases where there is only 1 b-tagged
jet, an additional candidate jet is selected through the use of a BDT. The inputs to this BDT
are: jet and dijet pr, dijet mass, jet and dijet n, dijet |An|, booleans for passing the 77% and

85% b-tagging WP, and the ranking of the jets in terms of:
e Highest jet pr.
e Lowest Am = my, — my when summed with the b-tagged jet.

e Highest dijet pr, when summed with the b-tagged jet.

The jet with the highest BDT score is selected as the pairing when constructing m.;;.
The performance is better at high mass hypotheses, since the signal shape is more pronounced
from the background than at low masses.

Candidate jets are selected in the following way:

3This selection is similar to that of the default jet selection for ATLAS H — v analyses. The || < 2.5 is
an additional requirement imposed atop that selection for b-tagging.
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Figure 5.3: Leading jet pr by b-tagging category. The low (left) and high (right) mass
selections are shown. Both data and MC are normalized such that the integral is 1. Histograms
are split by the flavor of the H — bb decay products, where labels are taken from MC truth
information. The ~j, jv, and jj fakes are taken from not-tight, not-isolated data and further
described in Section 5.5.1.
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Figure 5.4: Subleading jet pr by b-tagging category. The low (left) and high (right) mass
selections are shown. Both data and MC are normalized such that the integral is 1. Histograms
are split by the flavor of the H — bb decay products, where labels are taken from MC truth
information. The 7, jv, and 77 fakes are taken from not-tight, not-isolated data and further
described in Section 5.5.1.
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e In the 0-tag control region, the two leading jets are the candidate jets.
e In the 1-tag region, one of the jets is the b-tagged jet, the other is selected via a BDT
e In the 2-tag region, the two b-tagged jets are the candidate jets.

The leading jet pr distribution is shown in Figure 5.3, the subleading jet pr is shown
in Figure 5.4. In these figures, the histograms are split by the MC truth flavor label of the
H — bb decay products. The 73, jv, and jj fakes are taken from not-tight, not-isolated data

and further described in Section 5.5.1.

5.3.4 Muons

In jet reconstruction, a muon-in-jet correction is used to improve resolution for b-jets.
This accounts for leptonic decays involving muons which do not entirely deposit their
energy in the EM or hadronic calorimeters. Muons must pass the ATLAS default medium
requirements? [104], have pr > 4 GeV, |n| < 2.7, |dy| significance less® than 3, |2| less than
0.5 mm.

For correcting the b-jets, 4-momenta of all muons within the jet’s AR cone are added to
the b-jet. Adding this correction shifts the my, distribution closer to the Higgs mass and
provides a 5 — 6% improvement in signal acceptance for each resonant mass point. Figure 5.5

shows the number of muons added to each jet, typically 0 or 1 muon.

4The medium criteria only uses CB and ME muons (defined in Section 3.2.3) and is middle between high
selection efficiency and signal purity
®Both |do| and |zg| requirements are with respect to the primary vertex.
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Figure 5.5: Number of muons added to each jet, shown for each b-tagging category with the
low and high mass selections applied.

5.4 Event Selection

Preselection

For all samples, a preselection common to all H — 7y analyses is applied [105]. To target
this decay, events must pass the diphoton trigger, which requires at least two photons passing
loose identification. One of these photons must have Er > 35 GeV and the other must have
Er > 25 GeV. This is equivalent to the g35_loose_g25_loose trigger used on data. After
this requirement, pr cuts are applied, requiring the leading (subleading) photon pr to be
greater than 35% (25%) the diphoton invariant mass. Additionally the diphoton invariant

mass must be in the window of 105 to 160 GeV.
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Signal Selection

In addition to the preselection requirements, a further requirement of two jets within the
b-tagging region (|n| < 2.5) is added to the preselection in order to target the H — bb decay.
Events are separated into 0, 1, and 2-tag regions based on b-tagging criteria. Events with 3
or more jets passing the 70% efficient b-tagging Working Point (WP) are vetoed from this
analysis in order to maintain orthogonality with the HH — bbbb analysis. The 2-tag signal
region requires exactly two jets passing the 70% efficient b-tagging WP. If an event fails this
requirement, but has one b-jet passing the 60% efficient b-tagging WP, it is added to the
1-tag signal region. If it fails both of these criteria The 1 and 2-tag regions are used as signal
regions, the O-tag is used as a control region. This logic flow is shown in Figure 5.6.

After selection, overlapping low and high mass selections are created. In the resonant
search, the low mass selection is for signal hypotheses of 500 GeV and below; the high mass
selection is used for 500 GeV and above. In the non-resonant search the high mass hypothesis

is used, and in the k) scan the low mass hypothesis is used. These selections are defined by:

e Low Mass: Leading jet pr > 40 GeV, subleading jet pr > 25 GeV, and 80 <
mbb/GeV < 140.

e High Mass: Leading jet pr > 100 GeV, subleading jet pr > 30 GeV, and 90 <
mbb/GeV < 140.

Due to the poor mass resolution of the bb system, a scale factor is applied, assuming the
decay is consistent with the signal hypothesis, a SM Higgs boson. The 4-vector of the system
is rescaled by a factor of mp/my; (with mpy = 125.09 GeV). This scaling improves the m.
resolution as shown in Figure 5.7.

Last, in only the resonant analysis, a tight diphoton mass cut is applied, isolating a

window around the Higgs boson mass that contains 95% of signal events. This corresponds

to myg £ 4.7 GeV for the low mass selection and my + 4.3 GeV for the high mass selection.
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Figure 5.6: Logic flowchart for analysis b-tagging category definitions. The 1 and 2-tag
categories are signal regions, the 0-tag category is a control region. Events with more than 2
b-tagged jets are rejected to maintain event orthogonality with the HH — bbbb analysis.
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The absolute and relative signal efficiency for the 2 b-tag region of the resonant analysis is
shown in Figure 5.8. The yield and efficiency for each successive cut for the non-resonant, 2
b-tag region are in Tables 5.2 and 5.3 for the low and high mass selections, respectively. The

background yield for the resonant and non-resonant selections are shown in Figure 5.4. Further
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cutflow studies (including the yield and efficiency tables for the 1 and 0 b-tag catgeories) can

be found in Appendix D.
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Figure 5.8: Absolute (solid line) and relative (dotted line) efficiencies for the 2 b-tag resonant
signal samples to pass each cut in the low (a) and high (b) mass selection. A description of
the cuts is listed in the caption of Table 5.2.



102

Table 5.2: Cutflow for non-resonant HH — yybb, 2 tag category (low mass selection). Cuts
are applied successively from top to bottom. The “yield” is in number of events, the error is
the absolute error on number of events, and the efficiency presented is the absolute efficiency.
From top to bottom, the cuts are as follows: Number of events in the original file (N,40p),
number of events in the derivation (Np,a0p), total events code, events after duplicate removal,
events in the Good Run List (GRL), events passing diphoton trigger requirements, events
passing detector data quality cuts, events with a primary vertex selected, events with 2
photons, events that pass the e —~ ambiguity requirements, events that pass trigger matching,
events meeting photon isolation criteria, events passing relative pr thresholds, events within
the [105, 160] GeV m,, window defined, events with 2 central jets, events passing b-tagging
requirements, events where the b jets meet criteria, events passing the m,; criteria, and last,
events in the 120-130 GeV v+ signal region. The last cut is not used for the non-resonant
analysis. Cuts through the m.,, window are the standardized H — ~v preselection.

Cuts 2 b-tag
Yield | Error | Efficiency (%)

Nz40D 3.147 | 0.027 —

NpezAoD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight 1D 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pr 1.362 | 0.017 42.8
m,, € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.373 | 0.008 11.7
bJet pp 0.369 | 0.008 11.6
mpp window 0.318 | 0.007 10.0
vy SR 0.305 | 0.007 9.6
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Table 5.3: Cutflow for non-resonant HH — yybb, 2 tag category (high mass selection). A
description of the cuts is listed in the caption of Table 5.2.

Cuts 2 b-tag
Yield | Error | Efficiency (%)

Nza0D 3.147 | 0.027 —

NpezaoD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight ID 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pr 1.362 | 0.017 42.8
m,, € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.373 | 0.008 11.7
bJet pp 0.219 | 0.005 6.9
my, window 0.183 | 0.005 5.8
vy SR 0.175 | 0.005 5.5
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Table 5.4: Background yield in the 2 b-tag region split by process for the non-resonant
and resonant analyses. The non-resonant analysis requires passing of all cuts but the m.,
SR constraint, and is denoted by the “Yield” column. The resonant analysis includes the
additional m., constraint and is denoted “SR Yield.”

2-tag Category Low Mass High Mass
Background Yield Error SR Yield Error | Yield Error SR Yield Error
yy-continuum | 109.79 21.03 23.58 4.03

g9H 0.315  0.035 0.306 0.035 | 0.074 0.013 0.073 0.013
VBF H 0.042  0.004 0.041 0.004 | 0.007  0.002 0.006 0.002
W~-H 0.004  0.001 0.004 0.001 | 0.002  0.001 0.001 0.001
W+H 0.007  0.002 0.006 0.002 | 0.002 0.001 0.002 0.001
ZH 0.388  0.009 0.378 0.009 | 0.095 0.005 0.094 0.005
g9ZH 0.129  0.007 0.128 0.007 | 0.048 0.004 0.048 0.004
ttH 1.363  0.015 1.331 0.015 | 0.353  0.008 0.343 0.008
bbH (positive) | 0.016  0.024 0.014 0.023 | -0.005 0.005 -0.005 0.005
bbH (negative) | -0.004 0.001 -0.005 0.001 | 0.000  0.000 0.000 0.000

5.5 Modeling

In both the resonant and non-resonant analyses, a full signal4+background fit is performed.
For the non-resonant analysis, the m., spectrum is fitted, while for the resonant analysis m.,.;;
is fitted. This section describes the parameterization to model the signal and background of

each analysis.

5.5.1 Background Composition

The yvy-continuum background contains contributions from both diphoton events, as well
as those where jets fake photons, denoted jv, vj, or 57, where the leading, subleading, or
both photons have been misidentified jets, respectively. To establish the contributions of
each of these sources, a 2x2D sideband method [106] is used. This method varies the photon

identification and isolation criteria to create a signal region and 15 control regions, then
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expresses the yield, identification efficiency, and isolation efficiency for both photons and jets
in each region. Using this, along with the correlations between isolation distributions, a global
minimization procedure is used to calculate the vv, jv, vj, and jj yield separately for the 1
and 2 b-tag categories. In all cases, the 4y contribution is dominant, representing 80-90%
of events. This method is described in detail in Appendix C. The relative contributions are

shown in Figure 5.9.
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Figure 5.9: Expected contributions from ~v, vj, jv and 77 to the 201542016 data for the
low mass (left) and high mass (right) selections.

In order to get expected shapes of the vy, vj, jv and j7 contributions, the 2x2D method
is applied bin-wise in m., (bins defined in width of 2.5 GeV between 105 and 160 GeV).
First, a template for each category is produced using the high stats yy-continuum sample.
For the v+ contribution, this requires both photons passing both tight identification and
FixedCutLoose isolation. For the vj, jv and 57, this requires photons which pass loose
requirements, but do not fall into the vy category.

These templates from MC are then compared to the data-driven 2x2D method and

reweighted to better match data. The template and 2x2D templates are separately fitted and
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their ratio is used as a smooth reweighting function in m.,. Figures 5.10 and 5.11 show this
for the low and high mass selection respectively, in the O-tag region. There are insufficient
statistics to perform this in the 1 and 2 b-tag regions, so the same reweighting functions
from the 0-tag region are applied. For the final continuum 7+ background prediction, the
proportions shown in Figure 5.9 are used. The fractional contribution is shown in Table 5.5.
The normalization is chosen such that the sideband region (105 < m., < 120 GeV and

130 < my, < 160 GeV) contribution is equal to the contribution in data.

Table 5.5: Expected fractional contributions from 7, 77, jv and jj to the events passing
the nominal selection in each of the 0-, 1- and 2-tag categories.

0-Tag 1-Tag 2-Tag
Low mass High mass Low mass High mass Low mass High mass
vy 0.99+0.08 0.85+0.01 0.85+£0.02 0.84+0.09 0.854+0.05 0.68+0.22
vj 0.00+0.04 0.07+0.01 0.07+=0.02 0.07x0.07 0.08£0.04 0.09+£0.14
jy 0.00+£0.03 0.07+0.01 0.07£0.02 0.08£0.04 0.06£0.03 0.18+0.13
j7 0.00£0.00 0.01£0.00 0.014+0.00 0.01+0.01 0.02+0.01 0.05=+£0.06

5.5.2 Modeling in the Non-resonant Analysis

5.5.2.1 Signal Modeling

A double-sided Crystal Ball function [107], a Gaussian core with power-law tails, is used to
describe the shape of the HH — ~bb signal. Model parameters are taken from the simulated
signal sample. Figure 5.12 shows the parameterization using the high mass selection, and

Figure 5.13 shows the parameterization with the low mass selection.
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Figure 5.11: Template distributions for each of the vv, vj, jv and jj components from
Sherpa before (red) and after reweighting (green) are compared to the output of the 2x2D
method for 0-tag events with the high mass selection.
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Figure 5.12: Parameterization of the m.,, distribution from the SM di-Higgs simulated samples
at a mass of 125 GeV in the 1-tag (left) and 2-tag (right) categories, with (top) and without
the signal MC reweighting to full NLO (bottom). Events were required to pass the high mass
selection.
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Figure 5.13: Parameterization of the m.,, distribution from the SM di-Higgs simulated samples
at a mass of 125 GeV in the 1-tag (left) and 2-tag (right) categories, with (top) and without
the signal MC reweighting to full NLO (bottom). Events were required to pass the low mass
selection.



111

5.5.2.2 Background Modeling

The background for the non-resonant analysis is composed of a model for the smoothly-
falling yy-continuum, and a model for single Higgs boson production.

For the yy-continuum background, a functional form is fitted to data. The fit function
is selected through a spurious signal test [108], which evaluates potential bias from this
procedure. This test performs signal-plus-background fits to just the background, evaluating
the extracted signal in the 121 GeV < m,, < 129 GeV window, which is taken as the bias.
This procedure is repeated for each considered function, and the function with the fewest
spurious signal events is selected as the background function. If functions have the same bias,
then by an Occam’s Razor argument, the function with fewer free parameters is selected.

The considered functions for this test are as follows:

N
e Exponential, consider orders N = 1,2, 3. Form: Exp"(m..;0"9) = exp(> 9§k9 -m,)
j=0

N
e Bernstein, consider orders N = 3,4,5. Form: Bernstein® (m..; 6%9) = > nggbjﬁN for
=0

bjny =Clzi(1 —z)N77 where x = (m., — 100)/60
e Dijet of form: dijet(m..;0°9) = elljkg(l — My )2 MY

Through this test, the first-order exponential function is found to have the lowest bias,
and is selected as the yy-continuum background model. This fit is shown for both selections
in the 1 and 2-tag categories in Figure 5.14.

The single Higgs boson background is modeled through a double-sided Crystal Ball

function, where parameters are taken from simulation. These fits are shown in Figure 5.15.
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Figure 5.14: Background-only fit to the m,., distribution using the low and high-mass
selections, for the 1 and 2 b-tag categories using the first-order exponential function.
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samples at a mass of 125 GeV in the 1-tag (left) and 2-tag (right) categories. Events were
required to pass the high mass selection.

5.5.3 Modeling in the Resonant Analysis

5.5.3.1 Signal Modeling

For the resonant analysis, several functional forms were considered, including ExpGaussExp®,
Crystal Ball + Gaussian, Crystal Ball + Voigt, and a Double Sided Crystal Ball. The model
with the fewest parameters that converged was selected. This model was the ExpGaussExp,
a function using a gaussian core with exponential tails. The mass hypotheses were fitted
simultaneously, which yielded more stable fits. Sample fits for two mass hypotheses, one high

mass (750 GeV) and one low mass (325 GeV), are shown in Figure 5.16.

6 Also called a “double-shouldered GaussExp.”
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Figure 5.16: Parameterization with an ExpGaussExp of the m. ., distribution from one
low mass (325 GeV) and one high mass (750 GeV) resonant di-Higgs sample. The mass
hypotheses, selection used, and b-tag category are indicated.
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5.5.3.2 Background Modeling

Similar to the non-resonant analysis, a spurious signal test (described in Section 5.5.2.2) is

performed to select the background fit function. The fit is performed in both the 1 and 2-tag

categories, where the same generalized function is used to correlate uncertainties, however

the parameter values can differ between categories. Different fit functions are selected for the

low and high mass categories, where the low mass fit must contain a characteristic peak, and

the high mass fit must be monotonically decreasing. For the low mass region (using the loose

selection), the following functions were considered:

sinh(A4/In(4))
A+/In(4)

Novosibirsk: P(z) = exp(—0.5"®)*/A*+A%) with g, = 1 4+ A(z — 20)/0 X
Modified Gamma: a Gamma distribution where the shape and scale parameters are
replaced by linear functions of the mass hypothesis. This adds 2 additional degrees of

freedom (5 total).

Modified Landau: a Landau distribution where the shape parameter is replaced by a
linear function of the mass hypothesis. This adds 1 additional degree of freedom (3

total).

For the high mass region (using the tight selection), the following functions were considered:

Exponential (z): Exp[](m.,.p: po) = exp(Po - M)

Exponential (2%): Exp[2®](m.u5: po) = exp(po - m? ;)

Inverse polynomial (z72): Inv Poly[z™?](myip0) = 1+ po/(m2 ;)

Inverse polynomial (z7%): Inv Poly[z™*](m,5:p0) = 1 +p0/(m:°’wbl—))

Po

Power Law: Power Law(m..u5;po) = m
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The number of spurious signal events were obtained by performing S+B fits in the m.,..;
spectrum separately in the 1 and 2-tag categories. For the low mass region, the fits were
performed from 245 GeV to 485 GeV, for the high mass region the fits were performed from
335 GeV to 1140 GeV, which correspond to 95% signal coverage of the resonant masses
considered. The results of the 1-tag spurious signal test are shown in Table 5.6, and the 2-tag
results are shown in Table 5.7, with the systematic uncertainty on the signal amplitude in
terms of spurious signal N, and its ratio to the statistical uncertainty on the fitted number
of signal events Z,,, is its ratio the fitted number of signal events.

The Novosibirsk function is selected for the low mass region and the exponential function
is selected for the high mass region. For the 2 b-tag category, more complicated functions
have slightly smaller Nj,,,, but failed to fit high-mass distributions well in pseudodata trials.
Background-only fits to using these functions are shown for the 1 and 2 b-tag categories in
Figure 5.17.

Table 5.6: Spurious signal test results for the 1 b-tag category. Ny, is the spurious signal
amplitude, Z,,, is its ratio the fitted number of signal events. x*/ndof values is obtained
from a background-only fit. Parameters gives the number of floating parameters in the given
function.

Low Mass
Model Maximum Zg,, [%] | Maximum Ny, | Parameters | x*/ndof
Novosibirsk 33.64 2.06 3 36.7/22
Modified Gamma 53.67 3.42 5 45.2/20
Modified Landau 96.93 7.54 3 128.3/22
High Mass
Model Maximum Zg,, [%] | Maximum Ny, | Parameters | x*/ndof
Exp (x) 63.66 0.89 1 32.5/26
Exp (xQ) 73.64 0.97 1 53/9/26
Inv. Poly (z72) 355.52 1.51 1 354.7/26
Inv. Poly (z73) 146.35 1.03 1 68.8/26
Power Law 78.00 0.96 1 45.0/26

For the low-mass fit, both the signal and background fit functions have a peak shape, which

can result in a bias in the extracted cross-section. As a means to stabilize the background
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Figure 5.17: Background-only fit to the m. . ,; distribution. The b-tag category and selection
used are indicated.
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Table 5.7: Spurious signal test results for the 2 b-tag category. N,,, is the spurious signal
amplitude, Zgp,, is its ratio to the fitted number of signal events. y?/ndof values is obtained
from a background-only fit. Parameters gives the number of floating parameters in the given
function.

Low Mass
Model Maximum Zg,, [%] | Maximum Ny, | Parameters | y?/ndof
Novosibirsk 56.97 0.58 3 33.9/22
Modified Gamma 82.05 0.77 5 36.3/20
Modified Landau 65.62 1.09 3 45.8/22
High Mass
Model Maximum Zg,, [%] | Maximum Ny, | Parameters | x?/ndof
Exp (x) 98.94 0.21 1 36.4/26
Exp (z2) 123.18 0.27 1 59.0/26
Inv. Poly (z~2) 88.33 0.25 1 42.9/26
Inv. Poly (z~2) 116.84 0.13 1 22.2/26
Power Law 72.46 0.17 1 25.9/26

fit, values of the shape parameters are estimated by fitting to the background MC, then
allowed to float within the likelihood of the template fit. A signal bias test is performed
through injecting pseudodata, performing signal+background fits, and attempting to recover
the signal. A bias is found for resonances below 400 GeV, so a correction is applied to resolve
this. The correction is my dependent and less than £0.05 pb everywhere, and a +0.02 pb

uncertainty in this correction is applied to the extracted cross-section.

5.6 Systematic Uncertainties

As a result of the small HH cross-section, the sensitivity of this analysis is dominated by
statistical uncertainties. The following sections will discuss systematic uncertainties, both

theoretical (Section 5.6.1) and experimental (Section 5.6.2).
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5.6.1 Theoretical Uncertainties

This section describes theoretical uncertainties on the mono-Higgs and di-Higgs samples.
In each of these, alternate models of parton showering and hadronization were considered
and differences were found to be negligible.
Mono-Higgs: Theory uncertainties for the mono-Higgs boson production cross-section are
estimated through varying renormalization and factorization scales. Values are taken from
the CERN Yellow Report 4 [99]. The uncertainty on the WH and ZH scales are fully
correlated, and the PDFs between gluon-gluon (ggH, ttH) and quark-quark (VBF H, WH,

Z H) production modes are also fully correlated. The scale uncertainties reach J_rgggz for bbH ,

h +5.8%

To00 Uncertainties due to the PDF and running

and the remaining production modes reac
of the QCD coupling constant («g) are also considered, reaching +3.6%. These values are

shown in Table 5.8. Production associated with heavy-flavor jets is considered as follows:

e ggH, WH, VBF H: A 100% uncertainty is assigned, motivated by previous studies of
heavy-flavor production with top quark pairs (ggH) [109] and W boson production in
association with b-jets (W H, VBF H) [110].

e ZH and ttH: No heavy-flavor uncertainty assigned. The dominant contribution is

accounted for in the LO process.

A H — v BR uncertainty of f%:ggg and a H — bb BR uncertainty of +1.7% [18] are
taken into account as well.

SM Di-Higgs: The SM H H signal samples are impacted by the same theory uncertainties
as the mono-Higgs, as described above. For the NNLO cross-section, the scale effects are

4-8%, and the PDF + ag uncertainty is 2-3%. An additional 5% uncertainty is added from

the infinite top-quark mass approximation [111].
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Table 5.8: SM single Higgs scale and PDF percent uncertainties are presented, by production
mode. Values are taken from the CERN Yellow Report 4 [99]. The uncertainty on the
WH and ZH scales are fully correlated. The PDFs between gluon-gluon (ggH, ttH) and
quark-quark (VBF H, WH, ZH) production modes are also fully correlated. An additional
uncertainty of +2.9/-2.84% applies to the H — -+ branching ratio.

Scale PDF+ag
Prod. Value  Value Value Value
Mode Up Down Up Down
ggH +4.6%  -6.7% +3.2% -3.2%
VBF H | +0.4% -0.3% +2.1% -2.1%
WH +0.5%  -0.7% +1.9% -1.9%
ZH +3.8%  -3.0% +1.6% -1.6%
ttH +5.8%  -9.2% +3.6% -3.6%

bbH | +20.1% -23.9% | (included at left)

Resonant Di-Higgs: For the resonant analysis, scale and PDF uncertainties are neglected.
The SM non-resonant H H production is a background with uncertainty J_“;Zg, and interference

between the resonant H H signal and non-resonant H H production is neglected.

5.6.2 Experimental Uncertainties

Luminosity: Beam-separation scans in 2015 and 2016 are used to derive the systematic
uncertainty in the integrated luminosity of 2.1%. This methodology is outlined in Refer-
ence [112].

Simulation: Calibration uncertainties apply to photons and jets used in the analysis, for
all samples except the yvy-continuum, which is estimated from data. The uncertainties are
propagated through the analysis chain, and relevant observables are constructed. Then
changes in peak location and width (mpeax and opeak, respectively), as well as signal yield in
M., (non-resonant) or m.,.,; (resonant) are extracted. In the resonant analysis, uncertainties

are evaluated at each mass hypothesis, and the maximum value is taken.
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Yield: Photon identification and isolation affect the diphoton selection efficiency. Uncertain-
ties in peak location are primarily due to photon energy scale, and are about 0.2-0.6% for
both mono- and di-Higgs samples. Uncertainties in width are primarily due to photon energy
resolution, and are 5-14%.

Jets: Uncertainties in Jet Energy Scale (JES) and Jet Energy Resolution (JER) affect the
my; acceptance [113]. Uncertainties in flavor tagging can miscategorization of events in the
tagging categories. A summary of the most dominant systematic uncertainties can be found
in Table 5.10.

Signal Model: The spurious signal, described in Section 5.5.2.2, is used as an uncertainty on

the number of signal events. The values for each analysis category can be found in Table 5.9.

Table 5.9: Uncertainty on total number of signal events in each analysis category, as derived
from the spurious signal test.

Analysis Category | Uncertainty on Number of Events
1-tag 0.25
Non-resonant 2-tag 0.63
Loose 0.21
Resonant | pyope 0.89

Cross-Section: In the resonant analysis, an my correction is applied to the signal cross-

section with a +0.02 pb uncertainty, described in Section 5.5.3.2.
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Table 5.10: Summary of dominant systematic uncertainties affecting expected yields in the
resonant and non-resonant analyses. For the non-resonant analysis, uncertainties in the Higgs
boson pair signal and SM single-Higgs-boson backgrounds are presented. For the resonant
analysis, uncertainties on the Higgs boson pair signal for the loose and tight selections are
presented. These are evaluated at every mass hypothesis and the maximum is taken, to be
conservative (described in Section 5.7.1). Sources marked ‘-" and other sources not listed in
the table are negligible by comparison. No systematic uncertainties related to the continuum
background are considered, since this is derived through a fit to the observed data.

Source of systematic uncertainty

% effect relative to nominal in the 2-tag (1-tag) category
Non-resonant analysis Resonant analysis: BSM HH

SM HH signal  Single-H bkg Loose selection Tight selection

Luminosity £2.1 (£2.1) 421 (£ 21) 421 (£21) 21 (£2.1)
Trigger £0.4 (£0.4)  £04 (£ 04) 04 (£04) 04 (£0.4)
Pile-up modelling +3.2 (£1.3) £20 (£ 0.8) +4.0 (£4.2) £4.0 (£3.8)
identification +25 (£24) £1.7 (£ 1.8) £2.6 (£2.6) 25 (£2.5)
Photon isolation +£0.8 (£0.8) 408 (£ 08) +0.8 (£0.8) +£09 (+0.9)
energy resolution - - +1.0 (£1.3) +£1.8 (£1.2)
energy scale - - +0.9 (£3.0) 09 (£2.4)
et energy resolution +£1.5 (£2.2) £2.9 (£ 6.4) £7.5 (£8.5) 164 (£6.4)
energy scale £29 (£2.7) 478 (£ 5.6) £3.0 (£3.3) £2.3 (£3.4)
bjets £24 (£2.5) 423 (& 14) +34 (£26) +25 (+2.6)
Flavor tagging c-jets +0.1 (£1.0) £1.8 (£11.6) - -
light-jets <01 (£5.0) £16 (& 2.2) -
PDF+ag £23 (£2.3) 431 (£ 3.3) n/a n/a
+4.3 (+4.3) +49 (+ 5.3) n/a n/a
Theory Scale —6.0 (=6.0) +7.0 (+ 8.0) n/a n/a
EFT +5.0 (£5.0) n/a n/a n/a
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5.7 Results

5.7.1 Statistical Treatment

The test statistic used in the statistical analysis is the profile likelihood ratio

L(p,0(1)) 9(#)) -

n =/t <0

L(0,6(0)) H

Gu =194 —2In 2259%; 0<p<p (5.7)
0 >

where 6 is the nuisance parameters and p is the parameter of interest (POI). This analysis is
statistics limited, so toy experiments are generated following the frequentist recommendation.
Global observables are randomized around the corresponding nuisance parameter values fitted
on the data on the data for the given signal hypothesis (i), except spurious signal, which is
randomized around 0. The statistical framework is based on RooFit [114].

The non-resonant analysis performs a unbinned fit to the m,, spectrum simultaneously
in the 1 and 2 b-tag regions using the fit functions described in Section 5.5.2. The high-mass
selection is used for setting limits on the di-Higgs cross-section, the low mass is used for setting
limits on k). The POI is the cross-section for non-resonant H H production in picobarns,
constrained to lie between 0 and 100.

The resonant analysis performs a signal + background fit to m.,.,; simultaneously in the
1 and 2 b-tag regions, using the fit functions described in Section 5.5.3. No excesses are
observed so limits are set. Fitting is performed independently in the 1 and 2 b-tag categories;

no correlation is assumed between fit parameters.
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5.7.2 Limits on Non-Resonant Production

The tight selection is used in the non-resonant analysis to set a 95% CL upper limit on
non-resonant ggk' Higgs boson pair production. The data and background-only fit on the m.,
spectrum is shown in Figure 5.18. The observed and expected limits are shown in Table 5.11
in both absolute value and as a multiple of the SM production cross-section. The observed

+10 values are shown as well. This upper limit is shown in Figure 5.19.

Table 5.11: Non-resonant limits in terms of the Standard Model H H cross-section.

Observed Expected —1o +lo
Ogg—HH [Pb] 0.73 0.93 0.66 1.3
Multiple of ogas 22 28 20 40

5.7.3 Limits on Resonant Production

The 95% CL limits on resonant di-Higgs production are shown in Figure 5.20. This limit
uses the loose selection at mx < 500 GeV and the tight selection at mx > 500 GeV. No
significance excesses are found. Expected exclusion limits range from 1.14 pb to 0.12 pb,

observed limits range from 0.90 pb to 0.15 pb.

5.7.4 Limits on the Trilinear Higgs Coupling

Limits are set on k) using the asymptotic formula. The exclusion as a function of k) is

shown in Figure 5.21, corresponding to —8.2 < k) < 13.3.
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Figure 5.18: Data and background-only fits for each of the analysis categories in the non-
resonant analysis. The background fit is composed of the smoothly-falling continuum ~-~y
background as well as the single Higgs boson production background, peaking around 125 GeV.
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Figure 5.19: The expected and observed 95% CL limits on the non-resonant H H production
cross-section, o4y yy. These limits are set using the tight analysis selection. The 95%
confidence level is indicated by the red horizontal line.
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Figure 5.20: The expected and observed 95% CL limits on the resonant HH production

cross-section, ox x B(X — HH), as a function of mx. The loose selection is used in the

low mass regime, mx < 500 GeV, while the tight selection is used in the high mass regime,

mx > 500 GeV. The transition point between these selections is indicated by the dashed
line.
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Figure 5.21: The expected and observed 95% CL limits on the non-resonant H H production
cross-section as a function of k. The red line indicated the predicted HH cross-section for
varied k), assuming all other couplings are equivalent to SM prediction, the band includes
theoretical uncertainty.



CHAPTER 6
FUTURE IMPROVEMENTS - VECTOR BOSON FUSION HH
PRODUCTION

Do not be too timid and squeamish about your actions. All
life is an experiment. The more experiments you make the better.
— Ralph Waldo Emerson

To improve this analysis, a signal model for the Vector Boson Fusion production mode
has been designed and will be implemented into this analysis using the full Run 2 dataset.
This signal model is integrated into the analysis through a separate analysis category that is
enriched in VBF events, defined via cuts on multiclass BDT scores.

This chapter outlines the approach to defining the signal selection for the VBF production
mode. Section 6.1 describes the MC simulation produced to model VBF HH — ~~bb
production. Section 6.2 outlines improvements in signal selection for the analysis, starting
with a BDT used to define analysis categories focused on ggF H H production (Section 6.2.1),
followed by a separate multiclass BDT used to define a VBF-enriched signal category
(Section 6.2.2). Adding such a category takes advantage of the unique VBF topology to
improve the overall Asimov significance, and also provides sensitivity to additional couplings,
most notably the ¢y coupling corresponding to the interaction between the two vector

bosons and two Higgs bosons, which can lead to significant increases in the H H cross—section,

described in Section 1.3.1.2.
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6.1 Simulated Samples

6.1.1 Non-resonant VBF HH Samples

The signal MC samples! for VBF HH production are generated at LO using MAD-
GRAPH5_aMC@NLO 2.6.0, using cards presented in [25]. The process generated is pp —
HHqq. The dominant production in this sample is VBF HH production, but contains
contributions from V H H hadronic and Higgsstrahlung production. While these additional
production modes are not VBF H H production, they do not overlap with the ggF' HH sam-
ple, since the generated process differs. The generated VBF sample requires pp interactions
producing two Higgs bosons and two additional jets, where the ggF sample requires the
production of two Higgs bosons without additional jets. The NNPDF 2.3 L0 PDF set [115]
is used in the matrix element, interfaced to HERWIG 7.0.4 using the H7-UE-MMHT tune for

underlying events and the H7-MMHT2014L0 tune for parton shower and hadronization.

6.1.2 Non-resonant ggF HH Samples

The ggF HH sample produced in these studies matches the non-resonant SM signal
sample described in Section 5.2.2.1, however is produced for the full Run 2 dataset, with
independent samples produced to match running conditions in the 2017 and 2018 data taking

periods in addition to the 201542016 sample.

'Samples with varied coupling strengths were also produced, described in Appendix F.
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6.1.3 Background Samples

The same vyvy-continuum processes described in Section 5.2.2.2 are the predominant
background in these studies. Dominant mono-Higgs backgrounds described in Section 5.2.2.2
are considered as well, ttH, ZH, and ggH. Both of these have been produced to match the
conditions of the full Run 2 data taking period.

Additionally, Not-Tight, Not-Isolated (NTNI) data, which fails photon identification,
isolation, or both, is considered to model vj, j7v, and jj contributions. The yield is propor-
tionally scaled to the template fits, described in Section 5.5.1. Last, a sample of top-quark
pair production associated with 2 photons, ttyy, is used. This sample is produced at LO

using MADGRAPH, showered with PYTHIAS using the A14 tune and the NNPDF23L0 PDF set.

6.2 Event Selection

To improve the event selection presented in Section 5.4 events are evaluated by a BDT
trained to target HH production, described in Section 6.2.1. Then the VBF enriched signal
region is constructed, described in Section 6.2.2. Events considered have the following

preselection cuts are applied:

® Neenjets < 6, to help reject ttH production (hadronic top decays).
e N, =0, to help reject ttH production (leptonic top decays).
o N85 % b-tags > = 2.

® Nuo % btags < 3, to maintain orthogonality with the HH — bbbb analysis.
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6.2.1 BDT for ggF Production

A BDT has been trained in order to maximize signal efficiency for ggF' HH produc-
tion?. Following preselection, events are segmented into two regions, a high mass region
with myx« > 350 GeV targeting the standard model signal, and a low mass region with
mx+ < 350 GeV targeting BSM signals.

In each region, a separate BDT is trained using a benchmark HH signal against a
combination of v, ttH, ggH, and ZH backgrounds. In the high mass region, the standard
model HH sample is used as signal, while in the low mass region, the k) = 6 sample is used

as signal.

The following inputs are used:

The pr/m.~, 0, ¢ of the two photons.

The pr, n, ¢, and pseudo-continuous b-tagging score of the first two jets.

The MET and the ¢ angle of the MET.

The pr, 1, ¢, and mass of the H — bb candidate.

The Hyp (scalar pr sum of all jets).
where,

e The pr of the two photons are scaled by m.,, to prevent the BDT from learning the m.,,
variable. There is no equivalent scaling done for the two jets, since fitting is performed

1N My, NOL My

2This BDT has been developed within the full HH — ~yybb analysis group. While contributions were made
to early ggF BDTs, the focus of the work presented is on the VBF selection. The ggF BDT is constructed to
target di-Higgs production, and is used as a prerequisite for selection into the VBF category. Further, the
signal categories defined with this BDT are used as a benchmark to evaluate improvement in significance, so
a description is included.
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e Jets are ordered by pseudo-continuous b-tagging score, and then by pr in case of a
tie. The H — bb candidate is then formed by the two highest ranked jets by simply

summing their four-vectors.

e All vectors are rotated by the same ¢ angle so that the ¢ of the leading photon is equal

to zero. This effectively removes one degree of freedom for the BDT to learn.

After training, two categories are created in each mass region by creating cuts on the BDT
output. The category boundaries are optimized to give the best Asimov number counting

significance [116], given by

Z = /2[(s + b)log (1 + s/b) — s]. (6.1)

The signal, s, is the sum of both ggF and VBF HH contributions in a category. The
background, b, is the sum of the considered backgrounds described in Section 6.1.3: ~7-
continuum processes, NTNI data to model jets faking photons, leading mono-Higgs production
modes (ttH, ZH, and ggH), and ttyy. The four signal categories (two mass regions, each
with two categories) are added in quadrature for the final Asimov significance of 0.415 using

the full 140 fb~! collected in Run 2.

6.2.2 BDT for VBF Production

On top of the ggF BDT selection, a dedicated VBF-enriched analysis category is built.
Events which have already passed the ggF BDT based selection and have at least four jets
are considered the VBF category. The four jet requirement is imposed in order to reconstruct

VBF-based variables, since two jets are needed for the H — bb decay, and another two are
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needed for the VBF jets. The VBF jets are then selected as the highest m;; pairing, excluding
H — bb candidate jets.

These events are then evaluated by a multiclass BDT, which has independent classes
for VBF HH, ggF HH, yy-continuum, and ¢tH. This model was chosen due to large
ttH contamination in the VBF enriched category by binary classifiers considering just ~-
continuum backgrounds. Ultimately, an event selected for the VBF category if it passes the
BDT score threshold for VBF H H, and fails the score threshold for the other three classes.

A flowchart of this logic is shown in Figure 6.1.

if > VBF score

and < ggF score

4 VBF Category
and < yy score
and < ttH score

else ~
ggF Category

Figure 6.1: Logic flow for an event to be selected into the VBF-enriched signal region. The
starting set of candidates (denoted “event”) requires passing preselection and at least one of
the ggF-based signal categories. If an event is assigned to the ggF' categories, it is separated
into 4 categories by the BDT described in Section 6.2.1.

W Multiclassifier

Event

N

6.2.2.1 Input Selection

A set of 26 variables were considered for this BDT, listed in Appendix E. Broadly,
they describe the kinematics of various physics objects in the event, as well as event shape
variables [117] and variables to reconstruct the W and top mass, which aim to suppress the

ttH background.
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For dimensionality reduction, a pruning procedure was performed.

1. To remove redundant variables, those with a Pearson correlation value above 0.85 were

removed. This brought the list from 26 to 19, pruning several event shape variables.

2. After pruning those variables and retraining, low-impact variables were removed. The
Pearson correlation for each variable to the 4 class BDT probability distributions were
calculated. Those 4 correlation values were summed, and variables with a sum less

than 1.0 were pruned. This brought the set from 19 to 10 input variables.
After this pruning procedure, the 10 final inputs were:
e VBF-targeted: An;;, mj;.
e Yy-suppressing: m..;, AR, ARy, the best b-tagging WP for the H — bb jets.
e ttH-suppressing: Transverse Sphericity (S, ), Planar Flow (Pf), phalance,
S| is given in Reference [117], Planar Flow is given in Reference [118], and phane is given

by:

balance __ |Z§"}l +ﬁ’1y“2 +Z§%} +]5§“2|
T — - — .
7 | + 07| + 77| + |07

(6.2)

Distributions for each these variables after applying a 4-jet requirement can be found in

Appendix E.

6.2.2.2 Model Optimization

This section outlines two optimizations performed in the definition of the VBF-enriched

category. First, the optimization of the model’s main hyperparameters. Second, the selection
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of cuts on the BDT scores to define the VBF signal category. For these optimizations, an
orthogonal sample of events must be selected to ensure the model is generalizable. A subset
of 50% of the data is used for training, 25% for testing, and 25% for model selection?.
Hyperparameter Optimization

The maximum BDT depth is selected by training models at increasing depth and selecting
the depth when the accuracy on the testing set ceases to improve, a depth of 14. After
that point, the accuracy on the training set flattens, while it continues to increase on the
testing set, leading to overtraining. The same procedure is performed for the number of trees,
evaluating 10, 25, 50, 75, 100, 150, 200, and 300 trees. This parameter flattens for both
training and testing, so a safe choice of 200 trees is used. The accuracy as a function of these

parameters is shown in Figure 6.2.

—— Training —— Training
0.875 Validation Vvalidation
0.80

0.850 4

0.825 4

Accuracy

0.800 1
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0.725 1

L e e e e A B e e e T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 0 50 100 150 200 250 300
Depth nTrees

Figure 6.2: The BDT accuracy as a function of hyperparameter values. The left is the
maximum tree depth, which is chosen to be 14. The right shows the number of trees, which
is chosen to be 200. The “validation” set is the events used for testing, and orthogonal to the
training set.

BDT Score Cuts

Evaluating an event on this multiclass BDT outputs four probabilities, one for each

3This split is done using the ATLAS global event number. A modulo 4 operation is performed on the
event number, if the result is 0 or 1, it is used in the training sample. If the result is 2, it is used in the
testing sample. If the result is 3, it is used in the model selection sample.
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class. These are denoted p..ss for each target class, e.g. pygr for the class targeting
VBF HH production. In order to set the thresholds for each of these probabilities, an
optimization procedure is performed. A 4-dimensional scan over the probability scores is
performed, in steps of 0.03. At each step, the Asimov significance, given in Equation 6.1, is
calculated for each category and summed in quadrature. The contributions to the signal and
background components of this equation match that used to evaluate the Asimov significance
in Section 6.2.1.

Through this optimization procedure, the thresholds shown in Table 6.1 are found. The
output probability distributions for each class on each sample is shown in Figure 6.3, with

the optimized thresholds overlaid.

Table 6.1: The optimized thresholds for each BDT score used to define the VBF-enriched
category. The cut threshold of 0.00 on the VBF H H class means that this class is not cut on.

Class Target Selection Logic
0 VBF HH pver > 0.00
1 ggV HH Deer < 0.72
2 ~vv-Continuum Py < 0.06
3 ttH P < 0.81

The contribution of each signal and background process to each category is shown in
Figure 6.4. The categorization for each signal process as well as the dominant ~v-continuum
background is shown in Figure 6.5. The VBF HH category is dominated by ggF production
due to the large difference in cross-sections, however the VBF H H sample is predominantly
classified into the VBF-targeted signal region. Adding these five categories in quadrature

gives an Asimov significance of 0.459, a 9.7% improvement over not defining such a category.
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Figure 6.3: The BDT score distribution for each class, evaluated on the testing VBF HH,
gglF HH, ~vy-continuum, and ttH samples. The ggF HH and ~~-continuum distributions are
shown on a log scale. A vertical line showing the cut threshold is shown on each distribution.
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Figure 6.4: The contribution of signal and leading background samples to each analysis
category after adding the optimized VBF-enriched category. VBF and ggF HH are the
two signal production modes considered. 7 is the diphoton continuum background, ¢ty
is top-quark pair production associated with 2 photons, and N'TNI is not-tight not-isolated
data (scaled using a template fit). The three dominant mono-Higgs backgrounds, ttH, ggH,
and ZH are shown. The ggF categories correspond to (1) mx« < 350 GeV, loose b-tag (2)
mx- < 350 GeV, tight b-tag (3) mx- > 350 GeV, loose b-tag (4) mx+ > 350 GeV, tight
b-tag.
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Figure 6.5: The categorization of the VBF HH, ggF HH, and vy7y-continuum samples.
The “Uncategorized” bin are events which do not fall into any of the analysis categories.
The ~7-continuum plot is shown with log-scale. The ggF categories correspond to (1)
mx- < 350 GeV, loose b-tag (2) mx~ < 350 GeV, tight b-tag (3) mx- > 350 GeV, loose
b-tag (4) mx« > 350 GeV, tight b-tag.



CHAPTER 7
CONCLUSION

One never notices what has been done; one can only see what remains to be done.
— Miarie Curie

A long-term goal of the LHC physics program is understanding Electroweak Symmetry
Breaking. Measurement of the Higgs trilinear coupling probes the nature of the Higgs
potential and provides a precision test of electroweak theory. Studying di-Higgs production
provides a direct handle on the Higgs trilinear coupling, and the yybb decay channel is an
interesting channel due to the high H — bb branching ratio as well as the excellent H — ~v
mass resolution and trigger efficiency.

A search for resonant and non-resonant di-Higgs production in the yybb final state has
been presented. This search was performed using 36.1 fb™! of /s = 13 TeV data from pp
collisions collected by the ATLAS detector in 2015-2016, the first two years of Run 2. The
non-resonant search set limits on the HH — ~~bb cross-section times branching ratio, with an
upper observed (expected) limit of 0.73 (0.93) pb. The observed (expected) 95% CL constraint
on the Higgs boson trilinear coupling is set between —8.2 < k) < 13.3 (—8.5 < k) < 13.7).
A model-independent resonant search has been presented, setting limits on a generic scalar
resonance between 260 and 1000 GeV under the narrow-width approximation. These observed
(expected) limits range from 0.85 (0.92) pb at the lowest mass hypothesis to 0.13 (0.15) pb
to the highest mass hypothesis.

This analysis is sensitive to the square of the photon identification efficiency, and in the
future of this search, improvements to photon identification can allow a loosening of the signal
selection, which can help the overall significance. By using topological cluster moments as

inputs into the current cut-based model, an improvement of as much as 12% in background
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rejection for the same signal efficiency is found. Replacing the current cut-based model with
a pr-inclusively trained BDT leads to an improvement of 22% in background rejection. By
combining both optimization strategies, an improvement of 27% is shown.

Direct improvements to the analysis have also been presented, studying the VBF HH
production mode. This provides sensitivity to different couplings compared to prior ggF-
only searches, notably the interaction between two Higgs bosons and two vector bosons.
Additionally, constraints on di-Higgs production can be improved by incorporating a signal
region targeting VBF production. This signal region is defined through the use of a multiclass
BDT with a dedicated class to differentiate the production mode from ggF' H H production, as
well as classes to differentiate from the dominant yvy-continuum background, and ¢¢H mono-
Higgs background. Through defining this VBF enriched signal region, a 9.7% improvement

in Asimov significance is achieved.
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APPENDIX A

MULTIVARIATE ANALYSIS AND MACHINE LEARNING
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It's tough to make predictions, especially about the future.
— Danish Proverb

Machine Learning (ML) can be separated into two broad categories: supervised and un-
supervised learning. Supervised learning aims to learn a mapping from inputs to outputs,
utilizing labeled data for training. This can be employed in both classification and regression
problems. Unsupervised learning works from unlabeled data in order to infer information
and patterns about the dataset. The ML methods used in this thesis all fall under the former
label. Through the simulation methods (outlined in Section 3.1), the physics process present
in any given MC sample are known, and this truth information is leveraged as the “label” of
the data, making the problem suitable for supervised ML.

More specifically, the tasks presented in this thesis fall under the problem known as
classification, where a model is trained to map inputs to outputs y € {1,...,C} for C classes.
Commonly C' = 2, known as binary classification, trying to isolate signal from background.

The “learning” process in ML is an updating of internal weights and biases in order to
minimize of some loss function. Table A.1 lists loss functions typically used with various

tasks commonly approached by ML methods (this list is certainly not exhaustive).

Table A.1: A list of common tasks in which ML is employed, and loss functions typically
minimized in setting biases and weights for ML models.

Task ‘ Common Loss Function
Binary Classification Binary Cross-Entropy
Multiclass Classification | Categorical Cross-Entropy
Regression Mean Squared Error

A.1 General Principles and Terminology

This section will overview some general concepts relevant to ML methods and referenced

within this thesis.
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Hyperparameters

When developing ML algorithms, tuning is generally done by manipulating the “hyper-
parameters” of the algorithm. Algorithms are defined as a generic set of rules (functions,
cuts, weights, etc.) which adapt as they “learn” from data. The properties that define the
parameters, or rules, of the algorithm itself (its topology, learning rate, etc.) are known as
hyperparameters. Hyperparameters are fixed before the learning process begins. For most
hyperparameters, there is no a priori assumption of the best values, and optimization through
successive model trainings with differing values is required.
Training and Testing Sets

A major concern when developing a fitting model is known as overfitting, in which a model
is overconstrained to model the particular data it is trained on, and thus not generalizable
and not useful for inference. To avoid overfitting, before training data is often split into
subsamples. The training sample is used to fit the model, setting the weights and biases. Once
fit, the model is applied to the testing set to evaluate performance!. Significant differences in
performance between the training and testing sample is an indication of overfitting, while a

similar performance suggests a model is generalizable to new data.

A.2 Algorithms

While there are many ML algorithms, in the work presented in this thesis, two are used:
Boosted Decision Trees and Neural Networks. These are outlined in Sections A.2.2 and A.2.2.
As a contrast, a more simple univariate approach to classification, rectangular cuts, is often

used and is checked as a baseline. This method is described in Section A.2.1.

'In some cases, a third set of data known as a “validation” set is used. In this case, the training data is
used for initial fitting, the validation set is used for hyperparameter optimization, and the test set is used to
evaluate performance of the final model.
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A.2.1 Rectangular Cuts

Although not ML, one classical univariate method for signal selection is known as
rectangular cuts. In this, a feature of the data set is cut at a single point, and values either
above or below that are taken as the signal. Performing this procedure along many different
input variables yields a signal region that mathematically appears like a N-dimensional
hypercube, where N is the number of variables cut upon.

Optimization of a rectangular cuts method usually involves calculating a figure of merit
(FOM) (such as categorical accuracy or Asimov significance) at each possible cut along the
N-dimensional space. As a result, cut selection can be dependent on the granularity of the

scan; an appropriately wide binning is important to not overtrain the model on fluctuations.

A.2.2 Boosted Decision Tree

The fundamental idea of a decision tree is a familiar one. Input data is split based on
discriminating features, each level of the tree creating a new split (called node) motivated by
best separating data from the target class from background data. This procedure is repeated
until a stopping condition is met, typically either minimum number of samples in a node or a
maximum tree depth is achieved (both hyperparameters). Once final splits have been made,
the predominant sample type present in a node is assigned to all of the data in that node. A
pictorial diagram of this logic can be found in Figure A.1.

Single decision trees do not typically do a good job at classification tasks, so the principle
of boosting is used in order to improve the classification accuracy. Boosting is a type of
ensemble method, which are a class of methods that combine the output of many weak

learners (classifier with small correlation to truth) to form one strong learner (classifier
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Figure A.1: A diagram of a single decision tree, where data is split on properties . The
presented tree has a maximum depth of 3, and is classified into either signal (S) or background
(B) in stopping nodes [119].
well-correlated to truth). In boosting, single decision trees are trained, then misclassifications
within that tree are identified and up-weighted in the next iteration. All of the trees are
ultimately combined to create the final strong learner, called a Boosted Decision Tree (BDT).
By this construction, cutting on a BDT score gives a more flexible solution space than that
of a rectangular cuts method or a single decision tree. There are various different boosting
methods, notably “Adaboost” [120] and “Gradient Boosting” [121], which differ by the
definition of their loss function.

The BDTs in this thesis are implemented through several different frameworks. ROOT [122]
has a native toolkit called TMVA [90] that includes a BDT implementation with flexible
options for boosting types and hyperparameters. XGBoost [123] is an open-source library that

performs gradient boosting, and is highly optimized for fast training and good performance.
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A.2.3 Neural Networks

An artificial Neural Network (NN)? is a nonlinear machine learning algorithm that
attempts to perform a task via a combination of adaptive nonlinear basis functions (h(z))
where parameter values and weights (w) are learned in the training procedure®. The resulting

function is:

D

y(@) = wd+ > [wh - h(wh, + D wh,zi)] (A.1)

k=1

Where D is the number of inputs and M is the number of basis functions. An illustration
of a NN with D =4 and M =5 is shown in Figure A.2. Here h is known as an activation
function, and given a summation over enough of these activation functions, any possible
function can be approximated [124]. The choice of activation function is motivated by both

the task as well as the type of data. A few common activation function choices are:

e The sigmoid function, given by h(t) = 1/(1 + e™*). The range of this function is [0, 1],
so it is typically used to map predicted values to probabilities, thus used on output

layers.

e The hyperbolic tangent function, given by h(t) = (¢! — e~*/(e* + ¢7*)). This function
is also used to map to outputs, but unlike the sigmoid is centered at zero, and has a

monotonically increasing derivative.

2Historically, these have been abbreviated ANN for “Artificial Neural Network,” however to avoid ambiguity
with modern “Adversarial Neural Networks,” the abbreviation NN is used.

3The name “Neural Network” comes from such models being inspired by neurological structures. At each
neuron, signals are received by dendrites, passed along an axon to produce some output, which is passed
along through axon terminals. Many of these neurons come together to process sophisticated information.
This loosely mirrors the topology of an NN, where basis functions parallel neurons.
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e The rectified linear unit (ReLU), given by A(t) = max(0, z), in other words, returning
0 below = 0 and y = x otherwise. This converges quickly and is typically used in

layers other than the output.

e The softmax function, given by h(t) = e’/ > €', for class i in a multiclassification
J

problem with j outputs.

e The linear function, given by h(t) = ¢, commonly used on outputs for regression

problems.

input layer hidden layer output layer

Figure A.2: A sample NN with D =4 and M =5 [119].

In modern research, various advanced NN topologies are being leveraged for domain

specific tasks?, but the domain of problems in this thesis are classification problems, so

4E.g. Convolutional NNs used for spatially dependent data and leveraged in computer vision problems,
Recurrent NNs are used for sequential data and leveraged in text-prediction problems, Generative Adversarial
Networks are leveraged for generative modeling, amongst others.
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the topology used is a simple feed-forward network, also commonly known as a multilayer
perceptron. Feed forward means that data proceeds from strictly from input to output (left
to right in Figure A.2), with no closed internal cycles.

In the training of feed-forward NNs, weights are adjusted to minimize the loss function
through a backpropagation [125]. Since the error at any layer is dependent on the subsequent
layer, errors flow backward in the network. Thus, backpropagation works backward through
the network, from the output layer of the network to the input layer, computing the gradient
of the loss function with respect to each weight. Networks are then trained via iterative steps
of calculating an output (forward phase) and evaluating the error terms (backward phase).
Specifically in each epoch of the network’s training, it calculates an output on a batch of data,
and then updates weights and biases through backpropagation (where number of epochs and
batch size are hyperparameters of the network).

The concept of dropout [92] is also employed in the neural networks built in this thesis. In
backpropagation, each parameter is updated in order to minimize the loss function, dependent
on the behavior of the whole network. This can cause units to compensate for one another,
leading to cross-correlations between nodes. These correlations, known as co-adaptations,
reduce the ability of a model to generalize. Dropout, a regularization technique, attempts
avoid this through randomly removing a percentage of nodes on each update cycle. By
making the presence of other nodes unreliable, this reduces the likelihood for co-adaptations,
and leads to better model generalizability.

The NNs in this thesis are constructed using the Keras Application Program Interface
(API), an open-source library that provides a modular interface to construct NNs, through
high-level bindings to a backend software. In the cases of the NNs used in this thesis, the

Tensorflow [126] backend was used.
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TOPOLOGICAL CLUSTER DATA-MC COMPARISONS
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In addition to the comparisons shown in the body of the work, the full set of comparisons
between data and MC for the topo-cluster variables used as inputs to the models presented
are shown here. The number of topo-clusters is shown for unconverted photons in Figure B.1,
and in Figure B.5 for converted photons.

The distributions for \/)\_g and \/T_(Q) for unconverted photons is shown in Section 4.2.1.
The centroid depth, isolation, and EM probability of the leading topo-cluster for unconverted
photons are shown in Figures B.2, B.3, and B.4, respectively. For converted photons, the
leading topo-cluster \/)\_3 is shown in Figure B.6, \/% is shown in Figure B.7, centroid depth
is shown in Figure B.8, isolation is shown in Figure B.9, and EM probability is shown in
Figure B.10. Plots are binned according to the pr and 7 bins used in the photon ID menu.

In general, the MC models the unconverted photons well, with the exception of the
isolation, particularly in the most central bin and beyond the crack. For converted photons,
\/7"_3 modeling differs between data and MC, and isolation differs considerably, particularly
in the most central bin. On average converted photons have more topo-clusters per photon

object, meaning they suffer more from cluster splitting, which influences these effects.
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Figure B.1: Data-MC comparison of the number of topo-clusters for converted photons. The
current tight identification is applied to both samples, and the MC requires truth-matched
photons. The absolute difference of the distribution means normalized to their average mean,

|Apt|/ pravg| is shown.
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Figure B.2: Data-MC comparison of the centroid depth of the leading topo-cluster (< Ag >)
for unconverted photons. The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means
normalized to their average mean, |Apu|/ g, is shown.
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Figure B.3: Data-MC comparison of the isolation of the leading topo-cluster (fis,) for
unconverted photons. The current tight identification is applied to both samples, and the MC
requires truth-matched photons. The absolute difference of the distribution means normalized
to their average mean, |Ap|/ftqy,| is shown.
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Figure B.4: Data-MC comparison of the EM probability of the leading topo-cluster (P5M)
for unconverted photons. The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means

normalized to their average mean, |Apu|/ g, is shown.
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Figure B.5: Data-MC comparison of the number of topo-clusters for converted photons. The
current tight identification is applied to both samples, and the MC requires truth-matched
photons. The absolute difference of the distribution means normalized to their average mean,
|Apt|/ pravg| is shown.
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Figure B.6: Data-MC comparison of the semi-major axis in depth of the leading topo-cluster
(\//\_(2]) for converted photons. The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means
normalized to their average mean, |Apu|/ g, is shown.
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Figure B.7: Data-MC comparison of the semi-major axis in width of the leading topo-cluster
(\/r—g) for converted photons.The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means
normalized to their average mean, |Apu|/ g, is shown.
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Figure B.8: Data-MC comparison of the centroid depth of the leading topo-cluster (< Ag >)
for converted photons. The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means
normalized to their average mean, |Apu|/ g, is shown.
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Figure B.9: Data-MC comparison of the isolation of the leading topo-cluster (fis,) for
converted photons. The current tight identification is applied to both samples, and the MC
requires truth-matched photons. The absolute difference of the distribution means normalized
to their average mean, |Ap|/ftqy,| is shown.
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Figure B.10: Data-MC comparison of the EM probability of the leading topo-cluster (PEM)

clus

for converted photons. The current tight identification is applied to both samples, and
the MC requires truth-matched photons. The absolute difference of the distribution means
normalized to their average mean, |Apu|/ g, is shown.



APPENDIX C

2X2D SIDEBAND METHOD
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The 2x2D sideband method! defines a Loose’ identification preselection, using all the standard
photon ID shower shape cuts, except on Fy;q., ws3, AFE, and E,.;,. Events that pass this
criteria are input into the 2x2D method, and split into 16 orthogonal subsamples, based on if
each photon passes or fails tight identification criteria or isolation criteria. This creates 15
background regions where one or both of the photons fails one or both of the identification
and isolation criteria. The signal region is the category where both photons pass both
identification and isolation criteria. In each region, the yield can be expressed in terms of
signal and background yields for the whole L'L’ sample, along with identification and isolation
efficiencies for photons and jets and the correlations between the isolation distributions of

the two fake photons in dijet events as follows:

T/

L'L
Naa = Wi "enerener
L'l !
+ WW- 6115T1f12fT2§j2
L'l
+ ij 8[25T2f11fT1§j1

+ WE‘/L,fjl'lfé“lf}Qfé“Qéljijlng (C.1)

Nap = W«%Llfllng (1 —er)er
+ W%ngllng (1 — f12&52) fro
+ WEY frifri (1 — er) erain

+ Wij/L’f}lfc'm (L= f12€1j5€52) fraéin (C.2)

!This method is described in detail in Reference [89)
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Ny = W%L/ (1 - 811) ET1E12ET2
+ WJ,}-IL/ (1 —en)er fiafrajo
+ W]»LWIL/ (1= frné&) fricner

+ WY (1= frénién) frufraltraé (C.3)

Ngg = W%L/ (1 —en) (1 —er)emer
+ WWLJ-/L/ (1 —en) (Lf12&2) €1 fro
+ VV]-LWIL/ (1 —¢r2) (1= frépn) erafr

+ VVij/L/ (1 — fr&in — fro€ie + fruf1o615€1&52) frifro (C4)

T’

Nac = WiVeneriern (1 —er)
+ WiFenerifly (1 — fra&jo)
+ WEY fnfrien (1 —er2) &

+ WJ%/Llfﬁfhf}z (1 — fro&j2) &1 (C.5)



Nap

'L
Noa = VVW en (1 —er) erers

+ Wij/ngll (1—em) f}2fT2£j2
+ WijlL/fll (1 = frié&1) eners

+ V[/J.I}'L/f}l (1 = fm&n) frafrebiisése

T/

WWLWL ener1 (1 —ep) (1 —ep)
WVLJ',L/gnng (1 — fro — fra+ frafr2€s2)
W%L/fnfﬂfﬂ (1 —ep2) (1 —er9)

WY e fin Fs (U= €05 Fro — Fira + Frafira€iotrss)

WWLWIL/ (1—en) (1 —erm)ener

W%L/ (1—¢n) (1 —em) f}2fT2€j2

167

(C.8)
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= nyLylL/ (1 —en)eren (1 —er)
+ WWLJ'IL/(l —en)erifis (1 — fr2€)
+ WEY (1= frép) friere (1 —er2)

+ WEY (1= fr€i€0) Frifis (1= Froso) (C.9)

- W’YLWIL/’EU (I —er1) (1 —en)er
+ W%ngfl (1 - f1/‘2§j2) (1 - 5T1) fro
+ VVJ'L“/IL/fH (1 - 512) (1 - lefﬂ) €12

+ WY 1 (= f10&0) (1= f1a€1555) T (C.10)
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+ W]I}/L/flTl (1 - f}2 - fé“2 - f}1§j1 + f}2f42§j2 + f7/“2f}1§j1 + ffthfljjgjl - fflfbf%zfljjfjlfﬂ)

= WWLW,LI (1 - 511) (1 - €T1) (1 - 512) ET2
+ WY (1—en) (1—er) (1= flo&p2) fro
+ W]‘LW,L/ (1—frn— frn+ fnfmé&n) (1 —en)er (C.13)

+ WJ%',L/ (1 - f;l - f%l - f}ijQ + fjlfi/mfjl + fér1f}25j2 + fﬁfhfljjgj? - fﬁf}lf}Q&jjgjlgj?) fém

Nep = WVL;L,EH (I1—erm)(l—epn)(l—er)
+ W%L,EH (L —em) (1 = fro = fro + frofrajo)
+ WJ-LVIL/fH (1= fri&n) (1 —e12) (1 — e72) (C.14)

+ WY i (U= &) (U= fio€nig) = Fro (1= i) (1= fia€ia€isi)
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Npc = WVL:,L/%’:‘H (I —er2) (I —en)—em (I —er2) (1 —en))
+ W%L/f}Q (L =en) (1= fro&2) —er (1 —en) (1 — fra&j2))
+ WEYern (1 —ere) (1= fr) — fr1 (1= frn&n) (1 —er2)) (C.15)

+ VV;}/L/ ((1 - f/ngﬂ) (1 - f[llgljj> - fé“l (1 - f%zsz) (1 - ffl@‘lfljj)) ffz

L’L’
Npp = Wi~ (1—er1—er2terierat+er2(l—er1 —erz +eriere) +eri (= (1 —er2) (1 —er1) +era (1 —er2) (1 —e71)))

Iy !
+ Wi‘jL (1 —er1 — fr2 +erifre + 1o (1 — er1 — fro€jo + er1fr2€j2) + 1 ((1 —eT1) (1 - f}g) + fr2 (1 - f}z&jz) (1 - ETl)))

WJL.Y,L, (1 —epo — fr1+erafri +er2 (1 — fr1 —era +erafry) + fr1 (1 —er2) (1 = friéj1) +era (1 —er2) (1 — fr1€51))) (C.16)

WIS (1= flpy = Fra + Fpa Flpa + $1a (1= Fia = Fratsn + S ratse) + fia (= (1= Fhagrss) (V= Foagsn) + o (1= fiatrsséie) (1= Fra61)))

where

e ¢ and £, are the efficiencies of the isolation criteria for the leading and subleading

photons respectively

e ¢ and ey are the Tight identification efficiencies for the leading and subleading

photons respectively
e f11 and f}, are the isolation fake rates for the jets in vj and jv events respectively

e fr and fro are the Tight identification fake rates for the jets in ;5 and jvy events

respectively
e f1, and f7, are the isolation fake rates for the leading and subleading jets in jj events

e fr, and fr, are the Tight identification fake rates for the leading and subleading jets

in j7 events



171

Table C.1: Isolation and identification efficiencies for true photons used as input to the 2x2D
sideband method for the measurement of the inclusive diphoton purity of the sample passing
the full selection, for the various selections. Efficiencies are determined with respect to the
leading and subleading photon candidates of true diphoton events that pass the full selection
except the isolation and tight identification criteria: the photons must instead pass the Loose’
identification requirements. The uncertainty arises from the limited MC statistics.

Selection Isolation Identification
erp 0.957+0.014 &7 0.960 £0.013
era 0907 £ 0.028 &7 0.948 +0.016

en 0.955£0.014 e 0.962 £ 0.012
erz 0.906 £0.028 epo 0.946 £0.017
en 0.955£0.014 e 0.964 £0.011
era 0906 £0.028 e7o 0.945 +£0.017
en 0.961 £0.012 e 0.962 £0.011
erg 0912£0.025 e7o 0949 £0.015
enn 0.954£0.015 e 0.958 £0.013
erz 0.900 £0.029 ero 0.948 £0.016

enn 0.960 £0.015 e 0.97240.010
erz 0.907£0.029 ey 0.943 £0.018

Low mass 0-tag
Low mass 1-tag
Low mass 2-tag
High mass O-tag
High mass 1-tag

High mass 2-tag

e &1 and & are the correlation between the identification and isolation fake rates for the

leading and subleading jets in jj events
e &7, is the isolation correlation factor between the jets in jj events

The 16 equations have 19 unknowns, six of which are constrained to a predetermined

range:

® o1y, €19, €11 and €9 are are determined from Monte Carlo simulation of diphoton events

(see Table C.1).

e &1 and ;o are constrained to the range 1 £ 0.01
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The other 13 unknowns are the outputs of the 2x2D method, derived by performing a
global minimization procedure. Using these outputs, the observed yield from v, jv, 77, and

77 events can be calculated for each signal and control region.
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CUTFLOW STUDIES



This appendix shows further studies on signal selection efficiency.

Resonant Signal Yield
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The relative and absolute selection efficiency after each cut for the resonant samples is

shown in Figure D.1 for the 1 b-tag category, and in Figure D.2 for the 0 b-tag category, for

both the low and high mass selections, as indicated.
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Figure D.1: Absolute (solid line) and relative (dotted line) efficiencies for the 1 b-tag resonant
signal samples to pass each cut in the low (a) and high (b) mass selection
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signal samples to pass each cut in the low (a) and high (b) mass selection
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Table D.1: Cutflow for non-resonant HH — yybb, 1 tag category (low mass selection)

Cuts 1 b-tag
Yield | Error | Efficiency

N.a0D 3.147 | 0.027 —

NpzaobD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight 1D 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pr cuts 1.362 | 0.017 42.8
myy € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.490 | 0.011 154
bJet pr Cuts 0.475 | 0.011 14.9
mpp Cut 0.229 | 0.006 7.2

vy SR 0.219 | 0.006 6.9

Non-Resonant Signal Yield

The yield and efficiency for each successive analysis cut are shown in Tables D.1, D.2, D.3,
and D.4 for the 1 b-tag low mass, 1 b-tag high mass, 0 b-tag low mass, and 0 b-tag high mass
selections respectively.
Background Yield

The background yield in the 1 and 0 b-tag categories is shown in Figures D.5 and D.6,

respectively.
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Table D.2: Cutflow for non-resonant HH — yybb, 1 tag category (high mass selection)

Cuts 1 b-tag
Yield | Error | Efficiency

N.a0D 3.147 | 0.027 —

NpzaobD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight ID 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pp cuts 1.362 | 0.017 42.8
myy € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.492 | 0.011 15.5
bJet pr Cuts 0.247 | 0.009 7.8
myp Cut 0.127 | 0.004 4.0

vy SR 0.120 | 0.004 3.8
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Table D.3: Cutflow for non-resonant HH — yybb, 0 tag category (low mass selection)

Cuts 0 b-tag
Yield | Error | Efficiency

N.a0D 3.147 | 0.027 —

NpzaobD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight ID 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pp cuts 1.362 | 0.017 42.8
myy € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.268 | 0.007 8.4
bJet pr Cuts 0.257 | 0.007 8.1
myp Cut 0.157 | 0.006 4.9

vy SR 0.149 | 0.005 4.7
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Table D.4: Cutflow for non-resonant HH — yybb, 0 tag category (high mass selection)

Cuts 0 b-tag
Yield | Error | Efficiency

N.a0D 3.147 | 0.027 —

NpzaobD 3.147 | 0.019 —
All events 3.181 | 0.024 100.0
No duplicates 3.181 | 0.024 100.0
GRL 3.181 | 0.024 100.0
Pass trigger 2.184 | 0.021 68.7
Detector DQ 2.184 | 0.021 68.7
Has PV 2.184 | 0.021 68.7

2 loose photons 1.894 | 0.019 59.5
e — v ambiguity 1.891 | 0.019 59.5
Trigger match 1.885 | 0.019 59.3
tight ID 1.617 | 0.018 50.8
isolation 1.476 | 0.017 46.4
rel. pp cuts 1.362 | 0.017 42.8
myy € [105,160] GeV | 1.362 | 0.017 42.8
2 Cen Jets 1.149 | 0.016 36.1

b — tagging 0.268 | 0.007 8.4
bJet pr Cuts 0.121 | 0.004 3.8
myp Cut 0.062 | 0.003 2.0

vy SR 0.061 | 0.003 1.9
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Table D.5: Background yield in the 1 b-tag region split by process for the non-resonant
and resonant analyses. The non-resonant analysis requires passing of all cuts but the m.,
SR constraint, and is denoted by the “Yield” column. The resonant analysis includes the
additional m,, constraint and is denoted “SR Yield.”

1-tag Category Low Mass High Mass
Background Yield Error SR Yield Error | Yield Error SR Yield Error
yy-continuum

ggH 1.77 0.067 1.749 0.067 | 0.325 0.028 0.318 0.028
VBFH 0.158 0.011 0.151 0.011 | 0.027  0.004 0.026 0.004
W~—H 0.055 0.004 0.054 0.003 | 0.009 0.001 0.008 0.001
W+H 0.073  0.005 0.071 0.005 | 0.016  0.002 0.015 0.002
ZH 0.409 0.01 04 0.009 | 0.087 0.004 0.084 0.004
g9ZH 0.109 0.006 0.107 0.006 | 0.034 0.003 0.033 0.003
ttH 2.693 0.021 2611 0.021 | 1.187 0.015 1.141 0.014

bbH (positive) | 0.404 0.063 0.391 0.062 | 0.01 0.012 0.008 0.012
bbH (negative) | -0.024 0.003 -0.024 0.003 | -0.001 0.001 -0.001 0.001

Table D.6: Background yield in the 0 b-tag region split by process for the non-resonant
and resonant analyses. The non-resonant analysis requires passing of all cuts but the m.,
SR constraint, and is denoted by the “Yield” column. The resonant analysis includes the
additional m,, constraint and is denoted “SR Yield.”

0-tag Category Low Mass High Mass
Background Yield Error SR Yield Error | Yield Error SR Yield Error
y7y-continuum

ggH 61.309 0.423 59.561 0.416 | 9.116  0.148 8.849 0.146
VBFH 6.921 0.064 6.725 0.063 | 1.269 0.027 1.239 0.027
W~-H 3.755  0.034 3.646 0.033 | 0.585 0.014 0.568 0.013
W+H 2.259  0.05  5.103 0.049 | 0.857 0.02  0.834 0.019
ZH 2.519  0.036 5.361 0.036 | 1.173  0.018 1.136 0.018
g9ZH 1.508  0.023 1.477 0.023 | 0.479 0.013 0.464 0.012
ttH 3.311  0.024 3.213 0.024 | 1.137 0.014 1.094 0.014

bbH (positive) | 0.468  0.08  0.450 0.078 | 0.017  0.009 0.017 0.009
bbH (negative) | -0.039 0.003 -0.039 0.003 | -0.001 0.000 -0.001 0.000
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The full list of variables considered for the BDT used to define the VBF-enriched signal
region is as follows:

VBF-targeted:

Anjj, Myj, Njets DTy /My, Prjjvbs pT,jjbb/pT,bEI'

yy-suppressing:

Moy ARy, ARy, AR and the best b-tagging WP for the H — bb jets.

¥7,bb3
tt H-suppressing:
Hp, mjjp, mjjpe, Myjwi, Mjjwe. Event shape variables (given in Reference [117]) -

aplanority, aplanarity, sphericity, spherocity, sphericityT, planarity, circularity, planarFlow.

The pruning procedure described in Section 6.2 removed the following variables:

Pruning Step Variables Removed
Variables with Pearson correlation Pr.jjobs PTyvy/ My, SPhericity, spherocity,
Tzy > 0.85 planarity, circularity

3

Variables with ) 7., < 1.0 for BDT-class | njes, prjjon/ D1, AR 5, aplanarity, Hr,
—0

MMjjp1, Myjp2; MW

pi
probabilities, p

Distributions for all considered variables are shown in Figure E.1 through E.5, in which
each histogram has been normalized such that its integral is unity. Preselection and a 4-jet

requirement has been applied.

Tn these variables jj refers to the VBF-candidate jets, while bb refers to the H — bb jets
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Figure E.1: Distributions of variables for targeting VBF HH production considered for use

the VBF BDT
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Figure E.2: Distributions of variables for targeting VBF HH production considered for use

the VBF BDT
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Figure E.3: Distributions of variables for suppressing the v+ background considered for use
the VBF BDT
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Figure E.4: Distributions of event shape for suppressing the ttH background considered for
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In addition to the SM VBF H H sample used in Chapter 6, samples have been produced for
the various coupling values shown in Table F.1. These samples were generated using the
same generators and showering as described in Section 6.1.1. The values of ky,coy, and ¢, are
all 1 in the SM. The values selected for production aim to vary each coupling value enough
that interpolation may be performed, and one value was produced near where limits could be

expected to be set (k) = 10 and ¢y = 4).

Table F.1: Grid of coupling values used in production of VBF HH samples.

Rx | Cov | Cy
1 0 0.5
1 1 0.5
0 0 1
1 0 1
1105 1
1 0 0.5
1 1 1
1115 1
1 2 1
1 4 1
0 1 1
2 1 1
10 1 1
1 1 1.5

Relevant distributions for validation of these samples can be seen in Figure F.1. Plots
are shown at parton level, with a basic jet selection applied to isolate the VBF jets similar
to that done at reconstruction level. Jets are considered if they have pr > 25, then the my;
pair is selected as the two jets with my; closest to 125 GeV. The VBF jets are selected as
the highest m;; pair after removing jets used in the my; pairing. Additional detail on the

validation for these samples is outlined in Reference [127].
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Figure F.1: Validation plots at parton level for the VBF H H signal samples. The highest
mj; pair is selected as a proxy for the VBF jets. The top row shows the invariant mass
distribution of this system, the bottom depicts the An between these jets. Left to right, these
plots vary the cy, coy, and k) strength. The peak at low m,; values and shoulder at low An
is a product of the V HH hadronic and Higgsstrahlung contributions in the samples.
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