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Abstract

Measurement of Higgs boson properties in the diphoton decay
channel and a search for di-Higgs production in the y~bb final state
with the ATLAS detector

Leonor Cerdé4 Alberich

This thesis presents two physics analyses performed with the ATLAS detector at the
Large Hadron Collider. Proton-proton collision data was used, corresponding to an
integrated luminosity of 36.1 fb~!, obtained at a center-of-mass energy of 13 TeV,
during 2015 and 2016. The first analysis is a search for resonant and non-resonant
Higgs boson pair production in the yvbb final state. The second one is the mea-
surement of the total Higgs boson production-mode cross sections, signal strengths,
and simplified template cross sections, as well as the measurement of the fiducial and
differential cross sections in the diphoton decay channel. Special emphasis is given
to the strategy followed to estimate the uncertainty in the modeling of the parton
shower, underlying event and hadronization. The reconstruction and identification
techniques of the relevant objects such as photons and jets are covered extensively,
and a validation of the calorimeter energy scale is performed by using the ATLAS Tile
Calorimeter response to single hadrons with proton-proton collision data obtained at

center-of-mass energies of 7 and 8 TeV, during 2010-2012 with the ATLAS detector.
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Preface

The Large Hadron Collider (LHC) is the biggest and most powerful particle machine in
the world. Located underground on the French-Swiss border outside Geneva, protons
are circulating around this 27 km electromagnetic track and colliding into one another
at the speed of light, recreating conditions of the universe when it was only a trillionth
of a second old.

It has been six years since 2012, when the LHC experiments discovered a Higgs
boson, the particle that explains why several other elementary particles have mass.
That achievement completed the Standard Model (SM) of particle physics, which is
in excellent agreement with observations, via Spontaneous Symmetry Breaking and
the Higgs mechanism. The SM theory, however, is thought to be far from being
complete. In fact it only incorporates three of the four fundamental interactions
leaving gravity out of the picture. The search for Physics Beyond the Standard Model
has been carried out for many years now in a large variety of possible scenarios. A
part of the LHC program in the coming years is to measure the properties of the
discovered Higgs boson and compare them to the theoretical predictions. Deviations
in cross section measurements, differences in differential cross sections, or new and
more precise measurements of the Higgs couplings, can point to new physics.

The “A Toroidal LHC ApparatuS” (ATLAS) experiment is one of the four experi-

ments which records the collisions delivered by the LHC. The first period of successful
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data-taking of the ATLAS experiment receives the name of Run 1. ATLAS recorded
a 4.5 fb~! dataset of p-p collisions at a centre of mass energy of /s = 7 TeV and a
20.3 fb~! dataset of p-p collisions at y/s = 8 TeV. The second period of data-taking,
called Run 2, restarted in 2015 with p-p collisions delivered at /s = 13 TeV. During
20152017 ATLAS recorded a dataset of 79.8 fb~!. Run 2 is still ongoing and will
finish at the end of 2018. The LHC is foreseen to run for many years from now and an
upgrade to the High-Luminosity LHC (HL-LHC) is foreseen in 2024, bringing the ex-
pected size of the collected p-p collisions dataset by ATLAS to 3000 fb~!. Therefore,
the LHC and ATLAS provide an excellent experimental setup to probe the existence

of physics beyond the Standard Model in the so far unexplored phase space.

Chapter 1 starts with a review of the Standard Model of particle physics and
follows with a description of the phenomenological aspects of the Higgs boson in
proton colliders. Special emphasis is made to cover the details about the di-Higgs
production and the scenarios which could increase the rate of it, therefore implying

new physics.

Chapter 2 is an introduction to the LHC at CERN, followed by an extensive review
on the ATLAS experiment with a special emphasis on the description of the Liquid
Argon and Tile Calorimeters. The Trigger and Data Acquisition systems are also

covered.

Chapter 3 provides a description of the algorithms and methods used in the AT-
LAS experiment for reconstruction and identification of the particles produced in p-p
collisions. The author has contributed to the understanding of the reconstruction of

photons by performing photon conversion studies with early Run 2 data.

In Chapter 4 the response of the Tile Calorimeter to single isolated charged
hadrons is analysed with Run 1 data collected by the ATLAS detector in 2010-2012.

The author has carried out this performance study as part of her service task. It has



been published in [1].

In Chapter 5 a search for di-Higgs production in the yvbb final state is presented
with Run 2 data collected by the ATLAS detector in 2015-2016. The author has
contributed to this search as main analyzer since the beginning of Run 2 [2,3].

Chapter 6 summarizes the main findings in the measurement of the total Higgs
boson production-mode cross sections, signal strengths, and fiducial and differential
cross sections in the diphoton decay channel with ATLAS Run 2 data, which is also
published in [4]. The author has estimated the uncertainty in the modeling of the
parton shower, underlying event and hadronization, which has set a baseline for future

progress in this area.
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Chapter 1

Theory

This chapter presents the theoretical background necessary to motivate and under-
stand the contents of the thesis. It starts with a description of the Standard Model
of Particle Physics, a theory that describes the dynamics of the subatomic world. It
follows with an explanation of the electroweak symmetry breaking mechanism that
motivates the existence of the Higgs boson, which was first observed at the Large
Hadron Collider (LHC) in 2012. Phenomenological aspects of the Higgs boson at the
LHC, namely production mechanisms and decay modes are also discussed, with a fo-
cus on Higgs boson pair production and its relevance at present and in the upcoming

years.

1.1 The Standard Model

The Standard Model (SM) [5-8] constitutes one of the most successful achievements
in modern physics. It provides a very elegant theoretical framework, which is able to

describe the known experimental facts in particle physics with high precision.

The SM is a non-abelian gauge quantum field theory (QFT), or Yang-Mills the-
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ory [9], based on the symmetry group SU(3)c ® SU(2)r ® U(1)y, where C' indicates
the color charge, L the weak isospin and Y the hypercharge. The SM describes strong,
weak and electromagnetic (EM) interactions, via the exchange of the corresponding
spin-1 gauge fields: eight massless gluons and one massless photon, respectively, for
the strong and electromagnetic interactions, and three massive bosons, W+ and Z,
for the weak interaction.

The fermionic matter content is given by leptons and quarks, which are organized
into three families/generations of increasing mass, each one being composed of two
elements, that form a doublet, as shown in Table 1.1. All known stable matter is
actually made up of only first generation fermions, in the form of u and d quarks,
that constitute protons and neutrons, and electrons. Second and third generation

fermions are unstable and decay into lighter particles.

Fermions (Spin = 1/2)

Leptons Quarks
Generation Flavor Charge (e) Mass Flavor Charge (e) Mass
15t Ve 0 <2 eV u +2/3 2.2 MeV
e -1 0.511 MeV d -1/3 4.7 MeV
ond Yy 0 <0.19 MeV c +2/3 1.28 GeV
I -1 105.658 MeV s -1/3 96 MeV
grd vr 0 <18.2 MeV t +2/3 173.1 GeV
T -1 1776.86 MeV b -1/3 4.18 GeV

Table 1.1: Fermions in the SM: leptons, quarks and some of their basic properties. Neutrinos
are treated as massless in the SM, which is a good approximation, even though current results
indicate the masses are very small but non-zero [10].

For leptons, each doublet includes an electrically charged particle (¢) and the
corresponding neutral particle, the neutrino (v). A lepton number can be assigned to
these particles, and it is 1 for leptons and —1 for antileptons. In the SM, the lepton

number is conserved, both overall and within generations. This means that when
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particles interact, the number of leptons of the same family remains the same. It also
implies, for example, that leptons can only be created in lepton/antilepton pairs of

the same generation.

Quarks (q) carry fractional electric charges and the doublets in each generation are
formed by a 4+2/3 e-charged up-type quark and a —1/3 e-charged down-type quark.
The six different types of quarks that exist are commonly referred to as flavors. Quarks
have a property (or quantum number) named color, that can be viewled as a charge
that is conserved in the SM, just like the electric charge. In fact, each flavor of quark
comes in three different colors, red (R), green (G) and blue (B), tripling the actual
number of quarks in the SM with respect to what is shown in Table 1.1. Then there

are also the antiquarks (g), which carry anticolors (R, G, B).

Four fundamental forces exist in Nature, with strengths spanning several orders
of magnitude. The strength of an interaction is determined by its coupling constant.
The gravitational force, not described by the SM, is too weak to play a significant
role in elementary particle physics. The strong force is responsible for binding quarks
together to form nucleons. The EM force provides attraction between electrons and
atomic nuclei. The weak force accounts for the nuclear g-decay. These last three
forces are described by gauge theories, so the corresponding exchanging bosons are

often called gauge bosons. They are listed in Table 1.2.

Bosons
Name Spin  Charge (e) Mass (GeV) Force Relative strength
Gluon, g 1 0 0 Strong 1
Photon, v 1 0 0 Electromagnetic 1072
e e U
H 0 0 125.09

Table 1.2: Gauge bosons and fundamental forces in the SM. Particle masses from [10].
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The photon is a massless, neutral, spin-1 boson that mediates EM interactions.
Photons only couple to electrically-charged particles. Thus, quarks and charged lep-
tons can interact electromagnetically, but neutrinos cannot.

Gluons are also massless, neutral, spin-1 bosons that carry the strong force. They
couple to the color charge and, therefore, mediate the interactions between quarks,
but not leptons. Gluons themselves have color and can, unlike photons, interact
directly with each other. Gluons are bicolored, carrying one unit of color and one
unit of a different anticolor. A total of eight gluons exist with different colors.

Charged-current weak interactions are mediated by the W* bosons, and are in-
volved in transitions between up-type and down-type quarks, or charged leptons and
the corresponding neutrinos. Detailed analysis of the energy and angular distributions
of fB-decays have shown that only left-handed (right-handed) fermion (antifermion)
helicities participate in charged-current interactions, which, therefore, violate parity.
Neutral-current weak interactions are mediated by the Z boson and conserve flavor.
Similar to the gluons in the strong interaction, the W= and Z bosons also couple to
each other. Since the W7 bosons hold electric charge, they can also couple to the
photon and interact via the EM force.

The Higgs boson does not mediate any of the fundamental interactions but it is
an essential piece of the SM. With a mass of approximately 125 GeV, no intrinsic spin
and no charge, the Higgs field delivers mass to other elementary particles through the
Spontaneous Symmetry Breaking mechanism (see Section 1.2.2). Consequently, the

Higgs boson couples to all particles with mass, including itself.

1.2 Standard Model Lagrangian

The complete Lagrangian of the Standard Model can be factorized in terms that

describe the electroweak interactions, the Higgs sector, the Yukawa terms for the
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fermion masses and the strong interactions:
L= [:EW + £H + Estrong + /:'Yukawa- (1-1)

In this subsection the various terms composing the SM theory are briefly intro-
duced and to help the readability, the usual convention of summing over repeated

indices is implicitly used.

1.2.1 Electroweak interaction

The electroweak theory, proposed by Glashow, Salam and Weinberg [11-13] to de-
scribe the electromagnetic and weak interactions between quarks and leptons, is based
on the gauge symmetry group SU(2);, ® U(1)y of weak left-handed isospin and hy-

percharge.

The electroweak Lagrangian can be written as:

Lew = Z i(LIPL 4+ QDQ + (rPlr + ugDug + dgPdR)
flavors (12)

1 1
- ZBMVBHV - ZWﬁVWc/LLV7

where the fields are organized in SU(2)[, doublets (L being the left-handed doublet
lepton field, and @ being the left-handed doublet quark field) and singlets (u, d and
¢ being the right-handed singlet quark and lepton fields), respectively. D is the
covariant derivative, I) = D#~,,, where v are the Dirac matrices and By, and W,

are the gauge field kinetic terms defined as:

B, = 0,8, + 0,B,, (1.3)

Wi, = 0, W — 0,Wi + ge®™Wiwy, (1.4)
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where B, and W are the gauge bosons associated to U(1)y and SU(2), respec-
tively. The structure constants for SU(2) represented by the component of the three
dimensional Levi-Civita tensor ¢ with ¢ = 1 has been used, and g is the coupling

constant for the weak isospin. The covariant derivative in Eq. 1.2 can be written as
1. / L. afrra
D,=0,—- 319 YB, + 3t97 Wy, (1.5)

where 7% are the Pauli matrices, Y is the hypercharge and ¢’ is the coupling constant
for the weak hypercharge. Since the right handed fermions are singlets under SU(2),
the term proportional to the weak isospin vanishes. The hypercharge value is fixed
by the Gell-Mann-Nishijima relation Y/2 = @ — T3, where @ is the electric charge

and T3 is the eigenvalue of the third component of the weak isospin.

1.2.2 Spontaneous Symmetry Breaking and Yukawa interactions

In a Yang-Mills theory, Dirac or Majorana mass terms for fermions and gauge bosons
are not admitted because they would break the gauge invariance. Therefore, all

particles in the theory need to be massless in contrast with experimental observations.

The solution to the problems in the weak sector is the mechanism of Electroweak
Symmetry Breaking (EWSB), which generates the weak vector boson masses in a way
that is minimal and respects the requirements of renormalizability [14] and unitarity.

An SU(2) doublet of complex scalar fields ¢ contributing with the Lagrangian terms
Ly = (Dug)? — 1¢* — Ao, (1.6)
where it is required that 2 < 0 and A > 0 such that the ¢ field has a non-vanishing

10



1.2. Standard Model Lagrangian

vacuum expectation value given by
v=1/—. (1.7)

As a consequence, the electroweak SU(2); ® U(1)y symmetry is spontaneously
broken to the electromagnetic U(1)g symmetry, where () is the electric charge, giving
in this way mass to the weak force carrier bosons and leaving the photon massless, at

the cost of the introduction of an extra physical scalar field H.

The generators of SU(2)L ® U(1)y (B for U(1)y and W, Wi, W2 of SU(2)L)
mix with each other and with the degrees of freedom of the complex scalar field,
resulting in the physical gauge boson fields. The masses of the physical states are

given by
mw
cos Oy’

1
m‘jfv = gvg, my =

m~ = 0, (1.8)
where v is the vacuum expectation value, g is the coupling constant for the weak
isospin and fyy is the mixing angle called the Weinberg angle, defined by the condition

sin Ow = g’ /\/ g% + g%, where ¢ is the coupling constant for the weak hypercharge.

The massless gauge boson, the photon, corresponds to a superposition of B,
and WS and has no mass because the U(1) symmetry of Quantum Electrodynamics
(QED) remains unbroken in the process. The two massive vector bosons W+ and
W~ correspond to the charged weak currents and the third massive boson, Z, is
the neutral vector boson responsible for the neutral-current weak interactions. The
extra physical field which couples to particles in proportion to their mass is called
the Higgs field and has a corresponding mass given by my = v/2\v, where X is the

quartic coupling.

The mechanism described above was developed in the 1960s, including the spon-

taneous symmetry breaking mechanism (the Brout-Englert-Higgs or BEH mecha-

11
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nism [15]) and the unification of the electromagnetic and weak forces. The new
theory has all the desirable properties of a quantum field theory: the Lagrangian is
Lorentz invariant and the theory is renormalizable.

A mass term for the fermions can also be obtained through the BEH mechanism
in a way that preserves gauge invariance adding to the EW Lagrangian the Yukawa

terms [16]. They can be written as:

Lyukawa = Y (~MLélr — XaQddr — \ue*Qudlur + h.c.), (1.9)
flavors
where € is the two dimensional total anti-symmetric tensor with €'2 = 1, and A,
Aq and A, are arbitrary parameters. After symmetry breaking we get the following
mass terms for the fermion fields:

v

7

v v

7 My = )\uﬁ. (1.10)

my = A mg = Ag

The predictions of the unified electroweak theory were confirmed in the following
years as the massive W and Z bosons were discovered in 1983 at CERN by the UA1
and UA2 experiments using collisions at the Super Proton Synchrotron collider [17,18].
The remaining missing piece was the predicted massive scalar boson, the Higgs boson

(see Section 1.4).

1.2.3 Strong interaction

The theory of the strong interactions of coloured quarks and gluons is called Quantum
Chromodynamics (QCD) and is based on the SU(3)¢c gauge symmetry group. The
dynamics of this gauge group lead to two important properties of strong interactions.
The first is called asymptotic freedom, which states that the strong coupling constant

becomes smaller when interactions happen at greater energy scales, making pertur-

12
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bative theory applicable at high energies while at low energies analytical calculations

are not possible.

The second important property is called con finement and states that quarks are
bound into colourless states called hadrons. There are two types of hadrons: mesons,
which are composed by a quark-antiquark pair, and baryons, which are composed by
three quarks or three anti-quarks. This important property leads to the fact that when
quarks are pulled apart, their interaction becomes so strong that quark-antiquark
pairs are created from the vacuum. This is at the origin of the hadronization process
that leads to the creation of sprays of hadronic particles, called jets, as products of

p-p collisions at the LHC.

The QCD Lagrangian can be written in covariant notation as:

- . 1 y
Estrong = Z¢q,i(lwij - mqéij)djq,j - ZGZVGZL ) (111)
q

where 1), ; is the fermion field of flavor ¢ and colour i and the covariant derivative

operator D* and the gluon fields kinetic terms G, are given by:

D' = ), +igst°GY., (1.12)

G4, = 0,GS — 0,G% — gs f*"°GYGE, (1.13)

where g, is the strong running coupling constant and f%¢ are the SU(3) structure
constants given by commutation relations between the group algebra generators [t%, 7]

— Z'fabctc'

13
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1.3 Proton-proton collisions at hadron colliders

In order to fully understand the production of particles through proton collisions it
is important to give a brief description of the proton’s composition. In this section,
we will discuss the parton model and some phenomenological aspects of the LHC,
namely which tools are used at present to describe the complicated environment at

hadron colliders [19,20].

1.3.1 Phenomenological aspects

Figure 1.1 illustrates a typical high-energy proton-proton collision, such as the ones
occurring at the LHC at CERN. A proton is a very complex object composed by
valence and sea quarks as well as gluons responsible for the strong interactions. The
constituents of the protons are called partons. The valence quarks are, in the case
of protons, two up quarks and a down quark and are the ones defining the quantum
numbers of the protons. The sea quarks are extremely short living quark/anti-quark
pairs created by random vacuum fluctuations, but that can still interact with the
partons in the colliding proton.

A collision between two partons, one from each side, with large momentum trans-
fer, gives the hard process of interest. The remaining partons in each proton can
continue to travel essentially along the original direction, forming the beam rem-
nants, or also interact in the same p-p collision. These interactions are usually soft,
as they involve low momentum transfer between the partons, and constitute the un-
derlying event (UE). Though with a much smaller probability, more than one hard
parton interaction can occur in the same p-p collision, and these are referred to as
multi-parton interactions (MPI).

A high energy collision involves accelerated color and EM charges, that can radi-

ate gluons and photons (Bremsstrahlung). Emissions associated with the incoming

14
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Beam remnant

Incoming proton

Hard parton
interaction

Figure 1.1: Schematic diagram of an event in a p-p collision [21].

colliding partons are referred to as Initial State Radiation (ISR). Emissions made by
final state particles are called Final State Radiation (FSR).

As the distance between outgoing partons increases, so does the strong interaction
between them, forcing them to be confined in colorless states. At this point the process
of hadronization occurs, by which a collimated bunch of hadrons, a jet, is created from
the color fields between the partons.

Each of the partons carries a fraction of the proton’s momentum x, defined math-
ematically as the ratio between the magnitude of the parton momentum over the
magnitude of the proton momentum. The proton can be described using form fac-
tors f(z,Q?) for each parton inside the proton, called parton distribution functions
(PDFs). Here, @? is the momentum transfer. The form factor has a strong depen-
dence on z, and only a small dependence on Q2. This dependence is provided by the
DGLAP equation [22].

The cross section is a measure of the probability of a specific scattering process,

under some given set of initial and final conditions. The cross section calculation of
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a p-p process can be factorized into two parts: the perturbative QCD calculation in
orders of ay of the hard-scatter process and the physics of the proton described by
the parton model. The scale Q2 that is assumed to separate these two components
is called the factorization scale, urp. The strong coupling ay is small for the hard
scattering component of a collision. The hard processes can, therefore, be described
using perturbative QCD (pQCD), which relies on an order-by-order expansion of
the observables in «a;. The soft part of a collision, on the other hand, involves low
momentum transfers and high «,. It is, thus, essentially non-perturbative, and precise

calculations cannot be done.

Let us assume a p-p interaction between protons A and B with a hard scattering
process occurring between partons a and b, which results in the final state X: ab — X.

The total cross section can be written as:
OAB = /dﬂ?adxbfa/A (aca, /L%) fb/B (a:b,,u%) X [00 + (3(5' (,u,%%) &1 + ] ab—X * (1.14)

The terms f,/4 and f;/p are PDFs that contain the non-perturbative soft compo-
nent of the collision. They essentially provide the probability that the proton A has a
parton a carrying a fraction z, of its momentum (similar for B). PDFs depend on the
non-physical factorization scale pur. Another unphysical scale is the renormalization
scale pp, which corresponds to the value at which ay is computed. A cross section
computed at a fixed order depends on pug and pp, and variations of these scales pro-
vide handles on the theoretical uncertainties. The dependence becomes weaker with
increasing orders of calculation, and would vanish if the cross section was computed
to all order in perturbation theory. Thus, results obtained only at leading order
(LO) suffer from large uncertainties and higher-order corrections (next-to-leading or-
der, NLO, or next-to-next-to-leading order, NNLO) can be significant. It is useful to

define the K-factor, as the ratio between the NLO and LO cross sections.
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PDFs are universal and independent of the hard process. They are measured
experimentally in deep inelastic scattering, Drell-Yan and p-p — jets processes [23].
Several collaborations provide PDFs that can be used to make QCD cross section

predictions [24-27].

1.3.2 Monte Carlo event generators

The complexity of a high-energy hadron collision is simulated by programs referred
to as Monte Carlo (MC) event generators [28]. MC generators predict observables,
such as momentum or angular distributions, that can be compared to data. They
work sequentially, to implement the different steps of a collision, and are essential
to any physics analysis. First, a Matrix Element Monte Carlo, convoluted with the
PDF's described in Section 1.3.1, will generate a hard-scatter (HS) 2 — n process at
a fixed-order (LO, NLO, NNLO, etc) where n represents a large number of partons
in the final state. In the case of the production of short-lived resonances, the decays
to stable particles are also performed, taking into account the partial decay widths
and any other properties, such as spin correlations.

Higher-order effects in perturbation theory are added to the HS event, using a
Parton Shower (PS) MC, which simulates the multiple emission of soft radiation. PS
methods are non-perturbative and, thus, less precise than the ME. Several methods
exist and they are approximate, allowing for some tuning to measurements. The
combination of a ME with a PS generator (matching) must be treated carefully,
to avoid double counting of diagrams or any gaps in the phase-space. PS shower
generators are also used to generate FSR and ISR.

The process of hadronization, by which the outgoing partons end up confined
in hadrons, is non-perturbative, as already mentioned. Different phenomenological

models exist, such as the Lund string model [29] or the cluster model [30], and are
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implemented in MC generators. They are derived from experimental input and can
usually be tuned to provide better predictions. Finally, the simulation of the pile-up?
is usually handled by overlaying extra 2 — 2 scatterings referred to as minimum bias
events. Because these processes are, again, mostly non-perturbative, implementations

in MC programs rely heavily on tuning to data.

1.4 The Higgs boson phenomenology at hadron colliders

1.4.1 Production

The main production modes of the Higgs boson at a p-p collider are presented in
Figure 1.2. The cross sections and uncertainties of each production mechanism are
provided by the LHC Cross Section Working Group [31-34]. Figure 1.3 shows the
cross sections for each production process, as a function of the center-of-mass energy
/s, for a Higgs boson of mass my = 125 GeV.

Gluon-gluon fusion (ggH) is the main Higgs boson production channel at the LHC
up to masses of 1 TeV, representing 87% of Higgs boson production at /s = 13 TeV.?
The main contribution to the loop arises from the top quark, due to the large Yukawa
coupling. The cross section for ggH is currently known at N3LO (next-to-next-to-
next-to-leading order) in QCD, with soft gluon contributions resummed up to NNLL
(next-to-next-to-leading logarithm), and also includes NLO EW corrections.

Vector boson fusion (VBF) is the second largest contribution to the Higgs boson
production at /s = 13 TeV (6.8%) and possesses a very distinct signature, with two
hard jets produced in the forward regions, originating from the two outgoing quarks.
The Higgs boson appears between the jets, in the central region of the detector. The
V BF cross section is currently computed at approximate NNLO in QCD and full

!Pile-up is defined as the mean number of interactions per bunch crossing.
2Higgs boson cross sections are quoted given a mass of 125.09 GeV.

18



1.4. The Higgs boson phenomenology at hadron colliders
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Figure 1.2: Leading-order Feynman diagrams of Higgs boson production modes, through a)
gluon- gluon fusion via heavy quark loops, b) vector boson (W or Z) fusion with two forward
jets, ¢) radiation of a Higgs boson (Higgs-Strahlung) from a V' (W or Z) boson and d) Higgs
production in association with top quarks.

NLO in QCD and EW. The theoretical uncertainties on V BF' are much smaller than
on ggH because the process is purely electroweak (at leading order) and the QCD

corrections have a smaller impact.

Associated production with a vector boson (W H, ZH) is the third most common
production mechanism which corresponds to 4.0% of the total Higgs boson production
cross section at /s = 13 TeV. The process is also called Higgs-Strahlung due to the
radiation of a Higgs boson analogous to that of Bremsstrahlung. The cross sections

are currently calculated at NNLO in QCD and NLO in EW.

Top associated production (t¢H and tH) has one of the lowest rates of Higgs boson
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Figure 1.3: Cross sections for the different production mechanisms of the SM Higgs boson
at the LHC, as a function of the center-of-mass energy and for a Higgs boson mass of 125
GeV [34].

production at the LHC at /s = 13 TeV. Both single and double top production is
difficult to measure due to the many final states with b quarks and leptons. The
cross section estimation is done at NLO in EW and QCD. This production mode is
important to probe as it offers direct access to the top Yukawa coupling.

Finally, bb fusion (bbH) production has a cross section calculated with two flavor
schemes. The four flavor scheme (4FS), computed at NLO, and the five flavor scheme
(5FS) computed at NNLO. The 5FS EW corrections are ignored since they are found
to be small. The 4FS can be viewed as gluon splitting similar to the ttH process
while the 5FS has the b quarks added into the parton distribution function (PDF') for

the two incoming protons.
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1.4.2 Decays

The couplings of the Higgs boson are always proportional to some mass scale, as
discussed in Section 1.2.2. The H f f interaction grows linearly with the fermion mass,
while the HWW and HZZ vertices are proportional to m%,[, and mZZ, respectively.
Therefore, the most probable decay mode of the Higgs boson is the one into the

heaviest possible final state. This is clearly illustrated in Figure 1.4.

The Higgs boson branching ratios mentioned in this section are extracted from [34]
given my = 125.09 GeV. The H — bb decay channel is by far the dominant one (B ~
0.581) as the Higgs boson mass is below the W W~ production threshold. Alongside
the H — 777~ decay channel (B & 0.0626), these fermionic decay channels are useful
in determining the Higgs boson couplings to different quark types and leptons but

tend to be difficult to distinguish from their large background processes.

The Higgs boson can also decay into a pair of gauge bosons, H — WtW~ (B ~
0.215) and H — ZZ (B =~ 0.0264). The ZZ — 4¢ decay has a very high signal
to background ratio and the WW decay is characterized by a poor mass resolution
due to neutrinos in the final state. For my > 2my, the H — tt decay width is
also sizeable, although smaller than the WW and ZZ ones because of the different
dependence of the corresponding Higgs boson coupling with the mass scale (linear
instead of quadratic). The design of the LHC detectors has taken into account all

these very characteristic properties in order to optimize the search for new particles.

The Higgs boson can also decay into two photons H — ~~ through a radiative
one-loop transition with a virtual top-antitop-quark pair, but can also be replaced
with a W boson loop. Although this decay mode is quite suppressed (B ~ 0.00227),
it plays an important role in the LHC Higgs boson search at small masses because of
its clean signature, in comparison with the big backgrounds affecting the dominant

H — bb channel. The decays of the Higgs boson are shown as Feynman diagrams in
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Figure 1.4: Branching ratios of the SM Higgs boson as a function of its mass [33].

Figure 1.5.

1.4.3 Discovery and property measurements of the Higgs boson

A priori, there is no theoretical prediction within the SM for the Higgs boson mass.
Combining the data from the four detectors of the Large Electron-Positron collider,
a lower bound of 114.4 GeV (95% CL) was set on the Higgs boson mass [35]. Data
collected at the Tevatron was used to exclude masses between 100 and 109 GeV, and
between 158 and 175 GeV at 95% CL [36]. The discovery of the Higgs boson was
eventually made using collisions at the Large Hadron Collider (LHC). On July 4,
2012, the ATLAS and CMS experiments announced the discovery of a particle with
Higgs-like properties, with a mass of about 125 GeV [37,38], with the significance

shown in Figure 1.6.
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Figure 1.5: Feynman diagrams for the decay modes of the SM Higgs boson into: a) fermion-
antifermion pairs, b) WW or ZZ spin-1 boson pairs, ¢) two photons via virtual quark loop
(which can also be replaced with a W boson loop) and d) two gluons.

The discovery of the Higgs boson was made by combining the results from H —
ZZ, H—=~yy, H—WtW~, H—>bband H— 777~. The H - vyand H — ZZ
decay channels enable the most precise measurement of the Higgs boson mass since
the Higgs boson candidate can be fully reconstructed and the momentum and energy
of the final state particles (photons, electrons and muons) can be measured with high
precision. The combined mass measurement in these decay channels with the ATLAS

and CMS experiments using the Run 1 data set was:

my = 125.09 4 0.21 (stat.) & 0.11 (syst.) GeV. (1.15)

The ATLAS and CMS collaborations also combined results for Higgs boson pro-
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duction and decay modes using the Run 1 data set. These measurements can be
presented in terms of signal strength, which is defined for each production and decay
mode as:

oxB

- _7x> 1.16
a osm X Bsu (1.16)

where o x B is the measured cross section times branching ratio and ogys X Bgas
is the corresponding SM expectation. The production modes considered were ggH,
VBF, WH, ZH and ttH while the decay modes considered were ZZ, vy, WTW~,

+7~ and bb. Without any extra assumptions, only the production mode multiplied

-
by the branching ratio can be measured experimentally. It is possible to measure
the individual production modes by assuming the decay modes are equal to their
SM expectations. Similarly, it is possible to measure the individual decay modes by
assuming the production modes are equal to their SM expectations. The combined
results for the production and decay signal strengths with the ATLAS and CMS
experiments using the Run 1 data set are shown in Figures 1.7 and 1.8. All results

are found to be in good agreement with their SM predictions with the exception of

the ttH process, where the measured signal strength was py g = 2.3f8:g.

1.4.4 Current status

In the last decades the Standard Model has revealed itself as a theory capable to
describe and predict the behaviour of the subatomic particles with great precision.
However, the SM is a theory far from being complete as it does not include the
gravitational interaction and there are fundamental issues that lead to the search for
Physics beyond the Standard Model (BSM). For example, phenomena such as dark-
matter and dark-energy [40], which compose 96% of the Universe, or the observed
matter-antimatter asymmetry, remain unexplained by the SM. Moreover, the lightness

of the discovered Higgs boson has some theoretical consequences, the most important
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Figure 1.6: The local probability p, measured by a) ATLAS [37] and b) CMS [38] for a
background-only experiment to be more signal-like than the observation, for 7 and 8 TeV
data and their combination in the low mass range of a) 110 < m,, < 150 GeV and b) 110
< myy < 145 GeV. The full curve gives the observed combined py. The dashed curve shows
the median expected value under the hypothesis of a SM Higgs boson signal at that mass.
The horizontal lines indicate the py corresponding to significances of a) 0o to 60 and of b) 1o
to 7o.

25



Chapter 1. Theory

ggF

VBF

WH

ZH

ttH

u

_1_

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B —ztlo
———— —+20
———
[
——
e ———
 ———
—

!

e
e
i
onc bbb b b b b

1 l 1111 1 l 1
. 05 1 15 2 25 3 35 4
Parameter value

|
0

Figure 1.7: Best fit results for the production signal strengths for the combination of ATLAS
and CMS data. Also shown are the results from each experiment. The error bars indicate the
1o (thick lines) and 20 (thin lines) intervals. The measurements of the global signal strength
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Figure 1.8: Best fit results for the decay signal strengths for the combination of ATLAS and
CMS data. Also shown are the results from each experiment. The error bars indicate the 1o
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one being the so-called naturalness or hierarchy problem, which is related to the level
of the fine tuning of some of the free parameters of the theory. One-loop radiative
corrections to the Higgs boson mass are quadratically divergent, and tend to make
the Higgs boson heavier. The presence of new particles at the TeV scale would cancel
these divergences reducing by far the fine tuning needed.

Part of the LHC program in the coming years is to measure the properties of the
discovered Higgs boson with greater precision and compare them to the latest theoret-
ical predictions. Deviations in cross section measurements, differences in differential
cross sections, or new and more precise measurements of the Higgs boson couplings,

can point to new physics.

1.5 Higgs boson pair production

Higgs boson pair production [41] is expected to play a key role in understanding the
structure of the underlying potential that results in the BEH spontaneous symmetry
breaking mechanism. Not only it is the simplest production process that is sensitive
to the self-coupling A, but it also provides one with a wealth of possibilities for probing
higher-dimensional interactions as well as the existence of heavier states coupled to
the Higgs.

Unfortunately, the rates for Higgs boson pair production at the LHC are quite
small in the SM, so a measurement of the HH production cross sections necessi-
tates considerable integrated luminosity even at 13-14 TeV centre-of-mass energy.
However, new physics can produce sizable enhancements in several scenarios. These
enhancements fall into two basic categories: Non-resonant (see Section 1.5.1) and
resonant (see Section 1.5.2) production. In any case, precise predictions for rates and
distributions are needed in order to be able to extract valuable information on X\ or

on new physics effects in general.
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Analogously to single-Higgs boson production, several channels can lead to a final
state involving two Higgs bosons. They entail the Higgs boson coupling to either the
top quark (as in the case of gluon-gluon fusion and of ttH associated production),
or vector bosons (in VBF, and in W and Z associated production), or both (for
single-top associated production). The dominant production mechanism is gluon-
gluon fusion via virtual top quarks, i.e., box and triangle diagrams (see Figure 1.9),
exactly as in the case of single-Higgs boson production. Cross sections corresponding
to the other channels are at least one order of magnitude smaller, even though possibly
interesting because of different sensitivity to A or to new physics, and because of the

possibility of exploiting a wider range of Higgs boson decay signatures. Figure 1.10
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Figure 1.9: Feynman diagrams for the leading order production modes for SM Higgs boson
pair production through: a) a heavy quark loop (“box diagram”) and b) the Higgs boson
self-coupling (“trilinear diagram”). BSM Higgs boson pair production can occur by changing
the SM couplings in a) and b) or through ¢) an intermediate particle, X, called a resonance.

shows the predictions for the total rates at the NLO accuracy matched with parton

shower for all the relevant Higgs-pair production channels in the SM at p-p colliders
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1.5. Higgs boson pair production

with up to 100 TeV center-of-mass energy. The thickness of the curves corresponds
to the scale and PDF uncertainties added linearly. It is observed that contrary to
what happens in single-Higgs boson production, the top-pair associated channel is the
third-largest starting at about /s = 10 TeV, and becomes the second-largest when
center-of-mass energies approach /s = 100 TeV. The theoretical uncertainties due to
scale variations in the three most important processes (gluon-gluon fusion, VBF', and

associated production) are sizably reduced by the inclusion of the NLO corrections.
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Figure 1.10: Total cross sections at the NLO in QCD for the six largest HH production
channels at p-p colliders [41].

The branching ratios of the Higgs boson pair production channels are shown in
Figure 1.11 and are extracted from [34] given mpy = 125.09 GeV. The search for Higgs
boson pair production in the fully hadronic final state (HH — bbbb) exploits the high
H — bb branching ratio, but it is characterized by a large multijet background. It is
the analysis with the highest sensitivity at high resonance mass. The HH — ~~ybb
channel is characterized by a very high purity but a low statistic, as a result of

exploiting both the H — v to reduce QCD background and the H — bb in the
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attempt to have the largest possible signal yield. The search for HH — bbl{ includes
both the HH — bbW (¢v)W ({v) and HH — bbZ(¢{)Z(vv) signals: in both cases, the
presence of two neutrinos in the final state degrades the invariant mass resolution on
the Higgs boson decaying to leptons. The main background is the top-pair production
decaying fully leptonically. The HH — bbrT represents a good compromise between
the branching fraction and the background contamination. It is characterized by a
poor myy,.. resolution, degraded by the presence of neutrinos in the final state. The

main backgrounds are tt, Drell-Yan, and the multijet events.
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Figure 1.11: Branching ratios of the most relevant HH production channels given a Higgs
mass of 125.09 GeV.

1.5.1 Non-resonant production

In theories beyond the SM, there can be contributions to the effective potential from
dimension six Higgs boson operators that are induced by integrating out heavy degrees
of freedom, or from compositeness. The Higgs boson mass and A then are indepen-

dent parameters, and the interactions of the Higgs boson with the electroweak gauge
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1.5. Higgs boson pair production

bosons are modified from their SM values. The gluon-gluon fusion subprocesses that
correspond to the box and the trilinear diagrams are the dominant HH production
mechanisms. The interference of the two amplitudes is sensitive to the H H H coupling
and thereby modifying any of the SM couplings would vary the expected Higgs boson
pair production rate. Simply “turning off” the self-coupling Ay would result in a
doubling of the Higgs boson pair production rate in gluon-gluon fusion, and changing
its sign would lead to a quadrupling of the rate [42].

Maximal destructive interference of the real amplitudes occurs at AZ7H ~ 245
)\gl\f H_ Figure 1.12 shows the total LO and NLO cross sections for the six domi-
nant HH production channels at the LHC with /s = 14 TeV, as a function of the
self-interaction coupling A. The dashed (solid) lines and light- (dark-) colour bands
correspond to the LO (NLO) results and to the scale and PDF uncertainties added

linearly. The SM values of the cross sections are obtained at k) = A\/Asy = 1.
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Figure 1.12: Total cross sections at the LO and NLO in QCD for HH production channels,
at the /s = 14 TeV LHC as a function of the self-interaction coupling A [41].

Enabling a direct ttH H vertex would likewise lead to a significant enhancement of
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the pp — H H rate [43]. This process would be similar to Figure 1.9b but with a single
vertex and without the intermediate Higgs. There is also the option of including light

colored scalars [44] among many other possibilities.

1.5.2 Resonant production

Resonant production allows for potentially significant enhancements with striking
features that are well defined for a physics analysis. Many beyond-the-Standard-
Model (BSM) theories predict the existence of heavy particles that can decay to a
pair of Higgs bosons. These could then be identified as a resonance in the Higgs
boson pair invariant mass spectrum. They could be produced, for example, through
the ggH mode shown in in Figure 1.9¢c, where “X” is a new intermediate particle.
Models with two Higgs boson doublets [45], such as the minimal supersymmetric
extension of the SM (MSSM) [46], twin Higgs boson models [47] and composite Higgs
boson models [48,49] involve the addition of a second complex scalar doublet. This
implies the existence of a heavy Higgs boson that could then decay to two of its

lighter, SM-like, partners.

Two-Higgs-doublet model

The two-Higgs-doublet model (2HDM) is one of the simplest extensions of the SM.
The addition of the second Higgs boson doublet leads to a richer phenomenology
as there are five physical scalar states: the CP-even neutral Higgs bosons h and H
(where H is heavier than h by convention), the CP-odd pseudoscalar A and two
charged Higgs bosons H*. The current convention is to assume that the Higgs boson
discovered at my ~ 125 GeV is the lightest CP-even neutral Higgs boson proposed
by this model, h.

The couplings of the light boson h are SM-like for the alignment limit, § — a =
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1.5. Higgs boson pair production

7/2, where tan (3 is defined as the ratio between the vacuum expectation values (v)
and « denotes the mixing angle of the two CP-even neutral Higgs bosons.
Two-Higgs-doublet models can introduce flavor-changing neutral currents which
have not been observed so far. The Glashow-Weinberg condition, requiring that each
group of fermions (u-type quarks, d-type quarks and charged leptons) couples exactly
to one of the two doublets, is sufficient to avoid flavor-changing neutral currents.
Depending on which type of fermions couples to which doublet ¢, one can divide

two-Higgs-doublet models into different classes, stated in Table 1.3.

Type Description u-type quarks couple to d-type quarks couple to Charged leptons couple to

TypeI  Fermiophobic o2 P2 b2
Type II  MSSM-like b2 #1 ¢
X Lepton-specific 02 P2 &1
Y Flipped P2 o1 ®2

Table 1.3: Classification of Two-Higgs-doublet models which lead to a natural flavor conser-
vation. By convention, ¢o is the doublet to which up-type quarks couple [50].

The type II 2HDM, characterized by u- and d-type quarks coupling to separate
doublets, is by far the most studied, since it is the structure present in supersymmetric
models. The most crucial difference between the general type II 2HDM and the MSSM
is that the general type II 2HDM does not have a strict upper bound on the mass
of the lightest Higgs boson, which is an important characteristic of the MSSM. In
addition, the scalar self-couplings are now arbitrary. Another important difference is
that the mixing parameter «, which in the MSSM is given in terms of tan 8 and the
scalar and pseudoscalar masses, is now arbitrary. Finally, in the MSSM the charged-
scalar and pseudoscalar masses are so close that the decay of the charged Higgs boson
into a pseudoscalar and a real W boson is kinematically forbidden, while it is generally
allowed in the type II 2HDM.

A very interesting study in the context of the CP-conserving two-Higgs-doublet
model (2HDM) of type II probes that the hhh coupling cannot exceed its SM value,
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but can be reduced by a factor of 0.56 at the 20 level [51].

The role of MSSM heavy Higgs boson production is also studied and results suggest
that the H — hh decay can nontrivially affect the h self-coupling measurement in
low tan S regime when the mass of the heavy Higgs boson lies between 250-600 GeV
and depending on the parameter space it may be seen as an enhancement of the

self-coupling of 125 GeV Higgs boson [52].

Composite Higgs boson models

The composite Higgs boson models are speculative extensions of the SM where the
discovered Higgs boson is not considered a fundamental particle but a bound state
arising from an unknown interaction that breaks the EW symmetry. These models
can solve the naturalness problem of the SM (see Section 1.4.4) since the Higgs boson
is not an elementary particle so that a new energy scale exists that can be explained
dynamically similarly to the mass of the proton. So far no direct or indirect signs

that the Higgs boson or other SM particles are composite have been detected.

Other models

In an alternative model containing the SM Higgs boson doublet, ¢, and an additional
Higgs boson singlet, S, the Higgs boson pair production enhancement can be as large
as a factor of ~18 (13) for the mass of the heavy Higgs boson around 270 (420) GeV
relative to the SM rate at 14 TeV for parameters corresponding to a global electroweak
minimum [53].

The Randall-Sundrum model of warped extra dimensions [54] predicts both spin-0
radions and spin-2 gravitons that could couple to a Higgs boson pair in this way. The
model is a braneworld theory developed while trying to solve the hierarchy problem

of the SM. It involves a finite five-dimensional bulk that is extremely warped and
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contains two branes: the Planckbrane (where gravity is a relatively strong force; also
called “Gravitybrane”) and the Tevbrane (our home with the SM particles; also called
“Weakbrane”). In this model, the two branes are separated in the not-necessarily large
fifth dimension by approximately 16 units (the units based on the brane and bulk
energies). The Planckbrane has positive brane energy, and the Tevbrane has negative

brane energy. These energies are the cause of the extremely warped spacetime.

1.5.3 ATLAS searches for Higgs boson pair production

The ATLAS collaboration has performed searches for resonant and non-resonant Higgs
boson pair production in the bbbb, vybb, bbrT and vyW W final states using the Run
1 data set at a center-of-mass energy of 8 TeV. The searches in these various final
states were combined [55] and no evidence of HH production was found in both the
resonant and non-resonant searches.

Figure 1.13 shows the combined observed and expected 95% CL upper limits on
the resonant production cross section as a function of the resonance mass, mx. For
the low mass region of 260-500 GeV, both the yybb and the bbrT analyses contribute
significantly to the sensitivity of the search, while for masses above 500 GeV, the
sensitivity of the analysis is almost entirely driven by the bbbb final state.

The most significant excess observed in the resonant search is at a mass of 300
GeV, which has a local significance of 2.50, largely due to a 3.0 excess observed in
the yybb analysis [56]. Figure 1.14 shows the diphoton invariant mass spectrum in
data for the non-resonant yybb analysis and the four body invariant mass distribution
in data for the resonant yybb analysis.

The observed upper limit placed on o (g-g — X ) x B (X — HH) varies from 2.1
pb at 260 GeV to 0.011 pb at 1000 GeV.

For the non-resonant search, the observed and expected upper limits at 95% CL
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Figure 1.13: The combined observed and expected 95% CL upper limits on the resonant
production cross section, o (g-g = X) x B (X — HH) as a function of myx. The expected

limits from the individual analyses are also shown [55].
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Figure 1.14: a) The diphoton invariant mass spectrum for the data and the corresponding
fitted signal and background in the non-resonant yvybb search. The lower plot shows the
diphoton invariant mass spectrum in data for events with fewer than two b-tagged jets. The
shape of the fitted function in this control region is used in the upper plot. b) The four body
invariant mass for data events in the resonant yybb search with the expected backgrounds
shown [56].
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on the cross section of SM Higgs boson pair production are shown for each individual
analysis and for the combination in Table 1.4. The combined observed (expected)
upper limit on o (g-g — HH) is 0.69 (0.47) pb, corresponding to 70 (48) times the
cross section predicted by the SM. The HH — bbbb analysis has the best expected
sensitivity followed by the HH — ~vbb analysis. The observed combined limit is
weaker than expected due to the excess in the HH — ~vbb which can be seen in

Figure 1.14.

Table 1.4: The expected and observed 95% CL upper limits on the cross sections of non-
resonant Higgs boson pair production at /s = 8 TeV from the individual analyses and their
combinations. SM values are assumed for the Higgs boson decay branching ratios. The cross
section limits normalized to the SM value are also included.

Analysis yybb YYWW bbrT bbbb Combined
Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47

Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70

The search for a generic scalar decaying to a pair of Higgs bosons in the yybb final

state is one of the aims of this thesis. Details can be found in Chapter 5.
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Chapter 2

The LHC and the ATLAS

Experiment

This chapter introduces the experimental setup used for the development of the work
described in this thesis. It starts with a general description of the LHC machine
and its collision conditions. Both Run 1 and Run 2 data-taking periods are covered.
It continues with a detailed explanation of the ATLAS detector, including the sub-
systems that compose it and the data acquisition process, essential to achieve the

physics goals set after the discovery of the Higgs boson.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [57] is a two-ring-superconducting-hadron accel-
erator and collider located at CERN (European Organization for Nuclear Research).
Situated underground, it is approximately circular with a circumference of 27 km

and it straddles the border between France and Switzerland just outside Geneva. Its
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Chapter 2. The LHC and the ATLAS Experiment

primary goal is to deliver proton-proton collisions! at unprecedented conditions of
energy and luminosity, with the key objectives of exploring the Standard Model in
the TeV energy scale, and searching for the Higgs boson and for potential new physics
beyond the Standard Model. In what follows, different aspects of the LHC will be
discussed, using the information available in [57-60].

Protons are injected into the LHC using a chain of particle accelerators as shown
in Figure 2.1. Hydrogen atoms are ionized and the protons are accelerated to 50
MeV by the Linac, a linear accelerator. The protons continue to the Proton Syn-
chrotron Booster (PSB), followed by the Proton Synchrotron (PS) and Super Proton
Synchrotron (SPS); each accelerates the protons to energies of 1.4 GeV, 25 GeV, and
450 GeV respectively, before they are delivered to the LHC. The PS and SPS deliver
protons in “bunches” separated by roughly 25 ns each; in total 2808 bunches can be
injected into the LHC ring. There are about 10'! protons per bunch. Once inside the
LHC, the proton bunches are kept circulating using superconducting magnets cooled
to 1.9 K with liquid helium. Radiofrequency (RF) cavities with a maximum oscilla-
tion of 400 MHz are used to accelerate the particles from 450 GeV to a maximum of
7 TeV.

The LHC has eight arcs and eight straight sections between the arcs. The straight
sections are around 528 m long. Each straight section has associated with it surface
and underground installations, lifts, and a wide variety of technical infrastructure.
These locations are referred to as the LHC points and are illustrated in Figure 2.2. The
four main experiments are situated at point 1 (ATLAS [62]), point 2 (ALICE [63]),
point 5 (CMS [64]) and point 8 (LHCb [65]). Injection of clockwise (anti-clockwise)
beam takes place at point 2 (8). The main collimator installations are at points 3
and 7, the RF system is situated at point 4 and the beam dump system is situated

at point 6. Importantly each sector can be cooled and powered independently.

!The LHC also collides lead ions, but those will not be discussed in this thesis.

40



2.1. The Large Hadron Collider

— CERN Accelerator Complex

® 1 e 5
450 GeV @ ) th s

® 1

SPS
26 GeV - eutrio
o ATLAS CNGS
@ T PS v B Gron Sosso
- AD
1.4 GeV ™
@ T BOOSTER i
1

50 MeV n-To

N 7
A
@ T LINAC 2 Na LA
lons

Leir

LHC Large Hadron Coliider S

AD Antiproton Decelerator ty CNGS Cern Neutrinos to Gran Sasso ) sotope
LEIR LowEnergylon Ring  LINAC LiNear ACcelerator  n-To strons Time Of Figt

Figure 2.1: The Large Hadron Collider, its injection chain, and the four main experiments,
ATLAS, ALICE, CMS, and LHCDb, to which it delivers collisions [61].

The energy of the LHC is essentially determined by the bending radius of the ring
and the achievable dipole field strength. Instantaneous luminosity is defined as the
number of p-p interactions per second and unit surface area. This can be written in
terms of the beam parameters in the following way:

— 4171'N2 ];:Z;yn:unm ~ 10%* em ™2 571, (2.1)
where N = 10'! is the number of protons per bunch (squared because a proton
could interact with any proton in the oncoming bunch), fre, = 11245 Hz is the LHC
revolution frequency, npyncn = 2808 is the number of bunches and o, and o, are
the transversal dimensions of the bunch, which is of the order of a few pm at the

interaction point (IP).
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Figure 2.2: Layout of the main LHC ring [66].

High instantaneous luminosity is achieved by a large number of bunches, high
bunch population and small beam size at the interaction points. The peak instanta-
neous luminosity in 2015 was 5.0 x 1033 cm™2 s~!; already in 2016 the peak luminos-
ity exceeded 1 x 103* ecm™2 s7!, its design luminosity, and in 2017 a peak luminosity
of twice the design luminosity was achieved. Figure 2.3a reports the integrated lu-
minosity delivered to ATLAS in each year of data taking from 2011 to 2017, and
Figure 2.3b shows the cumulative luminosity delivered to and recorded by ATLAS in
the year 2017.

As a consequence of the high instantaneous luminosity delivered by the LHC, the

number of inelastic p-p interactions in a single bunch crossing at the detector IP is
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Figure 2.3: a) Cumulative p-p collision luminosity delivered to the ATLAS detector versus
month of the year, separately for years between 2011 and 2017 and b) cumulative luminosity
versus time delivered to (green) and recorded by ATLAS (yellow) during stable beams for p-p
collisions at 13 TeV centre-of-mass energy in 2017 [67].

larger than one. This phenomenon is referred to as in-time pile-up. The mean number
of interactions per crossing corresponds to the mean of the Poisson distribution on
the number of interactions per crossing calculated for each bunch. It is calculated

from the instantaneous per bunch luminosity as:

. Lyunch Tinel

Foon , (2.2)

where Lpynen is the per bunch instantaneous luminosity, ¢, is the inelastic cross
section which we take to be 71.5 mb for 7 TeV collisions, 73.0 mb for 8 TeV collisions

and 80.0 mb for 13 TeV collisions, and f¢, is the LHC revolution frequency.

Figure 2.4a shows the distributions of the mean number of interactions per bunch
crossing in ATLAS, for the 2011 and 2012 data-taking periods (there was no pile-up
in 2010). In 2012, the larger instantaneous luminosity caused a significant increase in
pile-up, with respect to 2011. A similar behavior is observed for the 2015, 2016 and

2017 data-taking periods, as illustrated in Figure 2.4b. In 2017 the average number
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of interactions per crossing was maximum at a value of () = 38.1, with tails up to

~ 70 interactions.
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Figure 2.4: a) The luminosity-weighted distribution of the mean number of interactions per
crossing for the 2011 and 2012 p-p collision data at 7 and 8 TeV, respectively, centre-of-mass
energy [68] and b) for the 2015, 2016 and 2017 p-p collision data at 13 TeV centre-of-mass
energy [67].

2.2 The ATLAS Experiment

The ATLAS (A Toroidal LHC Apparatus) [69] experiment is a general-purpose de-
tector designed to reconstruct events from colliding hadrons at the LHC. ATLAS is
about 44 meters long, more than 25 meters high and has an overall weight of approx-
imately 7000 tonnes. The detector has a cylindrical symmetry providing coverage of
almost 4 in solid angle.?

The ATLAS detector measures the energy and momentum of light, electromag-
netically interacting particles (electrons and photons), hadronic jets, and muons. To
achieve this, the detector is composed of several nested, cylindrical sub-systems, as

shown in Figure 2.5. Closest to the IP, a tracking system is used to measure the

2Solid angle is the two-dimensional angle in three-dimensional space. 47 equates to a surface that
completely covers a sphere.
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momentum of charged particles while absorbing as little of a particle’s energy as pos-
sible. Next, a system of calorimeters is used to stop electrons, photons and hadronic
jets, measuring their energy in the process. An electromagnetic calorimeter is closer
to the IP, and absorbs nearly all the energy from electrons and photons. Hadronic
jets are stopped by the electromagnetic and hadronic calorimeters.

Muons escape the calorimeter; the outermost layer of the ATLAS detector is a
spectrometer composed of tracking detectors and toroidal magnets designed to mea-
sure the muons momentum. The sub-systems are designed in ways to make it easier to
identify electrons, photons, hadronic jets, taus and muons and discriminate between
the different classes in order to understand the fundamental interaction in the p-p

collision.
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Figure 2.5: Cut-away view of the ATLAS detector [69].

ATLAS uses a right-handed coordinate system, with the origin placed at the
IP. The beam direction defines the z-axis. The A-side (C-side) of the detector is

defined as that with positive (negative) z. The positive z-axis is defined as pointing
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to the center of the LHC ring, and the positive y-axis points upwards. The = — y
plane is orthogonal to the beam direction and referred to as the transverse plane.
Quantities such as transverse momentum, pr, or transverse energy, Fr, are defined
in this transverse plane. The azimuthal angle ¢ is measured around the beam axis
and the polar angle @ is the angle from the beam axis. In the limit where the particle
is travelling close to the speed of light, or equivalently in the approximation that the

mass of the particle is negligible, the rapidity, y, and pseudorapidity n are defined as:

1 E+p, _ 0
y—iln <E—pz> and 7 = —Intan <2>, (2.3)

where F denotes the energy and p, the component of the momentum along the beam

direction. In the limit of massless particles, ¥y = n, and both are invariant under
Lorentz boosts along the beam axis. The distance AR in the 1 — ¢ coordinate space

is commonly used and is defined as:

AR = /An2 + Ag? (2.4)

2.2.1 Magnet System

ATLAS features a unique hybrid system of a central superconducting solenoid and
three outer superconducting toroids. This magnetic system is 22 m in diameter and
26 m in length, with a stored energy of 1.6 GJ. Figure 2.6 shows the general layout
with the four superconducting magnets which provide a magnetic field over a volume
of approximately 12,000 m?.

The solenoid provides the Inner Detector with a 2 T axial magnetic field. Crucially,
this high field strength is obtained whilst keeping the solenoid thin in order to reduce
the material in front of the electromagnetic calorimeter. The solenoid is aligned to

the beam axis, it is 5.8 m in length and has an outer diameter of 2.56 m.
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Figure 2.6: Schematic diagram of the ATLAS magnet system [70].

The toroid system is divided into three regions, the barrel and two end-caps. The
barrel region is constructed from eight coils and produces a toroidal magnetic field
of approximately 0.5 T for the central muon detectors. The end-cap toroids are also
constructed from 8 coils each and produce a magnetic field of approximately 1 T for

the muon detectors in the end-cap regions.

2.2.2 Inner Detector

The Inner Detector (ID), illustrated in Figure 2.7, is the innermost layer of ATLAS.
The ID is composed of three different technologies which decrease in granularity the
further away from the interaction point. The Pixel detector is closest to the interaction
point and is composed of four layers of silicon pixel detectors. This is followed by
the Semi-Conductor Tracker (SCT) which is built from four layers of silicon strip
detectors. Finally, straw tubes make up the Transition Radiation Tracker (TRT)
which surrounds the Pixel and SCT detectors.

The Pixel and SCT detectors are divided along the beam axis into a barrel region
and two end-cap sections. In the barrel region, the detectors are arranged in concentric

cylinders around the beam axis while in the end-cap regions they are located on disks
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perpendicular to the beam axis. In this way, the Pixel and SCT detectors cover the

region |n| < 2.5.

21m

End-cap semiconductor tracker

Figure 2.7: Cut-away view of the ATLAS Inner Detector [69].

The Pixel detector is the first detector that a particle will cross from beam inter-
actions. The sensors are finely segmented in R — ¢ and z with typically four pixel
layers crossed by each particle. In the first layer, the segmentation is 50 pym (R — ¢)
x 250 um (z), while in the other layers it is 50 pm (R — ¢) x 400 pm (z). This high
level of segmentation gives precise space point measurements but requires a very large
number of readout channels (> 80 million).

The innermost pixel layer in the barrel, the Insertable B-Layer (IBL) was installed
between Run 1 and Run 2. The IBL was inserted at a radius of 33 mm from the
interaction point. The first layer of the original Pixel detector was located at a radius
of 50 mm. In order to have the space to install the IBL, a new beryllium beam pipe

was also installed with a reduced diameter (from 59 mm to 47 mm). The original
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Pixel detector was designed for a peak luminosity of 1.0 x 10>*cm=2s~!, which has
been exceeded in Run 2. This upgrade was essential to provide an improvement
in tracking, vertex reconstruction and b-tagging performance. Figure 2.8 shows the
improvement of resolution on the transverse impact parameter (the distance dy in
the = — y plane between the track closest point to the z-axis and the z-axis itself)
and on the longitudinal impact parameter (the z coordinate 2y of the closest point of
approach to the z-axis) determination as a function of pp due to the additional IBL

pixel layer.
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Figure 2.8: a) Transverse impact parameter and b) longitudinal impact parameter resolution
measured with data taken in 2015, at /s = 13 TeV, with the Inner Detector including the
IBL, as a function of pr, for values of 0.0 < || < 0.2, compared to that measured with 2012
data, at /s = 8 TeV [71].

In the SCT detector, typically eight strip layers (four space points) are crossed by
each track. In the barrel region, the detector uses small-angle (40 mrad) stereo strips
to measure both coordinates, with one set of strips in each layer parallel to the beam
direction, measuring R — ¢. They consist of two 6.4 cm long daisy-chained sensors
with a strip pitch of 80 ym. In the end-cap region, the detectors have a set of strips
running radially and a set of stereo strips at an angle of 40 mrad. The mean pitch of

the strips is also approximately 80 um. The total number of readout channels in the
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SCT is approximately 6.3 million.

A large number of hits is provided by the 4 mm diameter Xe-based gas mixture
straw tubes of the TRT, which enables tracking up to |n| = 2.0. The TRT only
provides R — ¢ information, for which it has an intrinsic accuracy of 130 pm per
straw. In the barrel region, the straws are parallel to the beam axis and are 144
cm long, with their gold-plated wires divided into two halves, approximately at n
= 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels.
The total number of TRT readout channels is approximately 351,000. Significant
modifications of the TRT detector were made for Run 2 mainly to improve response
to the expected much higher rate of hits and to mitigate leaks of the Xe-based active
gas mixture. Many gas leaks were repaired and the gas system was modified to use a

cheaper Ar-based gas mixture in some channels.

The overall ID momentum resolution that was achieved during Run 1 (so before

the IBL insertion) can be approximated by the formula:

Irr _ 0.05% - pp @ 1% (2.5)
pT

2.2.3 Calorimeters

The ATLAS calorimeter system consists of several different electromagnetic and
hadronic detectors, with full ¢ symmetry. They are placed around the ID and
the solenoid magnet, with a layout shown in Figure 2.9. The innermost layer of
the calorimeter system, the so-called Liquid Argon (LAr) calorimeter, is composed
of one electromagnetic (EM) calorimeter in the barrel (EMB), one EM calorime-
ter (EMEC) and one hadronic calorimeter (HEC) at each end-cap; and a forward
calorimeter (FCal), that covers the regions closest to the beam. The TileCal is a

hadronic calorimeter, that forms the outer layer of the system, and it is composed of
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one central barrel (LB) and two extended barrels (EB) on each side.
Calorimeter showers can be characterized according to their longitudinal depth
and its lateral width, which vary according to the type of incident particle and the na-

ture of the absorber used in the calorimeters. Electrons and photons passing through

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 2.9: Cut-away view of the ATLAS calorimeter system [69].

an absorber will shower electromagnetically: photons produce e*e™ pairs and elec-
trons emit bremsstrahlung photon radiation. The daughter electrons and photons also
interact, resulting in a particle shower. Most of the energy will have been absorbed
after traversing about 20 radiation lengths Xg of absorber (longitudinal depth). The
lateral width of the shower in a material is characterized by its Moliere radius, the
radius of a cone in which 90% of the shower energy is contained.

Hadrons, on the other hand, shower mostly via strong interactions. The shower
develops in a similar cascade of decay products, about 1/3 of which are 7° which

decay electromagnetically, initiating an electromagnetic shower component to the
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total shower. Hadronic showers are characterized by a core energy deposit, partially
due to the electromagnetic showering, and a larger tail of energy deposition.

The LAr and Tile calorimeters are both sampling calorimeters, alternating ab-
sorber and active layers. The LAr was specifically designed to aid electron and photon
discrimination against hadronic jets. Its relatively small Moliere radius (9 cm) results
in compact electromagnetic showers from electrons and photons. These local shower

deposits can be identified against the more diffuse showers of hadronic jets.

The Liquid Argon Electromagnetic Calorimeter

The EM calorimeter uses liquid argon as the active material and lead plates as the
absorber. Liquid argon was chosen for its intrinsic linear behavior, stability of response
over time, and radiation-hardness. The lead-LAr layers have an accordion-shaped
geometry that provide complete ¢ symmetry without azimuthal cracks.

The EM calorimeter is divided into a barrel part (EMB, || < 1.475) and two end-
cap components (EMEC, 1.375 < |n| < 3.2), each housed in their own cryostat held
at around 90 K. The EMB calorimeter consists of two identical half-barrels, separated
by a small gap of 4 mm at z = 0. Each EMEC calorimeter is mechanically divided
into two coaxial wheels: an outer wheel covering the region 1.375 < |n| < 2.5, and
an inner wheel covering the region 2.5 < |n| < 3.2. The total thickness of the EM
calorimeter is > 22 radiation lengths (Xo) in the barrel and X > 24 in the end-caps.
In the region of |n| < 1.8, a presampler detector is used to correct for the energy lost
by electrons and photons upstream of the calorimeter. The presampler consists of an
active LAr layer of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region.

Figure 2.10 illustrates the geometry of the EM calorimeter in the barrel region,
showing it is finely segmented, both laterally and longitudinally, into cells (individual

readout elements) of varying sizes. The lead thickness in the absorber plates has been
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Figure 2.10: Schematic diagram of the cross section of the EM barrel calorimeter, including
the presampler (labelled “PS”) [72].

optimized as a function of 1 in terms of EM calorimeter performance in energy reso-
lution. Over the region devoted to precision physics (|| < 2.5), the EM calorimeter
is segmented in three layers in depth. The first layer is very finely segmented in 7,
providing accurate position measurement. The second layer has a segmentation of
0.025 x 0.025 (An x Ag), and collects the largest fraction of the energy of the EM
shower. The third layer only collects the tail of the electromagnetic shower and is,
therefore, less segmented in 7. For the end-cap inner wheel (2.5 < |n| < 3.2), the
calorimeter is segmented in two sections in depth, with a coarser lateral granularity.

The transition region between the LAr barrel and end-caps located at roughly 1.37
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< |n] < 1.52 is dedicated to detector services and is thus not fully instrumented. The
EM calorimeter is designed to have an energy resolution of o/F ~ 10%/+/E(GeV) @
0.7%.

The Tile Calorimeter

The Tile Calorimeter (TileCal) is the central section of the hadronic calorimeter of the
ATLAS experiment. TileCal covers the |n| < 1.7 region of the detector. Extending
from an inner radius of 2.28 m to an outer radius of 4.25 m, the TileCal has a
thickness of 9.7 interaction lengths () at n = 0, providing containment of the hadronic
showers produced in the LHC collisions. It consists of one barrel and two extended
barrel sections and surrounds the LAr barrel electromagnetic and end-cap hadronic
calorimeters. The Long Barrel (LB) and Extended Barrel (EB) sections roughly
correspond to |n| < 1.0 and || > 1.0, respectively. The crack region between the
TileCal LB and EB and the LAr EMB and hadronic end-cap sections are covered

with special cells made by scintillators (E-cells).
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Figure 2.11: The layout of the TileCal cells, denoted by a letter (A to E) plus a number
(integer). The A-layer is closest to the beam-line. The E-cells appear in yellow. The naming
convention is repeated on each side of = 0 [69].

The TileCal provides important information for reconstruction of hadrons, jets,
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hadronic decays of tau-leptons and missing transverse energy. This sampling calorime-
ter uses iron plates as absorber and scintillating tiles as active medium. For precision
measurements involving the reconstruction of jets, the TileCal is designed to have an
energy resolution for jets of o/E ~ 50%/+/E(GeV) @ 3%. The calorimeter readout
is segmented into about 5000 cells (longitudinally and transversally), each of them
being read by two photomultipliers (PMTs). TileCal cells and electronics are orga-
nized into 4 partitions, LBA and LBC for the A-side and C-side of the barrel region,
and separate EBA and EBC partitions in the extended barrel region. Each partition
is divided into 64 symmetric slices (modules) of A¢ ~ 0.1, with 45 instrumented
channels in LB modules and 32 channels in EB modules. Both LB and EB have up to
three layers: the A-layer being the closest to the beam axis, followed by the B(C) and
D-layers. The n and radial structure of the TileCal cells is shown in Figure 2.11. The
so-called Intermediate Tile Calorimeter (ITC) cells (D4, C10 and E-cells) are located
between the LB and EB, and provide a coverage in the range 0.8 < |n| < 1.6. The
E-cells, also called gap- and crack-cells, cover the range 1.0 < |n| < 1.6 and are partly
closer to the beam axis than the A-layer cells, which exposes them to high radiation.
They are only composed of the scintillator and are exceptionally read out by only one

PMT.

The TileCal has three key elements: the optical part (scintillators and fibers), the
PMTs and the read-out electronics. Figure 2.12 shows a schematic of the assembly of
these components. The light is produced in scintillating tiles, collected and routed by
wavelength shifting (WLS) fibers and converted into electric currents by the PMTs.
The sampling and the digitization is realized by Analog to Digital Converters (ADCs).
The signal of the PMTs is then shaped and amplified with two gains. In order to
reduce the total data bandwidth during the normal operation only one of the two gains

and only seven consecutive digital samples are read out, taken every 25 ns. Trigger
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Photomultiplier

Wave-length shifting fiber

Scintillator Steel

Figure 2.12: A schematic of a Tile Calorimeter wedge-shaped module showing the plastic
scintillators sandwiched between steel absorbers. The front-end electronics drawer is located
in the outer radius to read out the photomultiplier tubes [69].

signals are formed by an analogue sum of input signals and sent to the calorimeter
trigger system, which also considers input from other calorimeters. During collisions,
if an event is selected by the trigger system, the digitized signals are collected and
processed by a Read-Out Driver (ROD) system in the back-end electronics system.
The data flow rate is controlled using a busy feedback signal from the back-end
electronics to the Central Trigger Processor (CTP). The busy signal is generated by
the RODs modules when the input buffers are full. This signal is transmitted to
the Trigger and Busy Module (TBM) and ROD busy module which distributes it

to the CTP, informing that it is not possible to accept new events. In parallel to

56



2.2. The ATLAS Experiment

this, integrators measure the integrated current from the PMTs which is used for
calibration with a cesium source and to measure the rate of soft interactions during

LHC collisions.

2.2.4 Muon Spectrometer

The ATLAS Muon Spectrometer (MS), whose layout is shown in Figure 2.13, occupies
the outermost part of the ATLAS detector. It consists of monitored drift tubes
(MDTs) for precision tracking in the spectrometer bending plane, Resistive Plate
Chambers (RPCs) and Thin Gap Chambers (TGCs) for triggering in barrel and end-
cap, respectively, and Cathode Strip Chambers (CSCs) for precision measurements

in the high-rate end-cap inner layer where MDTs would have occupancy problems.

Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

Barrel toroid

| Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.13: Cut-away view of the ATLAS muon system [69].

The ATLAS toroid magnets (see Section 2.2.1) provide a magnetic field for the

muon momentum measurements, that is mostly orthogonal to the muon trajectories.
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In the |n| < 1.4 range, magnetic bending of the muons is performed by the large
barrel toroid, whereas the toroid end-caps bend the muon trajectories in the region
with 1.6 < || < 2.7. In the transition region with 1.4 < || < 1.6, the magnetic
deflection is provided by a combination of the barrel and end-cap toroid fields. For
track reconstruction, the field is mapped using computer models of the field which
are normalized to measurements from 1850 Hall sensors mounted on spectrometer
chambers.

Alignment measurements of the spectrometer are also critical for momentum de-
termination and are accomplished with an optical alignment system of 12,000 sensors.
Measurements from these sensors allow a 3 dimensional reconstruction of chamber po-
sitions accurate to better than 50 pm. In addition, the optical alignment system is
complemented by alignment done with tracks.

The spectrometer is designed so that muons cross three layers of MDT chambers
for the sagitta measurement. The track coordinate in the bending plane of the spec-
trometer is measured by the precision chambers with a resolution of 60-70 ym. In
comparison, the sagitta of a 1 TeV muon will be about 500 ym. The trigger chambers
are placed on opposite sides of the middle MDT layer and provide a trigger based
on muon momentum in addition to identifying the bunch crossing time of the muon.
They also provide the second coordinate measurement (non-bending plane) accurate

to 5-10 cm.

2.2.5 Forward Detectors

Three smaller detector systems cover the ATLAS forward region. The main function
of the first two systems is to determine the luminosity delivered to ATLAS. At £17
m from the interaction point lies LUCID (LUminosity measurement using Cerenkov

Integrating Detector). It detects inelastic p-p scattering in the forward direction, and
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is the main online relative-luminosity monitor for ATLAS. The second detector is
ALFA (Absolute Luminosity For ATLAS). Located at £240 m, it consists of scin-
tillating fibre trackers located inside Roman pots which are designed to approach as
close as 1 mm to the beam. The third system is the Zero-Degree Calorimeter (ZDC),
which plays a key role in determining the centrality of heavy-ion collisions and is
located at 140 m from the interaction point. The ZDC modules consist of layers of
alternating quartz rods and tungsten plates which will measure neutral particles at

pseudorapidities |n| > 8.2.

2.3 The ATLAS Trigger, Data Acquisition and Detector

Control Systems

The Trigger and Data Acquisition (collectively TDAQ) systems [73], the timing- and
trigger-control logic, and the Detector Control System (DCS) are partitioned into
sub-systems, typically associated with sub-detectors, which have the same logical
components and building blocks. The trigger system has three distinct levels. Each
of them refines the decisions made at the previous level and, where necessary, applies
additional selection criteria. The data acquisition system receives and buffers the
event data from the detector-specific readout electronics over 1600 point-to-point

readout links. The ATLAS TDAQ system is illustrated in Figure 2.14.

2.3.1 Trigger System

The beams of the LHC consist of trains of particle bunches. The minimum time inter-
val between passage of successive bunches within a train is 25 ns. Thus collisions can
take place every 25 ns within a time interval determined by the lengths of the bunches.

At an instantaneous luminosity of 103 cm™2 s~! and bunch spacing of 25 ns the aver-
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age number of interactions is about 35 per bunch-crossing, corresponding to about 1.4
x 10? interactions per second.? Selective triggering is therefore required. Association
of a unique bunch-crossing with each event is necessary to avoid background from
collisions corresponding to other bunch-crossings.

Furthermore, to avoid excessive dead time, the trigger should be able to analyze
event data at a rate of 40 MHz. ATLAS employs three levels of trigger to meet these
requirements. The first level (L1) is built from custom hardware and can analyze
event data at the required rate of 40 MHz. This is achieved by making use of analog
sums of calorimeter signals formed on the detector and of signals of dedicated muon
trigger chambers (RPCs and TGCs). Consequently event selection is only possible on
the basis of energy depositions in the calorimeters and of muon track segments. The
L1 trigger is located in the USA15 underground area, as close to the detector cavern
as possible, to minimize the lengths of the cables used for forwarding the analog sums
to the trigger and to minimize the time needed for sending the trigger accepts to the
on-detector readout electronics.

By choosing appropriate thresholds the L1 trigger has been operated during Run
1 with a maximum accept rate of 60-65 kHz, somewhat lower than the maximum
design rate of 100 kHz, to prevent excessive dead time. The readout of the detector
was upgraded during the long shutdown of 2013 and 2014 to allow for 100 kHz accept
rate during Run 2. The L1 trigger can handle an input rate equal to the maximum
bunch-crossing rate of 40 MHz. Its maximum latency is about 2.5 us, i.e. smaller
than the maximum of about 3 us imposed by the depth of the on-detector buffer
memories.

This latency includes the transit times of signals between detectors and trigger

system and the time required for sending the trigger accepts to the on-detector readout

3Except for a few test runs the bunch spacing was 50 ns for Run 1, which resulted in an average
of 23 interactions per bunch-crossing.
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Figure 2.14: Schematic diagram of the TDAQ system of ATLAS [74].

electronics. Data corresponding to events accepted by L1 are further analyzed by
software running in computer farms to provide two further levels of triggering. The
second level (L2) makes use of a fraction of the full precision detector data and
reduces the rate further. The original design aimed for 3.5 kHz and a latency of
40 ms, although a maximum rate of about 5-6 kHz was allowed during Run 1. The
design value of the output rate of the last trigger level, the Event Filter (EF), is about
200-300 Hz with an average processing time of about 4 s and with an event size of
approximately 1.3 MB, and during Run 1 the maximum output rate was about twice
as high. The two levels of the software trigger are collectively known as the High
Level Trigger (HLT). During Run 2 the maximum output rate of the HLT is about 1
kHz.
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2.3.2 Readout architecture and Data Acquisition

The Readout Drivers (RODs) are detector-specific functional elements of the back-
end systems, which achieve a higher level of data concentration and multiplexing by
gathering information from several front-end data streams. After an event is accepted
by the L1 trigger, the data from the pipelines are transferred off the detector to the
RODs. Digitized signals are formatted as raw data prior to being transferred to the
data acquisition system (DAQ).

The function of the DAQ system is to efficiently buffer, transport, and record
the events that were selected by the trigger system. The first stage of the DAQ),
the Readout System (ROS), receives and temporarily stores the data in local buffers.
Since Run 2, the HLT farm receives the ROIs?, requests data from the ROS, and if
it passes the HLT trigger, then it requests the rest of the data and runs the rest of
the triggers in the same node. Events selected by the HLT are moved to permanent
storage at the CERN computer center. In addition to the movement of data, the data
acquisition also provides for the configuration, control and monitoring of the hardware

and software components which together provide the data-taking functionality.

2.3.3 Detector Control System

The Detector Control System (DCS) permits the coherent and safe operation of the
ATLAS detector hardware, and serves as a homogeneous interface to all sub-detectors
and to the technical infrastructure of the experiment. It controls, continuously mon-
itors and archives the operational parameters, signals any abnormal behaviour to
the operator, and allows automatic or manual corrective actions to be taken. Typi-
cal examples are high- and low-voltage systems for detector and electronics, gas and

cooling systems, magnetic field, temperatures, and humidity. The DCS also enables

4The geographical coordinates in 7 and ¢, of those regions within the detector where its selection
process has identified interesting features.
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bi-directional communication with the DAQ system in order to synchronize the state
of the detector with data-taking and handles the communication between the sub-
detectors and other systems which are controlled independently, such as the LHC
accelerator, the CERN technical services, the ATLAS magnets, and the detector

safety system.

2.4 Computing and data management

The field of computing is a crucial part of the CERN past and present history. The
communication needs between scientists led to the invention of the World Wide Web
(www) by Tim Berners-Lee in 1989 [75], one of the biggest technological milestones
in history. The current need for storage and management of a huge amount of data,
the Big Data problem, led to the development of the Worldwide LHC Computing
Grid (WLCG), usually referred simply as GRID. The GRID is a huge network of
interconnected computer centers around the world, which allows the storage and
access of the data recorded by the LHC experiments, as well as providing distributed
computing services for the analysis of these data.

The WLCG is composed by three levels, or Tiers, numbered 0, 1, and 2 respec-
tively, whose hierarchy is shown in Figure 2.15. Each Tier is made up of several
computer centers and provides a specific set of services. Tier-0 is the CERN Data
Center, the heart of the network. All of the data from the LHC passes through this
central hub, but it provides less than 20% of the GRID’s total computing capacity. It
also distributes the raw data and the reconstructed output to Tier-1, and reprocesses
data when the LHC is not running. Tier-1 consists of 13 computer centers large
enough to store LHC data. They provide round-the-clock support for the GRID and
are responsible for storing a proportional share of raw and reconstructed data, as well

as performing large-scale reprocessing and storing the corresponding output. They
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also distribute data to Tier-2 and store a share of the simulated data that the Tier-2
produces. Tier-2 are typically universities and other scientific institutes (around 155
sites around the world) that can store sufficient data and provide adequate computing
power for specific analysis tasks. They handle a proportional share of the production

and reconstruction of simulated events.

Tier-2 sites
(about 160)

Tier-1 sites

10 Gbls links

Figure 2.15: Diagram of the Tier hierarchy of the GRID, showing the Tier-0 (CERN Computer
Center) in the inner layer, the 13 Tier-1 sites in the green layer and the Tier-2 sites in the
blue outer layer [76].

Within ATLAS, there are a few main data formats in use, which facilitate easier
management. The RAW and RDO formats are essentially restricted to Tier-0 and
Tier-1 sites, with very little additional access available due to the very large computing
resources and very complicated processing interface required to reconstruct events
from raw events. The next level is the Event Summary Data (ESD), which contains all
of the reconstructed data, and thus is a very large data format. These are typically not
stored, but in some very specialized cases they are required, and thus the functionality

exists for users to access and work with ESDs.
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An additional processing step by which the majority of the individual cell infor-
mation is discarded and other space saving steps are taken forms the Analysis Object
Data (AOD). This is the intended format for primary use within ATLAS, where all
of the necessary information for reconstruction of interesting objects remains.

Users who work with ESDs or AODs typically also apply some additional analysis
selection to reduce the size, thus producing Derived Event Summary Datas (DESDs)
or Derived Analysis Object Datas (DAODs). However, the most common data format
in use in Run 1 applied a third level of filtering, earning it the name of the Derived?
Physics Data (D3PD), in addition to flattening the data format. This means that
rather than storing the data in objects, every variable was stored as a simple type,
such as an integer, vector (list) of integers, or so on. This format and its Run 2
counterpart, which receives the name of Mini-AODs (MAODs), are typically created
on a per-analysis or per-working group level, and apply specific selection cuts, triggers,
and so on to further reduce the size of the files. Many groups find this necessary in
order to reduce datasets to a manageable level. Even with this amount of reduction,

a typical analysis is performed on many TeraBytes (TBs) of D3PDs or MAODs.
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Chapter 3

Event reconstruction

ATLAS identifies electrons, photons, muons, jets and taus by converting raw detector
data to fundamental physics objects using a dedicated set of algorithms, collectively
referred to as event reconstruction. The basic building blocks for constructing these
objects are the particle trajectories (tracks) reconstructed from hits in the inner de-
tector and muon spectrometer (in the case of muons), providing an estimate of a
particle’s momentum, and topological clusters constructed from energy deposits in
the calorimeters. A second clustering algorithm for determining local energy deposits
in the EM calorimeter, a sliding window algorithm, is used in the reconstruction of

electrons and photons.

In this chapter, a brief description will be given of the reconstruction algorithms
and techniques used to identify the objects used in the Tile Calorimeter performance
studies shown in Chapter 4, in the HH — ~yybb search, detailed in Chapter 5, and
in the measurements of Higgs boson properties in the H — ~ channel, described in

Chapter 6.
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3.1 Tracks and Primary Vertices

3.1.1 Track reconstruction

Due to the presence of the axial magnetic field along the z direction, charged particles
originating from the proton-proton collisions follow helicoidal trajectories that can be

parameterized by the following five parameters:

e ¢p, the azimuthal angle of the track.
e 0, the polar angle of the track.

e dy, the transverse impact parameter, i.e. the distance from the point of closest

approach to the reference point in the transverse plane.

e 2o, the longitudinal impact parameter, i.e. the z coordinate of the track at
the point of closest approach mentioned in the previous bullet point. Strictly

speaking, the longitudinal impact parameter is |zg|sin 6.

e the ratio g/p, which defines the orientation and the curvature of the helix tra-

jectory, where ¢ denotes the electric charge and p the momentum.

The charged particles trajectories are identified in the inner detector using a set
of local and global pattern recognition algorithms, referred to as New Tracking [77],
aiming to reconstruct tracks originating from the proton-proton hard scatter (pri-
mary tracks), from the decays of long-lived particles (secondary tracks) and from the
interaction of particles with the material (conversion tracks).

The inner detector track reconstruction consists of several sequences with different
strategies as described in [77,78]. Primary tracks are required to have a pp > 400
MeV and are reconstructed in the region |n| < 2.5 using the “inside-out” track find-
ing sequence, which consists of the following components that are executed in the

following order:
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e Data preparation and space point formation. The initial step of the inner de-
tector reconstruction consists of the creation of clusters and drift circles and the
transformation of clusters in the silicon detectors into 3D space points. Clusters

are formed by finding connected cells in the pixel and strip detectors.

e Space point seeded track finding. Track finding starts with the formation of
space point triplets (seeds). Seeds can be built from space points in the pixel
detector only, the strip detector only or any mixed setup. To reduce the num-
ber of potential seeds, initial cuts are applied and dedicated care is taken not
to extensively use space points in multiple seeds. Seeds that pass the initial
requirements are then input to a track finding algorithm that uses a Kalman
filter technique [79] and aims to complete the track candidates within the silicon

detector.

e Ambiguity solving. Track candidates are then further processed in an ambiguity
solving module that aims to eliminate track candidates from random hit combi-
nations (often referred to as fakes) or track duplicates, which can be identified
by measurements that are shared with other track candidates. The ambiguity
solving relies on a scoring function applying positive scores for unique measure-
ments and good fit quality, while penalizing missing measurements where they
would be expected (also called holes) or shared measurements with other track

candidates.

e TRT extension. Tracks that successfully pass the ambiguity solving stage and
are within the coverage of the TRT detector are then extended into the TRT

and completed for measurements in the outermost tracking detector.

In the complementary “outside-in” sequence, the track search starts from seg-

ments reconstructed in the TRT, and extends them inwards by adding silicon hits,
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in a process referred to as back-tracking. Back-tracking is designed to reconstruct
secondary and conversion tracks. Tracks with a TRT segment, but no extension into
the silicon detector, are referred to as TRT-standalone tracks.

The increasing detector occupancy with pile-up results in a degradation of the
track reconstruction, as it increases the combinatorial fake tracks, i.e. reconstructed
tracks which cannot be matched to either a primary vertex or a secondary particle.
Robust requirements on the hits (measurement points assigned to a track), holes
(non-existing but expected measurement points), and outliers (hits that reduce the
quality of the track fit) of the silicon detectors are used to minimize this impact,
and improve the quality of the reconstructed track. Moreover, cuts on the dy and zg
impact parameters (or their errors, denoted by o) are also generally used in analyses,
to ensure the track originates from the primary hard-scattering vertex. In particular,
the addition of the IBL in Run 2 leads to a significant improvement in the impact

parameters resolution.

3.1.2 Primary Vertex reconstruction

Charged particles tracks passing the robust requirements are combined in order to re-
construct the spatial position of p-p interaction vertices, using an iterative procedure,
which is divided in two stages: vertex finding and vertex fitting.

First, a vertex seed is found by looking for a global maximum in the distribution
of z coordinates of the pre-selected tracks, here computed with respect to the center
of the beamspot. Then, the vertex position is determined using the adaptive vertex
fitting algorithm [80], constrained by the beamspot position. It is a robust y2-based
fitting, that takes the input seed and the tracks around it. Each track carries a weight,
which is a measure of its compatibility with the fitted vertex. Tracks incompatible

with the vertex by more than 70 are used to seed a new vertex, and the procedure is
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repeated until no tracks are left.

The resolution on the vertex position improves as a function of the number of
tracks associated to it, Ny, and with the square sum of their transverse momenta
ZN”’“ p%,. The primary vertex is the one with highest Zf\f trk p2, . while the other

1

reconstructed vertices are labelled as pile-up vertices.

3.2 Photons

3.2.1 Photon reconstruction

A detailed explanation of the photon reconstruction process can be found in [81].
An energetic photon’s interaction with the EM calorimeter is at the origin of the
electromagnetic shower, which deposits a significant amount of energy in a small
number of neighbouring calorimeter cells. The reconstruction of photons proceeds in

the following way:

e Seed cluster building. The reconstruction of photon candidates in the region
In| < 2.5 starts by building seed clusters out of the energy deposits in the EM
calorimeter. Cells in the EM calorimeter from all three layers are grouped into
Anx Ag¢ towers of 0.025x0.025 by a sliding-window algorithm [82] with windows
of size 3 X 5 in n — ¢ space and transverse momentum above 2.5 GeV, followed
by duplicate removal. Based on Monte Carlo simulations, the cluster building

efficiency is estimated to be greater than 99% for photons with Ep > 20 GeV.

e Track reconstruction. Once seed clusters are reconstructed, a search is per-
formed for inner detector tracks that are loosely matched to the clusters, in

order to identify and reconstruct photon conversions. These initial clusters are
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used to create Regions of Interest (ROIs).! Within these ROIs, standard track
pattern reconstruction [77] is first performed everywhere. If the pattern recog-
nition fails for a silicon track seed that is within a ROI, a modified pattern
reconstruction algorithm is performed based again on a Kalman filter [79], al-
lowing for up to 30% energy loss at each material intersection. Track candidates
are then fitted with the ATLAS global x? fitter [83], allowing for additional en-
ergy loss in cases that the standard track fit fails. Tracks with silicon hits
loosely matched to EM clusters are refitted using a Gaussian Sum Filter (GSF)
fitter [84], a non-linear generalization of the Kalman filter, for improved track

parameter estimation.

e Track conversion. Tracks consistent with originating from a photon conversion

are used to create conversion vertex candidates.

e Track-cluster matching. Conversion vertex candidates are matched to seed clus-

ters.

e Final cluster creation. A final algorithm decides whether a seed cluster corre-
sponds to an unconverted photon, a converted photon or a single electron based
on the matching to conversion vertices or tracks and on the cluster and track(s)

four-momenta.

Photon conversion

Conversion-finding is run on the loosely-matched tracks by using both tracks with sil-
icon hits and tracks reconstructed only in the TRT. Converted photons are classified
as single-track or double-track. Double-track conversion vertex candidates are recon-

structed from pairs of oppositely charged tracks in the inner detector that are likely

!For each seed EM cluster passing loose shower shape requirements of R, > 0.65 and Rpaq < 0.1
a region of interest with a cone-size of AR = 0.3 around the seed cluster barycenter is defined.
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to be electrons. Single-track conversion vertex candidates are essentially tracks that
do not have hits in the innermost sensitive layers. To increase the converted photon
purity, the tracks used to build conversions must generally have a high probability to
be electron tracks as determined by the TRT, especially when building single-track
conversions or if using standalone-TRT tracks.

The matching between tracks from the conversion vertices and clusters relies on
an extrapolation of the conversion candidates to the second sampling layer of the
calorimeter, and the comparison of the extrapolated n and ¢ coordinates to the 1 and
¢ coordinates of the cluster center (AR). The details of the extrapolation depend on
the type of the conversion vertex candidate. Quality cuts are applied on the conver-
sion vertices for better pile-up tolerance. Because dead pixels can affect conversion
building, the dead pixel map is also used to determine the conversion quality.

If there are multiple conversion vertices matched to a cluster, double-track con-
versions with two silicon tracks are preferred over other double-track conversions,
followed by single-track conversions. Within each category, the vertex with the small-
est conversion radius is preferred. Conversion vertex matching is performed twice,
first to the potential seed clusters, and then to the complete photon superclusters.
An arbitration relying on the properties of the tracks and conversion vertices matched
to a given EM cluster is performed to determine whether an object is reconstructed
as an electron, a photon, or both. The fraction of converted/unconverted photons

can be seen in Figure 3.1.

3.2.2 Photon identification

Photon candidates are required to satisfy a set of identification (ID) criteria to re-
duce contamination from background, primarily associated with neutral pions in jets

decaying into photon pairs, based on the lateral and longitudinal shape of the elec-
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Figure 3.1: Fraction of converted and unconverted photons as a function of a) transverse
energy Er, b) detector pseudorapidity 7 and ¢) number of interactions per crossing u, with
early Run 2 data. Comparison with MC simulated y+jet events is also shown.
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tromagnetic shower in the calorimeter [81,85]. Photon candidates are required to
deposit only a small fraction of their energy in the hadronic calorimeter, and to have
a lateral shower shape consistent with that expected from a single electromagnetic

shower. There are two levels of ID:

e The loose ID exploits the discriminating variables (DV), such as the ratio of Et
in the hadronic calorimeter to E1 of the EM cluster or the lateral width of the
shower, only in the hadronic and in the EM calorimeter second sampling layer,
providing a highly efficient selection with fair background rejection, typically
used for the trigger and background studies.

e The tight ID level exploits the full granularity of the EM calorimeter and applies
tighter requirements also on the DVs used by the loose ID. The efficiency of
the tight identification ranges from 67% (60%) to 90% (95%) for unconverted
(converted) isolated photons from pr of 15 GeV to 50 GeV and larger. The

average jet background rejection factor is equal to 5000 for this selection.

Figure 3.2 shows several methods that are used to measure with data the efficiency

of the photon identification requirements, to cover a broad energy spectrum:

e At low energy, radiative photons from Z — £f~ decays are selected by placing
kinematic requirements on the dilepton pair, on the invariant mass of the three

particles in the final state and on the quality of the two leptons.

e In the medium energy range, similarities between electrons and photon showers
are exploited using Z — ee decays and photon ID efficiencies are obtained using

a tag-and-probe method.

e At high energy, inclusive photon final states are used by applying the matrix
method, which classifies the photons between prompt and background photon

candidates, passing or failing tight ID criteria.
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Figure 3.2: Comparison of the data-driven measurements of the identification efficiency for
a) converted photons and b) unconverted photons [86].

Figure 3.3 shows the difference between the simulation and the data-driven mea-
surements, which is taken into account by computing data-to-MC efficiency ratios,
also referred to as scale factors (SF). The SF obtained for photons are closer to unity
than the ones obtained for electrons (see Section 3.3.2) because of the correction of the
shower shape variables in simulation applied on photons to account for the average

data-MC difference.

3.2.3 Photon isolation

To reject the hadronic jet background, photon candidates are required to be isolated
from any other activity in the calorimeter and the tracking detectors. The calorimeter
isolation is computed as the sum of the transverse energies of positive-energy topo-
logical clusters [88] in the calorimeter within a cone of AR = 0.2 centered around the
photon shower barycentre. The transverse energy of the photon candidate is removed
and the contributions of the underlying event and pile-up are subtracted according to
the method suggested in [89]. The track isolation for a cone size of AR = 0.2 is used

and for converted photons the tracks associated with the conversion are removed. The
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Figure 3.3: Comparison of the radiative Z boson data-driven efficiency measurements of a)
converted and b) unconverted photons to the Z — ¢¢v simulation as a function of the Er, in
the region 15 > E1 > 100 GeV. The lower panel shows the ratio between the data and the
simulation [87].

calorimeter (track) isolation is required to be less than 6.5% (5%) of the photon Er.
The efficiency of the isolation requirement for photons satisfying the tight identifica-
tion criteria ranges from approximately 60% for Et of 15 GeV to more than 90% for

Er of 40 GeV and larger. The average jet background rejection factor for isolation

requirements with respect to the tight identification criteria is approximately 1.5.

3.2.4 Photon calibration

Precise measurements of photon energy are of vital importance in H — ~~ analy-
ses. There are a number of effects which impact the energy resolution and bias the

measured value of the photon energy, which are summarised below:

e The energy loss due to the amount of material that sits in front of the EM

calorimeter.
e The energy loss due to dead material inside the EM calorimeter.

e The energy loss laterally outside the reconstructed cluster.
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e The energy loss longitudinally behind the EM calorimeter.

Without a calibration procedure [90], the sum of the energy in the cells will be less
than the true energy. A multivariate regression algorithm based on Monte Carlo sim-
ulation calibrates the energy of the photons to account for the energy losses described
above. After this step, an in-situ measurement using Z — ee events is performed
to determine the energy scale and resolution in both data and simulation. This is
then used to correct the energy scale in data and to smear the energy resolution in

simulation.

MVA calibration

A multivariate (MVA) technique is used to optimize the energy calibration using a
single particle Monte Carlo sample. The regression MVA technique chosen is a a
boosted decision tree with gradient boosting that uses the ratio of the true photon

energy to the raw energy measured in the calorimeter as its target.

The variables used in the training of the MVA are the total raw cluster energy
measured in the calorimeter (E,¢), the ratio of the pre-sampler layer energy to the
calorimeter energy (Fo/Facc), the ratio between the energy measured in the first two
layers of the calorimeter (E;/E>), the cluster barycenter n in the ATLAS coordinate

system and the cluster barycenter 17 and ¢ in the EM calorimeter coordinate system.

The algorithm is optimized in different regions of the phase space with the Monte
Carlo sample divided into bins in pseudorapidity (|n|), transverse energy measured
in the calorimeter (Fj..) and whether the photon is converted or unconverted. The

binning in || is chosen to follow the known detector geometry variations.
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In-situ corrections

After applying the MVA based calibration, there may be some disagreement between
energy scale and resolution in data. In order to account for this potential discrep-
ancy, a correction is evaluated with an in-situ measurement using Z — ee events.
The energy miscalibration is defined as the difference in response between data and

simulation, and is parameterized as:

Edata — pMC(1 1 o)), (3.1)

where Efata is the electron energy in data and EZMC is the photon energy in
simulation. The «a; represents the deviation from the perfect calibration in a given
7 bin, which is labeled as 7. The difference in energy resolution between data and
simulation, which does not depend at first order on the energy, can be modeled by an

additional term (c}) for a given 7 bin as:

()" ()

)

The measured values of «; range between -2% and +2% depending on the 7 bin.

The ¢, values measured range between 0.005 and 0.03 depending on 7.

Despite the Z boson decaying to electrons, the corrections are assumed to be
valid for photons. This assumption is tested by using photons from radiative Z boson
decays in the electron and muon decay channels, where the results are found to be

compatible.
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3.3 Electrons

3.3.1 Electron reconstruction

Electron reconstruction in the central region of the ATLAS detector (|n| < 2.47)

proceeds in several steps:

e Seced-cluster reconstruction. Electrons are formed by matching tracks recon-
structed in the Inner Detector with electromagnetic clusters found using the
sliding window algorithm. The efficiency of the cluster reconstruction for a true

e/~ ranges from 95% at Ep = 7 GeV to more than 99% above E1 = 15 GeV.

e Track reconstruction. Track reconstruction proceeds in two steps: pattern
recognition and track fit. The pattern recognition uses the pion hypothesis
for energy loss in the interactions with the detector material, complemented
with a modified pattern recognition algorithm that takes into account energy
loss for possible bremsstrahlung. If a track seed with a transverse momentum
larger than 1 GeV can not be successfully extended to a full track and it falls
within one of the EM Rol, a second attempt is performed using another pat-
tern recognition with the electron hypothesis that allows for larger energy loss.
Track candidates are then fitted using the ATLAS global x? track fitter either

with the pion hypothesis or the electron hypothesis.

e Electron specific track fit. The obtained tracks are loosely matched to EM
clusters using the distance in n and ¢ between the position of the track, after
extrapolation, in the calorimeter middle layer and the cluster barycentre. The
matching conditions account for energy-loss due to bremsstrahlung and the num-
ber of precision hits in the silicon detector. Tracks that have significant number
of precision hits (> 4) and are loosely associated to electron clusters are refit us-

ing an optimized GSF, which takes into account the non-linear bremsstrahlung
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effects.

Electron candidate reconstruction. The matching of the track candidate to
the cluster seed completes the electron reconstruction procedure. A similar
matching as the one described above is repeated for the refit track with stricter
conditions. If several tracks fulfil the matching condition, one track is chosen
as primary track. The choice is based on an algorithm using the cluster-track
distance R calculated using different momentum hypotheses, the number of pixel
hits and the presence of a hit in the first silicon layer [91]. Electron candidates
without any associated precision hit tracks are removed and considered to be
photons. The electron cluster is then re-formed and its energy is calibrated to
the original electron energy using multivariate techniques based on simulated
MC samples. Data-driven scale corrections are derived from Z — ee events by

following the same procedure described for photons in Section 3.2.4.

The four-momentum of the electrons is computed using information from both the

final calibrated energy cluster and the best track matched to the original seed cluster.

The energy is given by the final calibrated cluster, while the ¢ and 7 directions are

taken from the track.

In Run 2 analyses, the electron measurements are performed by requiring the track

associated with the electron to be compatible with the primary interaction vertex of

the hard collision, in order to reduce the background from conversions and secondary

particles. To assess the compatibility with the primary vertex, the Azy between the

track and the primary vertex is employed. The efficiency of the electron reconstruction

process goes from 97% to 99% for electrons with pr > 100 GeV.
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3.3.2 Electron identification

To determine whether the reconstructed electron candidates are signal-like objects
or background-like objects such as hadronic jets or converted photons, algorithms
for electron identification (ID) are applied. The ID algorithms use quantities re-
lated to the electron cluster and track measurements including calorimeter shower
shapes, information from the transition radiation tracker, track-cluster matching re-
lated quantities, track properties, and variables measuring bremsstrahlung effects for
distinguishing signal from background.

Figure 3.4 shows a schematic view of the electron reconstruction and ID. For Run
2, several changes to the input variables used for electron identification have been

introduced [92]:

e Taking advantage of the new innermost pixel layer, the IBL, the number of hits

in this layer is used for discriminating between electrons and converted photons.

e The change in the TRT gas led to modifications in the detector response and
prompted the introduction of a new discriminating variable in the electron ID
algorithms. In Run 1, only the fraction of high-threshold hits was used from
the TRT as a signature of transition radiation to distinguish electrons from
hadrons. In Run 2, a likelihood method based on the TRT high-threshold
hits is introduced to compensate for the lower transition radiation absorption

probability of the argon.

The measurement of the electron identification efficiencies and isolation cuts are
performed with the data using tag-and-probe techniques with a large statistics sample

of Z — ee and J /1) — ee decays.

e This method consists on applying strict selection criteria on one of the electron

candidates (also known as tag) together with the requirements of the di-electron
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Figure 3.4: Schematic view of the electron reconstruction and identification [92].

invariant mass, which allows for a loose pre-identification of the other electron

candidate (also known as probe).

e The low Er range (from 7 to 20 GeV) is covered by J/¢ — ee and suffers
from a significant background contamination, while Z — ee events are used for

measurements above 15 GeV, as shown in Figure 3.5.

Electrons are identified by different sets of likelihood-based (LH) identification

criteria which are chosen to be 95%, 90% and 80% efficient for electrons with Er ~

40 GeV, and referred to as loose, medium and tight operating points respectively. The

electron ID efficiencies are found to be robust with respect to the number of primary

vertices, in the range probed by the available data.
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3.4 Muons

The ATLAS experiment uses the information from the muon spectrometer, inner
detector and EM calorimeter to identify and precisely reconstruct muons produced in
the p-p collisions. Muon identification is performed according to several reconstruction

criteria [94,95], leading to the following muon types:

Stand-Alone (SA) muons: MS tracks found outside the ID acceptance (2.5 <

In| < 2.7) and momentum taken from the MS track.

e Combined (CB) muons: a MS track is matched to a reconstructed track in the
ID, and the measurements of the momenta are combined. This is the type of

reconstructed muons most commonly used by physics analyses.

e Segment-tagged (ST) muons: a partial MS track is matched to an ID track, and

the muon momentum is taken from the ID measurement.

e Calorimeter-tagged (CaloTag) muons: in the non-active “crack” of the MS at
In| < 0.1, muon candidates are reconstructed from a track in the ID that has an

EM calorimeter energy deposit compatible with a minimum ionizing particle.

The reconstruction of the muons used in physics analyses has been performed using
two independent reconstruction software packages, implementing different strategies
named chains, which combine the information from the ID tracks and the MS track
segments. The first chain, called Staco or Chain 1, statistically combines the 1D
and MS track candidates using the corresponding track parameters and covariance
matrices. Chain 2 (or Muid), on the other hand, performs a global x? fit of the muon
tracks, using both ID and MS measurements.

Chain 3, an improved algorithm that combines the best features of the other two

chains, has been used to reconstruct muons in Run 2. The improvements included a
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better calculation of the energy loss in the calorimeter, the use of a Hough transfor-

mation [96] to increase track-finding efficiency and a higher background rejection.

Muon identification is performed by applying quality requirements that suppress
background, mainly from pion and kaon decays, while selecting prompt muons with
high efficiency and/or guaranteeing a robust momentum measurement. Several vari-
ables offering good discrimination between prompt muons and background muon can-
didates are studied in simulated ¢t events. Muons from W decays are categorized
as signal muons while muon candidates from light-hadron decays are categorized as
background. A number of quality requirements can be imposed on the reconstructed
muons, including minimum requirements on the number of hits in each of the ID sub-
detectors and the MS, where applicable. Four muon identification selections (Loose,
Medium, Tight, and High-pt) are provided to address the specific needs of different
physics analyses. Loose, Medium, and Tight are inclusive categories in that muons

identified with tighter requirements are also included in the looser categories.

The availability of two independent detectors to reconstruct the muons (the ID
and the MS) enables a precise determination of the muon reconstruction efficiency in
the region |n| < 2.5. This is obtained with the so called tag-and-probe method using
Z — ppand J/¢ — pp events that cover a broad muon pr spectrum. In this method
one leg of the decay (tag) is required to be identified as a Medium muon that fires
the trigger and the second leg (probe) is required to be reconstructed by a system
independent of the one being studied. The differences in the measured reconstruction
efficiency in Data and MC are taken into account by multiplicative Scale Factors that

differ from unity within a few percent.

Figure 3.6a shows the muon reconstruction efficiency as a function of n as measured
from Z — pp events. The efficiency at low pr is reported in Figure 3.6b as measured

from J/¢ — pp events as a function of pr in different n regions. The efficiencies of
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the Loose and Medium selections are very similar throughout the detector with the

exception of the region |n| < 0.1, where the Loose selection fills the MS acceptance

gap using the calorimeter and segment-tagged muons contributions.
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Figure 3.6: Muon reconstruction efficiency a) as a function of n measured in Z — up events
for muons with pr > 10 GeV for Loose, Medium and Tight muon selections, and b) in different
7 regions measured in J/¢¥ — pp events for Medium muon selection. The error bars on the
efficiencies indicate the statistical uncertainty. The panel at the bottom shows the ratio of
the measured to predicted efficiencies, with statistical and systematic uncertainties [97].
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3.5 Jets

Jets are collimated sprays of hadrons. They are abundantly produced in p-p colli-
sions at the LHC. The jet calibration procedure should correctly determine the jet
energy scale and additionally the best possible energy and angular resolution should
be achieved. Good jet reconstruction and calibration facilitates the identification of

known resonances that decay to hadronic jets, as well as the search for new particles.

The main jet identification algorithm used by the ATLAS collaboration is the anti-
kr algorithm [98] with a distance parameter R = 0.4. Various objects can be used
as inputs to this algorithm: calorimeter energy deposits, inner detector tracks [99] or
a combination of both [100]. Jets reconstructed from tracks, also referred to as the
track jets, have low dependence on the pile-up activity since only tracks originating
from the primary vertex are used for the jet finding. However, the reconstruction of
track jets is limited by the ATLAS tracker acceptance to |n| < 2.5. Therefore, the
majority of ATLAS analyses uses a jet reconstruction based on calorimeter deposits,

so called calorimeter jets.

The inputs for calorimeter jets reconstruction are the topologically clustered
calorimeter cells, so-called topoclusters [88]. The topological clustering algorithm
groups cells with the significant energy deposits, aiming for effective noise suppres-
sion. The total noise in calorimeter cells, on;se, is calculated as the quadratic sum

of the measured electronics and so-called pile-up noise.?

The clustering algorithm
starts from the seed cells with the energy deposits above 40 nyise. All neighbouring
cells are iteratively added to the topocluster if their energy is above 20 n4ise. This is

followed by the addition of all adjacent cells. As the final step, the cluster splitting

algorithm separates produced topoclusters based on local energy maxima to avoid

2Pile-up noise: average energy deposited by concurrent p-p interactions. Its value increases with
the number of interactions per bunch crossing.
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3.5. Jets

overlap. Topoclusters are considered to be massless and only those with positive
energy are used for jet reconstruction.

The energy of the calorimeter cells is measured at EM scale, established using
electrons at test beams. The local cell weighting (LCW) calibration [101] can be
applied to topoclusters classified as hadronic to account for the difference in the
detector response to electromagnetic and hadronic particles. The LCW calibration is
derived using MC simulation of single pion events.

The jet energy scale (JES) calibration [102] restores the energy scale of recon-
structed jets to that of simulated truth jets. Different sets of correction factors are
developed for jets reconstructed using the EM and LCW topo-clusters. The JES
calibration includes origin correction, pile-up correction, absolute correction of the
detector response based on MC simulation, global sequential correction and residual

in-situ calibration.

e The origin correction forces the four-momentum of the jet to point to the hard-
scatter primary vertex rather than to the center of the detector while keeping

the jet energy unchanged.

e A two step procedure is used to subtract the pile-up contribution. First, the
effect of pile-up is removed by exploiting the average energy density and the area
of the jet. Second, a residual correction removes the remaining dependence of
the jet on the number of reconstructed primary vertices (Npy) and the expected
average number of interactions per bunch crossing ((u)). The performance of

the pile-up correction is shown in Figure 3.7a.

e The jet energy scale and 7 calibration correct the reconstructed jet to the
particle-level energy scale to account for the difference of the calorimeter en-

ergy response using MC simulation. In addition, it corrects any bias of the
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reconstructed jet n caused by the transition between different calorimeter re-
gions and the difference in calorimeter granularity. The energy response as a

function of detector n for jets of different simulated truth energy is shown in

Figure 3.7b.
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Figure 3.7: a) Dependence of the jet pr with the number of primary vertices, for simulated
events, before pile-up corrections (blue), after the area-based correction (violet), and after
the residual correction (red). b) The average jet energy response as a function of the detector
pseudorapidity for different truth energies [103].

e The global sequential correction (GSC) [104] is designed to reduce the jet re-
sponse dependence on the flavor of the initiated-jet parton. The correction uses
global properties of the jets such as the portion of the jet energy measured in the
first layer of the hadronic calorimeter, the portion of the jet energy measured
in the third layer of the electromagnetic calorimeter, the average pp-weighted
transverse distance in the 7 — ¢ space between the jet axis and all tracks asso-
ciated to the jets, the number of tracks associated to the jet and the number

of muon track segments associated to the jet (accounting for punch-through
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correction). The correction removes the jet response dependence on the listed

observables.

e The in-situ JES calibration is applied to jets measured in data. The correction is
calculated as the jet response difference between data and MC simulation using
the transverse momentum balance of a jet and a well-measured reference object.
Some of the in-situ methods are, for example: relative n-intercalibration, where
the jet response in a particular region is corrected relative to the jet response in
the central region; direct transverse momentum balance between a photon or a
Z boson and a jet, which allows for a correction of the jet response in the central
region; and balance between a high pr jet and a recoil system of low pr jets
(Multijet Balance), which have been well calibrated by the previous techniques.
Figure 3.8a shows the relative jet response as a function of detector n in a
single jet pt bin. The lower panel depicts the n-intercalibration correction. The
combined in-situ corrections are shown in Figure 3.8b as a function of the jet

pr measured using Z+jet, v+jet and multijet events.

3.5.1 Jet energy scale uncertainty

The steeply falling jet pr spectrum causes jets to easily shift in and out of analyses
selections. For this reason, the uncertainty on the JES is frequently the dominant
systematic uncertainty in many physics analyses, and arises from a variety of sources.
Figure 3.9 shows the total uncertainty on the JES as a function of pr and n of
the jet. The total uncertainty at low jet pr reaching up to 5% is driven by the
in-situ methods uncertainties, and can be assessed by varying the event selection
criteria, as well as from the selection, calibration and modeling of the objects used
as reference. Additional JES uncertainties due to specific event topologies, such as

selection of samples with different flavor compositions, are also accounted for. The
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Figure 3.8: a) Relative jet response as a function of detector pseudorapidity in a single jet
pr bin. The lower panel depicts the n-intercalibration correction, and b) Data-to-MC ratio
of the jet response, as a function of the transverse momentum of the jet, for three in situ
techniques combined, to determine the in-situ energy scale correction [105,106].
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in-situ methods uncertainties of about 1% solely dominate at high jet transverse
momentum (pp > 200 GeV). The uncertainties originating from the pile-up correction
are evaluated in-situ, using track-jets and the pt balance between the jet and a Z

boson.

Jets with transverse momenta above 2 TeV are not covered by Multijet Balance
calibration and a larger uncertainty is taken from the single particle response mea-
surement. Each uncertainty is independent from the others and fully correlated across
pr and 7. A reduced set of systematic uncertainties is available for physics analyses

while minimising the loss of correlations.

3.6 b-jet tagging

The search for Higgs boson pair production presented in this thesis is characterized by
the presence of jets originating from b-quarks in the final state. Therefore their precise
identification is of key importance for both selecting the H H signal and reducing the

contribution of some of the expected backgrounds.

The rate at which a true b-jet is identified defines the b-tagging efficiency for
a particular b-tagging algorithm. The true flavor of a jet is defined in simulated
data using a spatial AR matching between stable hadrons and reconstructed jets. A
hierarchical matching is performed, first checking whether a b-hadron can be matched,
followed by a charm hadron and followed by a 7-lepton. This matching procedure
results in a jet being classified respectively as either a b-jet, c-jet, T-jet or a light-jet

(if no match is found).

In ATLAS, various algorithms [107], based on the information from the recon-

structed tracks and displaced secondary vertices in the ID, are used in order to identify

93



Chapter 3. Event reconstruction

0.1 ———— ———] ‘
[ Data 2016, /s =13 TeV ATLAS Preliminary 7|
| anti-k, R = 0.4, EM+JES + in situ correction |
=0.0
0.08—" [ Total uncertainty 1

= Absolute in situ JES
=+ Relative in situ JES
0.06— ===« Flav. composition, inclusive jets —
- «w Flav. response, inclusive jets -

Pileup, average 2016 conditions -
==+ Punch-through, average 2016 conditions

0.04

Fractional JES uncertainty
T
1

0.02

LT TR

0 Nt f“'iﬂ-n--m.‘..xm A ..u.u--,u,--"!l"‘\'"""'"H"u"';'
20 30 40 102 2x10? 10°  2x10°
jet
Ps [Gev]
(a)

> Odrrrrrrr e
< [ Data 2016, /s =13 TeV ATLAS Preliminary 7|
@ B a_n}i-k‘ R = 0.4, EM+JES + in situ correction |

Q *! = 60 GeV
2 0.08 __pT [ Total uncertainty ]
> B — Absolute in situ JES ]
“Lﬁ L =+ Relative in situ JES i
= 0.06 ===« Flav. composition, inclusive jets —
© - «w Flav. response, inclusive jets -
S o Pileup, average 2016 conditions -
"('—) - ==+ Punch-through, average 2016 conditions 1
& 0.04F —
™ L 4

0.02

ot 4t gnbep e neg b nm ey oh Fpm e Py f oy ey p g pnp e

4 3 -2 -1 0 1 2 3 4
(b)

Figure 3.9: Fractional jet energy scale systematic uncertainty components, as a function of a)
jet transverse momentum at 77 = 0 and b) n for jets with pp > 60 GeV [106].
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b-jets, taking advantage of the relatively long lifetime of b-hadrons.?

There are three main categories of b-tagging algorithms commonly used in ATLAS.
There are impact parameter based algorithms (IP2D, IP3D); inclusive secondary ver-
tex reconstruction algorithms (SV); and decay chain reconstruction algorithms (Jet-
Fitter). These algorithms contribute complementary information and can be com-
bined using a multivariate function to create a single b-tagging discriminant (MV).

The impact parameter algorithms use the signed impact parameter significances,
do/oa, and zp/0,, of the tracks which are matched to a jet. A positive or negative
sign is assigned to the impact parameter, based on the assumption that the decay
point of the b-hadron lies along its flight path. Thus, tracks from b-hadron decays
tend to have positive-signed impact parameters, indicating they originated in front
of the PV, whereas tracks originating from the primary vertex will have the same
probability for a negative or positive sign, due to resolution effects. Furthermore, the
division of the impact parameter by its uncertainty (o), ensures that more weight is
given to tracks which are measured more precisely.

The secondary vertex algorithms attempt to reconstruct an inclusive displaced sec-
ondary vertex which is formed by selected tracks within a jet. All possible two-track
vertices are identified from the track candidates. Vertices which are likely from long-
lived particles (Ks,A), photon conversions or hadronic interactions with the detector
material are removed. A single inclusive vertex is reconstructed by iteratively remov-
ing outlier tracks until a good vertex candidate is identified. Once reconstructed, the
kinematic properties of the tracks can be used to offer discrimination between the
b-jet and light-jet hypotheses.

The multi-vertex decay chain algorithm attempts to reconstruct the weak decay

chain of a b-hadron produced at the primary vertex which subsequently decays to a

3The lifetime of B hadrons is of the order of 1.6 ps. Considering the mass of a B hadron of 5 GeV
and its energy of 30 GeV, the typical flight path is approximately ~ 3 mm.
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charm hadron (producing a tertiary vertex). A Kalman filter is used to identify the
b-hadron flight path using the assumption that the tertiary vertex lies along the same
flight path. The tracks which are associated to the reconstructed vertices can also

provide discriminating information, in a similar way to the SV algorithm.

The three types of algorithms provide input to a multivariate classifier (MV).
In Run 2 this classifier is a boosted decision tree (BDT) trained to discriminate b-
jets from light-jets. The background samples of light-jets can contain a mixture of
charm and light-jets in order to improve the charm-jet rejection. The discrimination
performance is shown in Figure 3.10a for the MV2 algorithm with a 10% charm-jet
admixture (MV2c10). The performance between the Run 1 MV algorithm (MV1) and
the Run 2 MV algorithm (MV2) has seen an improvement of 10%, primarily driven by
the inclusion of the IBL. Between 2015 and 2016, retraining of the b-tagging classifier
has further improved the charm-jet rejection by around 40% at the 77% working
point. The charm-jet rejection rate as a function of b-tagging efficiency is shown
in Figure 3.10b. Jets which have been selected using a top-pair event selection are
shown in Figure 3.10c comparing the performance of the b-tagging weight (MV2c10)

in simulation and data, where a good agreement can be observed.

Calibrations of b-tagging algorithms derive a correction factor applied to simu-
lated data to match the b-tagging efficiency measured in data. This correction factor
is dependent on the true flavor of the simulated jet and the jet kinematics. A correc-
tion factor is derived both for true b-jet which are correctly identified as well as for
light and charm-jets which are incorrectly b-tagged. In order to derive these scale fac-
tors, the performance of the b-tagging algorithm needs to be measured using events
in data which are enriched in a particular jet flavor whilst correctly modelling the

backgrounds.

The b-tagging efficiency is measured by using dileptonically decaying top-pair
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Figure 3.10: a) Normalized MV2c10 distribution for light-flavor, ¢- and b-quark initiated jets
in simulated ¢t events [108]. b) c-jet rejection versus b-jet efficiency for the previous (2015) and
the current configuration (2016) of the MV2 b-tagging algorithm evaluated on ¢f events [109].
¢) The distribution of the MV2¢10 multivariate discriminant applied to jets in a tf-dominated
sample of events selected by requiring an opposite-sign ey pair and at least two jets with
2015+2016 data [108]. d) Data-to-simulation scale factors for the MV2c10 algorithm at the
70% working point as a function of the pr of the probe jet obtained selecting ¢t dilepton
events [108].
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events as they are pure in b-jets. Two methods are employed to extract this efficiency,
a combinatorial likelihood approach [110] and a tag-and-probe method. The current
b-tagging efficiency scale factors calculated with the latter method as a function of
jet pr are shown in Figure 3.10d, where the scale factors agree with unity within
errors. Jets in the intermediate pt range have a total uncertainty of 2-4%, and are

dominated by the effect of top-pair modelling.

3.7 Missing transverse energy

Neutrinos or other weakly-interacting particles produced by proton collisions will not
interact with the ATLAS detector, and thus escape undetected. Indirect information
on the presence of these particles can be inferred imposing the momentum conserva-
tion in the plane transverse to the beam direction. Since the initial state has zero
momentum component in the transverse plane, an imbalance in the total measured
transverse momentum in the final state would indicate the presence of an invisible
particle being produced.

The missing transverse momentum (L@g) is reconstructed as the negative vector
sum of transverse momenta (p_f) of reconstructed physics objects. The magnitude of
the missing transverse energy is denoted by E%liss. The physics objects considered in
the E%iss calculation are electrons, photons, muons, 7-leptons and jets (hard terms).
The reconstructed momentum not associated to any of the hard terms is referred
as the soft term and is also considered in the E%iss calculation. Several algorithms
can be used to reconstruct the E%liss soft term using calorimeter energy deposits or
tracks [111]. The main algorithm for the soft term reconstruction used by ATLAS
during Run 2 fully relies on tracks and it is called Track Soft Term (TST). The algo-
rithm is very robust against varying pile-up condition, but it misses the contribution

from neutral particles.
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The removal of pile-up jets is essential for EMiS resolution. This is done with
the jet-vertex-tagger (JVT) technique which extracts the pile-up jets using track-to-
vertex association method [112]. In addition, a novel forward pileup tagging technique
(fJVT) that exploits the correlation between central and forward jets originating from
pileup interactions was developed for Run 2 [113]. The fJVT improves the EMiss

resolution in high pile-up conditions as shown in Figure 3.11. The performance of
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Figure 3.11: The Track Soft Term E?iss resolution as a function of Npy measured in MC
simulated Z — uu events using different strategies for pile-up suppression [114].

TST E%liss is validated using Z — £/, W — (v and tt events. Good agreement
of TST ER measured using 8.5 fb~! Run 2 ATLAS data and MC simulation is
observed as shown in Figure 3.12a with Z — ee events.

The TST systematic uncertainties are evaluated exploiting the differences between
data and Monte Carlo using the balance of a soft term and a calibrated physics objects.
The systematic uncertainties of each hard term are propagated to the Effniss. The mean
of the TST distribution as a function of the hard term pt measured using 36.5 fb~*
Run 2 ATLAS data agrees with MC simulation within the systematic uncertainty as

shown in Figure 3.12b.
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Figure 3.12: a) TST Emiss distribution for a selection of Z boson decays to a pair of electrons at
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TileCal Response to Single
Isolated Charged Particles

Contributions to the data-taking, the data acquisition system and the performance
of the Tile Calorimeter (see Section 2.2.3) were carried out in the scope of this thesis.
The performance of the TileCal is probed in-situ by using the calorimeter response to
single hadrons. These objects, along with jets, deposit more energy in the hadronic
calorimeter compared to muons and therefore the response to higher energies can be
probed. They are selected from p-p collision data, and only isolated particles are
considered.

The response is characterized by the ratio of the energy of a charged hadron (E)
as measured by the TileCal, to that hadron’s momentum (p), as measured by the
ATLAS inner detector system (see Section 2.2.2). The hadron energy in both data
and MC events are calibrated to the electromagnetic energy scale. The double ratio
of the mean value ((E/p)) between data and MC simulation should be approximately
one, with deviations from unity possibly due to poor electromagnetic scale calibration

in the data or differences in the MC description due to a relatively complex hadron
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shower development.

This chapter is organized as follows: data and simulated samples used in the
analysis are listed in Section 4.1, event and particle selection is described in Sec-
tion 4.2, measurement results are discussed in Section 4.3, systematics are detailed in

Section 4.4, and finally Section 4.5 contains the conclusions of this study.

4.1 Data and Simulated Samples

The data used in this analysis spans over the three years of data-taking of LHC Run
1. The 2012 data set corresponds to an integrated luminosity of 20.3 fb~! before
prescaling, collected between April and November of 2012. Events triggered by a
fixed rate random trigger (EF_rd0_filled_NoAlg) [116] correspond to an integrated
luminosity of 129 nb~!. In 2012 the spacing between proton bunches was either 25
or 50 ns and the average number of interactions per crossing (u) was between 3 and
30. The 25 ns bunch spacing data corresponds to one single run (216399) with a total
luminosity of 0.419 nb~!. Both 25 and 50 ns bunch spacing runs have been used in
this analysis. The simulated and experimental samples from the 2012 data set are
listed in Table 4.1. The number of events quoted corresponds to the number of events
from the DESD containers that passes the trigger selection.

The 2011 data set corresponds to an integrated luminosity of 4.7 fb~!, collected
between February and October of 2011. The events were triggered using the same
fixed rate random trigger found in the Minimum Bias stream. This corresponds to
an integrated luminosity of 15.5 nb~! when trigger prescale is taken into account. In
2011 the spacing between proton bunches was either 50 or 75 ns and () was between
10 and 18. The corresponding samples from the 2011 data set are listed in Table 4.2.

The 2010 data set collected between March and September of 2010 corresponds

to an integrated luminosity of 35 pb~! and comprises a data set of 92 nb™! after the
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Period Name F#events
A datal2_8TeV physics_MinBias reprol4_v01 3061147
B datal2_8TeV physics_MinBias reprol4_v01 2241203
C datal2_8TeV physics_MinBias reprol4_v01 5612455
D datal2_8TeV physics_MinBias tOprol3_v01 1450355
E datal2_8TeV physics_MinBias reprol4_v01 878221
G datal2_8TeV physics_MinBias reprol4_v01 430147
H datal2_8TeV physics_MinBias reprol4_v01 267602
I datal2_8TeV physics_MinBias tOprol4_v01 584590
J datal2_8TeV physics_MinBias tOprol4_v01 3717415
L datal2_8TeV physics_MinBias tOprol4_v01 371514
M datal2_8TeV physics_MinBias tOprol4_v01 984688

MC mcl2_8TeV 119997 Pythia8_A2MSTW2008LO 13385253
minbias_ND recon €1119_s1479_s1470_r3843

Table 4.1: The simulated and experimental samples for the 2012 data set.

Period Name #events
B datall_7TeV physics_MinBias prol0_v0l 1151146
D datall_7TeV physics_MinBias prol0_v0l 1044827
E datall_7TeV physics_MinBias prol0_v01 249682
F datall_7TeV physics_MinBias prol0_v01l 1221351
G datall_7TeV physics_MinBias prol0_v0l 1504734
H datall_7TeV physics_MinBias prol0_vO0l 819663
I datall_7TeV physics_MinBias prol0_vO0l1 995167
J datall_7TeV physics_MinBias prol0_v0l 464306
K datall_7TeV physics_MinBias prol0_v0l 1287780
L datall_7TeV physics_MinBias prol0_v0l 1224198
M datall_7TeV physics_MinBias prol0_v01 920106

=
Q

mcll1_7TeV 105001 pythia_minbias recon 4998695
€815_51310_s1300_r3043

Table 4.2: The simulated and experimental samples for the 2011 data set.

requirement of the Minimum Bias Trigger Scintillators (MBTS) [117] is applied. The

bunch crossing spacing was 150 ns, and (i) was much lower than in the case of 2011
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and 2012. The 2010 data set samples are listed in Table 4.3.

The simulated samples correspond to minimum bias non-diffractive events gen-

erated with Pythia 6 [118] in 2010 and 2011 periods, and Pythia 8 for 2012. The

detector is simulated using Geant4 9.4 [119] with the QGSP_BERT [120-122] physics

lists. The reconstruction and analysis was done using Athena release 17 for both data

and simulated samples.

Period Name #events
A datal0_7TeV physics_MinBias repro05_v02 6527176
B datal0_7TeV physics_MinBias repro05_v02 13235025
C datal0_7TeV physics_MinBias repro05_v02 1982540
D datal0_7TeV physics_MinBias repro05_v02 3177312
E datal0_7TeV physics_MinBias repro05_v02 2170958
F datal0_7TeV physics_MinBias repro05_v02 1014949
G datal0_7TeV physics_MinBias repro05_v02 1284495
H datal0_7TeV physics_MinBias repro05_v02 839477
I datal0_7TeV physics_MinBias repro05.v02 931879

MC mcl0_7TeV 105001 pythia_minbias recon 4999689

ed77-51024_s946 11926

Table 4.3: The simulated and experimental samples for the 2010 data set.

4.2 FEvent Selection

The samples reported in Section 4.1 are skimmed and slimmed into the form of D3PDs

using the software package TileD3PDMaker [123]. At this stage, a pre-selection is

applied on the data and the MC simulation requiring the two following conditions:

e The tracks are required to be isolated in p: the sum of the tracks pr in a cone

AR = 0.4 around the track is less than 15% of that of the pr of the track.

e The tracks are required to have a momentum higher than 2 GeV in order to reach
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4.2. Event Selection

the TileCal, and that the extrapolated track, using the ATLAS Extrapolator

Tool [124], falls within the limits of the calorimeter, |n| < 2.

These two selection requirements reduce the number of events approximately by
a factor 2 in all data sets.
Event selection is made on the processed D3PDs using the following selection

criteria:

o It is required that the event run number and lumiblock is marked as good in the
Good Run Lists (GRL) [125] and that there is at least one track with pr > 2
GeV, that does not extrapolate into a dead module for which the TileTripReader
(TTR) [126] tool is used.

e Tracks are selected if they have at least one hit in the pixel, one hit in the
TRT and six hits in the SCT detectors. This cut eliminates outliers from the
distribution of the number of hits. The loose requirement on the number of
TRT hits associated to the track is applied in order to include particles that

may have undergone a hadronic interaction earlier in the inner detector [127].

e [t is required that the tracks are inside the TileCal geometrical acceptance

(In] < 1.7) when extrapolated to each of the calorimeter layers.

e The impact parameters (dy and zg) have to |dy| < 1.5 mm and |z sin(f)| < 1.5

mm, respectively.

e It is required that (i) is between 3 and 25 for the 2012 data set, to have sufficient
event statistics for the data to MC comparisons both at the high end and at
the low end of the p distribution. This requirement is not present for the 2010
or 2011 data sets.

105



Chapter 4. TileCal Response to Single Isolated Charged Particles

e The hadron candidate should be associated with an energy deposit in the
calorimeter. The energy of the hadron is defined as the sum of the energy of the
cells calibrated to the EM scale that belong to all the topoclusters that have
their center within AR = 0.2 of the track extrapolated into the Tile Calorime-
ter. This selection requirement is based on a previous MC study [128]. An
alternative determination of the energy deposited by the hadron using the to-
tal energy of the clusters within AR = 0.2 of the extrapolated track was also

considered but it was found to be sub-optimal for this study.

e The energy deposited by the hadron in the LAr is required to be compatible to
that of a minimum ionizing particle, thus depositing less than 1 GeV along the
path without a lower bound energy cut allowing for clusters of negative energy

to be considered.

e The amount of energy deposited by the hadron in the TileCal (R) is required
to be at least 75% of its total energy in order to increase the purity of hadrons

in the sample.

The effect of this selection criteria is discussed in Section 4.4. Tables 4.4, 4.5
and 4.6 show the total and relative efficiency reduction per track of each selection
criteria for the 2012, 2011 and 2010 data sets, respectively. The requirement on the
inner detector hits is observed to eliminate a higher percentage of the tracks in the
MC simulation than in the data in all the three years of Run 1 data-taking. This is
explained by the data / MC discrepancies in the distributions of the number of Pixel,
TRT and SCT hits, where the MC presents a much larger relative peak in zero than

the data in all of them.
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Data MC
Selection criteria Total (%) Relative (%) Total (%) Relative (%)
Track pr > 2 GeV & GRL & TTR 51.1 51.1 48.6 48.6
One hit in Pixel and TRT, six hits in SCT 25.4 49.7 10.2 20.9
Extrapolated track |n| < 1.7 21.6 84.8 8.5 83.4
|do| < 1.5 mm and |zgsiné| < 1.5 mm 20.9 97.2 8.3 97.7
3<<u><25 16.3 77.9 7.0 84.2
AE(LAT) < 1 GeV 9.4 57.8 3.8 54.8
AE(Tile)/AE(LAr+Tile) > 0.75 2.2 23.1 0.9 23.6

Table 4.4: Total and relative efficiencies (in %) of each consecutive selection criteria for the
2012 data and simulation.

Data MC

Selection criteria Total (%) Relative (%) Total (%) Relative (%)
Track pr > 2 GeV & GRL & TTR 42.5 42.5 41.2 41.2
One hit in Pixel and TRT, six hits in SCT 13.8 32.6 7.5 18.3
Extrapolated track |n| < 1.7 11.6 83.7 6.3 83.7

|do| < 1.5 mm and |zpsind| < 1.5 mm 11.4 98.3 6.1 96.9
3<<pu><25 - - - -
AE(LAr) < 1 GeV 5.1 52.9 2.9 48.2
AE(Tile)/ AE(LAr+Tile) > 0.75 1.3 95.5 0.8 26.1

Table 4.5: Total and relative efficiencies (in %) of each consecutive selection criteria for the
2011 data and simulation.

Data MC

Selection criteria Total (%) Relative (%) Total (%) Relative (%)
Track pr > 2 GeV & GRL & TTR 48.7 48.7 44.0 44.0
One hit in Pixel and TRT, six hits in SCT 11.7 24.1 7.5 17.1
Extrapolated track |n| < 1.7 10.2 87.0 6.4 85.2

|do| < 1.5 mm and |z sind| < 1.5 mm 10.1 98.8 6.3 98.2
3<<pu><25 - - - -
ABE(LAr) < 1 GeV 6.1 60.8 3.7 58.6
AE(Tile)/AE(LAr+Tile) > 0.75 15 24.0 1.0 26.0

Table 4.6: Total and relative efficiencies (in %) of each consecutive selection criteria for the
2010 data and simulation.
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4.2.1 Track Reweighting

Simulated samples are reweighted so that the distribution of the average number of
interactions per bunch crossing matches that of the data sample. For this the pile-up
reweighting tool [129] is used to compute the weight that is given to every event in
the MC.

There is also another reweighting applied to the MC due to the fact that the
tracks momentum and 7 spectra in MC is different to the one in data. It receives
the name of Track Reweighting (TRW). The simulation is weighted by the ratio of
the number of tracks in data to simulation in 8 bins of pseudorapidity and 16 bins in
momentum. The bins are chosen so that there are roughly the same number of tracks
per bin as a function of these two variables. Figure 4.1 shows the number of tracks
as a function of 7 and momentum in data and simulated samples for the 2010, 2011
and 2012 data-taking periods. The reach in momentum for this analysis is limited to
~ 10 GeV due to a lack of statistics.

Comparisons between the non-reweighted and reweighted MC and data track n
and p distributions are shown in Figures 4.2, 4.3, 4.4 and 4.5, respectively. The
agreement data to MC shows an uniform improvement through all periods with a
larger impact on the 2012 data set, in both 7 and p distributions. It is applied to all

data sets for consistency.
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Figure 4.1: Number of tracks as a function of momentum and 7, with |n| < 1.7 and pr > 2

GeV after full event selection for a) 2010 data, b) 2010 MC, c¢) 2011 data, d) 2011 MC, e)
2012 data and f) 2012 MC.
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4.3 Results

Figure 4.6 shows the E/p distribution for particles passing the full event selection
detailed in Section 4.2. The mean value of the E/p distribution, (E/p), integrated over
momentum, 7 and ¢, is in good agreement throughout the three years of Run 1 data-
taking. The large fraction of tracks with E//p = 0 observed in all data-taking periods
corresponds to tracks with momentum larger than 2 GeV but with no topoclusters
within AR = 0.2 of the track extrapolated into the Tile Calorimeter. This can
happen if either a particle interacts hadronically before reaching the calorimeter or
no single energy deposit is large enough to seed a topological cluster. This feature
is included in the following figures but not in the analysis. The negative tail of this
distribution is caused by noise in the calorimeter, which for data-taking conditions
with low (p) consists mostly of electronics noise, while the long positive tail is caused
by the background of neutral particles, since these particles add to the measured F

but not to p.

Table 4.7 shows the (E/p) for data and MC for the three years of Run 1 data-
taking, showing consistent predicted measurements across the years. The difference
between data and MC is largest in the lower part of the distribution where the tails
of the electronics noise are dominating. This discrepancy is found to be randomly
distributed across momentum and 7, which suggests that the modeling of hadronic

interactions, rather than of geometry, is primarily responsible for it.

2010 2011 2012

(E/pydata 0,507 4+ 0.002 0.448 & 0.002 0.502 + 0.001
(E/pYMC 0505 4+ 0.001 0.479 & 0.002 0.505 =+ 0.001

Table 4.7: (E/p) for data and simulated samples for data-taking years from 2010 to 2012.
Note that only statistical uncertainties are shown. The peak at zero is not included in this
measurement.
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Figure 4.6: E/p distribution response to charged hadrons after full event selection (see Sec-
tion 4.2) for a) 2010, b) 2011 and c¢) 2012 data sets.

Double ratios of the experimental to simulated data of (E/p) are used to validate
the agreement between the data and the MC. The results for all three years are listed
in Table 4.8. The double ratio in 2011, which shows the largest deviation from unity,

agrees with this result within 1.50.

(E/p) is evaluated as a function of 7, ¢, momentum and average number of inter-
actions for the 2010, 2011 and 2012 data-taking years, as shown in Figures 4.7, 4.8,

4.9, and 4.10 respectively. The agreement between data and MC as a function of 7
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2010 2011 2012
Double ratio of (E/p) 1.003 £ 0.004 0.936 + 0.007 0.994 + 0.004

Table 4.8: Double ratios of the experimental to simulated data of the (E/p) for data-taking
years from 2010 to 2012. Note that only statistical uncertainties are shown.

is not very good in the transition region between the Long Barrel and the Extended
Barrel (0.9 < |n| < 1.3), with a disagreement that reaches up to 15% in 2010, 25% in
2011 and 15% in 2012 and is explained by the increased number of forward events in
2011 as shown in Figure 4.3b. This large discrepancy is not so clear as a function of
¢, that yields a value close to 0.5 for all the years.

The increase of the value of the (E/p) as a function of momentum in the range
between 2 and 5 GeV is observed in the 2010 and 2012 data sets as a result of the
trigger configuration used. An increase in (E/p) is also observed in 2012 above 10
GeV. These effects are well reproduced in the MC. As a function of the average number
of interactions, (E/p) stays around 0.5 with very small variation. The maximum
disagreement is 10% in 2011 systematically for all values of () and with data being
consistently lower than MC. However, it is less than 5% in 2012 with no particular
outlier.

Table 4.9 shows the mean value of the double E/p ratio ((E/p)data/(E /p)MC) for
the different years as a function of 7, ¢, momentum and number of collisions per

bunch crossing.
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Figure 4.7: Distributions of (E/p) for single charged hadrons as a function of n after full
event selection (see Section 4.2) for a) 2010, b) 2011 and c) 2012 data sets. Note that only
statistical uncertainties are shown.

2010 2011 2012
Double ratio of (E/p) vs p  1.003 + 0.004 0.936 + 0.006 0.994 + 0.004
Double ratio of (E/p) vs ¢  1.003 & 0.004 0.936 & 0.007 0.994 =+ 0.004
Double ratio of (E/p) vs p  1.003 4+ 0.004 0.936 4 0.006 0.993 + 0.005
Double ratio of (E/p) vs () - 0.936 £ 0.005 0.994 + 0.005

Table 4.9: Double ratios of the experimental to simulated data of the (E/p) as a function of
71, ¢, momentum and average number of interactions per crossing for data-taking years from
2010 to 2012. Note that only statistical uncertainties are shown.
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Figure 4.8: Distributions of (E/p) for single charged hadrons as a function of ¢ after full
event selection (see Section 4.2) for a) 2010, b) 2011 and c¢) 2012 data sets. Note that only
statistical uncertainties are shown.
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Figure 4.9: Distributions of (E/p) for single charged hadrons as a function of the momentum
with || < 1.7 and pr > 2 GeV after full event selection (see Section 4.2) for a) 2010, b) 2011
and c¢) 2012 data sets. Note that only statistical uncertainties are shown.
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Figure 4.10: Distributions of (E/p) for single charged hadrons as a function of u with |n| < 1.7
and pp > 2 GeV after full event selection (see Section 4.2) for a) 2011 and b) 2012 data sets.
Note that only statistical uncertainties are shown.
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4.4 Systematic uncertainties

The systematic uncertainties on the measurement of (E/p) are related to the uncer-
tainties on track and energy reconstruction. The results shown in this section are

calculated using the 2012 data set only.

4.4.1 Bin to bin impact

In order to estimate the impact of the different selection cuts over the E/p, ds (see
equation 4.1) is defined as the difference between the nominal and the variation of the
quantity (s) defined as the weighted sum over all the bins of the normalized double
(E/p) ratio, computed as the bin value from the E/p distribution in data over the
bin value from the E/p distribution in MC, and the weight (w;) corresponds to the
sum of the number of entries in each bin from the E/p distribution from data and
the F/p distribution from MC. The further this quantity is from zero, the stronger

the impact of the selection cut.

bins
> (-2
MC
§s — Svariation o Snominal where s = i E/pl (41)
bins

> wi
i

This quantity is very sensitive to shape variations. For example in the extreme

cases of the removal of the inner detector hits or primary vertex requirements, it yields
a value of 6.4% and 2.0% respectively, as shown in Figures 4.11a and 4.11b. Shifting
the energy deposit requirement in LAr down by 1o of the distribution of the energy
deposit (300 MeV) has an impact of 4.5% (see Figure 4.11d). Increasing the number
of ID hits from one to three in the Pixel, from six to eight in the SCT and from one to

fourteen in the TRT has an equivalent impact of 1.3%. These values are chosen from
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the distribution of hits before applying the full event selection. They correspond to
the central value of the distributions in the number of Pixel and SCT hits, and to the
end of the plateau region in the number of TRT hits. The resulting F/p distribution

in this case is shown in Figure 4.11c.
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Figure 4.11: Distributions of (E/p) for single charged hadrons after full event selection (see
Section 4.2) for different variations of the cuts using the 2012 data set. Note that only
statistical uncertainties are shown.

Similarly ds are used to calculate the impact of the variation of the fraction of
energy deposited in the TileCal (R = AFErje/AETilet+LAr), Where the largest impact

is 1.1% for ratios 5% higher and lower than the nominal value. Figure 4.12 shows the
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distribution of the E/p for each value of R for each data set.
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Figure 4.12: Distributions of (E/p) for single charged hadrons after full event se-
lection (see Section 4.2) for different relative values of energy deposited in TileCal
(R = AE(Tile)/AE(Tile+LAr)) using the 2010, 2011 and 2012 data sets. Note that only
statistical uncertainties are shown.

Table 4.10 shows the value of ds for the variation of each cut. According to ds, the
requirements on the energy deposit in LAr and the number of ID hits have a much

more important impact than the cut in R.
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Variation ds (%)
Removal of inner detector hits requirement 6.4
Removal of primary vertex requirement 2.0
AFE(LAr) < 300 MeV 4.5
Pixel hits >3 & SCT hits >8 & TRT hits > 14 1.3
AFE(Tile)/AE(Tile+LAr) > 0.6 0.6
AE(Tile)/AE(Tile+LAr) > 0.7 0.3
AFE(Tile)/AE(Tile+LAr) > 0.8 1.1

Table 4.10: Bin to bin impact of the variation of the selection cuts.

4.4.2 Likelihood method

To better quantify the relative contribution of each systematic a binned likelihood
function of the expected E/p distribution to the E/p distribution from data is built
(see equation 4.2). Different uncertainties enter in the expected E/p distribution as
corrections to the nominal F/p distribution extracted from the MC. Each correction
term is the product of a parameter « times the difference of the nominal (E/p) in
MC and the variational (F/p) in MC. These variations take into account the following
uncertainties: AFEp sy, R, no primary vertex cut and no inner detector hits cut. The

likelihood function is minimized to extract the best value of the o parameters.

bins

L (E/pdata’ E/pexpected> _ H Poiss <E/pfb_lata7 E/p;?xpected>
i

_ bf[ Poiss (E/p?a”a, pjpcmomn N (B/pCmemt — ) py“))
i j
The fit value for the o parameters along with the expected (F/p) and the difference
with respect to the nominal (£/p) from MC are shown in Table 4.11.
The systematic uncertainty calculated as the quadratic sum of all the differences
yields a value of e((F/p)M®) = —0.038. Thus the value of the (E/p) in MC is
(E/p)MC = 0.505 4 0.001(stat.) + 0.038(sys.). This is compatible with the value of
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Systematic a  (E/p)ke  (E/p)s — (E/D)nom
AE(LAr) < 300 MeV  0.73 0.458 -0.047
R> 0.6 0.26 0.491 -0.014
No PV cut 0.05 0.502 -0.003
No Hits cut 0.01 0.454 -0.051

Table 4.11: Fit value for the o parameters, the expected (E/p) and the difference with respect
to the nominal (F/p) from MC for the different parameters considered in the likelihood fit.

the (E/p) in data, which corresponds to (E/p)d'® = 0.502 4 0.001(stat.).

4.4.3 Up and down method

The systematic uncertainty on the double (E/p) ratio, (E/p)data/(E /p)MC is evalu-
ated by shifting each variational component up and down by one standard deviation.
Increased and decreased values of the following event selection cuts are used: energy
loss in LAr, relative value of the energy deposited in TileCal, R, and the number of
hits in the inner detector.

The criteria used to choose the thresholds for the energy loss in LAr is based on
the population of the distribution, the lower limit is set 1o below the mean value at
300 MeV and the upper limit is set at 1o above the mean value at 1.5 GeV. Similarly
the criteria for the threshold on number of the hits in the ID is to cut on the relative
maximum of their distributions.

The upper and lower limit for the systematic uncertainty is obtained from the
sum in quadrature of the different up and down contributions. Table 4.12 shows the
difference between the variational ratio and the nominal ratio.

Double ratios of the experimental to simulated data of (E/p) are used to validate
the agreement between the data and the MC. The overall double ratio for the 2012
data set is measured and corresponds to a value of (E/p)data/(E/p)MC = 0.994 +

0.003 (stat.) *9-0%9 (sys.). This result shows a good calibration of cell energy to the
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Systematic (E/pys (E/p)es  (E/D)™/[(E/DNC)oar  (E/p)**/(E/p)yes
—(E/p)**/(E/p)nom
AE(LAr)<300 MeV 0448 0.456 0.982 -0.012
AE(LAr)<1.5 GeV  0.501 0.503 0.996 0.002
R>0.7 0.496  0.497 0.998 0.004
R> 08 0.503  0.509 0.988 -0.006
Less Hits in TD 0.464  0.464 1.000 0.006
More Hits in TD 0.498  0.503 0.990 -0.004

Table 4.12: Difference between the variational double (E/p) ratio and the nominal double
(E/p) ratio.

electromagnetic scale and also a good agreement between experimental data and MC

predictions for the single hadrons.

4.4.4 Summary

Table 4.13 shows a summary of the results obtained for the systematic uncertainty
on the double ratio of (E/p) for the 2012 data set using the three different methods
detailed in Section 4.4. Note that the likelihood method only provides a systematic
on (E/p)MC. The up and down method constitutes the most robust and accurate
procedure to estimate this uncertainty and is therefore chosen as the final systematic

uncertainty on the double ratio of the experimental to simulated data of (E/p).

Bin to bin impact Likelihood method Up and down method

Systematic uncertainty 0.023 0.038 oo

Table 4.13: Results of the systematics on the double ratio of (E/p) for the 2012 data set,
except in the case of the likelihood method, where the calculation refers to (£/p)M€ only.

4.5 Conclusions

Overall E/p studies show that ATLAS has a good understanding of the energy scale
for isolated hadrons using the three years of Run 1 data-taking. The 2010 data validate
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the work done in detector calibration and simulation tuning with the calorimeter test
beam [130, 131].

The statistical uncertainty of the double (E/p) ratio was extracted and found to
be smaller than 1% for all the years, being 0.4% in 2012, 0.7% in 2011 and 0.4% in
2010. The systematic uncertainty of the same observable was extracted and found to
be less than 2%.

This result is compatible with the one obtained for central isolated hadrons by the
combined calorimeter E/p studies [132,133]. In the Long Barrel region (|n| < 0.7) the
3% level agreement is maintained despite sizeable changes in beam conditions, showing
that in this region pile-up is well simulated and energy reconstruction techniques are
robust against pile-up.

The data to MC ratios are compatible with 1 in the 2010 and 2012 data sets and
lower than 1 in the 2011 data set with a difference of 5%. The n and p transition re-
gions corresponding to 0.7 < |n| < 1.1 and momentum range between 9 and 10 GeV,
as well as the high momentum region (p > 16 GeV) show some data / MC discrep-
ancies not covered by the systematic uncertainty which leaves open the possibility of

further simulation development.
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Chapter 5

Search for di-Higgs production
in the v~vbb final state

This chapter presents the search for Higgs boson pair production in the ATLAS ~yybb
final state using a data set of 36.1 fb~! at \/s = 13 TeV. It covers the event selection
and categorization of the analysis as well as the strategy followed to model the signal
and background processes. Final results including expected and observed limits are

presented. The chapter concludes with a summary of the main findings.

5.1 Introduction

A search for the production of pairs of Higgs bosons in the yybb final state is presented,
and considers both resonant (see Section 1.5.2) and non-resonant (see Section 1.5.1)
contributions.
For the non-resonant search, deviations in the Higgs boson self-coupling are char-
HHH

acterized using ry (ky = MNTHH/NHIH) while k; characterises deviations in the

Yukawa coupling between the top quark and the Higgs boson (k¢ = y/yr,sm). In
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both cases the SM subscript refers to the SM value of these parameters. For the
resonant search, the narrow-width approximation is used, focusing on a resonance
with mass (my) in the range 260 GeV < myx < 1000 GeV. The lower limit (260
GeV) is chosen for being close to the kinematic threshold for HH production, and
the upper limit (1000 GeV) corresponds to the boundary where a reliable estimate of
the background could be performed with the current data set.

Although this search is for a generic scalar decaying to a pair of Higgs bosons,
the simulated samples used to optimize the search were produced for the gluon-fusion
production mode. Previous searches have been carried out by the ATLAS [56] and
CMS [134,135] collaborations in the yybb channel at both /s = 8 TeV and /s = 13
TeV, as well as in other final states [55,136-138].

5.2 Data samples and MC simulation

The search discussed in this thesis uses the full p-p collisions data set of 36.1 fb—!
collected in 2015 and 2016 at /s = 13 TeV. Only events that pass the high data-
quality standards are analyzed in order to reject events recorded during periods with
sub-detector failures or defects.

Data events are selected using a diphoton trigger requiring the presence in the
EM calorimeter of two clusters of energy depositions with transverse energy above 35
GeV and 25 GeV for the leading (highest transverse energy) and subleading (second
highest transverse energy) cluster. In the high-level trigger the shape of the energy
deposition of both clusters is required to be loosely consistent with that expected
from an electromagnetic shower initiated by a photon. The diphoton trigger has an
efficiency greater than 99% for events that satisfy the final event selection (described
in Section 5.3).

A set of MC simulated samples is used to model the signal and background pro-
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cesses considered in the search. Non-resonant production of Higgs boson pairs via
the gluon-gluon fusion process is simulated at NLO accuracy in QCD using form fac-
tors for the top-quark loop from HPAIR [139,140] to approximate finite top-quark
mass effects. The simulated events are reweighted to reproduce the myy spectrum
obtained in [141] and [142], which calculated the process at NLO in QCD while fully
accounting for the top-quark mass. The total cross section is normalized to 33.41 fb,

in accordance with a calculation at NNLO in QCD [34,143].

Non-resonant BSM Higgs boson pair production with varied & is simulated at LO
accuracy in QCD [144] for eleven values of k) in the range -10 < k) < 10. The total
cross sections for these samples is computed as a function of k) at LO accuracy in
QCD and a constant NNLO/LO k-factor (2.283) computed at k) = 1, is then applied.
Theoretical studies have shown that the k-factor as a function of k) is constant to
within a few percent [145]. As the amplitude for Higgs boson pair production can be
expressed in terms of k) and the top Yukawa coupling, weighted combinations of the

simulated samples can produce predictions for other values of k).

Resonant BSM Higgs boson pair production, using a narrow width approximation,
is simulated at NLO accuracy for ten different mass points (260, 275, 300, 325, 350,
400, 450, 500, 750 and 1000 GeV).

This analysis is affected by backgrounds from single Higgs boson production and
non-resonant backgrounds with continuum spectra. Background estimation is car-
ried out using data-driven methods whenever possible; in particular, data is used
to estimate the continuum background contribution from SM processes with multi-
ple photons and jets, which forms the dominant background for this search. Monte
Carlo event generators are used for the simulation of the background from SM sin-
gle Higgs boson production, as shown in Table 5.1. The major single Higgs bosons

production channels contributing to the background are gluon-gluon fusion (ggH),
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associated production with a Z-boson (ZH), associated production with heavy flavor
(ttH) and associated production with a single top-quark (tH). Among these, the
largest contributions come from ttH and ZH.

A list of the signal and background samples used in this search together with the
programs used for matrix element generation, for parton showering, hadronization

and underlying event and the PDF sets used is shown in Table 5.1.

Table 5.1: Summary of the event generators and PDF sets used to model the signal and the
background processes. The SM cross sections o for the Higgs boson production processes with
mpy = 125.09 GeV are also given separately for /s = 13 TeV, together with the orders of
the calculations corresponding to the quoted cross sections, which are used to normalize the
samples, after multiplication by the Higgs boson branching ratio to diphotons, 0.227%.

Process Generator Showering PDF set NG (:T Eb]TeV Order of calculation of o
Non-resonant SM HH MG5_AMCQ@NLO  HERWIGH+ CT10 33.41 NNLO+NNLL
Non-resonant BSM HH  MG5_AMCQ@NLO PyTHIAS NNPDF 2.3 LO - LO

Resonant BSM HH MG5_AMCQ@NLO  HERWIGH++ CT10 - NLO

ggH PowHEG NNLOPS  PyTHIAS PDF4LHC15 48.52 N*LO(QCD)+NLO(EW)
VBF PownEG-Box PYTHIAS PDF4LHC15 3.78 NNLO(QCD)+NLO(EW)
WH PownEG-Box PYTHIAS PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)
qq¢ — ZH PowHEG-Box PYTHIA8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
99— ZH PowHEG-Box PyTHIA8 PDF4LHC15 0.12 NLO-+NLL(QCD)
ttH MG5_AMC@NLO  PYTHIAS NNPDF3.0 0.51 NLO(QCD)+NLO(EW)
bbH MG5_AMC@NLO  PyTHIAS CT10 0.49 5FS(NNLO)+4FS(NLO)
t-channel tH MG5_AMC@NLO PyTHIAS CT10 0.07 4FS(LO)
W-associated tH MG5_AMC@NLO  HERWIGH+ CT10 0.02 5FS(NLO)

¥y SHERPA SHERPA CT10 - LO
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5.3 Object and event selection

5.3.1 Photons

Events are preselected by requiring at least two photon candidates with Ep > 25
GeV and |n| < 2.37 (excluding the transition region between the barrel and endcap
calorimeters of 1.37 < |n| < 1.52) that fulfill the loose photon identification crite-
ria [81]. The two photon candidates with the highest E1 are chosen as the diphoton
candidate, and used to identify the diphoton primary vertex among all reconstructed
vertices, using a neural-network algorithm based on track and primary vertex infor-
mation, as well as the directions of the two photons measured in the calorimeter and
inner detector [146]. The neural-network algorithm selects a diphoton vertex within
0.3 mm of the true H — v production vertex in 79% of simulated gluon-gluon fusion
events. For the other Higgs boson production modes this fraction ranges from 84%
to 97%, increasing with jet activity or the presence of charged leptons. The perfor-
mance of the diphoton primary vertex neural-network algorithm is validated using
Z — eTe” events in data and simulation, by ignoring the tracks associated with
the electron candidates and treating them as photon candidates. Sufficient agree-
ment between the data and the simulation is found. The diphoton primary vertex
is used to redefine the direction of the photon candidates, resulting in an improved

diphoton invariant mass resolution. The invariant mass of the two photons is given

by m. = \/ 2FE1FE5(1 — cosar), where F7 and Ey are the energies of the leading and
subleading photons and « is the opening angle of the two photons with respect to the
selected production vertex. Studies performed using HH — yybb events show that
the selection efficiency difference between using the neural-network diphoton vertex
and the highest ZZN”’“ pQTJ- primary vertex is about 1-2%.

Following the identification of the diphoton primary vertex, the leading and sub-

leading photon candidates in the diphoton candidate are respectively required to have
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Er/myy, > 0.35 and 0.25, and to both satisfy the tight identification criteria as well

as the calorimeter and track isolation requirements.

5.3.2 Jets, b-jets and muons
Jets

Jets are required to satisfy pp > 25 GeV for |n| < 2.5. Jets that do not originate
from the diphoton primary vertex are rejected, for |n| < 2.4, using the JVT algorithm,
which combines tracking information into a multivariate likelihood. For jets with pp <
60 GeV and |n| < 2.4 a medium working point is used, with an efficiency greater than
92% for non-pileup jets with pp > 20 GeV. The efficiency of the JVT algorithm is
corrected in the simulation to match that observed in the data. Jets are discarded if
they are within AR = 0.4 of an isolated photon candidate, or within AR = 0.2 of an

isolated electron candidate.

b-jets

Jets consistent with the decay of a b-hadron are identified using a multivariate dis-
criminant, having as input information from track impact parameters and secondary
vertices. Working points are defined by requiring the discriminant output to exceed
a particular value that is chosen to provide a specific b-jet efficiency in an inclusive
tt sample. Correction factors derived from tt events with final states containing two
leptons are applied to the simulated event samples to compensate for differences be-
tween data and simulation in the b-tagging efficiency. The analysis uses two working
points which have a b-tagging efficiency of 70% (60%), a c-jet rejection factor of 12
(35) and a light-jet rejection factor of 380 (1540) respectively.
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Muons

Muons within AR = 0.4 of a b-tagged jet are used to correct for energy losses from
semileptonic b-hadron decays. This correction improves the energy measurement of

b-jets and improves the signal acceptance by 5-6%.

5.3.3 Categorization

Events are selected for analysis if there are at least two photons and at least two
jets, one or both tagged as b-jets. The diphoton invariant mass is initially required to
fall within a broad mass window of 105 GeV < m., < 160 GeV. In order to remain
orthogonal to the ATLAS search for HH — bbbb [136], any event with more than two
b-jets using the 70% efficient working point is rejected before the remaining events

are divided into three categories.

e The 2-tag signal category consists of events with exactly two b-jets satisfying

the requirement for the 70% efficient working point.

e The 1-tag signal category is defined using events failing the above requirement
but nevertheless containing exactly one b-jet identified using a more stringent
(60% efficient) working point. Here the second jet, which is in this case not
identified as a b-jet, is chosen using a boosted decision tree (BDT). The BDT
uses kinematic variables, namely jet pr, dijet pr, dijet mass, jet n, dijet n and
the An between the selected jets, as well as information about whether each jet
satisfied less stringent b-tagging criteria. The ranking of the jets from best to
worst in terms of closest match between the dijet mass and my, highest jet pr
and highest dijet pt are also used as inputs. The jet with the highest BDT score
is selected and the event is included in the 1-tag signal category. The efficiency

with which the correct jet is selected by this BDT is 60-80% across the range of
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resonant and non-resonant signal hypotheses considered in this search. The Ap
between the jets and the classification output from the BDT for the resonant

260 GeV sample is shown in Figure 5.1.

e The 0O-tag control category uses events that contain no b-jet from either working
point. This category is not directly used in the analysis, but is instead used to

provide data-driven estimates of the background shape in the signal categories.

Loose and Tight selections

As a result of a number of optimization studies two different kinematic selections,
called loose and tight, are defined, where the tight selection is a strict subset of the
loose one. The searches for low-mass resonances and for non-SM values of the Higgs
boson self-coupling both use the loose selection, as the average transverse momentum

(pr) of the Higgs bosons is lower in these cases [147] resulting in a higher sensitiv-
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Figure 5.1: a) The jet pair An and b) the classification output from the BDT for the 260 GeV
resonant signal sample.
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ity to these analyses. Analogously, the tight selection is used for signals where the
Higgs bosons typically have larger average pr, namely higher-mass resonances and
SM non-resonant HH production. Table 5.2 summarizes the use of the loose and
tight selections in the different non-resonant and resonant analyses carried out in the

scope of this Higgs boson pair production search.

Table 5.2: Summary of the kinematic selections used for the non-resonant and resonant
analyses.

Analysis Selection

Non-resonant aflﬂfl Tight
ANHHH Loose

Resonant myx < 500 GeV Loose

my > 500 GeV Tight

Note that both the loose and tight selections have their own dedicated BDT to
choose the second jet in the 1-tag category. It is optimized using simulated continuum
background events as well as signal events from lower-mass or higher-mass resonances,
respectively.

Further requirements are then made on the pr of the jets and on the mass of the
dijet system, which differ for the loose and tight selections. In the loose selection,
the highest-pr jet is required to have pt > 40 GeV, and the next-highest-pt jet
must satisfy pr > 25 GeV, with the invariant mass of the jet pair (m;;) required to
lie between 80 and 140 GeV. For the tight selection, the highest-pr and the next-
highest-p jets are required to have pr > 100 GeV and pt > 30 GeV, respectively,
with 90 GeV < m;; < 140 GeV. Finally, in the resonant search, the diphoton invariant
mass is required to be within 4.7 (4.3) GeV of the Higgs boson mass for the loose
(tight) selection. This additional selection on m. is optimized to contain at least

95% of the simulated Higgs boson pair events for each mass hypothesis. The various
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possible combinations of signal category and selection are summarized in Tables 5.3
and 5.4 for the non-resonant and resonant analyses, respectively.

Table 5.3: Summary of the selection requirements made for each combination of (i) 1-tag or
2-tag signal category, and (ii) loose or tight selection, for the non-resonant analysis. Note that
the search for non-SM values of the Higgs boson self-coupling, Ag g, uses the loose selection,
while the tight selection is used for the search for SM non-resonant H H production.

Non-resonant

1-tag 2-tag
Loose (Agpn) Tight (o335) Loose (Agmn) Tight (o3Ah)
M~ range [GeV] 105-160 105-160 105-160 105-160
Jet b-tagging WPs used  60% + BDT  60% + BDT 70% 70%
Leading jet pp [GeV] >40 >100 >40 >100
Subleading jet pr [GeV] >25 >105 >25 >30
m;; range [GeV] 80-140 90-140 80-140 90-140

Table 5.4: Summary of the selection requirements made for each combination of (i) 1-tag or
2-tag signal category, and (ii) loose or tight selection, for the resonant analysis.

Resonant
1-tag 2-tag

Loose Tight Loose Tight
My~ Tange [GeV] 120.39-129.79 120.79-129.39 120.39-129.79 120.79-129.39
Jet b-tagging WPs used  60% + BDT  60% + BDT 70% 70%
Leading jet pr [GeV] >40 >100 >40 >100
Subleading jet pr [GeV] >25 >30 >25 >30
m;; range [GeV] 80-140 90-140 80-140 90-140

5.3.4 Optimization

All optimizations are performed using the resonant Higgs boson pair production LO
and non-resonant Higgs boson pair production NLO signal samples. The resonant
signal cross section is scaled to the average limit on HH — yybb set with early Run

2 data [2]: 5 pb x B (H — vy) x B (H — bb) x 2 = 12.89 fb. The background is
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taken from the 2-tag and 1-tag data with Loose-not-Tight, non-isolated photons. A
transfer factor is obtained from the O-tag data to extrapolate from Loose-not-Tight,
non-isolated photons to Tight, isolated photons. The optimizations are performed
expecting a total 201542016 dataset of 40 fb~!. The figure of merit used for the

optimization is defined by Asimov’s formula [148] given below:

Z = \/2((s+b)ln(1+2) 75), (5.1)

where s and b are the number of signal and background events that pass the analysis

selection.

Photon ID and isolation optimization

Studies are performed to select the photon identification criteria and isolation working
points in this search. Tight identification and FixedCutLoose isolation are the default
choices for the H — <~ analyses. Figure 5.2 shows the Asimov significance for the
resonant signal sample at mx = 275 GeV for a variety of photon ID and isolation
choices, for the 2-tag category (1-tag category), using the chosen 70% (60%) b-tagging
working point. The photon ID choices are shown in Table 5.5 and the photon isolation
choices are shown in Table 5.6. In this optimization, jets are required to have pp >
25 GeV and |n| < 2.5, with a dijet mass between 60 and 180 GeV.

The FixedCutLoose photon isolation working point matches the photon isolation
definition in Chapter 3.2.3, where the calorimeter (track) isolation in a cone of AR
= 0.2 is required to be less than 6.5% (5%) of the photon Et. In FixedCutTight,
the calorimeter isolation in a cone of AR = 0.4 is required to be less than 2.45 GeV
+ 2.2% of the photon ET, while the track isolation requirement remains the same as
in FixedCutLoose. The analogous CaloOnly working points do not include the track

isolation requirements, as their names suggest.
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Table 5.5: Photon ID choices for the leading and subleading photons used to define the y-axes
in Figure 5.2.

| Bin | Leading photon | Subleading photon |

0 Loose Loose
1 Tight Tight
2 Tight Loose
3 Loose Tight

These studies confirm the choice of Tight photon ID and FixedCutLoose photon
isolation for both leading and subleading photons which corresponds to bin (0,1) in

both histograms in Figure 5.2.

b-tagging optimization

The b-tagging working points are optimized simultaneously to the photon identifica-
tion and isolation. A category is defined first where both jets must pass the same
b-tagging working point (2-tag). For the events that fail this criteria another category
is defined where only one jet must pass the defined b-tagging working point (1-tag).

The Asimov significance is calculated using the working points of the MV2c10 tag-

PID
PID

14 16
Isolation Isolation

Figure 5.2: Asimov significance, for different photon ID and isolation choices, using the 70%
and 60% b-tagging working point for the a) 2-tag category and b) 1-tag category, respectively,
for resonant production at myx = 275 GeV.
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Table 5.6: Photon isolation choices for the leading and subleading photons used to define the
z-axes in Figure 5.2.

’ Bin ‘ Leading photon ‘ Subleading photon
0 FixedCutLoose FixedCutLoose
1 FixedCutTight FixedCutTight
2 FixedCutTightCaloOnly | FixedCutTightCaloOnly
3 FixedCutLooseCaloOnly | FixedCutLooseCaloOnly
4 FixedCutLoose FixedCutTight
) FixedCutTight FixedCutLoose
6 FixedCutLoose FixedCutTightCaloOnly
7 FixedCutTight FixedCutLooseCaloOnly
8 FixedCutTight FixedCutTightCaloOnly
9 FixedCutLoose FixedCutLooseCaloOnly
10 | FixedCutLooseCaloOnly | FixedCutTightCaloOnly
11 | FixedCutTightCaloOnly | FixedCutLooseCaloOnly
12 | FixedCutLooseCaloOnly FixedCutTight
13 | FixedCutTightCaloOnly FixedCutTight
14 | FixedCutLooseCaloOnly FixedCutLoose
15 | FixedCutTightCaloOnly FixedCutLoose

ger with an efficiency of 60%, 70%, 77% or 85%, separately for the 1-tag and 2-tag
categories.

Figure 5.3 shows the optimizations for the 2-tag category with the four different
b-tagging working points. It is observed that the highest significance is achieved with
the 70% working point.

Figures 5.4, 5.5, 5.6 and 5.7 show the optimizations for the 1-tag category
assuming that the 2-tag category uses the 60%, 70%, 77% or 85% working points
respectively. Note that the categories are exclusive (events can only fall into one
of the categories) and that by definition only tighter b-tagging working points are
allowed for the 1-tag category with respect to the working point being used in the
2-tag category.

The significance in the 1-tag category increases with a tighter b-tagging selection,
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e.g. is maximum when using the 60% working point. A combined significance is
calculated considering the two signal categories in this search. The result shows that
the significance is highest when the 2-tag category uses the 70% working point and

the 1-tag category uses the 60% working point.

Jet pr and dijet mass optimization

After choosing the b-tagging working points for the 1- and 2-tag categories, the jet
pr and the dijet mass cuts are optimized simultaneously with events that contain
two photons and two central jets. The NLO resonant signal samples and the yvy+jets

background MC are used for this study.

PID

14 16 14 16
Isolation Isolation

PID
PID

14 16
Isolation Isolation

Figure 5.3: Asimov significance, for different photon ID and isolation choices, for the 2-tag
category and using the a) 85%, b) 77%, ¢) 70% and d) 60% b-tagging working points for
resonant production at mx = 275 GeV.
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Separate optimizations are performed for the 1- and 2-tag categories, and for the
loose and tight selections. Figure 5.8 (5.9) shows the optimizations for the 2- and

1-tag categories with the tight (loose) selection.

The results show that the optimal loose selection corresponds to requiring a pr >
40 (25) GeV for the highest- (next-highest)-pr jet, respectively, as well as a dijet mass
between 80 and 140 GeV. For the tight selection, the best significance is achieved by
requiring a pp > 100 (30) GeV for the highest- (next-highest)-pt jet, respectively,
with a dijet mass between 90 and 140 GeV.

PID
PID

14 16 14 16
Isolation Isolation

PID
PID

12 14 16 12 14 16

Isolation Isolation

Figure 5.4: Asimov significance, for different photon ID and isolation choices, for the 1-tag
category (assuming that the 2-tag category uses the 85% working point) and using the a)
85%, b) 77%, ¢) 70% and d) 60% b-tagging working points for resonant production at myx =
275 GeV.
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Non-resonant analysis

For non-resonant Higgs boson pair production, the efficiency of events to satisfy the
2-tag selection criteria is 10% and 5.8% in the loose and tight selections, respectively.
In the 1-tag category, the corresponding efficiencies are 7.2% and 3.9%, which are
slightly lower than for the 2-tag category due to the lower probability of selecting the
correct jet pair.

Due to the differing jet kinematics, the signal acceptance is lower in all cases for
the generated NLO signal than for a LO signal. The acceptance of the LO prediction
is approximately 15% higher when using the tight selection and 10% higher when

PID
PID

14 16 14 16
Isolation Isolation

14 16
Isolation

Figure 5.5: Asimov significance, for different photon ID and isolation choices, for the 1-tag
category (assuming that the 2-tag category uses the 77% working point) and using the a)
77%, b) 70% and c¢) 60% b-tagging working points for resonant production at mx = 275 GeV.
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using the loose selection.

Resonant analysis

In the resonant analysis, before reconstructing the four-object mass, m.;;, the four-
momentum of the dijet system is scaled by mpg/m;j;. As shown in Figure 5.10, this
improves the four-object mass resolution by 60% on average across the resonance mass

range of interest. It also modifies the shape of the non-resonant background in the

PID

14 16
Isolation Isolation

Figure 5.6: Asimov significance, for different photon ID and isolation choices, for the 1-tag
category (assuming that the 2-tag category uses the 70% working point) and using the a) 70%
and b) 60% b-tagging working points for resonant production at mx = 275 GeV.

PID

12 14 16
Isolation

Figure 5.7: Asimov significance, for different photon ID and isolation choices, for the 1-tag
category (assuming that the 2-tag category uses the 60% working point) and using the 60%
b-tagging working points for resonant production at myx = 275 GeV.
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region below 270 GeV.
For the resonant analysis, efficiencies range from 6% to 15.4% in the 2-tag category

and from 5.1% to 12.3% in the 1-tag category for 260 GeV < mx < 1000 GeV.
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Figure 5.8: Asimov significance is shown for varied jet pr cuts for the a) 2-tag and c) 1-tag
categories, and for diverse dijet mass cuts for the b) 2-tag and d) 1-tag categories, using the
tight selection.
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Figure 5.9: Asimov significance is shown for varied jet pr cuts for the a) 2-tag and c) 1-tag
categories, and for diverse dijet mass cuts for the b) 2-tag and d) 1-tag categories, using the
loose selection.
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Figure 5.10: Reconstructed m..;; with (solid lines) and without (dashed lines) the dijet mass
constraint, for a subset of the mass points used in the resonant analysis. The examples shown
here are for a) the 2-tag category with the loose selection and b) the 1-tag category with the
tight selection. The effect on the continuum background is also shown in a) [3].
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5.4 Signal and background modeling

Both the resonant and non-resonant searches for Higgs boson pairs proceed by per-
forming unbinned maximum-likelihood fits to the data in the 1-tag and 2-tag signal
categories simultaneously. The non-resonant search involves a fit to the m., distri-
bution, while the search for resonant production uses the m,;; distribution. The
signal-plus-background fit to the data uses parametrized forms for both the signal
and background probability distributions. These parametrized forms are determined

through fits to simulated samples.

As the loose selection is used for resonances with mx < 500 GeV and the tight
selection for resonances with myx > 500 GeV, different ranges of m,.;; are used in
each case. For the loose (tight) selection, only events with m.,.;; in the range 245
GeV < myyj; < 610 GeV (335 GeV < myyj; < 1140 GeV) are considered. These
ranges are the smallest ones containing over 95% of all of the simulated signal sample

events with myx below, or above, 500 GeV respectively.

5.4.1 Background composition

Contributions to the continuum diphoton background originate from ~~, ~vj, jv and
jj sources produced in association with jets, where j denotes jets misidentified as
photons and 5 and jv differ by the jet faking the subleading or the leading photon
candidate respectively. Their relative fractions are determined from data using a
double two-dimensional sideband method (2x2D) [149,150]. In the 2x2D sideband
method, a loose’ identification criteria is defined, in which some of the cuts required
for tight photon identification are loosened. Both photons in the data are required to
pass this loose’ criteria with no requirement made on the isolation. The total observed

yield, WtLo;L' is the sum of the diphoton signal yield W,%L’ and the background from
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« . L/L/ L/L/ L/L/ .
misidentified photons (W'yj , ij , I/ij ):

L'y 'r L'r L'r L'y
Wtot == W’Y'Y + W"/] + VV],y + VVJ‘7 (52)

Each leading (subleading) photon in the sample can be divided into a region,
A(A’), B(B’), C(C’) and D(D’) depending on whether they satisfy the tight identifi-
cation criteria and/or the isolation requirement as shown in Figure 5.11. Each leading
region can be combined with a subleading region to give 16 combinations that a pair
of photons could belong to. The yield for each combination is linked to the terms in
equation 5.2 by means of efficiencies and fake rates. In total, 16 simultaneous equa-
tions can be constructed which can be solved to give the efficiencies and fake rates
and from this the relative fractions of vy, v, j7v, jJ can be predicted in data for each
category in the analysis. In the case of the 1- and 2-tag categories the contribution
from 7 events is in the range 80-90%.

The choice of functional form used to fit the background in the final likelihood
models is derived using simulated events. Diphoton continuum events were simulated
using the Sherpa event generator as described in Section 5.2. As this prediction
from Sherpa does not provide a good description of the m,, spectrum in data, the

mismodeling is corrected for using a data-driven reweighting function.

In the 0-tag control category, the number of events in data is high enough that the
2x2D method can be applied in bins of m.,. The events generated by Sherpa can also
be divided into v+, vj, j7v, and jj sources based on the same photon identification
and isolation criteria as used in data. For each of these sources, the m., distributions
for both Sherpa and the data are fit using an exponential function and the ratio of
the two fit results is taken as an m.,-dependent correction function. The size of the

correction is less than 5% for the majority of events.

These reweighting functions are then applied in the 1-tag and 2-tag signal cat-
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Figure 5.11: Schematic representation of the 2x2D sideband method. The top (bottom) plane
displays the isolation on the z-axis and the identification criteria on the y-axis for the leading
(subleading) photon.

151



Chapter 5. Search for di-Higgs production in the v+vbb final state

egories to correct the shape of the Sherpa prediction. The fractional contribution
from the different continuum background sources is fixed to the relative proportions
derived in data with the 2x2D method. Finally, the overall normalization is chosen
such that, in the disjoint sideband region 105 GeV < m., < 120 GeV and 130 GeV
< my, < 160 GeV, the total contribution from all backgrounds is equal to that from
data.

The contribution from 7y produced in association with jets is further divided
according to the flavors of the two jets (for example bb, be, ¢ + light jet). This
decomposition is taken directly from the proportions predicted by the Sherpa event
generator and no attempt is made to classify the data according to jet flavor. The
continuum background in the 1-tag category comes primarily from vybj events (60%)
and in the 2-tag category from ~+ybb events (80%). A comparison between data in the
0-tag control category and this data-driven prediction of the total background can
be seen in Figures 5.12a and 5.12b for the m.,, distribution with the loose and tight
selections, and in Figures 5.12c and 5.12d for the m,,;; distribution with the loose

and tight selection, respectively.

5.4.2 Non-resonant analysis
Signal modeling

The shape of the diphoton mass distribution in HH — ~yvybb events is described by the
double-sided Crystal Ball function [151], consisting of a Gaussian core with power-law
tails on either side. The parameters of this model are determined through fits to the
simulated non-resonant SM H H sample described in Section 5.2. The effect of the
reweighting to the full top-quark mass prediction on the signal model is negligible,
with the resolution of the double-sided Crystal Ball varying by 1%.

The parametric form for a given category i for a Higgs boson mass my, can be
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Figure 5.12: The predicted number of background events from continuum diphoton plus jet
production (blue), other continuum photon and jet production (red and orange) and single
Higgs boson production (green) is compared with the observed data (black points) in the
0-tag control category for the m.. distribution with the a) loose selection, b) tight selection,
and for the m.,;; distribution with the c) loose selection and d) tight selection [3].
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Figure 5.13: A visualization of the double-sided Crystal Ball function [152].

written as:

si, . + B —
fi g(m'y'y, ANCB,ia UCB,mOZCBWnCBJ') =N,

- +
—Qcp; St < acg;

t < —aaBﬂ.
+
t> acR

(5.3)

where t = (myy — myg — Apcs,i)/ocB,i, and N, is a normalization factor. The non-

Gaussian parts are parametrized by o%B ; and néB ; separately for the low- (—) and

high-mass (+) tails.

The parameters of this model are determined through fits to the simulated non-

resonant SM H H sample described in Section 5.2. Figure 5.14 shows the fits to the

m.~ distribution for the 1-tag and 2-tag categories with the tight selection.
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Figure 5.14: Parametrization with a double-sided Crystal Ball function of the m. distribution
from the non-resonant signal SM H H sample in the a) 1-tag and b) 2-tag categories. Events
are required to pass the tight selection.

Background modeling

For the non-resonant analysis, the continuum m,, background is modeled using a
functional form obtained from a fit to the data. The potential bias arising from
this procedure, called “spurious signal”, is estimated by performing signal-plus-
background fits to the combined continuum background from simulation, including
the vy, vj, jv and jj components. The maximum absolute value of the extracted
signal, for a signal in the range 121 GeV < m,, < 129 GeV, is taken as the bias. This
method is used to discriminate between different potential fit functions - the function
chosen is the one with the smallest spurious signal bias. If multiple functions have
the same bias, the one with the smallest number of parameters is chosen.

The functions that have been considered are the following:

e Exponential, including exponential of 2" and 3' order polynomial. These
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Table 5.7: Number of spurious signal events, Nyp,,,, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,, for the 2-tag category with the loose selection.
The x2/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur [%]  Nspur nPars x2/nd0f
Exponential -23.7 -0.894 1 1.65
Exp. of 2°¢ order 24.6 1.13 2 1.67
Exp. of 3™ order 17.4 0.85 3 1.70
Dijet 21.9 0.949 2 1.67
Bernstein of order 3 -18.6 0.833 3 1.69
Bernstein of order 4 -20.1 0.898 4 1.71
Bernstein of order 5 30.2 1.6 5 1.66

functions take the form:
ExpN (my.; 0°%9) = exp (Z;-V:O 0;7’“9 : m%)

e Bernstein polynomials of order N. These functions take the form:
Bernstein® (m..,; 0°89) = Zj‘vzo Gskgbj,N with b; v = Chai(1 — 2)N-3, where
z = (myy [GeV] —100)/60.

bk bkg
e Dijet function: Dijet(m..;0°%9) = Glfkg(l — My )2 gmz%

Tables 5.7-5.10 show the number of expected spurious signal events as well as its
ratio to the statistical uncertainty on the fitted number of signal events for the 2-tag

and 1-tag categories for the loose and tight selections.

Figure 5.15 shows the number of spurious signal events as a function of m,,
for the loose and tight selections in the 2-tag and 1-tag categories. The first-order
exponential function has the smallest bias among the seven functions considered and
is therefore chosen. The background from single Higgs boson production is described
using a double-sided Crystal Ball function, with its parameters determined through

fits to the appropriate simulated samples.
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Table 5.8: Number of spurious signal events, Ngp,,, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,,, for the 2-tag category with the tight selection.
The x?/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur (%] Nepur nPars  x?/ndof
Exponential -34.0 -0.626 1 2.15
Exp. of 2" order -25.1 -0.488 2 1.80
Exp. of 3*¢ order -24.3 -0.507 3 2.00
Dijet -31.2 -0.574 2 2.18
Bernstein of order 3 -21.7 -0.460 3 1.88
Bernstein of order 4 -27.2 -0.593 4 2.29
Bernstein of order 5 -23.8 -0.534 5 2.63

Table 5.9: Number of spurious signal events, Ngp,,, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,, for the 1-tag category with the loose selection.
The x?/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur %] Nspur nPars x*/ndof
Exponential -29 -2.91 1 1.18
Exp. of 2" order -31.8 -3.36 2 1.21
Exp. of 3" order -32.1 -3.68 3 1.23
Dijet 13.8 1.33 2 1.48
Bernstein of order 3 -28 -3.02 3 1.20
Bernstein of order 4 -33.8 -3.94 4 1.22
Bernstein of order 5 -25.3 -3.05 5 1.10

Table 5.10: Number of spurious signal events, N, and its ratio to the statistical uncertainty
on the fitted number of signal events, Zsp,,,, for the 1-tag category with the tight selection.
The x2/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur %] Nspur nPars  x*/ndof
Exponential -6.68 -0.248 1 0.917
Exp. of 2" order -8.86 -0.355 2 0.939
Exp. of 3" order -7.79 -0.327 3 0.958
Dijet 6.61 0.251 2 0.959
Bernstein of order 3 -6.35 -0.269 3 0.956
Bernstein of order 4 6.54 0.272 4 0.951
Bernstein of order 5 11.5 0.525 5 0.965
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Figure 5.15: Number of spurious signal events for different fit functions for the non-resonant
case and for the a) 2-tag and b) 1-tag categories with the loose selection. Similarly, the tight
selection is used in c) for the 2-tag and d) 1-tag categories.

5.4.3 Resonant analysis
Signal modeling

For each resonant hypothesis, a fit is performed to the m..;; distribution of the sim-
ulated events in a window around the nominal mx. The shape of this distribution
is described using a function consisting of a Gaussian core with exponential tails on
either side, ExpGaussExp (EGE) [153]. A simultaneous fit to all signal samples is

carried out in which each of the model parameters is further parametrized in terms
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of mx. This allows the model to provide a prediction for any mass satisfying 260
GeV < mx < 1000 GeV, where these boundaries reflect the smallest and largest mx
values among the generated samples described in Section 5.2. A single mass point fit,
providing concrete values of the model parameters of the EGE, is performed for vali-
dation of the signal parametrization obtained from the simultaneous fit. Figures 5.16
and 5.17 show a loose and a tight selection example, respectively, of the simultaneous

and single fits to the m.,;; distribution.
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Figure 5.16: Parametrization with an ExpGaussExp function of the m..;; distribution from
the resonant signal HH sample at mx = 275 GeV in the a) 1-tag and b) 2-tag categories.
Events are required to pass the loose selection.

Background modeling

For the resonant analysis, a spurious signal study is also carried out, performing a
signal-plus-background fit to the combined continuum background from simulation
using the m,;; distribution for events within the m,, window described in Sec-

tion 5.3.3. The background from single Higgs boson production is included as part of

159



Chapter 5. Search for di-Higgs production in the v+vbb final state

_~ 7‘ T T ‘ UL UL LI T T ‘ UL ‘ UL ‘ _~ :‘ T T ‘ UL LI LI T T ‘ UL ‘ UL ‘:
% 1.8 single EGE it Simultaneous EGE fit % [ single EGE fit Simultaneous EGEfit ]
(O] F W = 74915 t 748.95 O] 3 W, = 74822 Moo = 74824 7
S 16; e = 1136 12.90 7 S L = Ope = 1225
-~ [ Keece =075 k, 0.89 i ~ 2.57 K, eqe = 1.00 4
g 1'45 Ko = 0.52 Kiyece = 0.59 ‘UE’ F =080 Kueoe =0.68 ]
U>-> 1-2:’ X2/ ndof = 170.96/71 X/ ndof = 179.94/64 ] U>-> 2 Xt/ ndof =131.94/71 X2/ ndof = 131.28/64 ]
w r w L
1 - L
0.8F 1 a0
06? = 1}
0.4 f g
E ‘o, 0.5
0.2 ! *¢.¢.; g
— —_ Qe I
5 7] H 5 |7 | i t *
€ 2u +++ +++ & 2y fu +++
2y M g ## # ++++***+"'+'+ .......... oty ++ ++++++ ++++++ +++ ++ +++ P +***+++
:i ‘ L1 ‘ L1l ‘ Il \ Il ‘ L1l ‘ L \+\ ‘ L1 ‘ L1l ‘ :i ‘ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1 ‘
680 700 720 740 760 780 800 820 680 700 720 740 760 780 800 820
m,,; (GeV) m,; (GeV)
(a) (b)

Figure 5.17: Parametrization with an ExpGaussExp function of the m..;; distribution from
the resonant signal HH sample at mx = 750 GeV in the a) 1-tag and b) 2-tag categories.
Events are required to pass the tight selection.

this continuum distribution.

Due to the different m.,;; ranges used with the loose and tight selections, the
shape of the m,,;; distribution differs between these two cases and hence different
background functions are considered.

The three different background functions considered for the loose selection are the

following:

_0.5(nay)2 /A% 42 inhAV1
050y s @y = 1+ A(a —x9) /o x =m0 [154),

e Modified Gamma: a Gamma distribution where both the shape and scale pa-

e Novosibirsk: P(z) =

rameters are replaced by linear functions of the mass (adding two additional

degrees of freedom).

e Modified Landau: a Landau distribution where the scale parameter is replaced

by linear functions of the mass (adding one additional degree of freedom).

Four different background functions, each with only one free parameter, are con-
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Table 5.11: Number of spurious signal events, Ny, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,, for the 2-tag category with the loose selection.
The x2/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur (%] Nepur nPars x2/nd0f
Novosibirsk 56.97 0.58 3 33.9 /13
Modified Gamma 82.02 0.77 5 36.3 /11
Modified Landau 65.62 1.09 3 458 / 13

Table 5.12: Number of spurious signal events, Ny, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,, for the 1-tag category with the loose selection.
The x2/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur [%]  Nopur nPars xz/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 / 24

sidered for the tight selection:

e Exponential (¢): Eap.[e](m.ui po) = cap (po - myu0)

Exponential (z2): Emp.[xz](mwbb;po) =exp (po . mgwbb)

Inverse polynomial (z72): Inv.poly[x=2](myee; po) = 1+ po/ (m?

~Yybb

Inverse polynomial (z72): Inv.poly[x>](myypp; po) = 1+ po/ m%bb

) v ) — PO
Power law: Powerlaw(m~p; o) = L

Figure 5.18 shows the background-only fits of the m..,;; distribution for the loose
and tight selections in the 2-tag and 1-tag categories. Tables 5.11-5.14 show the num-
ber of expected spurious signal events as well as its ratio to the statistical uncertainty
on the fitted number of signal events for the 2-tag and 1-tag categories for the loose
and tight selections.

For the loose (tight) selection, the Novosibirsk function (exponential function) has

the smallest bias among the three (four) functions considered and is therefore chosen.
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Table 5.13: Number of spurious signal events, N, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,,,, for the 2-tag category with the tight selection.
The x?/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur %] Nspur nPars  x?/ndof
Exponential 98.94 0.21 1 36.4 /15
Exp. of 2" order 123.18 0.27 1 59.0 / 15
Inv. polynomial of 2°¢ order 88.33 0.25 1 42.9 / 15
Inv. polynomial of 3" order 116.84 0.13 1 22.2 /15
Powerlaw 72.46 0.17 1 259 /15

Table 5.14: Number of spurious signal events, Ny, and its ratio to the statistical uncertainty
on the fitted number of signal events, Z,p,,, for the 1-tag category with the tight selection.
The x2/ndof obtained from performing a background-only fit is also shown. The number of
parameters for each function is given by nPars.

Model Zspur [%]  Nospur nPars X2/nd0f
Exponential 63.66 0.89 1 32.5 / 26
Exp. of 2" order 73.64 0.97 1 53.9 / 26
Inv. polynomial of 2°¢ order 355.52 1.51 1 354.7 / 26
Inv. polynomial of 3*¢ order 146.35 1.03 1 68.8 / 26
Powerlaw 78.00 0.96 1 45.0 / 26
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Figure 5.18: Background-only fit to the m.,;; distribution for the a) 1-tag and b) 2-tag
categories with the loose selection and the c¢) 1-tag and d) 2-tag categories with the tight
selection.

As a result, for low-mass resonances both the signal and background fit functions
have a characteristic peaked shape. This degeneracy could potentially introduce a

bias in the extracted signal cross section. In order to stabilize the background fit,
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nominal values of the shape parameters are estimated by fitting to the simulated
events described in Section 5.4.1. The shape is then allowed to vary in the likelihood
to within the statistical covariance of this template fit. Experimental systematics on
the background shape have a small effect and are neglected. The normalization of
the background is estimated by interpolating the m.,, sideband data. Additionally, a
simple bias test is performed by drawing pseudo-data sets from the overall probability
distribution created by combining the Novosibirsk background function with the signal
function. For each mass point and each value of the injected signal cross section,
fits are performed on the ensemble of pseudo-data sets and the median extracted
signal cross section is recorded. For resonances with masses below 400 GeV, a small
correction is applied to remove the observed bias. The correction is less than +0.05 pb
everywhere and a corresponding uncertainty of +0.02 pb in this correction is applied
to the extracted signal cross section. The corresponding uncertainty in the number

of events in each category is roughly half that of the spurious signal.

Cut-and-count method

An alternative method based on a counting technique is used to estimate the sig-
nal and background events in the search for resonant Higgs boson pair production,
motivated by the lack of statistics in this final state. The signal region (SR) in the
2-tag and 1-tag categories are defined as events that are within the tight m,, window
defined in Section 5.3.3 and fall inside the smallest possible m.,,;; window containing
95% of signal events. Figure 5.19 shows the parametrization of the m~,;; windows as
a function of mx for the 2-tag and 1-tag categories with the loose and tight selections.

The number of background events is extrapolated using the following formula:

B NSit . B
NSR = NSB X NS%C X em'wjj’ (54)

164



5.4. Signal and background modeling

where Ngp is the number of observed events in the m,, sidebands, N %C (N %C)
is the number of events predicted by the simulated events described in Section 5.4.1
. . . . B . .

in the m., signal region (sidebands), and €m.;; 1S the efficiency to pass the m.,;;

window cuts.
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Figure 5.19: Parametrization with a 2°4 order polynomial function of the My~j; Windows as
a function of mx for the a) 2-tag and b) 1-tag categories with the loose selection and the c)
2-tag and d) 1-tag categories with the tight selection.

The eflej efficiency is determined from the m.,;; spectrum in the simulated 2-
tag and 1-tag categories. This approach assumes the kinematics are similar in the
data and the simulated events which introduces an uncertainty. This is discussed in

Section 5.5.3. The m.,;; spectrum, after applying the m., selection, is fitted with a
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Novosibirsk function for the 1-tag and 2-tag categories with the loose selection, and
with an exponential function for the tight selection categories. The contribution from
the single Higgs boson production, approximately 5-7% (12-13%) with loose (tight)
selection, is removed from the distribution before fitting. The values of efzwjj are cal-
culated for each resonance mass using the integral of the corresponding function in the
full mass range and in the 95% window. The values range from 0.38+0.04 (0.08-+0.03)
until 0.68+0.03 (0.21+0.04) in the 1-tag (2-tag) category with the loose selection for
different resonance mass hypotheses. In the case of the tight selection, where the
event statistics are less, the values of eﬁwj range from 0.02+0.02 (0.03+0.04) un-
til 0.5340.05 (0.15+0.05) in the 1-tag (2-tag) category for different resonance mass

hypotheses.

The contribution from the SM single Higgs boson production in the signal region
are calculated in a similar way by using:

Ngg' = N x| (5.5)
where N°M denotes the total number of single Higgs boson events in the M.~ signal
region. The rates are normalized to the SM expectations. The values of efnj\ﬁ ;; are
calculated for each resonance mass using the integral of the corresponding function
(Novosibirsk (exponential) for loose (tight) selection categories) in the full mass range
and in the 95% window. The values range from 0.38+0.06 (0.0740.02) until 0.67+0.06
(0.2240.04) in the 1-tag (2-tag) category with the loose selection for different reso-
nance mass hypotheses. In the case of the tight selection the values of ef';l]:[w ,; range
from 0.0440.03 (0.02£0.03) until 0.50£0.06 (0.19+0.06) in the 1-tag (2-tag) category

for different resonance mass hypotheses.
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5.5 Systematic uncertainties

Although statistical uncertainties dominate the sensitivity of this analysis given the
small number of events, care is taken to make the best possible estimates of all

systematic uncertainties, as described in more detail below.

5.5.1 Theoretical uncertainties

Theoretical uncertainties in the production cross section of single Higgs bosons are
estimated by varying the renormalization and factorisation scales. In addition, un-
certainties due to the PDF and the running of the QCD coupling constant (ag) are
considered. The scale uncertainties reach a maximum of f%ggﬁ and the PDF+ag un-
certainty is not more than £3.6% [34]. An uncertainty in the rate of Higgs boson
production with associated heavy flavor jets is also considered. A 100% uncertainty
is assigned to the ggH and W H production modes, motivated by studies of heavy
flavor production in association with top-quark pairs [155] and W boson production
in association with b-jets [156]. No heavy flavor uncertainty is assigned to the ZH
and ttH production modes, where the dominant heavy flavor contribution is already
accounted for in the LO process. Finally, additional theoretical uncertainties in single
Higgs boson production from uncertainties in the H — v+ and H — bb branching
fractions are fg:g;‘; and £1.7%, respectively [34].

The same sources of uncertainty are considered on the SM HH signal samples.
The effect of scale and PDF+ag uncertainties on the NNLO cross section for SM Higgs
boson pair production are 4-8% and 2-3% respectively. In addition, an uncertainty
of 5% arising from the simplifications used in the EFT approximation is taken into
account [141].

In the search for resonant Higgs boson pair production, uncertainties arising from

scale and PDF uncertainties, which primarily affect the signal yield, are neglected.
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For this search, the SM non-resonant H H production is considered as a background,
with an overall uncertainty on the cross section of J_rggz Interference between SM HH
and the BSM signal is neglected.

For all samples, systematic differences between alternative models of parton show-

ering and hadronisation were considered and found to have a negligible impact.

5.5.2 Experimental uncertainties

The systematic uncertainty in the integrated luminosity for the data in this analysis
is 2.1%. It is derived following a methodology similar to that detailed in [157], using
beam-separation scans performed in 2015 and 2016.

The efficiency of the diphoton trigger is measured using bootstrap methods [158],
and is found to be 99.4% with a systematic uncertainty of 0.4%. Uncertainties as-
sociated with the vertex selection algorithm have a negligible impact on the signal
selection efficiency.

Differences between data and simulation give rise to uncertainties in the calibration
of the photons and jets used in this analysis. As the continuum backgrounds are
estimated from data, these uncertainties are applied only to the signal processes and
to the single Higgs boson background process. In order to calculate the impact of the
experimental uncertainties, signal and background fits are performed as described in
Section 5.4, with the relevant observables varied within their uncertainties. Changes
in the peak location (Mmpeak), width (opeak) and expected yield in m.. (my.;;) for the
non-resonant (resonant) model, relative to the nominal fits, are extracted. The tail
parameters are kept at their nominal values in these modified fits. For the resonant
analysis, systematic uncertainties are evaluated for each mx and the maximum across

the range is taken as a conservative uncertainty.

The dominant yield uncertainties are listed in Table 5.15. Uncertainties in the
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photon identification and isolation directly affect the diphoton selection efficiency; jet
energy scale and resolution uncertainties affect the my, window acceptance [159-161],
while flavor tagging uncertainties lead to migration of events between categories.
Uncertainties in the peak location (width), which are mainly due to uncertainties in
the photon energy scale (energy resolution), are about 0.2-0.6% (5-14%) for both the
single Higgs boson and Higgs boson pair samples in the resonant and non-resonant

analyses.

The spurious signal for the chosen background model, as defined in Sections 5.4.2
and 5.4.3, is assessed as an additional uncertainty in the total number of signal events
in each category. In the 2-tag (1-tag) category, the uncertainty corresponds to 0.63
(0.25) events for the non-resonant analysis, 0.58 (2.06) events for the resonant analysis
with the loose selection, and 0.21 (0.89) events for the resonant analysis with the tight

selection.

Finally, as described in Section 5.4.3, an mx-dependent correction to the signal
cross section, together with its associated uncertainty, is applied in the case of the

resonant analysis at low masses to adjust for a small degeneracy bias.

5.5.3 Background modeling uncertainties

The uncertainties from modeling the continuum background shape are only applied in

B

the resonant cut-and-count method. The uncertainty on €,

;o the resonant Higgs
boson pair production, has two components which are summed in quadrature: the
heavy flavor uncertainty and the statistical uncertainty from the fitting procedure.
The heavy flavor uncertainty originates from the assumption that the shape of the
2-tag and 1-tag categories in the simulated events can be used to estimate the m..;;

shape in the data. A Novosibirsk (exponential) is fitted to the four object distribution

(m~4;) that falls in the m.., signal region for the loose (tight) selection categories. For
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Table 5.15: 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. 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.

% effect relative to nominal in the 2-tag (1-tag) category

Source of systematic uncertainty Non-resonant analysis Resonant analysis: BSM HH

SM HH signal Single-H bkg  Loose selection Tight selection

Luminosity 121 (£21) 421 (£ 2.1) +21 (£2.1) £21 (£2.1)
Trigger £0.4 (£0.4)  £04 (£ 04) +04 (£04) £0.4 (£0.4)
Pile-up modeling 3.2 (£13) 420 (£ 0.8) +4.0 (£42) £40 (£3.8)
identification £25 (£24) +1.7 (£ 1.8) 26 (£26) £25 (£2.5)
Photon isolation 108 (£0.8) +0.8 (& 0.8) +0.8 (+£0.8) £0.9 (+0.9)
oro energy resolution - - +1.0 (£1.3) +£1.8 (£1.2)
energy scale - - +0.9 (£3.0) £0.9 (£2.4)
Jet energy resolution =£1.5 (£2.2) £2.9 (& 6.4) £7.5 (£8.5) 6.4 (+6.4)
’ energy scale +£29 (£2.7) £7.8 (£ 5.6) £3.0 (£3.3) £2.3 (£3.4)
b-jets £2.4  (£2.5) 423 (+ 14) +34 (£26) 425 (+2.6)
Flavor tagging c-jets +0.1 (£1.0) +£1.8 (£11.6) - -
light-jets <01 (£5.0) 416 (£ 2.2) - -
PDF+ag +2.3 (£2.3) £3.1 (£ 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

low-mass resonances the background fit function has a characteristic peaked shape.
For this reason the peak of the Novosibirsk fit in the simulated events is constrained to
the extracted data-driven value within its statistical uncertainty. A simple bias test
is performed by drawing pseudo-data sets from the overall probability distribution
created by combining the Novosibirsk (exponential) background function with the
signal function. For each mass point and each value of the injected signal cross section,
fits are performed on the ensemble of pseudo-data sets and the median extracted signal
cross section is recorded. This is repeated for each resonance mass resulting in an

uncertainty ranging from 4% (mx = 300 GeV) to 13% (mx = 400 GeV). The largest

170



5.6. Statistical analysis

error is used for all hypotheses.

Modified Landau (Novosibirsk + Modified Landau) fits are used to parametrize
the window efficiency in simulated events for the 1-tag (2-tag) categories with the loose
selection. The standard deviation gives the statistical uncertainty on the estimated
efficiency, which is dependant on the mass hypothesis. The largest error is used for
all hypotheses and corresponds to 6% (5%) in the 1-tag (2-tag) category with the
loose selection. The same procedure is followed in the tight selection categories but

2nd

using a order polynomial fit function. In this case the largest error corresponds to

7% in both the 1-tag and 2-tag categories. The uncertainty on >

i also affects the
SM single Higgs boson process which contributes to the background for the resonant
analysis. The parametrized signal mass window efficiency for these samples is used to
extract its standard deviation. Again, the largest difference within mass hypotheses

is chosen which is found to be 12% (32%) for the 1-tag (2-tag) categories with the

loose selection and 7% (11%) for the 1-tag (2-tag) categories with the tight selection.

5.6 Statistical analysis

The data is interpreted following the statistical procedure summarized in [148,162].
An extended likelihood function is built from the number of events observed and the
invariant masses observed. For the non-resonant analysis, the diphoton mass m~ is
used while the four body mass m.,;; is used in the resonant analysis.

The likelihood for a given category i is given by
L; = Pois(n;|N; (0 H fi(m W i) )-G(9), (5.6)

where n; (N;) is the observed (expected) number of selected candidates, f;(m’ (]j)) is

the value of the probability density function (pdf) of the invariant mass distribution
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evaluated for each candidate j, § are nuisance parameters and G(6) is a set of unit
Gaussian constraints on a subset of the nuisance parameters. The likelihood is given

by the product of the likelihood function for the 1-tag and 2-tag categories.

5.6.1 Non-resonant analysis

In the non-resonant search, the number of events expected N; is found by summing
the contributions from the continuum background Ny, ;, the expected yields from
single Higgs boson production Nyiggs i, non-resonant H H production, Nyy; and the
spurious signal yield, N;P" - 7P,

ol . . .

Ni=p- NHH,i(Ozyle dv 9?“gr) + NHiggSJ(azle d> O;mgr) + kag,i + stmm ’ 6’srmm' (5-7)
The yield expected from single Higgs boson production is fixed to the prediction from
the Monte Carlo samples while the yield from H H production is parametrized by p,
defined as the measured HH yield divided by the prediction. The shape fi(m%) is
given by

filmd) =[(p - Nf"™ 4 NJUEE 4 NJPUEL PUn) L 58 () 6%

o (5.8)

bk bk j bk
+Ni g'fz' g(mgy'wei g)]/Ni7

where f78(mZ.,) is the double-sided Crystal Ball function and f(mJ,) is the back-

ground function which has been selected with the spurious signal test.

5.6.2 Resonant analysis

In the resonant analysis the fit is performed to the four body mass, my,;;. The
single Higgs boson background does not have a resonant structure in this variable so

it is included in the prediction of the continuum background. The number of events
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expected N; is

N; = w- NHH,i(agielda Hmlgr) + kag i+ Nspur i Hspur,i (59)
and the shape fi(m%jj) is given by
j bk bk bk
fi (mjwwj) [(,u NHH + Nspur espur) . f:lg( m!_ 9251%) + N g f g( ’Jw]j’ 0@ g)]/Ni’
(5.10)

where fSIg( ng ;) is the ExpGaussExp [153] function and f (mw) is the Novosibirsk

(exponential) for the loose (tight) selection.

The alternative cut-and-count method for the resonant analysis is based on the
M+~ and m..;; windows as discussed in Section 5.4.3. In this approach the likelihood

is a product of two Poisson bins for the 2-tag and 1-tag categories.

The number of events in the m,, sidebands remains the same for all hypotheses
and the number of observed events in the different resonance mass windows changes.
The number of events in the sideband and signal regions can be split into contributions

from the background continuum, the SM and BSM as:

NSidebcmd — Nggntmuum + NSB + NBSM’

NSR — Ngﬁntinuum + N:S'S' NBSM, (511)

where each of the signal region terms are defined as:
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MC
NSR B

Continuum __ Continuum
SB

X

SM __ atSM SM
NSR =N X €

Mryyj5°
BSM BSM ., _BSM
NSR = N X em'y'y]’j’ (512)
where ¢25M i5(0.95 by definition for any mass hypothesis. The number of BSM events

Myyij

after the tight m., cut is given by:

NBSM — B % By x 2 x 1000 x £ x resonant sel. eff. x npbBSM, (5.13)

where £ is given in fb~!. The fitted parameter, in addition to the systematic un-
certainties, is npbBSM from Equation 5.13, and the fit parameters coming from the

2-tag and 1-tag signal categories are correlated.

5.6.3 Limit setting

The measured H H signal yields in both the non-resonant and resonant analysis can

be determined with the profile likelihood ratio test statistic:

L(v, éy)

A(v) = —2In .
L(v,0)

(5.14)

where © and 6 are the values of the parameter of interest and the nuisance parameters
that unconditionally maximize the likelihood while 6, are the values of the nuisance
parameters that maximize the likelihood on the condition that the parameter of in-
terest is held fixed to a given value v.

In the absence of any significant excess, upper limits will be established. For
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the non-resonant analysis, upper limits can be established on the production cross
section and BSM values of the Higgs boson self-coupling can also be excluded. For
resonant H H production, upper limits can be placed on the production cross section
as a function of mx.

The 95% confidence level (CL) upper limit on the parameter of interest v is deter-
mined using the CLg prescription [163]. For this, the agreement between data and the
expected yield for the hypothesized value of the parameter of interest v is quantified

by the test statistic, q,, defined as

, (5.15)

where 7 > 0 is the fitted parameter of interest. The observed value of the test statistic,
Qobs, 18 determined from the ratio of the likelihood obtained by fixing the number of
signal events to that predicted for a given value of the parameter of interest, to the
likelihood normalized by allowing the number of signal events to float in the fit.
Since both the expected and observed numbers of events are small in the analysis,
test-statistic distributions are evaluated by pseudo-experiments generated by profiling
the nuisance parameters of the likelihood model on the observed data, as described
in [164]. Better limits on k) are expected with the loose selection, whereas for the SM
value k) = 1 the strongest limits on the Higgs boson pair production cross section

are derived from the tight selection.

5.7 Results

The observed data is in good agreement with the data-driven background expectation,
as summarized in Table 5.16. Across all categories, the number of observed events

in data is compatible with the number of expected background events within the
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calculated uncertainties. Therefore, in the absence of any significant excess, upper

limits are set.

Table 5.16: Expected and observed numbers of events in the 1-tag and 2-tag categories for
events passing the selection for the resonant analysis, including the m.., requirement. The
event numbers quoted for the SM Higgs boson pair signal assume that the total production
cross section is 33.41 fb. The uncertainties on the continuum background are those arising
from the fitting procedure. The uncertainties on the single Higgs boson and Higgs boson pair
production yields are the systematics from experimental and theoretical sources. The loose
and tight selections are not orthogonal.

1-tag 2-tag
Loose selection Tight selection Loose selection Tight selection
Continuum background 118 +5 15.7 +£1.6 21 +2 3.7 +£ 0.8
SM single Higgs boson background 5.51 £0.10 2.20 £ 0.05 1.63 + 0.04 0.56 £ 0.02
Total background 123 +5 179 +£1.6 23 +2 43 + 0.8
SM Higgs boson pair signal 0.21940.006  0.120+ 0.004 0.305+ 0.007  0.175% 0.005
Data 125 19 21 3

Figure 5.20 shows the observed diphoton invariant mass spectra for the non-
resonant analysis with the loose (top) and tight (bottom) selections. The best-fit Higgs
boson pair cross section is 0.047033 (0.217033) pb for the loose (tight) selection. Fig-
ure 5.21 shows the observed four-body invariant mass spectra for the resonant analysis
in the loose (top) and tight (bottom) selections. Maximum-likelihood background-
only fits are also shown. The largest discrepancy between the background-only hy-
pothesis and the data manifests as an excess at 480 GeV with a local significance of
1.20. The results are also interpreted as upper limits on the relevant Higgs boson

pair production cross sections.

5.7.1 Exclusion limits on non-resonant HH production

The 95% CL upper limit for the non-resonant Higgs boson pair production cross

section is obtained using the tight selection. Figure 5.22a shows this upper limit,
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Figure 5.20: For the non-resonant analysis, data (black points) are compared with the
background-only fit (blue solid line) for m. in the 1-tag (left) and 2-tag (right) categories
with the loose (top) and tight (bottom) selections. Both the continuum m.., background and
the background from single Higgs boson production are considered. The lower panel shows
the residuals between the data and the best-fit background [3].
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Figure 5.21: For the resonant analysis, data (black points) are compared with the background-
only fit (blue solid line) for m..;; in the 1-tag (left) and 2-tag (right) categories with the loose
(top) and tight (bottom) selections. The lower panel shows the residuals between the data
and the best-fit background [3].
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together with £10 and +20 uncertainty bands. The observed (expected) value is 0.73
(0.93) pb. As a multiple of the SM production cross section, the observed (expected)
limits are 22 (28). The limits and the 1o band around each expected limit are
presented in Table 5.17.

Table 5.17: The 95% CL observed and expected limits on the Higgs boson pair cross section
in pb and as a multiple of the SM production cross section. The +1¢ band around each 95%
CL limit is also indicated.

Observed Expected —1lo +1lo

[pb] [pb] [pb]  [pb]
Ogg—HH 0.73 0.93 0.66 1.4
As a multiple of ogym 22 28 20 40

5.7.2 Exclusion limits on the Higgs boson self-coupling

Varying the Higgs boson self-coupling, Agprp, affects both the total cross section of
the non-resonant Higgs boson pair production and the event kinematics, affecting the
signal selection efficiency. In the non-resonant analysis, results are interpreted in the
context of k), using the loose selection, which is more sensitive for the range of kj
values accessible with this data set. The 95% CL limits on 044, g are shown together
with £10 and £20 uncertainty bands around the expected limit in Figure 5.22b.
The limits are calculated using the asymptotic approximation [148] for the profile-
likelihood test statistic. Fixing all other SM parameters to their expected values, the
Higgs boson self-coupling is constrained at 95% CL to -8.2 < k) < 13.2 whereas the

expected limits are -8.3 < k) < 13.2.
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5.7.3 Exclusion limits on resonant HH production

The 95% CL limits on resonant Higgs boson pair production are shown in Figure 5.23,
using the loose selection for mx < 500 GeV and the tight selection for mx > 500
GeV. The SM H H contribution is considered as part of the background in this search
although its inclusion has a negligible impact on the results. For resonance masses in
the range 260 GeV < mx < 1000 GeV, the observed (expected) limits range between
1.14 (0.90) pb and 0.12 (0.15) pb.

Cut-and-count method

The expected and observed number of events in the resonant search with the cut-
and-count method are given in Table 5.18 for the 1-tag and 2-tag categories with the

loose and tight selections. They are obtained using the parametrization of the m.;;
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Figure 5.22: The expected and observed 95% CL limits on the non-resonant production cross
section 044, gp a) for the SM-optimized limit using the tight selection and b) as a function
of k) using the loose selection. In a) the red line indicates the 95% confidence level. The
intersection of this line with the observed, expected, and +10 and +2¢ bands is the location
of the limits. In b) the red line indicates the predicted HH cross section if k) is varied but all
other couplings remain at their SM values. The red band indicates the theoretical uncertainty
of this prediction [3].
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windows for each combination of category and selection, as shown in Figure 5.19.
Figure 5.24 shows the 95% CL limits on resonant Higgs boson pair production as
a function of mx with the cut-and-count method as well as a comparison with the

limits obtained with the fitting procedure.

For resonance masses in the range 260 GeV < myx < 1000 GeV, the observed
(expected) limits range between 1.23 (1.04) pb and 0.14 (0.15) pb. The expected
limits show approximately a 10% increase in the range 260 GeV < myx < 500 GeV
with respect to the results obtained with the fitting approach. The comparison of the
observed limits shows a similar trend for both approaches with statistical fluctuations

at some mass points. The expected and observed limits in the range 500 GeV < mx <

1.8
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Figure 5.23: The expected and observed 95% CL limits on the resonant production cross
section, ox x B (X — HH) as a function of myx. The loose selection is used for mx < 500
GeV, while the tight selection is used for myx > 500 GeV. This is delineated with the blue
dashed line [3].
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1000 GeV show a much higher compatibility between the fitting and the cut-and-count

methods. The discrepancy in the observed limit at mx = 800 GeV is a result of the

differences between parametrizing the m,,;; windows and the parametrized signal

model used in the fitting approach, where the 1-tag fit presents some imperfections

at higher resonance masses, which translates into an underestimate of the number of

signal events accounted by the model.

o, X B(X — HH) [pb]

/s =13TeV,36.1fb™
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...... Expected limit

[ Expected limit + 1o
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Figure 5.24: The expected and observed 95% CL limits on the resonant production cross
section, ox x B (X — HH) as a function of my, with the cut-and-count method (black) and
with the fitting approach (red). The loose selection is used for mx < 500 GeV, while the
tight selection is used for mx > 500 GeV. This is delineated with the blue dashed line.
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2-tag 1-tag
Resonance mass (GeV) | Expected Observed | Expected Observed
260 3.36 4 63.48 68
270 4.44 4 69.10 70
280 4.66 3 73.13 73
290 4.65 6 75.76 73
300 4.56 6 77.18 71
310 4.43 5 77.64 71
320 4.28 3 77.32 70
330 4.16 2 76.42 67
340 4.03 1 75.08 71
350 3.88 2 73.43 74
360 3.71 2 71.57 73
370 3.54 3 69.58 70
380 3.36 4 67.50 64
390 3.19 4 65.39 58
400 3.02 3 63.30 58
410 2.85 4 61.23 59
420 2.70 3 59.21 60
430 2.55 3 57.25 56
440 241 3 55.35 55
450 2.28 3 53.52 52
460 2.15 3 51.78 51
470 2.04 3 50.10 48
480 1.93 3 48.50 47
490 1.83 3 46.98 46
500 1.73 3 45.52 45
500 0.48 1 5.93 6
550 0.44 0 4.92 4
600 0.39 0 4.00 3
650 0.35 0 3.21 5
700 0.30 0 2.50 4
750 0.26 0 1.89 4
800 0.23 0 1.39 5
850 0.19 0 1.00 3
900 0.16 0 0.70 3
950 0.13 0 0.51 2
1000 0.11 0 0.42 0

Table 5.18: Observed and expected number of events in the resonant analysis for the 2-tag
and 1-tag categories with the cut-and-count method. The loose selection is used for mx <
500 GeV, while the tight selection is used for mx > 500 GeV.
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5.8 Comparisons with other results

5.8.1 ATLAS HH results

ATLAS has performed searches for resonant and non-resonant Higgs boson pair pro-
duction in other final states with data collected during Run 2 at /s = 13 TeV. The
most sensitive analyses (bbbb, yybb and bbr7) have also been combined [165]. No
evidence of HH production has been found in either the resonant and non-resonant
searches.

Figure 5.25 shows the combined observed and expected 95% CL upper limits on
the resonant production cross section as a function of the resonance mass, myx. For
resonance masses below 300 GeV, the yybb analysis dominates the sensitivity while
in the region 300-500 GeV, all three analyses contribute significantly. For masses

greater than 500 GeV, the bbbb drives the sensitivity of the combination.
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Figure 5.25: The combined observed and expected 95% CL upper limits on spin-0 resonant
production cross section, o (p-p = X) x B (X — HH) as a function of mx. The observed
and expected limits from the individual analyses are also shown [165].
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No significant excess is observed across the mass range probed. The observed
(expected) combined 95% CL upper limits on the cross section for resonant HH
production range from 0.83 (0.73) pb at 260 GeV to 0.02 (0.03) pb at 1 TeV.

The 95% CL observed and expected upper limits on the signal strength of SM
non-resonant Higgs boson pair production are shown for each individual analysis and
for the combination in Figure 5.26a. The observed (expected) combined limit is 0.22
pb (0.35 pb), corresponding to 6.7 (10.4) times the SM prediction. The observed
upper limit set is stronger than expected due to all three analyses having a deficit of
data with respect to the background-only prediction.

The combined results are also interpreted in terms of the Higgs boson self-coupling,
Agmy. Figure 5.26b shows the 95% CL observed and expected upper limits on the
cross section as a function of k). The value of k) is observed (expected) to be
constrained at 95% CL to -5.0 < k) < 12.1 (-5.8 < k) < 12.0). It can be seen in
Figure 5.26b that the bbbb and bbrT analyses have a worse expected constraint for
ry than the yybb analysis despite both having a better exclusion limit for SM HH
production. The kinematics change significantly as a function of xy, in particular for
higher values of x) the physics objects have lower transverse momentum which results
in a significant decrease in efficiency in the bbbb and bbrT analyses. For this reason,

the yybb analysis dominates the sensitivity at higher values of k.

5.8.2 CMS H — vyvybb results

The CMS collaboration has also searched for resonant and non-resonant Higgs boson
pair production in the yybb final state using a data set of 35.9 fb~! at /s = 13
TeV [135]. CMS also observes no evidence of Higgs boson pair production in this

final state.

Figure 5.27a shows the observed and expected 95% CL upper limits on the res-
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Figure 5.26: a) Observed and expected upper limits at 95% CL on the cross section of non-
resonant SM Higgs boson pair production from the individual analyses and the combination.
b) Observed and expected upper limits at 95% CL on the cross section of non-resonant Higgs
boson pair production as a function of ) [165].
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onant production cross section as a function of the resonance mass. For resonance
masses below 300 GeV, the expected 95% CL upper limit on the production cross
section times branching ratios including that of H — v and H — bb is approxi-
mately 2.0 fb. It can be seen in Figure 5.24 that for resonance masses below 300
GeV, the expected 95% CL upper limit from ATLAS is approximately 0.9 pb. This
result does not include the branching ratios of H — v and H — bb. By including
these, an expected limit of 2.3 fb is obtained, which is comparable to the mentioned
CMS result.

The observed (expected) 95% CL upper limit for SM non-resonant H H production
is 0.79 (0.63 pb), which corresponds to 24 (19) times the Standard Model value. This
expected limit is better than the expected limit reported by ATLAS (28 times the SM
prediction). This is as a result of the CMS collaboration having a dedicated selection
for the non-resonant analysis, an aspect ATLAS can improve on in future in order
to improve the SM HH sensitivity. Figure 5.27b shows the observed and expected
upper limits on the non-resonant cross section as a function of k). The value of k) is
observed (expected) to be constrained at 95% CL to -11 < k) < 17 (-8 < k) < 15).
The expected k) constraint reported by ATLAS is -8.3 < k) < 13.2, showing a good

agreement between both results.

5.8.3 Prospects for the HL-LHC

In the near future the LHC will undergo a number of upgrades in order to increase the
luminosity to approximately 7-10 times the design luminosity. This upgraded LHC is
referred to as the High-Luminosity LHC (HL-LHC) which aims to deliver 3000 fb~!
of p-p collisions to the ATLAS detector. One of the primary goals of the HL-LHC
is to find evidence of HH production. The ATLAS collaboration has studied the
prospects for observing HH with the HL-LHC in the vbb final state [166].
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Figure 5.27: a) Observed and expected 95% CL upper limits on resonant production cross
section as a function of the resonance mass for a spin-0 hypothesis. b) Observed and expected
upper limits at 95% CL on the cross section of non-resonant Higgs boson pair production as
a function of ) [135].
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The yybb HL-LHC study is performed by generating large MC samples and smear-
ing the truth physics objects to emulate the response of an upgraded ATLAS detector
in the HL-LHC pile-up conditions. An expected statistical significance of 1.05¢ is
found for this final state. The Higgs boson self-coupling is expected to be constrained
to -0.8 < k) < 7.7 at 95% CL, as shown in Figure 5.28a. Figure 5.28b shows the

diphoton invariant mass distribution after all selections.
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Figure 5.28: a) Expected 95% CL upper limits on the the cross section o(HH — ~yybb) as
a function of k). b) The diphoton invariant mass distribution after all the selections. The
shaded area corresponds to the MC statistical uncertainty [166].

The event selection used differs considerably from the current Run 2 analysis. The
HL-LHC study can use much tighter selections, without the concern of still being able
to obtain a data-driven background estimate. There are also differences in photon
identification and isolation, where the efficiencies are expected to get worse at the
HL-LHC, while the b-tagging performance is expected to improve with the upgraded
ATLAS inner tracker.
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5.9 Conclusions

Searches for resonant and non-resonant Higgs boson pair production in the yybb final
state are performed using 36.1 fb~! of p-p collision data collected at /s = 13 TeV
with the ATLAS detector at the LHC in 2015 and 2016.

No significant deviations from the Standard Model predictions are observed. A
95% CL upper limit of 0.73 pb is set on the cross section for non-resonant production,
while the expected limit is 0.93 pb. This observed (expected) limit is 22 (28) times
the predicted SM cross section. The Higgs boson self-coupling is constrained at 95%
CL to -8.2 < k) < 13.2 whereas the expected limits are -8.3 < k) < 13.2. For
resonant production of X — HH — ~vbb, a limit is presented for the narrow-width
approximation as a function of mx. The observed (expected) limits range between
1.14 pb (0.90 pb) and 0.12 pb (0.15 pb) in the range 260 GeV < myx < 1000 GeV
with the fitting approach, and between 1.23 (1.04) pb and 0.14 (0.15) pb in the same

mass range with the cut-and-count method.
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Chapter 6

Measurement of Higgs boson
properties in the diphoton decay

channel

This chapter describes the measurement of the Higgs boson production-mode cross
sections, signal strengths, and simplified template cross sections (STXS), as well as
the measurement of the fiducial and differential cross sections in the H — v decay
channel with the ATLAS detector. Special emphasis is made to cover the event re-
construction and selection of the analysis as well the strategy followed to estimate the
uncertainty in the modeling of the parton shower, underlying event and hadroniza-
tion, and how it affects the final results. The chapter concludes with a brief summary

of the main findings.
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decay channel

6.1 Higgs boson production-mode cross sections and sig-

nal strengths

Cross sections times branching ratio of the Higgs boson decaying to two photons
are measured for inclusive Higgs boson production, as well as for several individual
production processes: gluon-gluon fusion (ggH), vector-boson fusion (VBF), Higgs
boson production in association with a vector boson (V H), and production of a
Higgs boson in association with a top-antitop quark pair (t¢H) or a single top quark
(t-channel and W-associated, respectively denoted as tHq and tHW , or in their sum

as tH) (see Section 1.4.1). The signal strength p is defined as:

o x B(H — ~y)
- , 6.1
W= asnr x B(H = v7)su (6.1

where o x B(H — 77) is the measured cross section times branching ratio of the
Higgs boson decaying to two photons and ogyr X B(H — ~y7y)sa corresponds to the
SM prediction. Measurements of u are given for different production processes as well
as for the inclusive production.

Cross sections in specific regions of phase space using the framework of the “sim-
plified template cross sections” (STXS) [167] are also reported. These regions of phase

space are truth bins which are described further in Section 6.1.1.

6.1.1 Simplified template cross sections

The measurements of cross sections separated by the production mode are extended
to measurements in specific regions of phase space using the framework of the “sim-
plified template cross sections” [34,168]. This framework was developed in order to
reduce the theoretical uncertainties that are directly folded into measurements and

provide more granular measurements but still allow the use of advanced analysis like
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multivariable techniques.

The measurements are reported as cross section times B(H — 77) for a Higgs
boson absolute rapidity |y | less than 2.5 and with further particle-level requirements.
The different production modes ggH, VBF, V H and top quark associated production
serve as starting points for the measurements and are labelled as “stage-0” STXS bins.
This corresponds closely to the signal strength measurements which were reported in
Run 1. However, the definition of the production modes has been modified, since
for example there is little distinction between V H when the vector boson decays
hadronically and VBF production, both are added together and the production mode
is labelled as VBF + VH. The stage-0 bins are split further using the kinematics of
the hadronic jets, Higgs boson and vector bosons into 31 “stage-17 STXS bins.

Since the current data set is not large enough to probe all of the 31 stage-1 cross
sections with sufficiently small statistical uncertainties, regions with poor sensitivity
or with large anti-correlations are merged together. Table 6.1 summarizes the merged
stage-1 cross sections (middle column) as well as the full 31 stage-1 cross sections

(right column) and the stage-0 cross sections (left column).

6.2 Fiducial integrated and differential cross sections

Fiducial cross sections are determined in a variety of phase-space regions sensitive
to inclusive Higgs boson production and to explicit Higgs boson production mecha-
nisms. The measurement of these cross sections provides an alternative way to study
the properties of the Higgs boson and to search for physics beyond the Standard
Model. For each fiducial region of an integrated cross section measurement or bin of
a differential distribution, the H — ~+ signal is extracted using a fit to the corre-
sponding diphoton invariant mass spectrum. The cross sections are determined by

correcting these yields for experimental inefficiencies and resolution effects, and by
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Table 6.1: The particle-level kinematic regions of the stage-1 simplified template cross sections,
along with the intermediate set of regions used for the measurements presented in this paper.
The transverse momentum of the Higgs boson and the leading and subleading jet is denoted
as p?” with the subleading jet being the second highest momentum jet in a given event.
Events are considered “VBF-like” if they contain at least two jets with an invariant mass
of m;; > 400 GeV, and a rapidity separation between the two jets of |Ay;;| > 2.8. Events
are considered “V H-like” if they contain at least two jets with an invariant mass of 60 GeV
< mj; < 120 GeV. All ¢¢ — Hqq VBF and V H events (with the vector boson V' decaying
hadronically) which are neither VBF nor V H-like are part of the “Rest” selection. For the
pi > 200 GeV gluon-gluon fusion and p%. > 200 GeV VBF + V H regions, only the sum of the
corresponding cross sections is reported while the difference of the two is profiled in the fit.
In total, the cross sections for nine kinematic regions are measured. The process gg — ZH
refers only to box and loop processes dominated by top and bottom quarks.

Process Measurement region Particle-level stage-1 region
g9H + 99 — Z(— qq)H 0-jet 0-jet
1-jet, pH < 60 GeV 1-jet, pH < 60 GeV
1-jet, 60 < pif < 120 GeV 1-jet, 60 < pi < 120 GeV
1-jet, 120 < pif < 200 GeV L-jet, 120< p# < 200 GeV
> 1-jet, p > 200 GeV 1-jet, pi > 200 GeV

> 2-jet, pH > 200 GeV

> 2-jet, p < 200 GeV or VBF-like > 2-jet, pif < 60 GeV
> 2-jet, 60< pH < 120 GeV
> 2-jet, 120< pif < 200 GeV
VBF-like, pi77 < 25 GeV
VBF-like, p97 > 25 GeV

q¢ — Hqq' (VBF + VH) ph < 200 GeV Pl < 200 GeV, VBF-like, pi# < 25 GeV
P < 200 GeV, VBF-like, i’ > 25 GeV
ph < 200 GeV, V H-like
pfr < 200 GeV, Rest

Pl > 200 GeV i > 200 GeV

V H (leptonic decays) V H leptonic qq —~ ZH, p% < 150 GeV
qq — ZH, 150 < pZ < 250 GeV, 0-jet
qq — ZH, 150< pZ < 250 GeV, > 1-jet
qq — ZH, p% > 250 GeV
qq — WH, p¥ < 150 GeV
qq — WH, 150< p} < 250 GeV, 0-jet
qq — WH, 150< p¥ < 250 GeV, > 1-jet
qq — WH, p¥ > 250 GeV
99 — ZH, p% < 150 GeV
g9 — ZH, p% > 150 GeV, 0-jet
g9 — ZH, p% > 150 GeV, > l-jet

Top-associated production top ttH
W-associated tH (tHW)
t-channel tH (tHgb)

bbH merged w/ ggH bbH
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taking into account the integrated luminosity of the data. No attempt is made to
separate individual production modes in favor of presenting fiducial regions enriched

with a given production mode.

Particle-level fiducial definition

The inclusive fiducial region is defined at the particle level by two photons, not orig-
inating from the decay of a hadron, that have absolute pseudorapidity |n| < 2.37,
excluding the region 1.37 < |n| < 1.52, with the leading (subleading) photon trans-
verse momentum greater than 35% (25%) of m... The two photons are required to be
isolated from hadronic activity by imposing that the summed transverse momentum
of charged stable particles with pp > 1 GeV, within a cone of AR = 0.2 centered on
the photon direction, be less than 5% of the photon transverse momentum. This se-
lection is applied to all the presented fiducial integrated and differential cross section

results and the isolation criterion is tuned to mimic the detector level selection.

Measurements of cross sections of fiducial integrated regions

Cross sections in five fiducial integrated regions are measured that target either spe-
cific Higgs boson production mechanisms or are sensitive to the presence of physics
beyond the Standard Model. The selection criteria defining these regions are based
on the particle-level fiducial definition previously defined. One additional cross sec-
tion and three cross section limits are reported in smaller fiducial regions sensitive to

specific Higgs boson production mechanisms:

e a VBF-enhanced region with two jets with large invariant mass and rapidity

separation,

e a region of events containing at least one charged lepton,
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e a region of events with large missing transverse momentum,
e and a region of events with a topology matching the presence of a top-antitop
quark pair.
Measurements of differential cross sections

Eleven fiducial differential cross sections are reported and compared to theoretical
predictions, for events belonging to the inclusive fiducial region as a function of the

following observables:
° prp and |y77|, the transverse momentum and rapidity of the diphoton system,
. pgrl and |y/1], the transverse momentum and rapidity of the leading jet,
° pZF and |y?2|, the transverse momentum and rapidity of the subleading jet,

e | cos6*|, the cosine of the angle between the beam axis and the diphoton system

in the Collins-Soper frame [169],

e A¢j; and |Ayj;|, the difference in azimuthal angle and in rapidity between the

leading and subleading jets,

o |A¢y, jjl, the difference in azimuthal angle between the dijet system formed by

the leading and subleading jets and the diphoton system,
e and m;; the invariant mass of the leading and subleading jets.

Inclusive Higgs boson production is dominated by gluon-gluon fusion, for which
the transverse momentum of the Higgs boson is largely balanced by the emission
of soft gluons and quarks. Measuring pJ’ probes the perturbative QCD modeling
of this production mechanism which is mildly sensitive to the bottom and charm

quark Yukawa couplings of the Higgs boson [170]. The distribution at high transverse
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momentum is sensitive to new heavy particles coupling to the Higgs boson and to the
top quark Yukawa coupling.

The rapidity distribution of the Higgs boson is also sensitive to the modeling of
the gluon-gluon fusion production mechanism, as well as to the parton distribution

functions (PDF's) of the colliding protons.

6.3 Data samples and MC simulation

The results in this chapter use a data set of 36.1 fb~! of p-p collisions collected in
2015 and 2016 as described in Section 5.2.

Signal samples are generated for the main Higgs boson production modes using
Monte Carlo event generators as described in Section 1.3.2. The mass and width
of the Higgs boson are set in the simulation to mpg = 125 GeV and I'y = 4.07
MeV [33], respectively. The samples are normalized with the latest available theoret-
ical calculations of the corresponding SM production cross sections, as summarized
in Section 1.4.1. The normalization of all Higgs boson samples also accounts for the
H — ~v branching ratio of 0.227%.

Higgs boson production via ggH is simulated at NNLO accuracy in QCD using the
PowHEG NNLOPS program [171], with the PDF4LHC15 PDF set [172]. The parton-
level events produced by the POwHEG NNLOPS program are passed to PYTHIAS [173]
to provide parton showering, hadronization and underlying event, using the AZNLO
set of parameters that are tuned to data [174]. The sample is normalized with the
N3LO in QCD and NLO EW cross section [175-178].

Higgs boson production via VBF and V H are generated at NLO accuracy in QCD
using the Powheg-Box program [179-182] with the PDFALHC15 PDF set. Higgs
boson production in association with top or bottom quark(s) are generated at NLO

accuracy in QCD using MG5_AMC@NLO [183] with the NNPDF3.0 PDF set [26] in
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the case of ttH and with the CT10 PDF set [184] in the rest of the production modes.

Additional proton-proton interactions (pile-up) are included in the simulation for
all generated events such that the average number of interactions per bunch crossing
reproduces that observed in the data. A summary of the used signal and background

samples is shown in Table 6.2.

Table 6.2: Summary of the event generators and PDF sets used to model the signal and the
main background processes. The SM cross sections ¢ for the Higgs production processes with
mpy = 125.09 GeV are also given separately for /s = 13 TeV, together with the orders of
the calculations corresponding to the quoted cross sections, which are used to normalize the
samples, after multiplication by the Higgs boson branching ratio to diphotons, 0.227%. The
following versions were used: PYTHIAS8 version 8.212 (processes) and 8.186 (pile-up overlay);
HERWIGH+ version 2.7.1; POWHEG-BOX version 2; MG5_AMC@NLO version 2.4.3; SHERPA
version 2.2.1

Process Generator Showering PDF set NG Z E’)Sb]TeV Order of calculation of o
g9H PowHEG NNLOPS  PyrHia8 PDF4LHCI15 48.52 N3LO(QCD)+NLO(EW)
VBF PowHEG-Box PyTHIAS PDF4LHC15 3.78 NNLO(QCD)+NLO(EW)
WH PowHEG-Box PytHIA8  PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)
qq¢ — ZH PowHEG-Box PytHia8  PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
99—~ ZH PowHEG-Box PYTHIAS PDF4LHC15 0.12 NLO+NLL(QCD)
tHH MG5_AMC@GNLO  Pytmia8  NNPDF3.0 0.51 NLO(QCD)+NLO(EW)
bbH MG5_AMCQ@QNLO PyTHIAS CT10 0.49 5FS(NNLO)+4FS(NLO)
t-channel tH MG5_AMC@NLO PyYTHIAS CT10 0.07 4FS(LO)
W-associated tH ~MG5_AMCQ@QNLO  HERWIGH++ CT10 0.02 5FS(NLO)

¥y SHERPA SHERPA CT10 - LO

VA SHERPA SHERPA CT10 - LO

6.3.1 Alternative MC simulation

A number of alternative signal samples are also generated in order to evaluate theory
uncertainties. Signal samples for ggH, VBF and VH are generated by switching
the parton showering algorithm from PYTHIA8 to HERWIG7 and from PYTHIAS to
HERWIG-++ in the t¢tH sample.

The measured cross sections are compared to a range of theoretical predictions of
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gluon-gluon fusion production:

e The parton-level N3LO QCD and NLO EW prediction of [34,172,175-178].

e The parton-level JVE4+N3LO prediction of [185], which includes NNLL resum-
mation in QCD of the pr of the leading jet which is matched to the N3LO total

cross section.

e The parton-level STWZ-BLPTW predictions of [186, 187], which include
NNLL’+NNLO resummation for the pr of the leading jet in QCD, combined
with a NLL'+NLO resummation in QCD for the subleading jet.! The numerical
predictions for /s = 13 TeV are taken from [34].

e The parton-level NNLOJET prediction of [188,189] is a fixed-order NNLO pre-

diction in QCD for inclusive H + one-jet production.

e The parton-level GOSAM prediction of [190,191], which provides the fixed-order
loop contributions accurate at NLO in QCD in the inclusive H + zero-jet, H +
one-jet, H 4 two-jet, and H + three-jet regions. The real-emission contributions

at fixed order in QCD are provided by SHERPA [192].
e The PowHEG NNLOPS prediction [171].

e The SHERPA (MEPS@QNLO) prediction of [191-202] is accurate to NLO in QCD
in the inclusive H + zero-jet, H + one-jet, H + two-jet, and H + three-
jet regions and includes top-quark mass effects. The one-loop corrections are
incorporated from GoSAaM [190,191] and the different jet multiplicity regions

are merged using the MEPS@QNLO multijet merging technique.

!The prime indicates that the leading contributions from N3LL (resp. NNLL) are included along
with the full NNLL (resp. NLL) corrections.
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e The MG5_AMC@NLO prediction of [183,203], which includes up to two jets
at NLO accuracy using the FxFx merging scheme [204]. The central merging
scale is taken to be 30 GeV. The generated events are passed to PYTHIAS [173]
to provide parton showering and hadronization to create the full final state

(without underlying event).

All predictions but NNLOJET and SHERPA (MEPS@QNLO) use the NNLO PDF
set following the PDFALHC15 recommendations. The NNLOJET prediction uses
the CT14 NNLO PDF set [205] and SHERPA (MEPS@QNLO) uses the NNPDF3.0PDF
set [26]. GOSAM, SHERPA (MEPS@QNLO), and NNLOJET apply the kinematic selec-
tion on the final-state photons. For all other predictions, the fiducial acceptance is

determined using POWHEG NNLOPS.

6.4 Object and event selection

6.4.1 Object selection

The majority of the object selection is identical to the one described in Section 5.3.

The main differences are described in the following:

e Jets: jets are required to have pp > 25 GeV for |n| < 2.4 and pr > 30 GeV
for 2.4 < |n| < 4.4. The jet selection is tightened to pr > 30 GeV within |y| <
4.4 for most event reconstruction categories and the measurement of fiducial

integrated and differential cross sections.

e b-jets: the chosen identification criterion has an efficiency of 70% for identifying

jets originating from a b-quark.

e Electrons: electron candidates are required to have py > 10 GeV and |n| < 2.47,

excluding the region 1.37 < |n| < 1.52. For the measurements of fiducial cross
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sections the electron selection is tightened to pt > 15 GeV. Electrons must sat-
isfy the medium identification criteria as well as loose criteria for the calorimeter
and track isolation, aimed at a combined efficiency of 99% independently of the

candidate transverse momentum.

Muons: muon candidates are required to have pr > 10 GeV and |n| < 2.7, and
satisfy medium identification criteria based on the number of hits in the silicon
detectors, in the TRT and in the muon spectrometer. For the measurements of
fiducial cross sections the muon selection is tightened to pr > 15 GeV. Muon
candidates are required to satisfy loose criteria for the calorimeter and track
isolation, in this case depending on the candidate transverse momentum, and
aimed at a combined efficiency ranging from 95-97% at pr = 10-60 GeV to
99% for pr > 60 GeV.

Missing Er: the magnitude of the missing transverse momentum E%liss is mea-
sured from the negative vectorial sum of the transverse momenta of all photon,
electron and muon candidates and of all hadronic jets after accounting for over-
laps between jets, photons, electrons, and muons, as well as an estimate of soft
contributions based on tracks originating from the diphoton vertex which satisfy
a set of quality criteria. A full description of this algorithm can be found in

Section 3.7.

6.4.2 Total production-mode cross sections, signal strengths and

simplified template cross sections

Event categorization

The events satisfying the diphoton selection discussed in Section 5.3 are classified

into 31 exclusive categories. A combined fit to the event reconstruction categories
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is performed to determine nine simplified template cross sections (with |yg| < 2.5),
as well as production-mode cross sections and signal strengths interpretations of the
data. A summary of the selection requirements defining each category is provided in
Table 6.3. In the sequence of the classification, priority is given to categories aimed
at selecting signal events from processes with smaller expected cross sections. The
fraction of signal events in each reconstructed category is shown in Figure 6.1. The
following quantities are used to describe the event selection of the categories defined

in Table 6.3:

® Niep: Number of selected electrons and muons.

o Nt Number of selected central (|n] < 2.5) jets.

® Njets: Number of selected jets.

e Nd: Number of selected forward (|n| > 2.5) jets.

jets

® Njy_tag: Number of selected b-tagged jets.

e 7y veto: Events with same flavor dilepton candidates with an invariant mass

within 10 GeV of the Z boson mass are vetoed.

e BDTiiu: A boosted decision tree (BDT) trained to separate ttH signal. The
BDT exploits five kinematic variables: the scalar sum of jet transverse momenta
Hr, the mass of all jets manjets, the jet multiplicity, the central jet multiplicity

and the number of b-tagged jets.

® mey: The invariant mass of the selected electron and any of the two signal

photons.

Y Emiss . .
pTJr T . The transverse momentum of the combined lepton and E}'** system.
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e EIISS gignificance: ER/\/>" Er.

e BDTyy: A BDT trained to separate V H signal. The BDT uses the following
information: the dijet invariant mass, the component p:}z of the diphoton pr

transverse to its thrust axis in the transverse plane, the rapidity difference

*

i where

between the dijet and the diphoton system, and the cosine cos6

*

"~.;; 1s the angle between the diphoton system’s momentum and the direction

of motion of the diphoton-dijet system in the Collins-Soper frame.

° pgjj : The vector sum of the momenta of the Higgs candidate and the two

leading jets.
e An;;: The difference in pseudorapidity between the two leading jets.

e BDTypr: A BDT trained to separate the VBF signal. The BDT exploits
six kinematic variables: mj;, Anjj, pji, the absolute azimuthal difference of
the diphoton and the dijet system |A¢, ;;|, the minimum angular separation
between either of the two signal photons and either of the two leading jets

AR’rynjin, and |77’YV — 0.5(7]j1 + 77j2)|-

6.4.3 Fiducial integrated and differential cross sections

The fiducial volumes are defined to closely mimic the detector-level photon and object
selections described in Section 5.3. This reduces the model-dependence of the quoted
cross sections in contrast to the per production mode simplified template cross section
measurements. The cross sections are determined by correcting measured signal yields
for experimental inefficiencies and resolution effects, and by taking into account the
integrated luminosity of the data. Fiducial cross sections are determined in a variety of

phase-space regions sensitive to inclusive Higgs boson production and to explicit Higgs
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Table 6.3: Shorthand label and event selection defining each of the 31 event reconstruction
categories for the measurement of the signal strengths and simplified template cross sections.
The labels denote the predominant production process or kinematic properties the category
targets. Jets are required to have pr > 30 GeV unless otherwise noted. The categories are
mutually exclusive and the criteria are applied in descending order of the shown categories.

Category Selection
tH lep Ofwd Nep = 1, NES2 < 3, Np—tag > 1, Niiid = 0 (p5' > 25 GeV)
tH lep 1fwd Niep = 1, N2 < 4, Nop—ag > 1, Ni&& > 1 (P > 25 GeV)
ttH lep Niep > 1, NE2 > 2, Ny_vag > 1, Zue veto (plf* > 25 GeV)
ttH had BDT1 Niep = 0, Nicts > 3, Np_tag > 1, BDTyem > 0.92
ttH had BDT2 Niep = 0, Niets > 3, Np_tag > 1, 0.83 < BDTyn < 0.92
ttH had BDT3 Niep = 0, Niets > 3, Np_tag > 1, 0.79 < BDTym < 0.83
ttH had BDT4 Niep = 0, Njets > 3, Np_tag > 1, 0.52 < BDTyum < 0.79
tH had 4j1b Niep = 0, Njiz = 4, No—tag = 1 (pr" > 25 GeV)
tH had 4j2b Niep = 0, N2 =4, Np—ag > 2 (P5" > 25 GeV)
VH dilep Niep > 2, 70 GeV < myp < 110 GeV _
VH lep High Niep = 1, [mey— 89 GeV| > 5 GeV, py ™F > 150 GeV
VH lep Low Niep = 1, [mey— 89 GeV| > 5 GeV, peT+ET < 150 GeV, ER'* significance >
1
VH MET High 150 GeV < EF*™ < 250 GeV, Ef*™ significance > 9 or EF*** > 250 GeV
VH MET Low 80 GeV < ET'™® < 150 GeV, E4'*° significance > 8
jet BSM pr,j1 > 200 GeV

VH had tight
VH had loose

VBEF tight, high p
VBF loose, high p

Hjj
T
Hjj
T

VBF tight, low pi97

VBF loose, low pg

Ji

60 GeV < mj; < 120 GeV, BDTyy > 0.78
60 GeV < mj; < 120GeV, 0.35 < BDTyn < 0.78
|AD;5] > 2, |1y — 0.5(n51 + m32)| < 5, pi?? > 25 GeV, BDTvpr > 0.47

|AD;5] > 2, 179y —0.5(m51 +1m52)| < 5, pi?? > 25 GeV, —0.32 < BDTvpr < 0.47
|An;5| > 2, |1y — 0.5(nj1 + mi2)| < 5, ph#? < 25 GeV, BDTygr > 0.87

|An;5] > 2, |1y — 0.5(m51 4 mj2)| < 5, pi77 < 25 GeV, 0.26 < BDTypr < 0.87

ggH 2J BSM > 2 jets, pl7 > 200 GeV

geH 2J High > 2 jets, pi' € [120, 200] GeV

gegH 2J Med > 2 jets, p' € [60, 120] GeV

geH 2J Low > 2 jets, p3' € [0, 60] GeV

ggH 1J BSM =1 jet, p77 > 200 GeV

gegH 1J High =1 jet, p1” € [120, 200] GeV

ggH 1J Med =1 jet, p2" € [60, 120] GeV

geH 1J Low =1 jet, p’ € [0, 60] GeV

ggH 0J Fwd = 0 jets, one photon with |n| > 0.95
gegH 0J Cen = 0 jets, two photons with |n| < 0.95
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MogH lver wH [lizH ogzH ltH [llboH [TtHg | tHW

ATLAS Simulation  H —yy, m_=12509Gev

tH lep Ofwd
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ttH lep
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Figure 6.1: The expected composition of the selected Higgs boson events, in terms of the
different production modes, for each reconstructed category [4].

boson production mechanisms. The measurement of these cross sections provides an
alternative way to study the properties of the Higgs boson and to search for physics
beyond the Standard Model. For each fiducial region of an integrated cross section
measurement or bin of a differential distribution, the H — -y signal is extracted using

a fit to the corresponding diphoton invariant mass spectrum. The cross sections are
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determined by correcting these yields for experimental inefficiencies and resolution
effects, and by taking into account the integrated luminosity of the data. No attempt is
made to separate individual production modes in favour of presenting fiducial regions

enriched with a given production mode.

Particle-level fiducial definition

The fiducial volume at particle level is defined using particles with a mean lifetime
¢t > 10mm. The photon definition is described in Section 6.2. The lepton four-
momentum is defined as the combination of an electron (or muon) and all nearby
photons within AR < 0.1 that do not originate from the decay of a hadron. Muons
are required to have pp > 15 GeV and |n| < 2.7. Electrons are required to have
pr > 15 GeV and |n| < 247, excluding the region 1.37 < |n| < 1.52, and are
rejected if the distance AR to a photon with pp > 15 GeV is less than 0.4. Jets are
reconstructed from all particles, excluding muons and neutrinos, using the anti-kp
algorithm with a radius parameter of 0.4. Jets are required to have pt > 30 GeV,
ly| < 4.4 and to be well separated from photons with pr > 15 GeV (AR > 0.4) and
electrons (AR > 0.2). Jets are considered to originate from a b-hadron if there is a b-
hadron with pt > 5 GeV within a cone of size AR = 0.4 around the jet. The missing
transverse momentum is defined as the vector sum of neutrino transverse momenta,
for neutrinos that do not originate from the decay of a hadron. The particle-level
fiducial definition is summarized in Table 6.4.

The cross section (0;) in a fiducial integrated region, and the differential cross
section (do;/dx) in a bin of variable x, are given by

NP doi N

R S— d _—= 6.2
¢ [Ldt a dz ¢ Az [ Ldt (6.2)

0
where N '€ is the number of signal events, [ Ldt is the integrated luminosity of the
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Table 6.4: Summary of the particle-level definitions of the five fiducial integrated regions
described in the text. The photon isolation piﬁo’oz is defined analogously to the reconstructed-
level track isolation as the transverse momentum of the system of charged particles within

AR < 0.2 of the photon.

Objects Definition

Photons In| < 1.37 or 1.52 < || < 2.37, pi>%? /p). < 0.05

Jets anti-kr, R = 0.4, pr > 30 GeV, |y| < 4.4

Leptons, £ e or u, pr > 15 GeV, |n| < 2.47 for e (excluding 1.37 < |n| < 1.52) and |n| < 2.7 for p
Fiducial region Definition

Diphoton fiducial Ny > 2, pI! > 0.35 m,, = 43.8 GeV, pJ? > 0.25 m,, = 31.3 GeV
VBF-enhanced Diphoton fiducial, Nj > 2, mj; > 400 GeV, Ay;; > 2.8, |Ady,,j;] > 2.6
Niepton > 1 Diphoton fiducial, Ny > 1

High E%“SS Diphoton fiducial, E!E‘iss > 80 GeV, pqﬁ/ > 80 GeV

tt H-enhanced Diphoton fiducial, (N; > 4, Nyjets > 1) or (N; > 3, Nyjets > 1, Ng > 1)

data set, ¢; is a correction factor that accounts for detector inefficiency and resolution,
and Ax; is the bin width. The correction factors are determined using the simulated
samples discussed in Section 6.3. This bin-by-bin unfolding method showed similar
performance to that of the non-regularized inversion of the full migration matrix and of
regularized methods [206—208] within the current statistical accuracy and systematic

uncertainties. A description of unfolding is given in Appendix A.

6.5 Signal and background modeling

The Higgs boson signal yield is measured through an unbinned maximum-likelihood
fit to the diphoton invariant mass spectrum in the range 105 GeV < m,, < 160 GeV
for each event reconstruction category, fiducial region, or each bin of a fiducial differ-
ential cross section. The mass range is chosen to be large enough to allow a reliable
determination of the background from the data, and at the same time small enough
to avoid large uncertainties from the choice of the background parametrization. The
signal and background shapes are modeled as described below, and the background

model parameters are freely floated in the fit to the m., spectra.
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6.5.1 Signal model

The Higgs boson signal manifests itself as a narrow peak in the m., spectrum. The
signal distribution is modeled by the double-sided Crystal Ball function as described
in Section 5.4.2.

The parameters of the model that define the shape of the signal distribution are
determined through fits to the simulated signal samples. The parametrization is
derived separately for each reconstructed category or fiducial region of the integrated

or differential cross section measurement.

6.5.2 Background composition and model

The diphoton invariant mass model for the background used to fit the data is deter-
mined from studies of the bias in the signal yield in signal-plus-background fits to
large control samples of data or simulated background events.

Continuum v production is simulated with the SHERPA event generator as ex-
plained in Section 6.3. The relative fractions of 47, vj and jj components contributing
to the overall background are found by using the 2x2D sideband method (see Sec-
tion 5.4.1) in 1 GeV bins of m.,. Linear functions are then fitted to these fractions
as a function of m,,. The 7 sample is then used to produce the background only
template but is reweighted according to the linear functions derived.

The measurement of the background fractions in data is performed for each cat-
egory or fiducial region. The fractions of these background sources in the inclusive
diphoton sample are (78.7 T1-5)%, (18.6 T12)% and (2.6 795)%, respectively. The un-
certainties in the measured background fractions are systematically dominated. The
main sources originate from the definition of the background control regions.

The functional form used to model the background m,. distribution in the fit to

the data is chosen, in each region, to ensure a small bias in the extracted signal yield
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relative to its experimental precision, following the procedure described in [37]. The
potential bias (spurious signal) is estimated as the maximum of the absolute value of
the fitted signal yield, using a signal model with mass between 121 and 129 GeV, in

fits to background control regions.

The spurious signal is required, at 95% CL, to be less than 10% of the expected
SM signal yield or less than 20% of the expected statistical uncertainty in the SM
signal yield. In the case when two or more functions satisfy those requirements, the
background model with the least number of parameters is chosen. The background
distribution of all regions is found to be well modeled by at least one of the following
functions: an exponential of a first- or second-order polynomial, a power law, or
a third-order Bernstein polynomial. These functions are detailed in Sections 5.4.2

and 5.4.3.

6.6 Statistical model

The statistical model is similar to that of Section 5.6. It is detailed again here, with
a stronger emphasis on systematic uncertainties since they have a bigger impact in

this analysis.

An extended likelihood function is built from the number of observed events and
invariant diphoton mass values of the observed events using the analytic functions
describing the distributions of m., in the range 105-160 GeV for the signal and the
background.

The likelihood for a given reconstructed category, fiducial region, or differential

bin ¢ of the integrated or differential cross section measurement is a marked Poisson
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probability distribution,
L; = Pois(ng| N;(0 H film?,,0) - G(0), (6.3)

where n; (N;) is the observed (expected) number of selected candidates, f;(m?,) is
the value of the probability density function (pdf) of the invariant mass distribution
evaluated for each candidate j, § are nuisance parameters and G(6) is a set of unit
Gaussian constraints on a subset of the nuisance parameters. The likelihood for the
measurements of the total Higgs boson production-mode cross sections and signal
strengths is given by the product of the likelihood functions of each event reconstruc-
tion category. For the fiducial integrated and differential cross section measurements

the likelihood of all bins 7 in a spectrum is taken.

The number of expected candidates is the sum of the signal and background yields,

denoted by N; & and sz k8 and the fitted spurious signal yield, NP P

N; = NJ& 4 NPK6 4 N3Pwr . g, (6.4)

In more detail, the invariant mass distribution for each category has signal and

background components,

Y ? ? Y T ’YW’ ?

Fi(md) = [N 4 NP g7 - f8(md 07%) + NP5 - P (i 0P%)] /V;, 6.5)

si bk . . . . .
where 67 and 6, are nuisance parameters associated with systematic uncertain-

ties affecting the resolutions and positions (see Section 6.7.1) of the invariant mass

sig bkg

distributions of the signal f,> or the shape of the background f;

Systematic uncertainties are incorporated into the likelihood function by multi-
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plying the relevant parameter of the statistical model by a factor
Fg(o,0)=(1+0-0) (6.6)

in the case of a Gaussian pdf for the effect of an uncertainty of size o or, for cases
where a negative model parameter does not make physical sense (e.g. the uncertainty

in the integrated luminosity), by a factor
Fix(0,6) = eV0Fo27 (6.7)

for a log-normal pdf. In both cases the corresponding component of the constraint
product G(6) is a unit Gaussian centered at zero for the nuisance parameter 6. The
systematic uncertainties affecting the yield and mass resolution use the log-normal
form while a Gaussian form is used for all others. When two uncertainties are con-
sidered fully correlated they share the same nuisance parameter. Systematic uncer-
tainties with partial correlations are decomposed into their uncorrelated and fully

correlated components before being assigned to nuisance parameters.

All measured Higgs boson signal yields are determined with the profile likelihood
ratio test statistic X
L(v,0,)

A(v) = —21In C0.0)

(6.8)

where © and 6 are the values of the parameter of interest (e.g. a signal strength
or a simplified template cross section) and nuisance parameters that unconditionally
maximize the likelihood while 6, are the values of the nuisance parameters that max-
imize the likelihood on the condition that the parameter of interest is held fixed to
a given value v. In the asymptotic approximation, which is valid for all the results
presented in this chapter, A(v) may be interpreted as an increase in y? from its min-

imum value [148] such that approximate confidence intervals are easily constructed.
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The total uncertainty in v is thus obtained from the v values such that A(v) = 1
with all other parameters “profiled” (i.e. set to the values that maximize the likeli-
hood for those values of v). Theory uncertainties in the parameters of interest are
found by fixing the nuisance parameters associated with experimental uncertainties
and subtracting in quadrature the statistical uncertainty. The statistical uncertainty
is similarly determined, by fixing all nuisance parameters to their best-fit values,
except for those describing the background shape and normalization. The experimen-
tal uncertainty is found by subtracting in quadrature the theory and the statistical

uncertainties from the total uncertainty.

6.7 Systematic uncertainties

Several sources of systematic uncertainty are considered in this measurement, which

are extensively covered in [209,210]. They can be grouped into three categories:

e Uncertainties associated with the parametrization of the signal and background

when fitting the m., spectrum.

e Experimental uncertainties arising either from the extraction of the signal in a

given category or from migrations between categories.

e Theoretical and modeling uncertainties in each category, causing migrations

between categories, or affect the fiducial acceptance.

The origin of the uncertainties and their treatment are discussed in detail below
and summarized in Table 6.5.

The analysis based on event reconstruction categories and those of fiducial cross
sections treat yield and migration uncertainties differently: whereas the former in-

corporate them directly into the likelihood function, the latter incorporate them at a
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later stage as part of the correction factor or the luminosity. Details on the theoretical

and modeling uncertainties are given in Section 6.7.3.

Table 6.5: Summary of the sources of systematic uncertainties for results based on event
reconstruction categories or fiducial integrated and differential cross sections. The columns
labels “Category Likelihood” and “Fiducial Likelihood” provide an overview about which
terms are part of the Likelihood (v') or incorporated at a later stage (-). Both sets of results
incorporate uncertainties associated with the Higgs boson mass, photon energy scale and
resolution, and uncertainties associated with the choice of the background function into the
likelihood function, either using log normal (Fin(0;,6;)) or Gaussian constraints (Fg (o4, 6;))
with o; denoting the systematic uncertainty (¢ is the index to each of the unique nuisance
parameters §). When acting on N&°' the uncertainty value is the same for all processes,
whereas the uncertainty has a different value for each signal process for the case denoted N¥.
The number of nuisance parameters, Nxp, for the spurious signal uncertainty varies, e.g. for
the category-based results 31 independent error sources are present and for the differential
measurements one source per measured bin is included.

Systematic uncertainty source Nnp Constraint Category Fiducial
Likelihood  Likelihood

ggH QCD 9 NE Fin(oi,6;) v -

o Missing higher orders (non-ggH) 6 N Fix(oi,6:) v -
) B(H — v7) 1 N Fin(os,05) v -
= PDF 30 NP Fin(o4,0:) v -
&= as 1 NZ Fix(os,0) v -
Underlying Event / Parton Shower 5 NE Fix(o4,0:) v -

Heavy flavor content 1 N Fin(os,05) v -

- Luminosity 1 ]\7tOt Fin (O'i7 91) v -

< Trigger 1 NtOt Fin(oi,0:) v -

- Photon identification 1 N Fin(os, 05) v -

E Photon isolation 2 N Fin(oi,0:) v -
g Flavor tagging 14 NS Fix(oi,0;) v -
g Jet energy scale 20  N§ Fin(oi, 6:) v -
g, g Jet flavor composition 7 Ns Fin(oi,0:) v -
s = Jet flavor response 7 N§ Fun(oi,6:) v -
EO Electron 3 N Fin(oi,0:) v -

= Muon 11 NS Fix(o,0;) v -

Missing transverse momentum 3 NE Fux(o4,0:) v .

Pileup 1 Ns Fin(oi,0:) v -

Photon energy scale 40  N§ Fin(oi,6:) v -

" ATLAS-CMS my 1 pce Fa(oi,0;) v v
E Photon energy scale 40 pnes Fa(oi, 05) v v
= Photon energy resolution 9  ocs Fun(0i,0:) v v
Background Spurious signal Varies Nspur,e Ospur,c v N
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6.7.1 Systematic uncertainties in the signal and background model-

ing from fitting the m,, spectrum

Systematic uncertainties associated with the signal and background parametrizations
are treated in a similar way for all the measurements. These include systematic
uncertainties in the photon energy scale and resolution, and the uncertainties due to
the specific choice of background model.

The uncertainties in the photon energy scale and resolution impact the signal
model, as the photon energy scale shifts the position of the peak by between 0.21%
and 0.36%, and the assumed energy resolution broadens or narrows the signal peak
relative to its nominal width by between 6% and 13%. The size of both uncertainties
is dependent on the energy, rapidity and jet activity of the selected photon pair.

An additional uncertainty in the signal peak position is added as a nuisance pa-
rameter in the fit, reflecting the uncertainty in the measurement of the Higgs boson
mass of 0.24 GeV [211]. A variation of the signal mass by this quantity is found to
impact the measured global signal strength or the diphoton fiducial cross section by
less than 0.1%.

The uncertainty due to the choice of background function is taken to be the
spurious signal yield obtained when fitting the m., spectrum reconstructed from
background-only simulated samples (or signal-suppressed control regions in data), as

discussed in Section 6.5.2.

6.7.2 Experimental systematic uncertainties affecting the expected

event yields

There are two categories of uncertainties: (i) those in the expected overall signal yield
and (ii) those that cause migrations of events between categories and bins, as well as

into and out of the photon fiducial selection.
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The sources of uncertainties in the expected signal yield consist of: the luminosity
delivered to the ATLAS experiment [157] in 2015 and 2016 (3.2%), the efficiency
of the diphoton trigger [158] (0.4%), the photon identification efficiency (1.6%), the
photon track isolation efficiency (0.8%) and the photon calorimeter isolation efficiency

(0.1%).

Uncertainties which affect the calibration of photons, jets, and leptons cause mi-
grations between categories and bins, as well as migrations into and out of the fiducial
acceptance. Their sources include: the modeling of pileup in the simulation (1.4—
5.6%), the photon energy scale and resolution (0.2-1.9%, depending on the diphoton
pr), the jet energy calibration and the jet energy resolution (2.8-15%), the efficiency
of the jet vertex tagger (0-0.3%), the efficiency of the b-tagging algorithm (3%), the
electron and muon reconstruction, identification and isolation efficiencies (0.6% and
0.5%, respectively), the electron and muon energy and momentum scale and resolution
(negligible for all measurements) and the energy scales and resolutions of photons, jets

and leptons propagated to the missing transverse momentum uncertainty (4.0-4.8%).

6.7.3 Theoretical and modeling uncertainties

The overall theoretical cross section uncertainties affect the signal strength measure-
ments, which are ratios of the observed to predicted event yields, but not the cross
section measurements which do not rely on absolute predictions. Modeling uncer-
tainties that alter the kinematic properties of the events, such as the Higgs boson
transverse momentum or the jet multiplicity, have an impact on both types of mea-
surements. These uncertainties are estimated with different approaches as discussed

further in Sections 6.7.4 and 6.7.5.
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6.7.4 Theoretical and modeling uncertainties for results based on

event reconstruction categories
PDF acceptance uncertainties

The theoretical modeling uncertainties in the per-category acceptance of each pro-
duction process affect the measurement of production-mode cross sections and sig-
nal strengths. Uncertainties due to the choice of parton distribution functions
and the value of ag are estimated by reweighting the MC samples to the twenty-
nine alternative PDF variations and to the two ag variations from the nominal

PDF4LHC_NLO_30_As PDF set, following the PDF4LHC15 recommendations [172].

Perturbative QCD uncertainties

The perturbative QCD uncertainties are evaluated by varying the factorization and
renormalization (QCD) scales. They are calculated for each production mode and
provided by the LHC Higgs boson cross section working group [34]. For the gluon-
gluon fusion process, the total production-mode cross section has been calculated at
N3LO precision in QCD and has an uncertainty of 3.9%, as determined by QCD-scale
variations and including top, bottom, and charm quark mass effect uncertainties.
However, the perturbative uncertainty becomes significantly larger in different kine-
matic regions, e.g. when requiring additional jets or high Higgs boson pr. To take

this effect into account nine uncertainty sources are included:

e Four sources [34] account for uncertainties in the jet multiplicities due to missing
higher-order corrections: two accounting for yield uncertainties (with uncertain-
ties up to 8.9% in each STXS region) and two accounting for migrations between
jet multiplicity bins (with uncertainties up to 18% in each STXS region), using
the STWZ [186] and BLPTW [186, 187,212] predictions as an input.
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e Three uncertainty sources parameterize modeling uncertainties in the Higgs
boson pr. The first two encapsulate the migration uncertainty between the
intermediate and high pr region with events with at least one jet. The third
uncertainty parameterizes top-quark mass effects in the gluon-gluon fusion loop,
where the difference between the LO and NLO predictions is taken as an un-
certainty due to missing higher-order corrections. This introduces a negligible
uncertainty at low Higgs boson p and a sizable uncertainty of the order of 30%

at pp > 500 GeV.

e Two sources account for the uncertainty in the acceptance of gluon-gluon fusion
events in the VBF categories, due to missing QCD higher-orders in the calcu-
lation. The uncertainty estimation uses an extension of the Stewart-Tackmann

method [213,214] and typically ranges between 20% and 32%.

Underlying event, parton shower and hadronization uncertainties

The uncertainty in the modeling of the parton shower, underlying event and
hadronization affects all measurements (referred to as “Underlying Event / Parton
Shower” in the following). It is estimated by taking the difference in acceptance after
switching the parton showering algorithm from PYTHIAS to HERWIGT in the ggH,
VBF, and V H samples at truth level, and from PYTHIA8 to HERWIG++ in the ttH
sample at reconstruction level, respectively. These differences are treated as four inde-
pendent uncertainty sources. Additionally, for ggH the effect of the eigenvector tunes
from the AZNLO set are merged to provide one additional uncertainty component.
In the case of the ggH, VBF, and V H samples, the relative acceptance between
the different parton showering algorithms is estimated at truth level by mimicking the
reconstructed H — vy category selections. Identification efficiencies are ignored and

BDTs are evaluated using truth level quantities. In all cases, the Underlying Event /
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Parton Shower uncertainty for each category is obtained as the absolute value of the
difference in acceptance. Events with Dalitz decays are removed in order to avoid a
possible bias in the estimate of the uncertainties when comparing the two different
parton showering algorithms. The corresponding cross section is applied and results

are normalized to 36.1 fb~! of integrated luminosity.

In Table 6.6 the ggH and VBF differences in acceptance between HERWIGT and
PyTHIA8 (AZNLO) are shown. These results give an Underlying Event / Parton
Shower uncertainty of 0.66 + 0.18% for the inclusive fiducial region when using the
NNLOPS ggH sample and of 0.09+0.18% for the inclusive fiducial region when using
the VBF sample.

Analogously, the VH (ZH, ggZH, W~ H and W™ H) differences in acceptance
between HERWIGT and PYTHIA8 (AZNLO) are shown in Table 6.7. The results give an
Underlying Event / Parton Shower uncertainty of 0.1+ 0.5% for the inclusive fiducial
region when using the ZH sample, of 0.7 + 0.8% when using the ggZH sample, of
0.8 + 0.6% when using the W~ H sample and of 0.7 & 0.7% when using the W+ H

sample.

The Underlying Event / Parton Shower uncertainties in t¢H are extracted simi-
larly to those above, however showering of ttH is done with HERWIG++ in place of
HErRwWIGTY. These uncertainties are estimated at reconstructed level due to the avail-
ability of each sample with full simulation. The differences in acceptance between

HERWIG++ and HERWIGT for the ttH sample are reported in Table 6.8.

The eigentune variations from the AZNLO set are studied for ggH only. The
differences in acceptance for the ISR variations are shown in Table 6.9. Table 6.10
includes analogue results for the FSR and MPI eigentune variations. It is found
that the MPI and ISR variations are significantly smaller than those from FSR. The

uncertainties from FSR variations are comparable to those from switching the parton
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shower model from PYTHIA8 to HERWIGT.

The biggest challenge in determining accurate estimates of the Underlying Event /
Parton Shower uncertainties is obtaining large enough MC samples to have sufficient
events in all category selections. For example, in the VBF tight, low pgjj category,
which is the category most pure in VBF production, the difference in acceptance for

ggH production when switching from PYTHIA8 to HERWIGT is 7.9 + 4.8%.

Comparison of higher-order FxFx and NNLOPS ggH

Acceptance uncertainties are obtained in the VBF and V H categories for the SM ggH
process by using the sample corresponding to the MG5_AMC@NLO FxFx process
and the nominal POWHEG NNLOPS ggH sample. Because the FxFx merging scheme
merges NLO calculations at 0, 1, and > 2 jets, this study evaluates the sensitivity of
the dijet BDT classifiers to higher-order effects, as NNLOPS produces dijet predictions
at LO. Only shape differences in the BDT response are considered as uncertainty.

In Table 6.11 the BDT acceptance uncertainties and a comparison with the QCD
uncertainties for the relevant categories are shown. It is found that the BDT accep-
tance uncertainties for each generator are below the level of the QCD uncertainties,
meaning that an additional shape uncertainty is not necessary to account for this

discrepancy.

Heavy flavor content uncertainties in ttH categories

In the ttH categories, a conservative uncertainty of 100% is assigned to the expected
number of events from ggH, VBF and W H production in association with additional
b-jets. These uncertainties are included to account for the Higgs boson + heavy fla-
vor content uncertainty and are motivated by the ggH and VBF Underlying Event /

Parton Shower studies, as seen in Table 6.6. There are very few ggH events entering
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ggH VBF
Categories Variation [%] Error [%] Variation [%] Error [%)]
ggH 0J Cen 15 0.4 21.5 1.1
ggl 0J Fwd 14 0.3 20.1 0.8
ogH 1J Low 2.0 0.4 0.3 0.5
ggH 1J Med 6.4 0.5 7.3 0.5
ggH 1J High 6.4 1.1 9.9 0.9
ggH 1J BSM -3 5 21 4
gl 2J Low 18.0 1.1 -10.3 0.7
ggH 2J Med 47 0.9 6.9 0.7
gell 2J High 0.1 1.2 0.9 1.0
ggH 2J BSM -3 2 3 2
VBF loose, low pp?l 6 3 -10.9 0.5
VBF tight, low pi’ 8 5 -10.7 0.5
VBF loose, high pl7/ 4 2 1.1 1.1
VBF tight, high p/% 6 2 0.3 0.7
VH had loose 2.8 1.7 7 2
VH had tight -1 2 7 3
jet BSM -1.7 1.4 -5.3 0.7
VH MET Low -32 19 10 17
VH MET High 27 116 7 60
VH lep Low - - - -
VH lep High - - - -
VH dilep - - - -
tH had 4j2b -16 12 -55 7
tH had 4j1b -16 8 -54 6
ttH had BDT4 -23 12 -65 7
ttH had BDT3 34 47 -62 21
ttH had BDT2 -39 19 =77 11
ttH had BDT1 -21 35 -89 12
ttH lep 27 116 93 272
tH lep 1fwd - - 20 49
tH lep Ofwd -19 31 6 40
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Table 6.6: Differences in acceptance between HERWIGT7 and PyTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~~ samples for the different event reconstruction cat-
egories, as described in [215]. This difference corresponds to (HERWIGT-PYTHIAS (AZNLO))
/ PYTHIA8 (AZNLO), and the error is statistical only, which depends on the number of ggH
and VBF events passing each category.



6.7. Systematic uncertainties

ZH 99ZH W-H w+tH
Categories Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
g 0J Cen 1 2 6 7 1 2 1 3
gt 0J Fwd 1.0 17 23 5 0.6 17 3.4 1.8
ggH 1J Low 0.7 1.5 -12 5 -0.9 1.6 0.5 1.8
ggH 1J Med 24 1.7 -12 3 4.4 1.9 2 2
ggH 1J High -1 3 -14 4 2 4 1 4
ggH 1J BSM 30 16 -11 15 7 17 -6 15
ggH 2J Low 0.1 1.6 14 4 2 2 2 2
ggH 2J Med 1.1 1.8 12 3 0 2 0 2
ggH 2J High 4 3 1 3 5 4 1 4
ggH 2J BSM 6 6 4 5 -6 7 0 7
VBF loose, low pt’7 -5 13 46 17 -35 12 15 18
VBF tight, low pyi/ -66 21 14 24 0 38 et 70
VBEF loose, high p,i{]j 2 6 41 7 0 7 3 8
VBF tight, high pi 12 8 35 6 3 9 4 10
VH had loose -1.8 1.7 -9 3 -2 2 2
VH had tight -6.2 1.6 -11 2 -9 2 -4 2
jet BSM 0 3 -4 3 -2 3 -4 3
VH MET Low -4 2 0 3 2 3 3 3
VH MET High 1 3 -2 3 -6 8 -4 8
VH lep Low - - - - - - - -
VH lep High - - - - - - - -
VH dilep - - - - - -
tH had 4j2b 5 9 22 10 -65 27 -6 48
tH had 4j1b 2 9 -17 10 -4 20 -33 16
ttH had BDT4 10 9 -9 8 -14 23 -10 24
ttH had BDT3 8 24 -37 16 -60 43 155 171
ttH had BDT2 -2 15 -10 14 -35 35 99 80
ttH had BDT1 7 25 -80 10 -68 34 -54 34
ttH lep -16 37 - - 8 56 -20 40
tH lep 1fwd - - - - - - - -
tH lep Ofwd -39 14 -54 19 -22 14 -7 15

Table 6.7: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained with
the VH H — -+ samples for the different event reconstruction categories, as described in [215].
This difference corresponds to (HERWIGT7-PYTHIA8 (AZNLO)) / PyTHIA8 (AZNLO), and the
error is statistical only, which depends on the number of V H events passing each category.
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ttH
Categories Variation [%]  Categories Variation [%]

ggH 0J Cen 36.4
ol 0J Fwd 12.3 VH MET Low 2.9
ggH 1J Low 23.7 VH MET High -2.0
ggH 1J Med -2.9 VH lep Low 3.6
ggH 1J High 30.8 VH lep High 9.6
ggH 1J BSM _15.3 VH dilep 12.5

ggH 2J Low 11.4
ggH 2J Med 1.7 tH had 4j2b 0.9
ooH 2J High 1.2 tH had 4j1b 0.4
ggH 2J BSM 5.9 ttH had BDT4 -5.5
VBF loose, low ph?/ 27.1 ttH had BDT3 8.0
VBF tight, low p#7 17.2 ttH had BDT?2 6.7
VBEF loose, high p?” 4.3 ttH had BDT1 -8.2
VBF tight, high p4’’ 4.4 ttH lep 4.4
VH had loose 8.1 tH lep 1fwd -6.6
VH had tight 7.8 tH lep Ofwd 2.9

jet BSM 2.9

Table 6.8: Differences in acceptance between HERWIG++ and PYTHIA8 (AZNLO) obtained
with the MG5_AMCQ@QNLO ttH H — ~v sample for the different event reconstruction
categories, as described in [215]. This difference corresponds to (HERWIG+-+ -PYTHIAS
(AZNLO)) / PyTHIA8 (AZNLO).
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ISR; up ISR; down ISR up ISR, down
Categories Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]

ggH 0J Cen -0.4 0.3 0.6 0.3 -0.5 0.3 -0.5 0.3
ggH 0J Fwd 0.1 0.2 1.1 0.2 0.0 0.2 0.2 0.2
ggH 1J Low 0.2 0.3 1.4 0.3 0.5 0.3 0.4 0.3
ggH 1J Med -0.1 0.4 1.1 0.4 -0.2 0.4 0.0 0.4
ggH 1J High 0.4 08 1.6 0.8 0.4 0.8 0.2 0.8
ggH 1J BSM 2 3 0 3 -2 3 0 3
ggH 2J Low 0.0 0.7 1.3 0.7 0.1 0.7 0.3 0.7
ggH 2J Med 0.4 0.6 0.8 0.6 0.0 0.6 0.3 0.6
ggH 2J High 14 0.9 1.9 0.9 14 0.9 11 0.9
ggH 2J BSM 1.3 1.8 2.5 1.8 2.0 1.8 1.9 1.8
VBF loose, low ph’? 1.2 1.8 2.0 1.8 0.4 1.8 0.5 1.8
VBF tight, low py/ 1 3 1 3 1 3 ) 3
VBEF loose, high piid -0.9 15 -0.4 1.6 -1.2 15 -16 15
VBF tight, high pii 0.1 1.6 2.0 1.6 1.3 1.6 2.3 1.6
VH had loose 0.0 1.2 0.8 1.2 0.1 1.2 0.3 1.2
VH had tight 2.2 1.6 1.2 1.6 0.4 1.5 1.3 1.5
jet BSM 0.2 1.0 0.6 1.0 -0.2 0.9 0.5 1.0

VH MET Low =27 13 -24 13 -12 15 -28 13
VH MET High -20 57 21 81 -87 15 -47 41
VH lep Low - - - - - - - -
VH lep High - - - - - - - -
VH dilep - - - - - - - -

tH had 4j2b -6 9 -7 9 -7 9 -8 9

tH had 4j1b 2 6 5 7 1 6 -3 6
ttH had BDT4 3 10 2 10 8 10 -11 9
ttH had BDT3 -8 25 3 27 16 30 10 29
ttH had BDT2 -2 18 0 18 0 18 10 20
ttH had BDT1 13 32 5 30 11 31 18 33
ttH lep -47 41 8 73 -73 24 20 80

tH lep 1fwd - - - - - - - -

tH lep Ofwd 11 25 -4 23 9 25 3 24

Table 6.9: Differences in acceptance between AZNLO (ISR eigentune variations) and AZNLO
obtained with the NNLOPS ggH H — ~vy sample for the different event reconstruction
categories, as described in [215]. This difference corresponds to (AZNLO (ISR eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends on the number
of ggH events passing each category.
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FSR up FSR down MPI up MPI down
Categories Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]

ggH 0J Cen -0.7 0.3 1.1 0.3 -0.3 0.3 -0.6 0.3
ggH 0J Fwd -0.1 0.2 1.5 0.2 0.3 0.2 -0.1 0.2
ggH 1J Low 3.7 0.3 -1.9 0.3 0.0 0.3 0.6 0.3
ggH 1J Med -0.1 0.4 1.4 0.4 0.0 0.4 0.1 0.4
ggH 1J High -1.1 0.8 2.8 0.9 0.8 0.8 0.4 0.8
ggH 1J BSM -5 3 3 3 0 3 -1 3
ggH 2J Low 5.8 0.8 -4.6 0.7 -0.9 0.7 0.3 0.7
ggH 2J Med 3.7 0.6 -3.6 0.6 -0.6 0.6 0.3 0.6
ggH 2J High 3.1 0.9 -0.7 0.9 0.4 0.9 0.5 0.9
ggH 2J BSM 2.2 1.8 1.5 1.8 1.1 1.8 1.5 1.8
VBF loose, low pi’/ 8.9 19 -6.0 L7 0.7 1.8 L6 1.8
VBF tight, low pjid’ 5 3 -6 3 -3 3 -3 3
VBF loose, high pf77 0.7 1.6 3.1 15 1.8 15 -2.0 15
VBF tight, high pl/7 3.4 1.6 0.2 1.6 1.8 1.6 1.2 1.6
VH had loose 1.7 1.2 -1.3 1.2 0.6 1.2 -0.6 1.2
VH had tight 0.5 1.6 1.7 1.6 0.4 1.5 0.2 1.6
jet BSM 24 1.0 -1.2 0.9 0.2 1.0 -0.2 0.9

VH MET Low -16 14 -19 14 -24 13 -21 14
VH MET High -46 41 61 104 7 72 47 96
VH lep Low - - - - - - - -

VH lep High - - - - - - - -
VH dilep - - - - - - - -

tH had 4j2b 2 9 -1 9 -14 8 4 10

tH had 4j1b -4 6 5 6 3 6 3 6
ttH had BDT4 10 10 11 10 0 10 -5 9
ttH had BDT3 17 30 19 31 -2 26 6 28
ttH had BDT2 10 19 14 20 5 19 3 18
ttH had BDT1 -14 25 11 31 4 30 8 31
ttH lep -87 16 -73 24 -47 41 =73 24

tH lep 1fwd - - - - - - - -

tH lep Ofwd -21 19 -6 22 14 26 -3 23

Table 6.10: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for the different event reconstruc-
tion categories, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI
eigentune variations)-AZNLO) / AZNLO, and the error is statistical only, that depends on
the number of ggH events passing each category.

Categories BDT FxFx uncertainty (%) QCD uncertainty (%)
VBF loose, low pgjj ) 20
VBF tight, low pi# 3 26
VBF loose, high pgjj 1 11
VBF tight, high p/9 11 17
VH had loose 7 19
VH had tight 4 23

Table 6.11: BDT acceptance uncertainties obtained with the PowHEG NNLOPS ggH
H — ~v and the MG5_AMC@NLO FxFx ggH H — vy samples for the VBF and VH
event reconstruction categories. Comparison with the QCD uncertainties for the same even
reconstruction categories.
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these categories, and the change in the predicted yield is consistent with the statis-
tical uncertainty of 24-80%, which is strongly category dependent. In order to stay
conservative, the uncertainty of 100% is maintained on the ggH contribution. This is
consistent with recent measurements of ¢t and vector-boson production in association
with b-jets [216-218]. For VBF, the uncertainty ranges from 65-90%, with statistical
uncertainties between 7-21%.

Due to the small contributions of these production modes to the t¢H event recon-

struction categories the large uncertainties do not strongly impact the ttH sensitivity.

Normalization uncertainties

The theoretical modeling uncertainties in the measurement of signal strengths in-
clude all of the sources that affect the measurement of the production-mode cross
sections, plus additional uncertainties in the overall normalization of each production
mechanism. Uncertainties in the overall normalization of each production process
from missing higher-order QCD effects and the choice of parton distribution function
are specified as part of the theoretical calculations used to normalize the simulated
samples.

The normalization uncertainty from the H — ~+ branching ratio corresponds to

+2.90%
a total value of “5¢, 5.

6.7.5 Theoretical and modeling uncertainties for fiducial integrated

and differential results

The theoretical modeling uncertainty in the detector correction factor used to measure
the fiducial integrated and differential cross sections is taken to be the envelope of

the following three sources:

e The uncertainty in the relative contributions of the different Higgs boson pro-
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duction mechanisms. This uncertainty is estimated by varying the fraction of
the ggH, VBF, VH and ttH processes by an amount commensurate with the
68% confidence levels of the measured production mode cross section ratios [39)].
The variations of each production mechanism are carried out simultaneously and
include the known correlations between the measured production mode cross
section ratios. These uncertainties range from 0.1% to 31%, depending on the
fiducial region or differential variable, increasing typically in bins and regions

sensitive to ttH-production.

The uncertainty in the detector correction factor due to a possible mismod-
eling of the Higgs boson transverse momentum and rapidity distributions is
estimated by reweighting the Higgs boson distributions in simulation to match
those observed in the data. The resulting uncertainties range from 0.1% to

4.5%, increasing in fiducial regions and bins with high jet multiplicities.

The uncertainty in the modeling of the parton shower, underlying event, and
hadronization. This uncertainty is derived as described in Section 6.7.4 and
the size of this uncertainty ranges from from 0.1% up to 30%, with the high-
est uncertainties in fiducial regions with large missing transverse energy. The
Underlying Event / Parton Shower tune acceptance uncertainties in the five
fiducial regions and in each bin of the eleven fiducial differential cross sections

reported in this thesis are detailed in Appendix B.

Typically differential measurements involving only the photon kinematics are less

affected by these model uncertainties than measurements using selections on jets or

missing transverse momentum.
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6.8 Results

6.8.1 Observed data

The observed invariant mass distribution of the selected diphoton pairs of all cate-
gories as defined in Table 6.3, is shown in Figure 6.2. Figure 6.3 shows the invariant
mass distributions for the sums of the categories most sensitive to the different produc-
tion modes. For illustration purposes, events in each category are weighted according
to the expected signal (Sgg) to background (Byg) ratio in a m. region containing 90%
of the expected signal yield, using a weight of the form In(1 + Sg9/Bgg). The results
of signal-plus-background fits to these spectra, displaying both the total sum and the
background-only components, are shown, as well as the residuals between the data
and the background component. Both the signal-plus-background and background-
only distributions shown are obtained from the sum of the individual distributions in
each category weighted in the same way as the data points. In the fit a single signal
strength p affecting simultaneously all production modes has been assumed. The
observed mass peak of the Higgs boson, constrained in the fit as my = 125.09 £ 0.24
GeV, is well within 68% CL of the Run 1 ATLAS+CMS combined measurement.

6.8.2 Signal strengths

A global signal strength 1 is measured assuming the ratios between different produc-
tion processes to be as predicted by the SM. The profile of the negative log-likelihood
ratio A(u) of the global signal strength of all Higgs boson processes p for my = 125.09
4 0.24 GeV is shown in Figure 6.4.

The measured central value and 68% CL interval for y is found to be:

p=0.99 701 = 0.99 +0.12 (stat.) T (exp.) T3 (theo.) ,
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Figure 6.2: Weighted diphoton invariant mass spectrum observed in the 2015 and 2016 data
at 13 TeV. The error bars represent 68% confidence intervals of the weighted sums. The
solid red curve shows the fitted signal-plus-background model when the Higgs boson mass is
constrained to be 125.09 +0.24 GeV. The background component of the fit is shown with the
dotted blue curve. The signal component of the fit is shown with the solid black curve [4].

well compatible with the SM prediction (p = 1). This result confirms
the ATLAS Run 1 diphoton signal strength measurement of u = 1.17 +
0.23 (stat.) 7059 (exp.) "0 o3 (theo.) with around a factor of two improvement in each
component of the uncertainty. The Run 1 result was obtained using the NNLO SM
prediction for ggH production [33,219], which is about 10% lower than the N3LO
calculation used here (see Section 6.3). The impact of the main sources of system-
atic uncertainty (presented in Table 6.5) in the measured global signal strength is
summarized in Table 6.12. The distinction between yield and migration uncertainties
adopted in Table 6.5 is used and the uncertainties are grouped into theory uncertain-
ties, experimental uncertainties, mass resolution and scale, background shape, and

luminosity.
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Figure 6.3: Weighted diphoton invariant mass spectra observed in the 13 TeV data for events
belonging to: a) “untagged” categories and the “jet BSM” category, in which the expected
signal is produced mainly through gluon—gluon fusion, b) VBF categories, ¢) V H categories
and d) ttH categories. The error bars represent 68% confidence intervals of the weighted
sums. The solid red curve shows the fitted signal-plus-background model when the Higgs
boson mass is constrained to be 125.09 + 0.24 GeV. The background component of the fit
is shown with the dotted blue curve. The signal component of the fit is shown with the solid
black curve [4]

229



Chapter 6. Measurement of Higgs boson properties in the diphoton
decay channel

Table 6.12: Main systematic uncertainties af}’“ in terms of absolute value in the combined
signal strength parameter . The values for each group of uncertainties are determined by
subtracting in quadrature from the total uncertainty the change in the 68% CL range of 1z when
the corresponding nuisance parameters are fixed to their best fit values. The experimental
uncertainty in the yield does not include the luminosity contribution, which is accounted for
separately. The uncertainties correspond to the sources detailed in Table 6.5.

Uncertainty Group o
Theory (QCD) 0.041
Theory (B(H — 7)) 0.028
Theory (PDF+ag) 0.021
Theory (Underlying Event / Parton Shower) 0.026
Luminosity 0.031
Experimental (yield) 0.017
Experimental (migrations) 0.015
Mass resolution 0.029
Mass scale 0.006
Background shape 0.027
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Figure 6.4: Observed negative log-profile likelihood A of the global signal strength p. The
three likelihood contours shown correspond to all theory and experimental nuisance param-
eters fixed (stat.), all experimental nuisance parameters fixed (theo.), and with all nuisance
parameters floating (total). The intersections of the solid curves and horizontal lines at A = 1
and A = 4 indicate the 1o and 20 confidence intervals of the corresponding result [4].

In addition to the global signal strength, the signal strengths of the primary
production processes are evaluated by exploiting the sensitivities of the analysis cat-
egories of Table 6.3 to specific production processes. The measured signal strengths
are shown together with the global signal strengths discussed in Figure 6.5 and found

to be:

figgrn = 0.81 7912 = 0.81 +0.16 (stat.
pver = 2.0 708 =2.0 +0.5(stat.) 8
pvi = 0.7 708 = 0.7 +0.8(stat.) 75

)
fitop = 0.5 708 = 0.5 708 (stat.) T (exp.) Tog (theo.)
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Figure 6.5: Summary of the signal strengths measured for the different production processes
(99H, VBF, VH and top) and globally (prun2), compared to the global signal strength
measured at 7 and 8 TeV (urun1) [146]. The black and orange error bars show the total
and statistical uncertainties. The signal strength pgrun,1 was derived assuming the Higgs
boson production-mode cross section based on [33,219]. Uncertainties smaller than 0.05 are
displayed as 0.0. In the more recent theoretical predictions used in this analysis [34,177], the
gluon-gluon fusion production-mode cross section is larger by approximately 10% [4].

For Higgs boson production via V H the signal strength is assumed to be scaled

by a single parameter (i.e. vy = pzg = pwh). The bbH contributions are scaled
with ggH (i.e. pypy = Heeti), and the tH and t¢H productions are measured together

rather than separately (i.e. fop = petHitH)-

6.8.3 Production-mode and Simplified template cross sections

The production-mode cross sections for mpg= 125.09+0.24 GeV in a region with
Higgs-boson rapidity |yg| < 2.5, multiplied by the branching ratio of the Higgs bo-
son decay to diphotons, are evaluated in the following way. The fitted value of oy

corresponds to the sum of ttH, tHq, and tHW production-mode cross sections un-
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der the assumption that their relative ratios are as predicted by the SM. The VH
production-mode cross section value is fitted under the assumption that the ratio of
the WH and ZH production mode cross sections is as predicted by the SM and in-
cludes both production from quark and gluon initial states. The bbH contributions
are merged with ggH. Such results are obtained through signal-plus-background fits
to the diphoton invariant mass distribution in each category by expressing, in the
likelihood, the signal yield Nsiig,m in each category ¢ for a particular production mode
m as Nsigm = [ Ldt x o5™ x B(H — ) x €, using the same notation as in Sec-
tion 6.8.2. Results for the production-mode cross sections are shown in Table 6.13. In
Figure 6.6, the results are shown divided by their SM expectation but no additional
theory uncertainties have been added to the ratio. All observed cross sections are in

agreement with the SM values.

Table 6.13: Best-fit values and uncertainties of the production-mode cross sections times
branching ratio. The SM predictions [34] with their uncertainties are shown for each produc-
tion process. Uncertainties smaller than 0.05 are displayed as 0.0.

Process Result Uncertainty [fb] SM prediction
(lym| < 2.5) [fb]  Total  Stat. Exp. Theo. [fb]

ggH 82 1 +16 7 B 10273
VBF 16 1 +4 +2 s 8.0+0.2
VH 3 x4 2 +1 5 45402
Top 0.7 7 (%P i T8 1.3+0.1

Since the current data set is not yet sensitive to all of the 31 regions with
lyr| < 2.5 (assuming SM acceptance) of stage-1 of the simplified template cross
section framework, simplified template cross sections are reported for 10 phase space

regions obtained from merging the initial 31 as detailed in Table 6.1. To retain

233



Chapter 6. Measurement of Higgs boson properties in the diphoton
decay channel

{s=13 TeV, 36.1 fb™
ATLAS H— vy, mH=125.09 GeV
ggH - ——
VBF
VH - .
top .
IlllllllllllilIII|IIII|IIII|II
0 0.5 1 15 2 25
SM prediction Measured o x B normalized to SM

Figure 6.6: Summary plot of the measured production-mode cross sections times the Higgs
boson to diphoton branching ratio. For illustration purposes the central values have been
divided by their SM expectations but no additional theory uncertainties have been added to
the uncertainty of the ratio. The uncertainties in the predicted SM cross sections are shown
in gray bands in the plot [4].
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sensitivity to BSM Higgs boson production, the p¥ > 200 GeV gluon-gluon fu-
sion and p§ > 200 GeV VBF regions are not merged with other regions. In
the likelihood, the signal yield Nsiig in each reconstructed category 7 is the sum
over the yields N  expected from each of the 9 regions r of phase space, where

ig,r
Ni

sig,r

= [Ldt x o™ x B(H — v7) x €. where €. is the probability for an event in a
given region r to end up in a given reconstructed category i. The additional region of
phase space corresponds to the difference of the cross sections for the pg > 200 GeV
gluon—gluon fusion and pzf > 200 GeV VBF regions. The results are shown in Ta-
ble 6.14 and in Figure 6.7. The largest deviation (1.7 o) from the SM prediction is
found in the ggH, 0 jet bin. The difference of the cross sections for the pg > 200 GeV
ggH and p]T > 200 GeV VBEF regions is found to be 4.83:97) fb. This large differ-
ence arises due to a deficit in the p?f > 200 GeV VBF region and an excess in the
p%l > 200 GeV ggH region. This result is determined by profiling the difference of

the two regions in the fit.
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decay channel

Table 6.14: Best-fit values and uncertainties of the simplified template cross sections times

branching ratio. The SM predictions [34] are shown for each region.

Measurement region Result Uncertainty [fb] SM prediction
(lym| < 2.5) [fb] Total  Stat. Syst. [fb]
ggH., 0 jet 37 f16 <i14 tg) 63 + 5
ggH, 1 jet,pll < 60 GeV 13 113 <i12 ti) 15+ 2
ggH, 1 jet, 60 < pil <120 GeV 5 +6 (j:G t%) 10 + 2
ggH,1jet, 120 < pH <200 Gev | 2.8  +17 (j};g 0O 1Tx03
ggH,> 2 jet 20 9 <i8 tg) 11+2
qq — Haqq,pl < 200 GeV 15 18 (j:5 tg) 10 + 0.5
ggH + qq — Hgq, BSM — like 20  +14 (11.3 io.a) 1.84 0.4
V H, leptonic 0.7 (ﬂ:;‘ jg;g) 14+0.1
Top 0.7 108 (tg;? tg;f) 1.3+0.1

236



6.8. Results

ggH (0 jet)

ggH (1 jet, p$ <60 GeV)

ggH (1 jet, 60 =< p: <120 GeV)
ggH (1 jet, 120 = p!! <200 GeV)
ggH (= 2 jet)

aq — Hqq (p‘T <200 GeV)

ggH + qq — Hqqg (BSM-like)
VH (leptonic)

top

SM prediction -0.5

{s=13 TeV, 36.1 fb’
ATLAS [, "y Zrz5.09 Gev

I||||||||||||||i|||||||||||||||||

0 05 1 15 2 25

Measured o x B normalized to SM

Figure 6.7: Summary plot of the measured simplified template cross sections times the Higgs
boson to diphoton branching ratio. For illustration purposes the central values have been
divided by their SM expectations but no additional theory uncertainties have been included
in the uncertainty of the ratio due to this. The uncertainties in the predicted SM cross sections

are shown in gray in the plot [4].
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E%‘iss,_ and ttH-enhanced fiducial regions. The SM predictions arising from VBF, VH, ttH
and bbH are collectively labeled as X H.

Table 6.15: The measured cross sections in the diphoton, VBF-enhanced, Nigpton = 1, high

Fiducial region Measured cross section SM prediction

Diphoton fiducial 55+ 9 (stat.) £4 (exp.) £0.1 (theo.) fb 64 £2 fb [N3LO + X H]
VBF-enhanced 3.7+ 0.8 (stat.) £0.5 (exp.) £0.2 (theo.) fb  2.3+0.1fb  [default MC + X H|
Niepton > 1 <1.39fb 95% CL 0.57£0.03 fb  [default MC + X H|
High Emiss < 1.00 fb 95% CL 0.30 £0.02 fb  [default MC + X H|
tt H-enhanced <1.27fb 95% CL 0.55£0.06 fb  [default MC + X H|

6.8.4 Measurement of fiducial integrated and differential cross sec-

tions
Fiducial integrated cross sections

The cross sections are measured in five fiducial integrated regions that target specific
Higgs boson production mechanisms or are sensitive to physics beyond the Standard
Model. The regions are summarized in Table 6.4. The expected composition of Higgs
boson events in each region after reconstruction and at particle level is summarized
in Figure 6.8. At particle level the VBF-enhanced fiducial region contains about 65%
VBF and 32% ggH events. The particle-level Niepton > 1 region is dominated by W H
(47%), ttH (37%) and ZH (13%) production. The particle-level high ER region
is populated by about equal amounts of WH, ZH, and ttH (32%, 30%, and 35%).
Finally, the particle-level ttH-enhanced region contains about 80% ttH events.
Figure 6.9 and Table 6.15 summarize measured cross sections of the fiducial regions
and limits, and compare both to the Standard Model expectations, constructed as out-
lined above. The POWHEG NNLOPS prediction, without any additional corrections,
is also shown. The uncertainty band is estimated using a set of scale variations and
includes PDF uncertainties from eigenvector variations. The Standard Model predic-
tions of all fiducial regions are in agreement with the corresponding measured cross

sections.

238



6.8. Results

gH W VBF wH [z BoszH EltH [l boH tHjb tHW
ATLAS Simulation H—yy, m, =12509 GeV

Diphoton fiducial

VBF-enhanced

N

lepton =1

High ET"

ttH-enhanced

0 01 02 03 04 05 06 07 08 09 1

Fraction of Signal Process / Fiducial Region (after reconstruction)

(a)
g+ WM VBF wH [z BoszH EltH [l boH tHjb tHW
ATLAS Simulation H—yy, m, =12509 GeV

Diphoton fiducial

VBF-enhanced

lepton =

High ET"

ttH-enhanced

0 01 02 03 04 05 06 07 08 09 1

Fraction of Signal Process / Fiducial Region (particle level)

(b)

Figure 6.8: The expected composition of Higgs boson events in each fiducial region a) after
the reconstruction and b) at particle-level [4].

Differential cross sections

Eleven fiducial differential cross sections are measured that characterize the Higgs

boson production kinematics, the kinematics of jets produced in association with the
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—4- Data, tot. unc. Syst. unc.
I
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E
|
Nlepton 21 = ‘ 95% C.L.
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Figure 6.9: The measured cross sections or cross section upper limits of the diphoton, VBF-
enhanced, Nigpton > 1, high Effniss, and ¢t H-enhanced fiducial regions are shown. The intervals
on the vertical axis each represent one of these fiducial regions. The data are shown as filled
(black) circles. The error bar on each measured cross section represents the total uncertainty
in the measurement, with the systematic uncertainty shown as a dark gray rectangle. Each
cross section limit is shown at the 95% confidence level. The measured cross sections are
compared to a range of predictions and a detailed description of each prediction can be found
in Section 6.3. All comparisons include the SM predictions arising from VBF, VH, ttH, and
bbH , which are collectively labeled as X H [4].

240



6.8. Results

Higgs boson, the spin and CP quantum numbers of the Higgs boson and variables
sensitive to the VBF production mechanism. The variables are listed in Section 6.2

and are discussed individually in what follows.

The rapidity distribution of the Higgs boson is also sensitive to the modeling of
the gluon-gluon fusion production mechanism, as well as to the parton distribution
functions (PDF's) of the colliding protons. The chosen bin widths are a compromise
between retaining a sufficiently significant signal and providing spectra with good
granularity. Each bin is chosen such that it retains an expected significance of at
least two standard deviations, estimated using the Powheg NNLOPS as well as using
a fit to m.,, sidebands. In Figure 6.10 the SM prediction shows a slight excess at low
transverse momentum and low rapidity, and shows a slight deficit at large transverse

momentum.

The transverse momentum and absolute rapidity of the leading and subleading
jets, shown in Figure 6.11, probe the perturbative QCD modeling and are sensitive to
the relative contributions of the different Higgs boson production mechanisms. The
transverse momentum distribution of the leading jet probes the emission of energetic

quarks and gluons.

The first bin of the leading jet pt spectrum represents zero-jet events that do not
contain any jet with pp > 30 GeV. The predicted pr distributions slightly exceed the
measured distribution at low transverse momentum and all show a slight deficit at
large transverse momentum. They are compatible with the observed slightly harder
Higgs boson transverse momentum distribution. The first bin of the subleading jet
pr represents one-jet events that do not contain two or more jets with pp > 30 GeV.
In events with two jets, the contributions of VBF and V H productions become more
important. In the case of the |y;, | distribution, the predictions show a slight excess

at low rapidity.
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Figure 6.10: The differential cross sections for pp — H — v as a function of a) pJ" and b)
|y"7| are shown and compared to the SM expectations [4].
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The angular variables |cos6*| and A¢;;, shown in Figure 6.12, are sensitive to
the spin and CP quantum numbers of the Higgs boson. The |cosf*| distribution
shows a strong drop around 0.6 due to the fiducial requirement on the photon system,
characteristic in a scalar particle, whereas for a spin-2 particle, an enhancement would
be present in precisely this region. On the other hand, the charge conjugation and
parity properties of the Higgs boson are encoded in the azimuthal angle between the
jets, whose shape is sensitive to the relative contribution of gluon-gluon fusion and
vector-boson fusion, as well as to the tensor structure of the interactions between the
Higgs boson and gluons or weak bosons [220-223]. The measured |cos 0*| and Agj;

distributions are consistent with SM predictions for a CP-even scalar particle.

The dijet rapidity separation |Ay;;|, the dijet mass m;; and the azimuthal dif-
ference between the dijet and diphoton system |A¢,, ;;| are sensitive to the VBF

production mechanism. In vector-boson fusion, the ¢-channel exchange of a W /Z
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Figure 6.11: The differential cross sections for pp — H — -7 as a function of a) pZB, b) pff,

¢) |y7| and d) |y?2| are shown and compared to the SM expectations [4].

boson typically results in two moderate-pr jets that are well separated in rapidity.

Therefore, the |Ag,, ;| distribution for VBF production is expected to be steeper

and more peaked towards |A¢, j;| = 7 than for gluon-gluon fusion since quark/gluon
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Figure 6.12: The differential cross sections for pp — H — ~7 as a function of a) | cos6*| and
b) A¢;; are shown and compared to the SM expectations [4].

radiation in the rapidity interval between the two jets is suppressed in the VBF pro-
cess because there is no color flow between the two jets. The variables shown in
Figure 6.13 are used to discriminate between the ggH and VBF production modes
and enter the multivariate classifier that defines the categories used for the simplified

template cross section and coupling measurements.

Impact of systematic uncertainties on results

A summary of the uncertainties in the measured cross sections of the fiducial regions
are shown in Table 6.16. As an example concerning the differential measurements,
a breakdown of the systematic uncertainties in the differential cross sections as a
function of pJ" and Njets is shown in Figure 6.14. The measurements are dominated
by the statistical uncertainties. For the systematic uncertainties, the uncertainty

in the fitted signal yield, due to the background modeling and the photon energy
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Figure 6.13: The differential cross sections for pp — H — ~v as a function of a) |Ay;;|, b)
|A¢,,55] and ¢) m;; are shown and compared to the SM expectations [4].

resolution, is typically more important than the uncertainty in the correction factor

due to the theoretical modeling. The jet energy scale and resolution uncertainties

become increasingly important for high-jet multiplicities and in the t¢H- and VBF-
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Figure 6.14: The relative size of systematic uncertainties associated with the signal extraction,
the correction factors (experimental and theoretical modeling) and the luminosity on the
differential cross sections are shown as a function of a) prp and b) Njes. The statistical
uncertainty associated with the signal extraction is also shown as a gray band. The relevant
components of the uncertainties in the correction factors are shown as a function of ¢) pJ”

and d) ]Vjets [4]

enhanced phase space. The uncertainty in the modeling of the parton shower and the

underlying event dominates in fiducial regions with large missing transverse energy

and is very important in measurements using selections on a high number of jets.
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Table 6.16: The expected uncertainties, expressed in percent, in the cross sections measured
in the diphoton fiducial, VBF-enhanced, Niepton > 1, ttH-enhanced, and high EXisS regions.
The fit systematic uncertainty includes the effect of the photon energy scale and resolution,
and the impact of the background modeling on the signal yield. The theoretical modeling
uncertainty is defined as the envelope of the signal composition, the modeling of Higgs boson
transverse momentum and rapidity distribution, and the uncertainty of parton shower and
the underlying event as described in Section 6.7.4.

Source Uncertainty in fiducial cross section
Diphoton VBF-enhanced Nipton > 1 t¢H-enhanced High Effmss
Fit (stat.) 17% 22% 2% 176% 53%
Fit (syst.) 6% 9% 27% 138% 13%
Photon energy scale & resolution 4.3% 3.5% 3.1% 10% 41%
Background modeling 4.2% 7.8% 26.7% 138% 12.2%
Photon efficiency 1.8% 1.8% 1.8% 1.8% 1.9%
Jet energy scale/resolution - 8.9% - 4.5% 6.9%
b-jet flavor tagging - - - 3% -
Lepton selection - - 0.7% 0.2% -
Pileup 1.1% 2.9% 1.3% 2.5% 2.5%
Theoretical modeling 0.1% 4.5% 4.0% 8.1% 31%
Signal composition 0.1% 4.5% 3.1% 8.1% 25%
Higgs boson pi & |yu| 0.1% 0.9% 0.2% 0.7% 0.1%
Underlying Event / Parton Shower - 0.3% 0.7% 1.1% 31%
Luminosity 3.2% 3.2% 3.2% 3.2% 3.2%
Total 18% 26% 7% 224% 63%

247



Chapter 6. Measurement of Higgs boson properties in the diphoton
decay channel

6.9 Comparisons with other results

6.9.1 ATLAS H — ZZ* — 4/ results

ATLAS has also reported measurements of Higgs boson properties in the four-lepton
decay channel, H — ZZ* — 4{, where { is an electron or muon, using a data set
of 36.1 fb=! [224]. The ratio of the stage-0 cross sections, (o x B)/(o x B)su, for
H — Z7Z* — 4 and H — 7~ are shown in Table 6.17 with the uncertainties given
as (stat.)4(exp.)+(theo.). The smaller statistical uncertainty from the ~~ decay
channel results in more precise measurements for ggH and VBF as the systematic
uncertainties from both experiment and theory are similar. For the VH and top
measurements, the H — ZZ* — 4/¢ analysis only sets upper limits at the 95% CL
due to poor sensitivity while the vy analysis measures the cross sections with large
uncertainties. All results are in agreement with their Standard Model expectations,
with the exception of the VBF measurements where the results in both analyses
disagree with the SM expectations by 20 or more.

Table 6.17: Best-fit values and uncertainties for the ratio (¢ x B)/(c x B)sa. The upper
limits correspond to the 95% CL obtained using the CL; method. The uncertainties are given
as (stat.)+(exp.)+(theo.).

Process (0 x B)/(o x B)sn (Observed)

(lyu| < 2.5) H — vy H—ZZ"— 4
ggH 0.8075 167006 001 L1330 06 004
VBF 20503103705 4.0 050
VH 0.75521057 00 <37

Top 06105103700 <75

The fiducial cross sections for the H — ZZ* — 4/ analysis are reported depending
on lepton flavor. These results are unique to the 4¢ final state and cannot be compared

with the H — ~v results. The total cross section obtained in the H — ZZ* — 44
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analysis is:

T4t t0tal = 3.62 £ 0.50 (stat.) 020 (syst.) fb, (6.9)

which can be compared to the theory prediction of 2.91 + 0.13 fb. The analogous
H — ~y result is:

Ty total = D5 £ 9 (stat.) £ 4 (syst.) tb, (6.10)

which can be compared to 64 + 2 fb. Both results are in agreement with the SM

expectations and have similar precision.

6.9.2 CMS H — ~v results

The CMS collaboration has also reported measurements of Higgs boson properties in
the y7 decay channel using a data set of 35.9 fb~! [225]. All results have similar preci-
sion to those reported by the ATLAS collaboration. The signal strength measurements
reported by CMS are shown in Figure 6.15. The ggH and VBF measurements are in
agreement with the SM predictions while the V H and ¢t H measurements disagree by

less than 20.

6.10 Conclusions

Measurements of Higgs boson cross sections in the Higgs boson to diphoton decay
channel are performed using 36.1 fb~! of p-p collision data collected at /s = 13 TeV
with the ATLAS detector at the LHC in 2015 and 2016. The global signal strength
measurement improves on the precision of the previous ATLAS measurement in the
diphoton channel by a factor of two [146]. The ggH (VBF) signal strength is measured
to be 1o below (20 above) the Standard Model expectation. The precision of the
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Figure 6.15: Signal strength measurements reported for each process (black points), compared
to the global signal strength measurement (green band) and to the SM expectation (dashed
red line) [225].

coupling-strength measurements involving top quarks improves by about a factor of
three compared to the previous ATLAS measurement in the diphoton channel. These
improvements result from a combination of the larger Higgs boson sample collected
at /s = 13 TeV, from the use of multivariate techniques to target the VBF, V H, and
top-quark associated production modes more efficiently, from the improved precision
of the ggH Standard Model theory predictions and from a significant reduction of

some of the experimental uncertainties such as the photon energy resolution.

Production mode cross section measurements and nine measurements of the so-
called simplified template cross sections are also reported. All results show a similar
level of agreement as that obtained with the coupling-strength measurements and
with the Standard Model expectation. The main theoretical uncertainties in the sim-
plified template cross sections results are the perturbative QCD uncertainties and the

uncertainty in the modeling of the parton shower, underlying event and hadroniza-
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tion, which cause events to migrate between different bins. The largest experimental
uncertainties arise from sources such as the jet energy calibration and the jet energy

resolution.

The fiducial cross section measurements reported include the total fiducial cross
section, which is in agreement with the Standard Model expectation, as well as cross
sections in fiducial regions probing Higgs boson production from vector-boson fusion
or associated with large missing transverse momentum, leptons or top quarks. In
these measurements, the uncertainty in the fitted signal yield, due to the background
modeling and the photon energy resolution, is typically more important than the
uncertainty in the correction factor due to the theoretical modeling. The jet energy
scale and resolution uncertainties, as well as the uncertainty in the modeling of the
parton shower and the underlying event become increasingly important in high-jet

multiplicities and in the t¢H- and VBF-enhanced phase space.

Eleven differential cross sections are reported for events belonging to the inclusive
diphoton fiducial region, as a function of kinematic variables of the diphoton system
or of jets produced in association with the Higgs boson. The reported cross sections
are sensitive to the Higgs boson production kinematics, the jet kinematics, the spin
and CP quantum numbers of the Higgs boson, and the VBF production mechanism.
All measured differential cross sections are compared to predictions and no significant

deviation from the Standard Model expectation is observed.

The estimate of the uncertainty in the modeling of the parton shower, underly-
ing event and hadronization presented in this chapter sets a baseline to calculate the
impact of this uncertainty in future cross section measurements. It is particularly
challenging in categories or regions with large missing transverse energy and in mea-
surements using selections on jets. This effect is observed in the reported VBF signal

strength measurement, where the relative theoretical uncertainty is a factor of two
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larger than the one observed in the ggH signal strength measurement.
All reported results are statistically limited and their precision will further improve

with the full data set to be recorded during Run 2 of the LHC.
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Conclusions

The hunt for the Higgs boson was the centerpiece of the physics programs for the ex-
periments at the Large Hadron Collider during Run 1 of data-taking. The discovery
of this particle, announced on July 4*" 2012 by the ATLAS and CMS collaborations,
represented a milestone in clarifying the mechanism of electroweak symmetry break-
ing, by which fundamental particles acquire mass. It is now essential that the Higgs
boson is extensively studied. Precise measurements of its properties will confirm its
nature, and any deviations from the Standard Model prediction will represent a clear
sign of new physics.

These goals can not be achieved without a good understanding of the detector.
The performance studies reported in this thesis focus on validating the reconstruction
and calibration methods of the ATLAS Tile Calorimeter by using the calorimeter
response to single hadrons with Run 1 data. Results presented in this thesis show
that the double ratio of the mean value ((E/p)) between data and MC simulation is
approximately one, with deviations from unity of less than 5% possibly due to poor
electromagnetic scale calibration in the data or differences in the MC description

due to a relatively complex hadron shower development. In the Long Barrel region
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(In] < 0.7) the 3% level agreement is maintained despite sizeable changes in beam

conditions.

Higgs boson pair production is the simplest production process that is sensitive to
the self-coupling A, and it also provides one with a wealth of possibilities for probing
higher-dimensional interactions as well as the existence of heavier states coupled to
the Higgs boson. This thesis presented a search for resonant and non-resonant Higgs
boson pair production in the yybb final state with data collected at /s = 13 TeV with
the ATLAS detector. No significant deviations from the Standard Model predictions
are observed. The observed (expected) 95% CL upper limit on the cross section
for non-resonant production is 0.73 pb (0.93 pb) and corresponds to 22 (28) times
the predicted SM cross section, which improves the previous ATLAS Run 2 non-
resonant result in a factor of five. The Higgs boson self-coupling is constrained at
95% CL to -8.2 < k) < 13.2 whereas the expected limits are -8.3 < k) < 13.2. For
resonant production of X — HH — ~+bb, a limit is presented for the narrow-width
approximation as a function of mx. The observed (expected) limits range between

1.14 pb (0.90 pb) and 0.12 pb (0.15 pb) in the range 260 GeV < myx < 1000 GeV.

This thesis also presented the measurement of the total Higgs boson production-
mode cross sections, signal strengths, and simplified template cross sections (STXS),
as well as the measurement of the fiducial and differential cross sections in the dipho-
ton decay channel at /s = 13 TeV with the ATLAS detector. All measurements
assume a Higgs boson mass of 125.09 4+ 0.24 GeV. The measured signal strength rel-
ative to the Standard Model expectation is found to be u = 0.99 fg:ﬁ =099 +
0.12 (stat.) 1598 (exp.) T9:57 (theo.). This result confirms the ATLAS Run 1 diphoton
signal strength measurement of ;1 = 1.17 + 0.23 (stat.) T5:3 (exp.) T 03 (theo.) with

around a factor of two improvement in each component of the uncertainty. The total

fiducial cross section is measured to be ogq = 5549 (stat.) +4 (exp.) +0.1 (theo.) fb,
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which is in agreement with the Standard Model expectation of 64+2 fb. The precision
of these measurements is currently dominated by their statistical uncertainties, but
it is expected to improve in the next years of the LHC, as more data is collected the
statistical uncertainty will decrease. Accurate estimates of the systematic uncertain-
ties will therefore become essential, in particular of the uncertainty in the modeling of
the parton shower, underlying event and hadronization, which is especially challeng-
ing due to the difficulty of generating sufficient events for each event reconstruction
category, fiducial region, or each bin of a fiducial differential cross section. The work
I carried out in the scope of this thesis laid the foundation of the estimate of this

uncertainty which will be improved in the upcoming years.
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Chapter 8

Resum en valencia

8.1 Fonaments teorics

8.1.1 El Model Estandard

El Model Estandard de fisica de particules és una teoria quantica de camps que
descriu les particules elementals i les seues interaccions fonamentals, i unifica tres de
les quatre forces de la natura, electromagnética, nuclear feble i nuclear forta, en una
de sola.

La materia fermionica esta formada per leptons i quarks d’espin %, que s’agrupen
en tres generacions de massa creixent, cadascun dels quals esta compost per dos
elements (un carregat electronicament i l’altre, neutre) que formen un doblet. Aquests
doblets de leptons son: ’electrd (e) i el neutri electronic (v.), el mué (i) i el neutri
muonic (v,), i el taué (1) i el neutri tauonic (v;). Els doblets de quarks reben el
nom de up i down (u,d), charm i strange (c,s), i top i bottom (t,b). Els quarks tenen
carrega electrica fraccionaria respecte a la de ’electré, —I—% per als quarks de tipus up
(u,c,t) i —% per als quarks de tipus down (d,s,b). Els quarks tenen un nombre quantic

addicional, el color, que té tres possibles valors: roig, verd i blau. El confinament de
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color és la propietat fisica per la qual els quarks estan confinats en estats neutres de
color, anomenats hadrons.

Les interaccions actuen per mitja de particules transmissores, que s’anomenen
genericament bosons de gauge i tenen espin igual a 1. Aquests bosons sorgeixen com
una manifestacié del grup de simetria de la teoria, sent aquest SU(3) @ SU(2) @ U(1)
per al Model Estandard, després d’aplicar una invariancia gauge local als camps
fermionics. La interaccié electromagneética és transmesa pel foté (). La interaccié
feble la transmeten els tres bosons febles (W* i Z°). La interacci6 forta és mitjancada

pels vuit gluons (g).

8.1.2 El bosé de Higgs

El 4 de juliol de 2012, els experiments ATLAS i CMS anunciaren el descobriment
d’una nova particula amb una massa al voltant de 125 GeV [37,38]. La confirmacié
de l'existencia del bosé de Higgs fou fonamental a I’hora d’entendre el mecanisme
de trencament espontani de simetria del Model Estandard, introduint un nou camp
de forces, anomenat camp de Higgs, que en interaccionar amb els bosons W+ i el
ZY genera la massa d’aquestes dues particules. El camp de Higgs té els mateixos
nombres quantics que el buit fisic, no té carrega electrica ni carrega forta (color),
de manera que no interacciona amb els fotons i gluons. Es un camp que impregna
tot I'espai-temps i frena el moviment de les particules que hi interactuen, de manera
que aquestes adquireixen massa. L’autointeraccié del camp de Higgs amb si mateix
genera també una massa per al bosé de Higgs.

Les masses dels leptons carregats i dels quarks es generen també mitjangant la
seua interaccié amb el camp de Higgs. El variat espectre de masses que mostren els
constituents de la materia reflecteix les molt diferents intensitats que tenen les seues

corresponents interaccions amb el camp de Higgs: a més massa més interaccié.
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Els principals modes de produccié del bosé de Higgs en un col-lisionador d’hadrons

es mostren en la Figura 8.1 i es detallen a continuacio:

e La fusi6 glué-glué (ggH) és el principal mode de produccié del bosé de Higgs
a 'LHC i representa el 87% de la seua produccié total a /s = 13 TeV. Aquest
mecanisme es troba dominat per bucles de quarks fop degut a l’alta massa

d’aquest tipus de quark.

e La fusié d’un bosé vectorial (VBF) correspon a la segona major contribucié a
la produccié del bosé de Higgs (6.8%) i es caracteritza per tindre dos dolls de
particules (jets) amb alt moment transversal en la direccié proxima a 'eix del
feix, originats pels dos quarks que interaccionen. El bosé de Higgs apareix entre

els jets, en la regi6 central del detector.

e La produccié associada amb un bosé vectorial (W H, Z H) és el tercer mecanisme
de produccié més com i correspon al 4% de la secci6 eficag de produccié del bosé
de Higgs. Aquest procés també s’anomena Higgs-Strahlung degut a ’analogia

existent entre la radiacié d’un bosé de Higgs i la de Bremsstrahlung.

e La produccié de bosons de Higgs en associacié amb quarks top (¢tH i tH) té una
de les taxes de produccié del bosé de Higgs més baixes a 'LHC. Aquest mode
de produccié és especialment dificil de mesurar degut a ’existencia de leptons i

quarks bottom en els estats finals.

El bosé de Higgs és inestable; es desintegra molt rapidament en una particula i la
seua corresponent antiparticula. Els canals de bona resolucié de massa, vy i ZZ, sén
particularment importants doncs permeten mesurar la massa de la nova particula amb
precisié. Al canal 4 la massa es determina a partir de les energies i direccions de dos

fotons d’alta energia. Al canal ZZ, la massa es determina a partir de la desintegracio
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Figure 8.1: Diagrames de Feynman dels modes de produccié del bosé de Higgs, mitjancant
a) la fusi6 glué-glué a través de bucles de quarks pesats, b) la fusié d’un bosé vectorial (W
0 Z) amb dos jets, ¢) la radiacié d’'un bosé de Higgs (Higgs-Strahlung) a partir d’un bos6 V
(W o Z)id) la produccié de bosons de Higgs en associacié amb quarks top.

dels dos bosons Z en dos parells d’electrons o de muons, o en un parell d’electrons i
un parell de muons. La mesura del canal WW és més complexa. Cada particula W
s’identifica a partir de la seua desintegracié en un electré i un neutri o en un mud i
un neutri. Els neutrins atravessen els detectors sense ser detectats, de manera que
el Higgs es manifesta al canal WW com un excés ampli en la distribucié de massa
en lloc d’un pic estret. El canal bb és el canal de desintegracié més probable perd té
sorolls de fons grans que sén deguts a processos del Model Estandard, de manera que
I’analisi cerca esdeveniments en els quals el bosé de Higgs es produeix en associacio

amb un bosé W o Z, que a continuacié es desintegra en electrons i/o muons. El canal
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7T es mesura mitjancant I’observacié del decaiment en electrons, muons i hadrons.

8.1.3 Producci6 de parells de bosons de Higgs

La produccié de parells de bosons de Higgs (HH) [41] juga un paper clau en la
comprensié de l'estructura del potencial subjacent que resulta en el mecanisme de
trencament espontani de simetria. No solament és el procés de produccié més senzill
que és sensible a ’autoacoblament A, siné que també proporciona una gran quantitat
de possibilitats per investigar interaccions multidimensionals, aixi com [’existéncia
d’estats més pesats acoblats al Higgs.

Desafortunadament, en el Model Estandard les taxes de produccié de parells de
bosons de Higgs en 'LHC es veuen notablement reduides, per tant, una mesura de les
seccions eficaces de produccié d’H H necessita una considerable lluminositat integrada,
fins i tot a 13-14 TeV d’energia del centre de massa. Tanmateix, nova fisica pot
produir millores importants en diversos escenaris. Aquestes millores es classifiquen

en dues categories basiques:

e No ressonant: quan es modifica qualsevol dels acoblaments del Model Estandard
es varia la taxa de produccié esperada de parells de bosons de Higgs. D’aquesta
manera, desactivar I’autoacoblament Apg g aconseguiria doblar la taxa de pro-
duccié de parells de bosons de Higgs en el procés ggH, i canviar el seu signe
quadruplicaria aquesta taxa [42]. L’habilitacié directa del vertex tthh també

conduiria a una millora significativa de la taxa p-p — HH [43].

e Ressonant: moltes teories més enlla del Model Estandard (BSM) preveuen
I'existencia de particules pesades que poden decaure en un parell de bosons
de Higgs. Aquestes podrien identificar-se com una ressonancia en ’espectre de
la massa invariant del parell de bosons de Higgs. Es podrien produir, per ex-

emple, a través del procés ggH amb ’aparicié d’una nova particula intermedia,
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“X”. Els models amb dos doblets de Higgs [45], com ’extensié supersimetrica
minima del Model Estandard (MSSM) [46], els models de Higgs bessons [47]
i els models de Higgs compostos [48,49] impliquen 1’addicié d’un segon doblet
escalar complex. Aix0 requereix 'existéncia d’un bosé de Higgs pesat que es

desintegraria en dos dels seus socis més lleugers, del tipus del Model Estandard.

8.2 L’LHC i PExperiment ATLAS

8.2.1 L’LHC

L’LHC [57], acronim de Large Hadron Collider, és 'accelerador de particules més gran
del mén, on dos feixos d’hadrons col-lideixen en el centre d’uns experiments. L'LHC
és un tunel de 27 km de circumferencia, situat entre les fronteres de Franca i Suissa,
al nord-oest de la ciutat de Ginebra.

Ha sigut dissenyat per assolir energies del centre de massa de fins a 14 TeV i una
lluminositat de 103 cm™2 s~! amb una collisié cada 25 ns. Els quatre experiments
principals, construits al voltant de lanell, sén: ATLAS [62], CMS [64], LHCDb [65] i
ALICE [63].

8.2.2 L’Experiment ATLAS

L’experiment ATLAS (A Toroidal LHC Apparatus) és un detector amb objectius
generals en operacié a U'LHC. Mesura 45 m de llargaria i 25 m d’algaria, i pesa més
de 7000 tones. Esta dividit en sub-detectors i construit amb tecnologies sofisticades i
materials especialitzats, tal com es mostra en la Figura 8.2.

ATLAS utilitza un sistema de coordenades a dretes, amb 'origen ubicat al punt
d’interaccié. La direccié del feix defineix 'eix z. El costat A (costat C) del detector es

defineix com aquell que té z positiva (negativa). El sentit positiu de l’eix x es defineix

262



8.2. L’LHC i ’Experiment ATLAS

44m

Tile calorimeters
= LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 8.2: Diagrama del detector ATLAS i els seus components principals [69].

com aquell que apunta al centre de ’anell de 'LHC, i el sentit positiu de I’eix y com
aquell que apunta cap amunt. El pla x — y és ortogonal a la direccié del feix i es
coneix com el pla transversal. Quantitats com el moment transversal, pt, o ’energia
transversal, Fr, es defineixen en aquest pla transversal. L’angle azimutal ¢ es mesura
al voltant de I’eix del feix i I’angle polar 8 és I'angle mesurat des de l'eix del feix. En
el limit on la particula viatja quasi a la velocitat de la llum, o equivalentment en
I’aproximacioé que la massa de la particula és insignificant, la rapidesa, y, i la pseudo-

rapidesa, 1, es defineixen com:

1 E+p.\. 0
y—2ln(E_pZ)117— lntan(2), (8.1)

on F denota l'energia i p, el component del moment al llarg de la direcci6 del feix.
El limit de particules sense massa correspon a y = 7, on ambdues sén invariants sota

transformacions de Lorentz al llarg de 1’eix del feix. La distancia AR en l'espai de
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coordenades ) — ¢ s’utilitza comunament i es defineix com:

AR = /Anp? + Af? (8.2)

Des del 2010 fins al 2012 ATLAS recolli un conjunt de dades de 5.4 fb=1 i 20.3
fb~! a partir de les col-lisions de protons que tingueren lloc a 'LHC amb energies del
centre de massa de 7 i 8 TeV, respectivament. Aquest correspon al primer periode
de presa de dades de I'experiment ATLAS i rep el nom de Run 1. El segon periode
de presa de dades, 'anomenat Run 2, comenca el 2015 amb col-lisions de protons i
energia del centre de massa de 13 TeV. Des del 2015 fins al 2017 ATLAS recolli un
conjunt de dades de 86.3 fb~!. El Run 2 esta encara en procés i acabara a final del

2018.

Els sub-detectors d’ATLAS

El detector ATLAS esta constituit pels segiients sistemes:

e FElsistema d’imants esta optimitzat per a desviar les trajectories de les particules
carregades minimitzant els efectes de dispersié multiple. El sistema magnetic
esta compost d’un solenoide central per al detector intern, amb un camp axial
de 2 T, un toroide de barril i dos toroides externs que generen un camp magnetic

tangencial de 0.5 T i 1 T, respectivament.

e El sistema de muons cobreix el rang |n| < 3, i fa un s eficient del poder de sep-
aracio dels imants. Consta de quatre sub-detectors en funcié de les necessitats

de resolucié espacial i temporal: MDT, CSC, RPC i TGC.

e El detector intern (ID) esta dissenyat per reconstruir traces i vértexs primaris
de desintegracié amb alta eficiencia. Consta de tres sub-detectors: Pixel, SCT

i TRT.
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e El sistema de calorimetres mesura la posicio i ’energia dipositada pels jets, en el
rang |n| < 4.9, utilitzant una amplia varietat de técniques. La part més interna
correspon al calorimetre d’argé liquid (LAr), el qual es compon d’'un cilindre
al voltant de 'eix del feix, que actua com a calorimetre electromagnetic (EM),
i uns taps als costats (HEC), que actuen com a calorimetres hadronics. Al
voltant del cilindre se situa el TileCal, o calorimetre de teules, que esta format

per cel-les de material centellejador i acer, i actua com a calorimetre hadronic.

El sistema de filtrat i d’adquisicié de dades

El sistema de filtrat (trigger) d’ATLAS té com a finalitat seleccionar els esdeveni-
ments més interessants des del punt de vista fisic i reduir d’aquesta manera la quanti-
tat de dades per a emmagatzemar. Aixi es passa de tindre 40 milions d’esdeveniments
per segon a tan sols uns 1000. Hi ha dos nivells en la seleccié: el primer es basa en la
informacié sobre I’electronica del detector (hardware), en particular dels calorimetres
i de les cameres de muons, mentre que el segon esta basat en software i s’executa en
un gran cluster situat a prop del detector.

Pel que fa a 'operacié del detector ATLAS, existeixen dos sistemes integradors
principals complementaris: el sistema DAQ (Data AdQuisition) i el sistema DCS (De-
tector Control System). Mentre el primer realitza ’adquisici6 de les dades que seran
emprades en els consegiients estudis de fisica, el segon gestiona tota la infrastructura
relacionada amb l'estat operacional del detector assegurant aixi la correcta extraccio

d’informacio.

8.3 Reconstruccio d’esdeveniments

ATLAS identifica electrons, fotons, muons, jets i tauons mitjancant un conjunt

d’algorismes especialitzats que converteixen les dades provinents del detector en
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objectes de fisica fonamentals. Aquests algorismes reben el nom de reconstruccié

d’esdeveniments.

8.3.1 Fotons i electrons

La interaccié d’un foté o un electré amb el calorimetre electromagnetic es troba a
I'origen del procés de pluja electromagnetica, en el qual una quantitat significativa
d’energia es diposita en una petita quantitat de cel-les properes en el calorimetre. La

reconstrucci6 de fotons i electrons es desenvolupa de la segiient manera:

e Construccié de clisters: la reconstruccié de fotons i electrons comenga amb la
construccié de clusters a partir dels diposits d’energia en el calorimetre elec-
tromagnetic. Les cel-les del calorimetre s’agrupen en torres de dimensions
Anx A¢p = 0.025 x 0.025 mitjangant un algorisme de finestra corredissa (sliding-
window) [82] amb finestres de mida 3 x 5 en el pla 7 — ¢ i moment transversal

pr > 2.5 GeV.

e Reconstruccié de traces: una vegada que es reconstrueixen els clasters, es re-
alitza una cerca de les traces en el detector intern que coincideixen amb els
clisters, amb la finalitat d’identificar i reconstruir els fotons convertits i els

electrons.

e Conversié de traces: aquelles traces compatibles amb les provinents d’un procés

de conversié de fotons s’utilitzen per a crear candidats a vertexs convertits.

e Concordanga entre traces i clisters: es realitza una concordanga entre els can-

didats a vertexs convertits i els clusters.

e Creaci6 del cliuster final: un algorisme final decideix si un clister correspon

a un foté no convertit, a un foté convertit o a un tnic electré basant-se en la
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concordanca amb les traces i vertexs convertits, i en el quadrimoment del cluster

i les traces.

8.3.2 Muons

Els muons es poden identificar i reconstruir utilitzant informacié provinent del sistema
de muons, del detector intern i del calorimetre electromagnétic. A més, els muons
han de satisfer una seérie de requisits de qualitat, com el requeriment en el nombre
minim d’impactes (hits) presents en cadascun dels sub-detectors. D’aquesta manera
es proporcionen quatre seleccions d’identificacié de muons (Loose, Medium, Tight i
High-pr) per fer front a les necessitats especifiques de les diferents analisis de fisica.
Loose, Medium i Tight sén categories inclusives en les quals els muons identificats
amb requisits més restrictius també estan inclosos en les categories amb requeriments

menys estrictes.

8.3.3 Jets

Els jets, dolls d’hadrons col-limats, sén els objectes de fisica dominants que es pro-
dueixen en col-lisions de protons a 'LHC. Els jets es reconstrueixen a partir de les
cel-les en els calorimetres utilitzant ’algorisme anti-kt [98] amb un parametre de
distancia R = 0.4. Posteriorment se’ls aplica totes les correccions d’energia necessaries
amb la finalitat de reduir els efectes del pile-up, del soroll electronic i de les variacions

relatives del moment segons la regioé del detector, entre d’altres.

8.3.4 b-jets

La taxa d’identificacié d’un b-jet defineix l'eficiencia d’etiquetatge dels jets (b-tagging)
de tipus bottom per a un determinat algorisme. El sabor d’un jet es defineix a partir de

dades simulades utilitzant un con espacial AR amb I’objectiu de trobar coincidéncies
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entre hadrons estables i jets reconstruits. Es realitza una concordanca jerarquica.
En primer lloc, es comprova si coincideix amb un hadré de tipus bottom, després
amb un hadré de tipus charm i, per finalitzar, amb un taud. Aquest procediment de
concordanca fa que un jet siga classificat, respectivament, com a b-jet, c-jet, 7-jet o

light-jet (jet lleuger) si no es troba cap coincidéncia.

L’experiment ATLAS utilitza diversos algorismes [107] basats en informacié sobre
traces reconstruides i vertexs secundaris desplacats en el detector intern per a identi-
ficar b-jets gracies a la vida mitjana relativament llarga dels hadrons de tipus bottom.
L’algorisme utilitzat en aquest treball rep el nom de MV2cl0 i esta optimitzat per
a discriminar b-jets de light-jets i c-jets. D’aquesta manera es defineixen diferents
punts de treball depenent de 'eficiencia de reconstruccié dels b-jets i la capacitat de

rebutjar qualsevol altre tipus de jets.

8.3.5 [omiss

Els neutrins produits en col-lisions de protons no interactuaran amb el detector AT-
LAS i, per tant, no es detectaran. Es pot inferir informacié indirecta sobre la presencia
d’aquestes particules imposant la conservacié del moment en el pla transversal a la
direccié del feix. Com que lestat inicial té component de moment nul en el pla
transversal, un desequilibri en el moment transversal total mesurat en 'estat final
indicaria la preseéncia d’una particula invisible. Aixi, I’energia transversal perduda es
defineix com la suma vectorial negativa del moment transversal de tots els objectes

seleccionats, més qualsevol altra activitat en el calorimetre al voltant d’aquests.

'La vida mitjana dels hadrons de tipus B és de l’ordre de 1.6 ps. Tenint en compte que la massa
d’un hadré de tipus B és de 5 GeV i la seua energia és de 30 GeV, la tipica trajectoria de vol és
d’aproximadament 3 mm.
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8.4 Resposta del TileCal a particules carregades i

aillades

El rendiment del TileCal es prova in situ utilitzant la resposta del calorimetre als
hadrons aillats. Aquests objectes, juntament amb els jets, dipositen més energia en el
calorimetre hadronic que els muons i, per tant, es pot aconseguir provar la resposta a
energies superiors. Se seleccionen de les dades recollides a partir de les col-lisions de
protons que tingueren lloc a 'LHC des del 2010 fins al 2012, amb energies del centre
de massa de 71 8 TeV.

La resposta es caracteritza pel quocient entre I'energia d’un hadré carregat (F),
mesurat pel TileCal, i el moment de ’hadré (p), mesurat pel detector intern. L’energia
d’un hadré tant en dades reals com en simulacié de Monte Carlo (MC) es calibra a
I'escala de I’energia electromagnetica (EM). El quocient doble del valor mitja ((E/p))
entre les dades i la simulacié de MC hauria de ser proper a la unitat, amb desviacions
d’aquesta possiblement a causa d’una mala calibracié de I’escala electromagnetica en
les dades o de diferéncies en la descripcié del MC per culpa d’'un desenvolupament de

pluja hadronica relativament complex.

8.4.1 Seleccié d’esdeveniments

El candidat a hadré ha d’associar-se amb un diposit d’energia en el calorimetre.
L’energia de ’hadré es defineix com la suma de ’energia de les cel-les calibrades a
lescala EM que pertanyen a tots els grups de cel-les (topo-clisters) que tenen el seu
centre dins d’un con de AR = 0.2 al voltant de la traga extrapolada al calorimetre.

La seleccié d’esdeveniments consta dels segiients requeriments:

e Pre-seleccié: es requereix que hi haja almenys una traca amb pr > 2 GeV que no

s’extrapoli a un modul mort, per a la qual cosa s’utilitza ’eina TileTripReader
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(TTR) [126].

Impactes (hits) al detector intern: almenys un al Pixel, un al TRT i sis al SCT.

Les traces han d’estar dins dels limits del TileCal (|n| < 1.7) quan s’extrapolen

a totes les capes del calorimetre.

Els parametres d’impacte (dgp i zg) han de complir els requeriments |dg| < 1.5

mm i |zpsin(f)| < 1.5 mm, respectivament.

Cal que el nombre mitja d’interaccions per encreuament de paquets, (u), estiga
entre 3 i 25 per al conjunt de dades del 2012 per tal que es puga realitzar una
comparacié equitativa entre esdeveniments de dades i de MC per a qualsevol
valor de p. Aquest requeriment no és necessari per als conjunts de dades del

20101 2011.

e AF(LAr) < 1 GeV: l'energia dipositada per I’hadr6 en LAr és compatible amb
una particula de minima ionitzacid, caracteritzada per dipositar menys d’1 GeV
al llarg del seu recorregut sense un tall d’energia limit que permet que els grups

d’energia negativa contribuisquen a ’analisi.

e R = AFE(Tile)/AE(LAr+Tile) > 0.75: es requereix que la quantitat d’energia
dipositada per I’hadré en el TileCal siga almenys el 75% de la seua energia total

per a augmentar la puresa d’hadrons en la mostra.

8.4.2 Resultats

La Taula 8.1 mostra el quocient doble de (E/p) entre les dades i la simulacié de
MC, ((E/p)ades /(E /p)M), utilitzant les dades del 2010, 2011 i 2012, en funcié de la
pseudo-rapidesa |n|, 'angle azimutal ¢, el moment p i el nombre mitja d’interaccions

per encreuament de paquets, (u).
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Table 8.1: Quocients dobles de (E/p) en funcié de la pseudo-rapidesa ||, 'angle azimutal ¢,
el moment p i el nombre mitja d’interaccions per encreuament de paquets p per a dades del
2010, 2011 i 2012. Només es mostren les incerteses estadistiques.

2010 2011 2012

Quocient doble de (E/p) vs n 1.003 + 0.004 0.936 + 0.006 0.994 + 0.004
Quocient doble de (E/p) vs ¢  1.003 + 0.004 0.936 + 0.007 0.994 + 0.004
Quocient doble de (E/p) vs p 1.003 + 0.004 0.936 + 0.006 0.993 + 0.005
Quocient doble de (E/p) vs (u) - 0.936 £ 0.005  0.994 =+ 0.005

La Figura 8.3 mostra les distribucions de (E/p) en funcié de 7, ¢, el moment i el

nombre mitja d’interaccions, per a dades del 2012.

8.4.3 Incerteses sistematiques

La incertesa sistematica en el quocient doble de (E/p), (E/p)d2des /(E /p)MC és aval-
uada amb les dades del 2012 variant cada component cap amunt i cap avall en una
desviacié estandard. S’utilitzen valors augmentats i disminuits de les seglients vari-
ables de la selecci6é d’esdeveniments: pérdua d’energia en LAr, energia relativa diposi-
tada en TileCal, R i nombre d’impactes al detector intern.

Els criteris utilitzats per triar els llindars de la perdua d’energia en LAr es basen
en la poblacié de la corresponent distribucié. D’aquesta manera, el limit inferior
s’estableix a 1o per sota del valor mitja (300 MeV) i el limit superior s’estableix
en lo per sobre del valor mitja (1500 MeV). De manera semblant, els criteris per a
escollir els llindars en el nombre d’impactes al detector intern es basen en utilitzar el
maxim (o minim) relatiu de les seues distribucions.

El limit superior i inferior de la incertesa sistematica s’obté de la suma en
quadratura de les diferents contribucions superiors i inferiors. El quocient doble de
(E/p) corresponent a les dades del 2012 és (E/p)dades/(E/p)MC = 0.994 + 0.003

estadistic) 12099 (sistematic).
0.014
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Figure 8.3: Distribucions de (E/p) per a hadrons carregats i aillats en funcié de a) la pseudo-
rapidesa |n|, b) angle azimutal ¢, ¢) el moment p i d) el nombre mitja d’interaccions per
encreuament de paquets (u), per a dades del 2012.

tadistiques.

8.5 Recerca de produccié de parells de bosons de Higgs

en ’estat final ~ybb

En aquesta secci6 es presenta una recerca de produccié ressonant i no ressonant (veure
Seccié 8.1.3) de parells de bosons de Higgs en ’estat final yybb utilitzant un conjunt

de dades de 36.1 fb~! a partir de col-lisions de protons amb una energia del centre de

massa de 13 TeV.
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En el cas de la cerca no ressonant, qualsevol desviacié en l’autoacoblament del
bos6 de Higgs es caracteritza mitjancant k) (k) = )\HHH/)\g]\I}H) mentre que Ky
caracteritza les desviacions de ’acoblament de Yukawa entre el quark top i el bosé
de Higgs (kt = yt/yr,sm). En ambdés casos, el subindex SM fa referéencia al valor
d’aquests parametres en el Model Estandard. En el cas de la cerca ressonant s’utilitza
laproximacié d’amplaria estreta (narrow-width), centrant-se en una ressonancia de
massa (mx) en el rang 260 GeV < mx < 1000 GeV.

Encara que aquesta cerca esta centrada en la desintegracié d’un escalar generic en
un parell de bosons de Higgs, la simulacié de MC utilitzada per a optimitzar I’analisi

correspon al procés ggH.

8.5.1 Seleccié i categoritzacié d’esdeveniments

Els esdeveniments se seleccionen per a I'analisi si hi ha almenys dos fotons i almenys
dos jets, on un o dos dels quals estan etiquetats com a b-jets. Es requereix que el
(segon) fot6 més energetic del parell complisca la condicié Er/m~, > 0.35 (0.25) i que
la massa invariant del sistema format pels dos fotons es trobe inicialment dins d’una
finestra de massa de 105 GeV < m., < 160 GeV. Per tal de romandre ortogonal a la
cerca de produccié de parelles de bosons de Higgs en I’estat final bbbb amb el detector
ATLAS [136], qualsevol esdeveniment amb més de dos b-jets amb una eficiencia del

70% és rebutjat. Els esdeveniments restants es divideixen en tres categories:

e La categoria de senyal 2-tag consisteix en aquells esdeveniments amb exactament

dos b-jets que satisfan el requisit del 70% d’eficiencia.

e La categoria de senyal 1-tag es defineix utilitzant esdeveniments que no com-
pleixen el requisit anterior, perd que contenen exactament un b-jet amb una
eficiencia del 60%. El segon jet de la parella, que en aquest cas no s’identifica

com a b-jet, se selecciona amb un metode anomenat Boosted Decision Tree
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(BDT). La BDT utilitza les segiients variables cinematiques: el moment
transversal i la pseudo-rapidesa dels jets, la massa invariant, el moment transver-
sal i la pseudo-rapidesa del sistema format per la parella de jets, i la distancia
An entre els jets seleccionats. La informacié sobre si cada jet satisfa criteris
menys estrictes de b-tagging i el ranquing dels jets del millor al pitjor en termes
de la coincidéncia més propera entre la massa invariant del sistema format pels
dos jets i my també s’utilitzen en aquest model. El jet amb la puntuacié de la
BDT més alta és seleccionat i I’esdeveniment s’inclou en la categoria de senyal
1-tag. L’eficiencia amb la qual la BDT selecciona el segon jet correctament és
del 60-80% en tota la gamma d’hipotesis de senyals ressonants i no ressonants

que es consideren en aquesta cerca.

e La categoria de control O-tag utilitza esdeveniments que no contenen cap b-jet.
Aquesta categoria no s’utilitza directament en ’analisi, siné que serveix per
a obtindre estimacions basades en dades reals sobre la forma del fons en les

categories de senyal.

Seleccions Loose i Tight

Es defineixen dues seleccions cinematiques, Loose i Tight, on la seleccié Tight és un
subconjunt més restrictiu de la seleccié Loose. Les recerques de ressonancies de massa
inferior i de valors més enlla del Model Estandard de I’autoacoblament del bosé de
Higgs utilitzen la seleccié Loose, ja que el valor mitja del moment transversal (pr)
dels bosons de Higgs és menor en aquests casos [147]. La seleccié Tight s’utilitza per
a senyals on els bosons de Higgs solen tenir un valor mitja de pr més alt, és a dir,
per a ressonancies de massa superior i produccio no ressonant de parells de bosons de
Higgs.

D’aquesta manera, la seleccié Loose requereix que el (segon) jet amb moment
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transversal més alt complisca la condicié pr > 40 (25) GeV, i que la massa invariant
del sistema format pel parell de jets (m;;) es trobe entre 80 i 140 GeV. Per a la seleccié
Tight, es requereix que el (segon) jet amb moment transversal més alt complisca la
condicié pr > 100 (30) GeV, amb 90 GeV < m;; < 140 GeV. Finalment, en la cerca
ressonant, la massa invariant del sistema format pels dos fotons ha d’estar dins d’una
finestra de massa de 4.7 (4.3) GeV al voltant de la massa del bosé de Higgs per a
la seleccié Loose (Tight). Aquesta seleccié addicional en m.. esta optimitzada per
a contenir almenys el 95% dels esdeveniments de parells de bosons de Higgs en la

simulacié de MC per a cada hipotesi de massa.

Analisi no ressonant

En el cas de la produccié no ressonant de parells de bosons de Higgs, l'eficiencia de la
seleccié d’esdeveniments de la categoria 2-tag és del 10% (5.8%) amb la seleccié Loose
(Tight). Les eficiéncies corresponents a la categoria 1-tag tenen un valor del 7.2% i
del 3.9% amb les seleccions Loose i Tight, respectivament. Aquestes sén lleugerament
inferiors a les de la categoria 2-tag a causa d’una menor probabilitat de seleccionar el

parell de jets correctament.

Analisi ressonant

En el cas de 'analisi ressonant, abans de reconstruir la massa dels quatre objectes,
M~~jj, €l quadrimoment del sistema format pels dos jets s’escala mitjancant un fac-
tor mp/m;j. Tal com es mostra en la Figura 8.4, aquesta transformacié millora la
resolucié de massa dels quatre objectes en un 60% en tot I'interval de ressonancies de
massa d’interes. També modifica la forma del fons continu de tipus no ressonant en
la regié mx < 270 GeV.

Per a ressonancies de massa en el rang 260 GeV < mx < 1000 GeV, les eficiéncies
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Figure 8.4: Reconstruccié de la massa dels quatre objectes, m.,;;, amb (linies continues) i
sense (linies discontinues) el factor d’escala en m;;, per a un subconjunt dels punts de massa
utilitzats en ’analisi ressonant. Els exemples que es mostren aqui corresponen a a) la categoria
2-tag amb la seleccié Loose i b) la categoria 1-tag amb la seleccié Tight. L’efecte causat en
el fons continu també es mostra en a) [3].

de la seleccié d’esdeveniments oscil-len entre el 6% i el 15.4% en la categoria 2-tag i

entre el 5.1% i el 12.3% en la categoria 1-tag.

8.5.2 Modelitzacié del senyal i del fons

La recerca de parells de bosons de Higgs mitjancant la produccié ressonant i la
no ressonant es porta a terme utilitzant el metode estadistic de maxima versem-
blanca a través d’un ajust de les dades per a les categories de senyal 1-tag i 2-
tag simultaniament. La recerca de la produccié no ressonant implica un ajust
de la distribucié ms., mentre que la recerca de la produccié ressonant utilitza la
distribucié ms.;;. L’ajust del tipus senyal-més-fons de les dades empra funcions
parametritzades per a les distribucions de probabilitat de senyal i fons. Aquestes

funcions parametritzades es determinen a través d’ajustos de la simulacié de MC.
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Senyal

La forma de la distribucié de la massa invariant del sistema format pels dos fotons,
M~~, en els esdeveniments de tipus HH — 4ybb es descriu amb una funcié Crystal
Ball de doble cara [151], que consisteix en un nucli gaussia i dues cues definides per
lleis potencials en els extrems. Els parametres d’aquest model es determinen a través
d’ajustos de la simulacié de MC corresponent a la produccié no ressonant de parells
de bosons de Higgs en el Model Estandard. La Figura 8.5a mostra l'ajust de la
distribucié m. per a la categoria 2-tag i la seleccié T'ight.

En el cas de la produccié ressonant de parells de bosons de Higgs, per a cada
hipotesi ressonant es realitza un ajust de la distribucié m.,;; utilitzant esdeveni-
ments simulats en una finestra de massa al voltant del valor nominal, mx. La
forma d’aquesta distribucié es descriu mitjancant una funcié anomenada ExpGaus-
sExp [153], que consisteix en un nucli gaussia i dues cues definides per funcions ex-
ponencials en els extrems. Es realitza un ajust simultani de totes les hipotesis de
senyal disponibles en la simulacié de MC on cadascun dels parametres del model es
parametritza en termes de myx. Aixo permet que el model creat proporcioni una
prediccié per a qualsevol massa que satisfa el requeriment 260 GeV < myx < 1000
GeV, on aquests limits reflecteixen els valors minim i maxim de myx en la simulacié de
MC generada. La Figura 8.5b mostra un example de I’ajust simultani de la distribucio

M~~jj Per a la categoria 2-tag i la seleccié Loose.

Fons

El fons predominant en aquesta cerca rep el nom de fons continu i esta format per
diferents contribucions provinents de fonts del tipus v, vj, jv i jj produides en
associacié amb jets, on j denota els jets mal identificats com a fotons i vj i jvy

difereixen en el jet mal identificat com a segon foté més energetic o com a foté més
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Figure 8.5: Parametritzacié a) amb una funcié Crystal Ball de doble cara de la distribucié
M.~ utilitzant la simulacié de MC corresponent a la produccié no ressonant de parells de
bosons de Higgs del Model Estandard, i b) amb una funcié6 ExpGaussExp de la distribucié
M.y~ utilitzant esdeveniments simulats en una finestra de massa al voltant de my = 275
GeV per a la produccié ressonant. Els esdeveniments corresponen a la categoria de senyal
2-tag amb la selecci6 a) Tight i b) Loose.

energetic del parell, respectivament. Aquestes contribucions es determinen a partir
de les dades utilitzant un metode de banda lateral bidimensional doble (2x2D) basat

en la variacié dels criteris d’identificacié i d’aillament dels fotons [149, 150].

Per a l'analisi no ressonant, el fons continu es modelitza utilitzant una funcid
obtinguda a partir d’un ajust de les dades. El biaix derivat d’aquest procediment,
anomenat senyal espuri (spurious signal), es calcula mitjangant la realitzacié d'un
ajust del tipus senyal-més-fons al fons continu. El valor absolut maxim del senyal,
per a un senyal en el rang 121 GeV < m., < 129 GeV, es pren com a biaix. Aquest
metode s’utilitza per a discriminar entre diferents funcions d’ajust on la funcié triada
és aquella que té el menor biaix de senyal espuri. Si diverses funcions tenen el mateix

biaix, se selecciona aquella que té el menor nombre de parametres. La funcié expo-
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nencial de primer ordre té el menor biaix entre les diferents funcions considerades i,
per tant, es tria. El fons de produccié de bosons de Higgs individuals es descriu util-
itzant una funcié de Crystal Ball de doble cara, amb els seus parametres determinats

mitjancant ajustos de les mostres simulades corresponents.

En el cas de la produccié ressonant de parells de bosons de Higgs també s’utilitza el
metode de senyal espuri, realitzant un ajust del tipus senyal-més-fons al fons continu
corresponent a la distribucié de m.,;; per als esdeveniments que es troben en la
finestra estreta de massa m., descrita en la Seccié 8.5.1. El fons de produccié de
bosons de Higgs individuals s’inclou en el fons continu. A causa dels diferents rangs
de m.,;; emprats en les seleccions Loose i T'ight, la forma de la distribucié m.;;
difereix entre aquests dos casos i, per tant, es consideren diferents funcions de fons.
Per a la seleccié Loose (Tight) es tria la funcié Novosibirsk [154] (exponencial de
primer ordre) ja que mostra el menor biaix entre les diferents funcions considerades.
La Figura 8.6 mostra els ajustos al fons continu de la distribucié de m.,;; per als

esdeveniments de la categoria de senyal 1-tag amb les seleccions Loose i Tight.

8.5.3 Incerteses sistematiques

Encara que la sensibilitat d’aquesta cerca esta dominada per les incerteses es-
tadistiques a causa de ’escas nombre d’events, les incerteses sistematiques es calculen
de manera acurada en les dues categories de senyal per a la produccié ressonant i
no ressonant de parelles de bosons de Higgs tenint en compte diferents contribucions
d’origen teoric i experimental. A més, per a la cerca no ressonant també es consideren
les incerteses teoriques i experimentals per al fons de bosons de Higgs individuals. Al-
gunes de les més importants sén les incerteses en l'escala i la resolucié dels jets, en

Ietiquetatge dels jets en els diferents sabors i en la modelitzacié del procés ggH.
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Figure 8.6: Ajust al fons continu de la distribucié de my,;; per als esdeveniments de la
categoria de senyal 1-tag amb la seleccié a) Loose i b) Tight.

8.5.4 Resultats

En totes les categories i seleccions el nombre d’esdeveniments observats en les dades
és compatible amb el nombre d’esdeveniments de fons predits, dins de les incerteses

calculades, tal com es resumeix en la Taula 8.2.

8.5.5 Produccié no ressonant de parells de bosons de Higgs

El limit superior en la seccio efica¢ de produccié no ressonant de parells de bosons de
Higgs s’obté amb la seleccié Tight. La figura 8.7a mostra aquest limit superior amb
un nivell de confian¢a (CL) [163] del 95%, juntament amb les bandes d’incertesa a
+1o i £20. El valor observat (esperat) és de 0.73 (0.93) pb. Com a muiltiple de la
secci6 eficag de produccié en el Model Estandard, el limit observat (esperat) correspon

a un valor de 22 (28).
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Table 8.2: Nombre d’esdeveniments predits i observats en les categories 1-tag i 2-tag després
d’aplicar els requeriments de la seleccié ressonant, incloent el requisit en m.~. El nombre
d’esdeveniments de senyal de parells de bosons de Higgs en el Model Estandard es calcula
amb l'assumpcié que la seccid eficag de produccié correspon a un valor de 33.41 fb. Les
incerteses en el fons continu provenen del procediment d’ajust utilitzat. Les incerteses en el
fons de bosons de Higgs individuals i en el senyal de parells de bosons de Higgs sén els errors
sistematics d’origen teoric i experimental. Les seleccions Loose i T'ight no sén ortogonals.

P Expected limit +10

Expected limit 20 05

1-tag 2-tag
Seleccié Loose  Seleccié Tight Seleccié Loose  Seleccid Tight
Fons continu 117.5 +4.7 15.7 +£1.6 21.0 £2.0 3.74 + 0.78
Fons de bosons de Higgs individuals 5.51 £0.10 2.20 £0.05 1.63 £0.04 0.56 + 0.02
Fons total 123.0 +4.7 179 +1.6 22.6 £20 4.30 £ 0.79
Senyal de parells de bosons de Higgs 0.21940.006  0.120+ 0.004 0.305+ 0.007  0.175+ 0.005
Dades 125 19 21 3
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Figure 8.7: Els limits esperats i observats amb un nivell de confianga del 95% en la seccid eficag
de produccié no ressonant ogq_ g a) per al limit en el Model Estandard utilitzant la seleccié
Tight i b) en funcié de k) utilitzant la seleccié Loose. En a) la linia roja indica el nivell de
confianga del 95%. La interseccié d’aquesta linia amb el limit observat, I’esperat i les bandes
a 1o i £20 correspon a la ubicacié dels limits. En b) la linia roja indica la prediccié de la
secci6 eficag de produccié d’HH si es modifica k) pero tots els altres acoblaments romanen
als seus valors en el Model Estandard. La banda roja indica la incertesa teorica d’aquesta
prediccié [3].
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8.5.6 L’autoacoblament del bosé de Higgs

Variar I'autoacoblament del bosé de Higgs, A, afecta tant la seccid eficag de pro-
duccié no ressonant de parells de bosons de Higgs com la cinematica de I’esdeveniment,
que altera l’eficiencia de seleccié del senyal. En ’analisi no ressonant, els resultats
s’interpreten en el context de k), utilitzant la seleccié Loose, que és més sensible
al rang de valors disponibles de k) amb aquest conjunt de dades. La Figura 8.7b
mostra els limits en la seccié efica¢ 04y gy juntament amb les bandes d’incertesa a
+10 1 £20 al voltant del limit esperat. Els limits es calculen utilitzant ’aproximacio
asimptotica [148] per al test estadistic de versemblanca. Si es corregeixen tots els
altres parametres del Model Estandard als seus valors esperats, ’autoacoblament del
bosé de Higgs es limita amb un nivell de confianca del 95% a -8.2 < k) < 13.2 mentre

que els limits esperats sén -8.3 < k) < 13.2.

8.5.7 Producci6 ressonant de parells de bosons de Higgs

Els limits en la seccié eficag de produccié ressonant de parells de bosons de Higgs es
mostren en la Figura 8.8, utilitzant tant la seleccié Loose com la T'ight. La contribucio
provinent de la produccié d’HH en el Model Estandard es considera part del fons
d’aquesta cerca encara que la seua inclusié té un impacte insignificant en els resultats.
Per a ressonancies de massa en el rang 260 GeV < mx < 1000 GeV, els limits observats

(esperats) oscil-len entre 1.14 (0.90) pb i 0.12 (0.15) pb.

8.6 Mesura de propietats del bosé de Higgs en el canal

de desintegracio a dos fotons

Aquesta secci6 descriu la mesura de les seccions eficaces de produccié del bosé de Higgs

ila forga dels senyals, aixi com la mesura de les seccions eficaces fiducials i diferencials
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en el canal de desintegracié a dos fotons. Es fa especial emfasi en 'estrategia seguida
per estimar la incertesa en la modelitzacié de la pluja de partons, ’esdeveniment

subjacent i I’hadronitzacio.

8.6.1 Seleccio i categoritzacié d’esdeveniments

Els esdeveniments seleccionats contenen un parell de fotons que satisfan els criteris
d’identificacié de fotons de tipus Tight aixi com els requisits d’aillament de fotons

utilitzant informacié sobre les traces i el calorimetre. A més, el (segon) foté més

'_g'- 1 .8 [ T T 17T T 1T I T T | T T | T T T 17T T 1T
e i ATLAS E
. 1
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Figure 8.8: Els limits esperats i observats amb un nivell de confianca del 95% en la seccié eficag
de producci6 ressonant, ox x B (X — HH) en funcié de mx. La seleccié Loose s’utilitza per
a ressonancies de massa en el rang mx < 500 GeV, mentre que la seleccié Tight s’utilitza
per a ressonancies de massa en el rang mx > 500 GeV. La linia discontinua blava assenyala
aquest punt de transicié [3].
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energetic del parell ha de complir que Et/m~, > 0.35 (0.25).

Els esdeveniments es classifiquen en 31 categories de reconstruccié excloents. Es
realitza un ajust simultani d’aquestes categories per a determinar les seccions eficaces
per mode de produccié i interpretar la forca dels senyals de les dades. En la Taula 8.3

es mostra un resum dels requisits de seleccié que defineixen cada categoria.

8.6.2 Incerteses sistematiques

En la mesura de propietats del bos6é de Higgs es consideren diverses fonts d’incertesa

sistematica. Es poden agrupar en tres categories:

e Les incerteses associades amb la parametritzacié del senyal i del fons quan

s’ajusta I'espectre de la massa invariant dels dos fotons, n..

e Les incerteses experimentals derivades de l'extraccié del senyal en una categoria

determinada o de les migracions entre categories.

e Les incerteses teoriques i de modelitzacié en cada categoria, que provoquen

migracions entre categories o afecten 1'acceptacié fiducial.

En particular, el cas de la incertesa en la modelitzacié de la pluja de partons,
I’esdeveniment subjacent i I’hadronitzacié afecta totes les mesures. Es calcula com la
diferéncia d’acceptacié d’esdeveniments després de modificar I’algoritme de pluja de
partons de PYTHIA8 a HERWIGT en la simulacié de MC dels processos ggH, VBF i
VH, i de PYTHIA8 a HERWIG++ en la simulacié de MC del procés ttH, respecti-
vament. Aquestes diferencies es tracten com quatre fonts independents d’incertesa.
A més, en el cas del procés ggH, la diferéncia d’acceptacié entre les diferents mod-
ificacions (tunes) de lautovector del conjunt AZNLO proporcionen un component

addicional d’incertesa. Els resultats s’obtenen per a cada categoria de reconstruccio
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Table 8.3: Seleccié d’esdeveniments que defineixen cadascuna de les 31 categories de recon-
struccié d’esdeveniments per a la mesura de la forga dels senyals i de les seccions eficaces
de produccié. Les etiquetes denoten el procés de produccié predominant o les propietats
cinematiques de la categoria. Els jets han de complir que pt > 30 GeV tret que s’indiqui el
contrari. Les categories sén mutuament excloents i els criteris s’apliquen en ordre descendent
de les categories mostrades.

Categoria Seleccid

tH lep 0fwd Niep = 1, N2 < 3, Np—tag > 1, Nigid = 0 (pk' > 25 GeV)

tH lep 1fwd Niep =1, N2 <4, Np—iag > 1, NE > 1 (p5" > 25 GeV)
ttH lep Niep > 1, N2 > 2, Np—ag > 1, Zog veto (plp' > 25 GeV)

ttH had BDT1
ttH had BDT2
ttH had BDT3
ttH had BDT4

Nlep el 07 ]Vjets Z 37 Nbftag
Nlep = 07 Njets 2 37 Nbftag
Nlep =0, Nicts > 3, Nb—tag
Nlep - 07 ]Vjets Z 37 Nb—tag

1, BDTwn > 0.92

1, 0.83 < BDTu < 0.92
1, 0.79 < BDTn < 0.83
1, 0.52 < BDTu < 0.79

VIVIVIVIVIV IV

tH had 4j1b Niep = 0, NES2 = 4, Np_tag = 1 (p5" > 25 GeV)
tH had 4j2b Niep = 0, NER = 4, Ny—ag > 2 (pl5' > 25 GeV)
VH dilep Niep > 2, 70 GeV < my < 110 GeV ‘
VH lep High Niep = L, [mey— 89 GeV| > 5 GeV, pp 1 > 150 GeV
VH lep Low Niep = 1, [mey— 89 GeV| > 5 GeV, p[;E%lm < 150 GeV, E?iss significaci6é > 1
VH MET High 150 GeV < Ex'™ < 250 GeV, EX™ significacié > 9 o EF™ > 250 GeV
VH MET Low 80 GeV < EF'™ < 150 GeV, ET'™* significacié > 8
jet BSM prj1 > 200 GeV

VH had tight
VH had loose

60 GeV < mj; < 120 GeV, BDTyyu > 0.78
60GeV < my; < 120GeV, 0.35 < BDTyy < 0.78

|An;5] > 2, 14y — 0.5(n1 +m12)| < 5, py?? > 25 GeV, BDTver > 0.47
|AD;5] > 2, [y, —0.5(n51+m52)| < 5, phi?? > 25 GeV, —0.32 < BDTvpr < 0.47
|An;5] > 2, [nyy — 0.5(nj1 + ni2)| < 5, pp’? < 25 GeV, BDTvgr > 0.87
|A77‘7']" > 2, ‘7777 — 0.5(7]11 + mz)‘ < 5, prII—{J] < 25 GQV, 0.26 < BDTvgr < 0.87

VBF tight, high p&7’
VBEF loose, high p?jj
VBEF tight, low pgjj
VBEF loose, low pgjj

ggH 2J BSM > 2 jets, p1’ > 200 GeV

geH 2J High > 2 jets, p3’ € [120, 200] GeV
ggH 2J Med > 2 jets, py' € [60, 120] GeV

geH 2J Low > 2 jets, py € [0, 60] GeV

ggH 1J BSM =1 jet, p3" > 200 GeV

gegH 1J High =1 jet, pi € [120, 200] GeV

ggH 1J Med =1 jet, p)7 € [60, 120] GeV

gegH 1J Low =1 jet, pI7 € [0, 60] GeV

gegH 0J Fwd = 0 jets, un foté amb |n| > 0.95
ggH 0J Cen = 0 jets, dos fotons amb |n| < 0.95
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d’esdeveniments, cada regié fiducial i cada interval de les seccions eficaces diferen-
cials. La incertesa en la regié fiducial inclusiva correspon a un valor de 0.66 & 0.18%

(0.09 + 0.18%) quan s’utilitza la simulacié de MC del procés ggH (VBF).

8.6.3 La forca dels senyals

La forca del senyal global p és mesurada amb 'assumpcié que les ratios entre els
diferents processos de produccié son les predites pel Model Estandard, i correspon
a un valor central de p = 0.99 7915 = 0.99 + 0.12 (estad.) T39S (exp.) 57 (teo.),
compatible amb les prediccions del Model Estandard (@ = 1). Aquest re-
sultat confirma la mesura de la forca del senyal global utilitzant dades recol-
lides per ATLAS durant el Run 1, i correspon a un valor central de pu =
1.17 £ 0.23 (estad.) 7008 (exp.) 7002 (ted.), on s’observa una millora en cada com-

ponent de la incertesa en un factor dos. La Figura 8.9 mostra un resum de la forga

del senyal global i la mesurada per als diferents modes de produccid.

8.6.4 Les seccions eficaces de produccio

Les seccions eficaces per al bos6 de Higgs de massa mpy = 125.09 4+ 0.24 GeV en una
regié definida per |yg| < 2.5, multiplicades per la taxa de desintegracié del bosé de
Higgs a dos fotons, s’avaluen de la segiient manera. El valor ajustat o, correspon
a la suma de les seccions eficaces dels modes de produccié ttH, tHq, i tHW, amb
I'assumpcié que les seues ratios relatives sén les predites pel Model Estandard. El
valor de la secci6 efica¢ del mode de producciéo V H esta condicionat sota la hipotesi
que la proporcié de les seccions eficaces dels modes de producci6 WH i ZH és la
predita pel Model Estandard i inclou tant la produccié d’estats inicials amb quarks
com amb gluons. Les contribucions del procés bbH es combinen amb ggH. Les

seccions eficaces dels diferents modes de produccié es mostren en la Taula 8.4.
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Figure 8.9: Resum de la forca dels senyals mesurada per als diferents modes de produccié
(ggH, VBF, VH i top) i de manera global (trun2), en comparacié amb la forca del senyal
global mesurada amb energies del centre de massa de 7 1 8 TeV (urun1) [146]. Les barres
d’error negres i taronges mostren les incerteses totals i estadistiques. La forga del senyal
URrun1 fou derivada amb ’assumpcié que la seccié eficag de produccié del bosé de Higgs es
basa en [33,219]. Les incerteses menors que 0.05 es mostren com a 0.0. En les prediccions
teoriques més recents utilitzades en aquesta analisi [34, 177], la seccié eficag del mode de
produccié ggH és major en aproximadament un 10% [4].

Table 8.4: Valors i incerteses del millor ajust de les seccions eficaces de produccié multiplicades
per la taxa de desintegracié del bosé de Higgs a dos fotons. També es mostren les prediccions
del Model Estandard [34] amb les seues incerteses per a cada procés de produccié. Les
incerteses menors que 0.05 es mostren com a 0.0.

Procés Resultat Incertesa [fb] Prediccié del Model Estandard
(lye| < 2.5) [fb] Total  Estad. Exp. Teo. [fb]

ggH 82 e +16 e + 10275

VBF 16 2 +4 +2 +3 8.0+0.2

VH 3 +4 2 +1 s 4.5+0.2

Top N O 13£0.1
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8.6.5 Les seccions eficaces fiducials i diferencials

Els volums fiducials es defineixen per tal d’imitar la seleccié a nivell de detector
dels fotons i altres objectes de I'analisi. D’aquesta manera s’aconsegueix reduir la
dependencia del model en contrast amb les mesures de la seccié eficag dels diferents
modes de produccid, descrites en la Seccidé 8.6.4. La seccié eficac (0;) en una regié
fiducial, i la seccié eficag diferencial (do;/dx) en un interval d’una certa variable
es determinen corregint el valor del senyal mesurat d’ineficiencies experimentals i
d’efectes en la resolucio, i tenint en compte la lluminositat integrada de les dades, i

venen donades per:

NSig ' do; NS
g; = — 1 = : ) (83)
cidet dx Ci Aacidet

on N; 8 ¢s el nombre d’esdeveniments de senyal, [ Ldt és la lluminositat integrada
de les dades, ¢; és un factor de correccid que representa la ineficiencia i la resolucio
del detector, i Ax; és el valor de l'interval o amplitud. Els factors de correccié es

determinen utilitzant la simulacié de MC.

En aquesta seccié les seccions eficaces fiducials es determinen en cinc regions
diferents de l’espai de fases sensibles a la produccié inclusiva del bosé de Higgs i
als mecanismes explicits de produccié del bosé de Higgs. La mesura d’aquestes cinc
seccions eficaces proporciona una forma alternativa d’estudiar les propietats del boso
de Higgs i de cercar nova fisica més enlla del Model Estandard. Per a cada mesura de
la seccio eficac en una regié fiducial o interval d’una distribucié diferencial, s’extreu el
senyal de H — v~ utilitzant un ajust del corresponent espectre de la massa invariant
dels dos fotons. La definicié a nivell de particula de les cinc regions fiducials es detalla
en la Taula 8.5 mentre que la Taula 8.6 mostra un resum de les seccions eficaces

fiducials mesurades i una comparacié amb les prediccions del Model Estandard.
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Table 8.5: Resum de les definicions a nivell de particula de les cinc regions fiducials descrites

aill,0.2

en el text. L’aillament dels fotons pr. es defineix com el moment transversal del sistema
de particules carregades dins d’un con de AR < 0.2 al voltant del foté.

Objecte Definicié

Fotons In| < 1.37 or 1.52 < || < 2.37, pi*2/pT < 0.05

jets anti-kr, R = 0.4, pr > 30 GeV, |y| < 4.4

Leptons, ¢ e o, pr > 15 GeV, |n| < 2.47 per a e (s'exclou 1.37 < |n| < 1.52) i |n| < 2.7 per a 4

Regi6 fiducial

Definicio

Inclusiva (dos fotons)
VBF-intensificada

N leptons Z 1

Alta ERss

tt H-intensificada

N, >2, p¥' > 0.35m,, = 43.8 GeV, p?? > 0.25m,, = 31.3 GeV
Inclusiva, Nj > 2, mj; > 400 GeV, Ay;; > 2.8, |A¢y,,j5] > 2.6
Inclusiva, Ny > 1

Inclusiva, Effﬂiss > 80 GeV, p’ > 80 GeV

Inclusiva, (NJ > 47 Nb—jcts > 1) o (NJ > 3, Nlrjcts > 1.,N[ > 1)

Table 8.6: Les seccions eficaces mesurades en les regions fiducials inclusiva (dos fotons),
VBF-intensificada, Nieptons > 1, alta EF™, i ttH-intensificada. Les prediccions del Model

Estandard derivades dels modes de producci6 VBF, VH, ttH i bbH estan etiquetades
col-lectivament com a X H.

Regié fiducial Seccié eficag mesurada Predicci6 del Model Estandard
Inclusiva 55+9 (estad.) &+ 4 (exp.) £ 0.1 (teo.) fb 64+2fb [N3LO + X H]
VBF-intensificada 3.7 £0.8 (estad.) £ 0.5 (exp.) £ 0.2 (ted.) b 2.3+0.1fb  [per defecte MC + X H]|
Nieptons > 1 <1.39fb 95% CL 0.57 £0.03 fb  [per defecte MC + X H]
Alta Eiuiss < 1.00 fb 95% CL 0.30+0.02 fb  [per defecte MC 4 X H]
tt H-intensificada <1.27fb 95% CL 0.55+0.06 fb  [per defecte MC + X H)
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Diferents seccions eficaces diferencials es mesuren i es comparen amb diverses
prediccions en funcié d’onze observables escollits acuradament utilitzant esdeveni-
ments pertanyents a la regié fiducial inclusiva. La produccié de bosons de Higgs esta
dominada pel procés ggH, per la qual cosa el moment transversal del bosé de Higgs
esta en gran mesura correlacionat amb ’emissié de gluons de baix moment transver-
sal i quarks. La mesura de pJ" prova la modelitzacié de la Cromodinamica Quantica
(QCD, de l'anglés Quantum Chromodynamics) pertorbativa d’aquest mecanisme de
produccié que és lleugerament sensible als acoblaments de Yukawa entre quarks
bottom i charm, i el bosé de Higgs. La distribucié d’alt moment transversal és sensible
a noves particules pesades que s’acoblen al bos6 de Higgs i a I’acoblament de Yukawa
del quark top. La distribucié de la rapidesa del bosé de Higgs també és sensible a la
modelitzacié del mecanisme de produccié ggH, aixi com a les funcions de distribucid
de partons (PDF) dels protons de la col-lisié. En la Figura 8.10 la prediccié del Model
Estandard mostra un petit excés per a baix moment transversal i baixa rapidesa, i

un petit deficit per a alt moment transversal.

El moment transversal i la rapidesa absoluta dels dos jets de més alt moment
transversal proven la modelitzacié de QCD pertorbativa i sén sensibles a les contribu-
cions relatives dels diferents mecanismes de produccié del bosé de Higgs. Les variables
angulars | cos 6*| i Ag;; son sensibles als nombres quantics d’espin i CP (combinacié
de les transformacions C-conjugacié de carrega- i P-paritat-) del bosé de Higgs. La
separaci6 de la rapidesa del sistema dels dos jets, |Ay;;|, la massa del sistema dels dos
jets, mj;, i la diferéncia azimutal entre el sistema dels dos jets i el sistema dels dos
fotons, |A¢~, ], sén sensibles al mecanisme de produccié VBF. Totes les seccions
eficaces diferencials mesurades en funcié d’aquests observables es comparen amb les

prediccions i no s’observa cap desviacié significativa del Model Estandard.
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Figure 8.10: Les seccions eficaces diferencials per al procés p-p — H — v en funcié de a) p1”
ib) |y77|, i comparacions amb diferents prediccions del Model Estandard. Les prediccions del
Model Estandard derivades dels modes de produccié VBF, VH, ttH i bbH estan etiquetades
col-lectivament com a X H [4].

8.7 Conclusions

La recerca del bosé de Higgs fou 'objectiu principal dels programes de fisica dels
experiments de ’'LHC durant el Run 1. El descobriment d’aquesta particula, anunciat
I’any 2012 per les col-laboracions ATLAS i CMS, constitui una fita molt important per
a la fisica de particules a I’hora d’entendre el mecanisme de trencament espontani de
simetria del Model Estandard pel qual les particules fonamentals adquireixen massa.
Ara és essencial que el bosé de Higgs siga estudiat extensivament. Mesures precises
de les seues propietats confirmaran la seua naturalesa, i qualsevol desviacié de la
prediccié del Model Estandard representara un signe inequivoc de nova fisica.
Aquest fi no es pot aconseguir sense un bon enteniment de 'aparell experimental.
Els estudis de rendiment descrits en aquesta tesi se centren en validar els metodes de

reconstruccio i calibratge del calorimetre TileCal del detector ATLAS mitjancant I'ds
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de la resposta del calorimetre als hadrons aillats amb dades recollides des del 2010
fins al 2012. Els resultats mostren que el quocient doble del valor mitja ((E/p)) entre
les dades i la simulacié de MC és compatible amb la unitat. Concretament en la regié
de barril del TileCal (|n| < 0.7) s’observa un 3% de discrepancia maxima a pesar de
canvis importants en les condicions del feix al llarg dels tres anys, la qual cosa mostra
que l'efecte del pile-up esta ben simulat i que les tecniques emprades per a reconstruir

I’energia sén robustes.

La produccié de parells de bosons de Higgs és el procés de produccié més senzill
que és sensible a 'autoacoblament A i proporciona una gran quantitat de possibilitats
per investigar interaccions multidimensionals, aixi com I'existéncia d’estats més pesats
acoblats al Higgs. Aquesta tesi presenta una recerca de la produccié de parells de
bosons de Higgs en I’estat final yybb amb dades recollides a una energia del centre
de massa de 13 TeV amb el detector ATLAS. No s’observen desviacions significatives
de les prediccions del Model Estandard. El limit superior observat (esperat) amb un
nivell de confianca del 95% en la seccié eficag de produccié no ressonant és 0.73 pb
(0.93 pb) i correspon a 22 (28) vegades la prediccié del Model Estandard, el qual
millora el resultat precedent publicat per lexperiment ATLAS [2] en un factor de
cinc. En el cas de la producci6 ressonant de X — HH — ~ybb, els limits observats
(esperats) en la seccid eficag de produccié ressonant oscil-len entre 1.14 (0.90) pb i

0.12 (0.15) pb per a ressonancies de massa en el rang 260 GeV < myx < 1000 GeV.

Aquesta tesi també presenta la mesura de les seccions eficaces dels modes de pro-
duccié del bosé de Higgs, la forca dels senyals i les seccions eficaces fiducials i difer-
encials en el canal de desintegracié a dos fotons amb dades recollides a /s = 13 TeV
amb el detector ATLAS. Totes les mesures assumeixen que la massa del bosé de Higgs
té un valor de 125.09+£0.24 GeV. La forca del senyal mesurada respecte al valor predit
pel Model Estandard és = 0.99 T51% = 0.99 + 0.12 (estad.) T395 (exp.) T5:57 (teo.).
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Aquest resultat confirma la mesura realitzada per ’experiment ATLAS amb dades
recollides durant el Run 1 [146], = 1.17 + 0.23 (estad.) T2 (exp.) TO42 (ted.), i la
millora en un factor de dos en cada component de la incertesa. La seccio eficag fiducial
té un valor de ogq = 55 £+ 9 (estad.) + 4 (exp.) & 0.1 (teo.) fb, el qual és compatible
amb la prediccié del Model Estandard (64 42 fb). Actualment la precisié d’aquestes
mesures esta dominada per les seues incerteses estadistiques, pero s’espera que millori
en els propers anys de 'LHC, ja que a mesura que es recopilin més dades la incertesa
estadistica disminuira. Aleshores, ser capacos de realitzar estimacions precises de les
incerteses sistematiques sera essencial, en particular de la incertesa en la modelitzacié
de la pluja de partons, ’esdeveniment subjacent i I’hadronitzacié, que suposa un repte
a causa de la dificultat de generar esdeveniments suficients per a cada categoria de
reconstruccio, regié fiducial o interval d’una seccié eficac diferencial. Aquesta tesi
estableix els fonaments per a l’estimacié d’aquesta incertesa que s’espera millorar en

un futur proxim.
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Appendix A

Unfolding

In the measurement of differential cross sections, there can be non-negligible mi-
grations due to the finite resolution of the ATLAS detector. The reversion of such
resolution migrations is called unfolding. The unfolding procedure corrects the recon-
structed data to particle level data. This enables the easy comparison of many theory

predictions with the measurements.

The problem of unfolding can be formulated by the equation:

N
€T = ZRijyj, (A.1)
j=1

where x; is the measured reconstructed observable, y; is the truth observable and

the response matrix I;; can be interpreted as the conditional probability:

R;; = P(reconstructed in bin i|true value in bin j), (A.2)
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with the sum being equal to:

N
Z R;; = P(observed anywhere|true value in bin j) = ¢;, (A.3)
i=1

resulting in the efficiency, €¢;. The task of unfolding is to invert equation A.1 to
convert the measured values into the true values.

Simple matrix inversion and bin-by-bin unfolding are discussed below. The de-
scription of regularized matrix methods can be found in [206-208].

In the H — ~ differential cross section analysis, all of the above methods were
studied. It was found that the matrix based methods resulted in a smaller bias than
the bin-by-bin unfolding method, however the observed biases of all methods were
much smaller than the statistical uncertainties. Since there was no preference for a

particular method, the simple bin-by-bin unfolding method was used for this analysis.

A.1 Matrix inversion

One approach to invert equation A.1 would be to determine the inverse of the response
matrix, R;jl in order to recover the particle level distribution. The main disadvantage
of this method is that if the off-diagonal elements of the response matrix are too large
(e.g. if the chosen bin size is too small compared to the measurement resolution) the

resulting expression for the true value
Y= R;jlx (A.4)

can have extremely large variances. However, the advantage of this inversion
approach is that the resulting values for y which are affected by large variances are in
fact completely unbiased. Any other unfolding method which aims to reduce the large

variances will introduce a bias. The strategy in other unfolding methods is therefore
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to accept a small bias (systematic uncertainty) in exchange for a reduction in the

variance (statistical uncertainty).

A.2 Bin-by-Bin Unfolding

This method is based on multiplicative correction factors derived from Monte Carlo

simulations. The value for an observable y in a given bin ¢ is constructed as:

yi = Cizi, (A.5)
where the correction factor C; is given by:

MC
_ Y

C; =
2 LL’,{VIO,

(A.6)

MC

where yM¢ and 2M¢ are the expected true and reconstructed yields from the
simulation. This inversion has a much smaller variance than the inversion of the
response matrix, but yields model dependent results, i.e. biased by the choice of
Monte Carlo simulation used as the input. The size of this bias is estimated with
respect to the Standard Model and the maximal deviation one could possibly expect.
This method is satisfactory if the bias is small with respect to the variance obtained.

The size of the bias is added to the systematic uncertainty of the measurement.
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Appendix B

Underlying event, parton shower
and hadronization uncertainties
for fiducial integrated and

differential results

The uncertainty in the modeling of the parton shower, underlying event and
hadronization affects all measurements (referred to as “Underlying Event / Parton
Shower” in the following). It is estimated by taking the difference in acceptance at
truth level after switching the parton showering algorithm from PYTHIA8 to HERWIG7
in the ggH, VBF, and V H samples. These differences are treated as three indepen-
dent uncertainty sources. Additionally, for ggH the effect of the eigenvector tunes

from the AZNLO set are merged to provide one additional uncertainty component.

The Underlying Event / Parton Shower uncertainty is obtained as the absolute

value of the difference in acceptance between the different parton showering algo-
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rithms. This difference is estimated in five fiducial regions and in each bin of eleven

fiducial differential cross sections, as shown in Tables B.1 to B.4, and in Tables B.5

to B.48, respectively.

g9H VBF
Regions Variation [%] Error [%] Variation [%] Error [%)]
Diphoton fiducial -0.66 0.18 -0.09 0.18
VBF-enhanced 7.2 1.4 -7.3 0.3
Niepton > 1 26 34 52 10
High EMpiss 92 190 170 160
tt H-enhanced -14 5 -54 3

Table B.1: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — v samples for the five fiducial regions, as described
in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PyTHIA8 (AZNLO),
and the error is statistical only, which depends on the number of ggH and VBF events passing

each region.

ZH 99ZH W-H W+H
Regions Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
Diphoton fiducial -0.1 0.5 -0.7 0.8 -0.8 0.6 -0.7 0.7
VBF-enhanced -0.2 5 39 5 0 6 2 6
Nepton > 1 -3.1 1.9 -2 3 -2.2 1.4 -1.5 1.4
High FEpiss -2.4 1.7 -2 2 0 2 0 2
tt H-enhanced 4 5 0 4 -19 10 1 12

Table B.2: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the VH H — ~7 samples for the five fiducial regions, as described in [215]. This
difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIA8 (AZNLO), and the error
is statistical only, which depends on the number of V H events passing each region.
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ISR, up ISR, down ISR, up ISR, down

Regions Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
Diphoton fiducial 0.04 0.12 0.65 0.12 -0.04 0.12 0.11 0.12
VBF-enhanced 0.7 0.9 2.1 1.0 1.1 1.0 0.5 0.9
Niepton > 4 20 10 20 -15 17 2 20
High Exmiss -40 55 -19 70 0 84 -80 25
tt H-enhanced -1 4 1 4 -1 4 -4 4

Table B.3: Differences in acceptance between AZNLO (ISR eigentune variations) and AZNLO
obtained with the NNLOPS ggH H — ~7 sample for the five fiducial regions, as described
in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-AZNLO) /
AZNLO, and the error is statistical only, that depends largely on the number of ggH events
passing each region.

FSR up FSR down MPI up MPI down
Regions Variation [%)] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
Diphoton fiducial 0.41 0.12 0.37 0.12 0.06 0.12 -0.03 0.12
VBF-enhanced 5.5 1.0 -3.2 0.9 0.6 0.9 1.0 1.0
Nigpton > 1 -10 18 -5 19 -3 20 -2 20
High B4 1 80 -60 40 -20 70 0 80
tt H-enhanced -2 4 2 4 -2 4 -1 4

Table B.4: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — vy sample for the five fiducial regions, as
described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each region.

g9H VBF

Bins of p}’ [GeV] Variation [%] Error [%] Variation [%] Error [%]
0-20 1.7 0.3 -0.1 0.8
20-30 -1.0 0.4 1.1 0.7
30-45 -1.2 0.4 -0.2 0.5
45-60 -1.8 0.5 0.9 0.5
60-80 -2.3 0.6 0.2 0.4
80-120 -2.8 0.6 -0.4 0.4
120-170 -2.1 0.8 -0.6 0.5
170-220 -3.0 1.3 -1.4 0.7
220-350 -4.9 1.5 -0.4 0.8
> 350 -10 3 -0.2 1.8

Table B.5: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — v samples for each bin of the p}’ observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.
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ZH 99ZH W-H W+H
Bins of p}! [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-20 2 2 -5 7 5 3 -6 3
20-30 5 2 4 7 0 2 1 3
30-45 -0.3 1.5 3 4 -4.3 1.6 -1.5 1.9
45-60 -0.8 1.5 -1 4 -1.4 1.7 -1.4 1.8
60-80 0.4 1.3 -1 3 2.8 1.6 -0.3 1.7
80-120 -1.1 1.2 0 1.7 -0.5 1.4 1.8 1.5
120-170 -0.5 1.5 0 1.5 -3.2 1.7 -1.7 1.8
170-220 -3 2 -1 2 0 3 -1 3
220-350 0 2 -2 2 -1 3 -4 3
> 350 0 4 -16 6 -2 5 -2 5

Table B.6: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the VH H — ~7 samples for each bin of the p]. observable, as described in [215]. This
difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS (AZNLO), and the error
is statistical only, which depends on the number of V H events passing each bin.

ISR; up ISR; down ISR, up ISR2 down
Bins of p}/ [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-20 -0.2 0.2 0.8 0.2 -0.3 0.2 -0.2 0.2
20-30 0.0 0.3 1.1 0.3 0.0 0.3 0.1 0.3
30-45 0.2 0.3 1.4 0.3 0.3 0.3 0.5 0.3
45-60 0.2 0.4 1.3 0.4 0.3 0.4 0.1 0.4
60-80 0.0 0.4 0.9 0.4 -0.4 0.4 -0.1 0.4
80-120 0.1 0.4 1.0 0.4 0.0 0.4 0.3 0.4
120-170 0.9 0.6 1.7 0.6 0.6 0.6 1.1 0.6
170-220 0.9 0.9 1.4 0.9 -0.1 0.9 0.3 0.9
220-350 0.0 1.0 1.3 1.1 0.8 1.1 0.3 1.0
> 350 -2 2 -1 2 -4 2 -1 2

Table B.7: Differences in acceptance between AZNLO (ISR eigentune variations) and AZNLO
obtained with the NNLOPS ggH H — ~v sample for each bin of the pl’ observable, as de-
scribed in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-AZNLO)
/ AZNLO, and the error is statistical only, that depends largely on the number of ggH events
passing each bin.

FSR up FSR down MPI up MPI down
Bins of p}' [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-20 0.5 0.2 0.1 0.2 -0.2 0.2 -0.3 0.2
20-30 1.1 0.3 0.4 0.3 0.0 0.3 -0.2 0.3
30-45 1.1 0.3 0.7 0.3 0.3 0.3 0.5 0.3
45-60 1.0 0.4 0.7 0.4 0.4 0.4 0.1 0.4
60-80 0.4 0.4 0.0 0.4 -0.3 0.4 -0.1 0.4
80-120 1.0 0.4 0.8 0.4 0.2 0.4 0.2 0.4
120-170 1.3 0.6 0.8 0.6 0.5 0.6 0.3 0.6
170-220 1.0 0.9 1.1 0.9 0.8 0.9 0.6 0.9
220-350 1.2 1.1 0.4 1.0 0.0 1.0 -0.4 1.0
> 350 -2 2 -2 2 -3 2 -3 2

Table B.8: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — 7~ sample for each bin of the pJ observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.

302



g9H VBF
Bins of [y?7| Variation [%] Error [%] Variation [%] Error [%)]

0-0.15 -0.3 0.5 0.1 0.5
0.15-0.30 -0.8 0.5 -0.3 0.6
0.30-0.45 -1.4 0.6 -0.3 0.6
0.45-0.60 -0.5 0.6 0.3 0.6
0.60-0.75 -0.5 0.6 -0.2 0.6
0.75-0.90 -0.6 0.6 -0.1 0.6
0.90-1.20 -0.8 0.5 -0.5 0.5
1.20-1.60 -0.5 0.4 -0.1 0.5
1.60-2.40 -0.3 0.5 0.4 0.5

Table B.9: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~v samples for each bin of the |y77| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H W+H
Bins of [y?7| Variation [%] Error (%] Variation [%] Error [%] Variation (%] Error [%] Variation [%] Error [%)]

0-0.15 -1.7 1.7 3 2 -0.4 1.9 -4 2
0.15-0.30 -2.6 1.7 -4 2 -3.9 1.9 2 2
0.30-0.45 0.4 1.7 -3 2 0 2 0 2
0.45-0.60 0.1 1.7 4 3 -3 2 -2 2
0.60-0.75 0.9 1.8 -2 3 2 2 -2 2
0.75-0.90 0.0 1.8 -4 3 2 2 -4 2
0.90-1.20 0.1 1.4 1 2 0.5 1.6 1.1 1.7
1.20-1.60 1.3 1.3 0 2 0.9 1.5 -0.9 1.6
1.60-2.40 -0.6 1.3 -3 3 -2.2 1.6 -0.5 1.6

Table B.10: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the |y77| observable, as described in [215].
This difference corresponds to (HERWIGT7-PYTHIAS (AZNLO)) / PyTHIA8 (AZNLO), and
the error is statistical only, which depends on the number of V H events passing each bin.
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ISR, up ISR; down ISR, up ISR, down
Bins of |y?7| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]

0-0.15 0.3 0.4 1.4 0.4 0.3 0.4 0.3 0.4
0.15-0.30 -0.1 0.3 1.0 0.4 -0.1 0.4 -0.1 0.4
0.30-0.45 -0.7 0.4 0.2 0.4 -0.7 0.4 -0.8 0.4
0.45-0.60 0.1 0.4 1.2 0.4 0.0 0.4 0.3 0.4
0.60-0.75 0.0 0.4 0.9 0.4 -0.1 0.4 -0.1 0.4
0.75-0.90 0.0 0.4 1.3 0.4 0.1 0.4 0.2 0.4
0.90-1.20 0.4 0.3 14 0.3 0.3 0.3 0.3 0.3
1.20-1.60 0.0 0.3 1.1 0.3 0.0 0.3 0.2 0.3
1.60-2.40 0.1 0.3 11 0.4 -0.1 0.3 0.4 0.4

Table B.11: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~+ sample for each bin of the |y?7| observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of |y77| Variation [%] Error (%] Variation [%] Error (%] Variation [%] Error [%] Variation (%] Error [%)]

0-0.15 1.2 0.4 0.8 0.4 0.3 0.4 0.2 0.4
0.15-0.30 0.5 0.4 0.3 0.4 -0.2 0.4 -0.3 0.4
0.30-0.45 0.3 0.4 -0.5 0.4 -0.8 0.4 -0.8 0.4
0.45-0.60 0.9 0.4 0.5 0.4 0.4 0.4 0.0 0.4
0.60-0.75 0.7 0.4 0.4 0.4 -0.3 0.4 -0.5 0.4
0.75-0.90 0.9 0.4 0.5 0.4 0.1 0.4 0.2 0.4
0.90-1.20 1.1 0.3 0.7 0.3 0.4 0.3 0.4 0.3
1.20-1.60 0.9 0.3 0.3 0.3 0.1 0.3 -0.1 0.3
1.60-2.40 0.9 0.4 0.5 0.4 0.2 0.3 0.2 0.3

Table B.12: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~v sample for each bin of the |y?| observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.
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g9H VBF
Bins of pj. [GeV] Variation (%] Error [%] Variation [%] Error [%]

0-30 -1.5 0.2 20.5 0.6
30-55 1.2 0.4 4.4 0.4
5575 0.0 0.6 -2.4 0.4
75-120 -0.3 0.6 -5.1 0.3

120-350 0.1 0.8 -5.7 0.4
> 350 -2 4 -4 2

Table B.13: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — v samples for each bin of the pJ observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PYTHIAS

(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H W+tH
Bins of p} [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-30 -0.5 1.1 -17 2 0.6 1.3 -1.4 1.3
30-55 2.1 1.1 -1 2 1.7 1.2 2.4 1.3
55-75 -0.7 1.2 1 2 -0.9 1.5 -1.1 1.6
75-120 -1.1 1.2 2.8 1.5 -3.4 1.5 -1.4 1.5
120-350 -1.8 14 1.7 1.5 -3.2 1.7 -4.9 1.7
> 350 3 5 -3 9 -5 6 -1 6

Table B.14: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the p}: observable, as described in [215]. This
difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIA8 (AZNLO), and the error
is statistical only, which depends on the number of V H events passing each bin.

ISR; up ISR; down ISR, up ISR, down
Bins of p}i [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]

0-30 -0.09 0.15 0.92 0.16 -0.19 0.15 -0.05 0.15
30-55 0.1 0.3 1.0 0.3 0.2 0.3 0.2 0.3
55-75 -0.1 0.4 0.9 0.4 0.2 04 0.4 0.4
75-120 04 0.4 1.6 0.4 0.0 0.4 0.4 0.4
120-350 0.8 0.5 1.9 0.5 0.6 0.5 0.6 0.5

> 350 1 3 3 3 0 3 1 3

Table B.15: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — 77 sample for each bin of the p}! observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

FSR up FSR down MPI up MPI down
Bins of p,jlﬁ [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]

0-30 -0.31 0.15 1.33 0.16 0.12 0.16 -0.28 0.16
30-55 2.4 0.3 -1.1 0.3 -0.3 0.3 0.3 0.3
55-75 2.2 0.4 -1.1 0.4 -0.1 0.4 0.2 0.4
75-120 2.5 0.4 -0.8 0.4 0.4 0.4 0.4 0.4
120-350 2.8 0.5 -0.7 0.5 0.4 0.5 0.4 0.5

> 350 1 3 0 3 1 3 0 3

Table B.16: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~y sample for each bin of the p%! observable, as
described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

g9H VBF

Bins of pj2 [GeV] Variation [%] Error [%] Variation [%] Error [%]
0-30 -2.1 0.3 5.0 0.3
30-70 5.8 0.6 -5.9 0.3
70-120 6.7 1.3 -12.4 0.5
> 120 11 3 -11.9 1.2

Table B.17: Differences in acceptance between HERWIGT and PyTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~v samples for each bin of the pJ? observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H W+H

Bins of p} [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-30 0.9 0.9 -7.5 1.7 0.5 1.1 0.7 1.1

30-70 -0.7 0.9 4.6 1.3 -1.6 1.1 -1.1 1.2
70-120 -1.7 1.8 7.7 1.9 -4 2 -3 2
> 120 2 3 -7 3 -4 4 -5 4

Table B.18: Differences in acceptance between HERWIGT and PyTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the p}? observable, as described in [215]. This
difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIA8 (AZNLO), and the error
is statistical only, which depends on the number of V H events passing each bin.
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ISR; up ISR; down ISR2 up ISR, down
Bins of p} [GeV] Variation [%] Error [%] Variation (%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]

0-30 0.1 0.2 1.3 0.2 0.2 0.2 0.3 0.2
30-70 0.4 0.3 1.0 0.4 0.3 0.4 0.3 0.4
70-120 -0.2 0.9 1.6 0.9 0.0 0.9 0.9 0.9
> 120 1.8 1.7 1.8 1.7 -0.8 1.7 0.3 1.7

Table B.19: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for each bin of the p? observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of p} [GeV] Variation [%] Error [%] Variation (%] Error (%] Variation [%] Error [%] Variation [%] Error [%)]
0-30 1.8 0.2 -0.1 0.2 0.1 0.2 0.4 0.2
30-70 3.7 0.4 -2.8 0.4 -0.4 0.4 0.2 0.4
70-120 3.7 0.9 -2.7 0.9 0.2 0.9 0.0 0.9
> 120 4.4 1.7 -2.0 1.6 0.7 1.7 0.7 1.7

Table B.20: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~~ sample for each bin of the p/? observable, as
described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

g9H VBF
Bins of |¢/!| Variation [%] Error [%] Variation [%] Error [%]
0.0-0.5 -2.1 0.6 -4.2 0.6
0.5-1.0 0.3 0.6 -3.4 0.6
1.0-1.5 0.3 0.7 -2.8 0.5
1.5-1.9 0.3 0.8 -3.2 0.5
1.9-2.3 1.3 0.9 -2.8 0.5
2.3-2.5 1.1 1.3 -2.2 0.7
2.5-4.4 3.3 0.6 -0.7 0.3

Table B.21: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — v samples for each bin of the |y71| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

ZH 99ZH W-H WtH
Bins of |y/!| Variation (%] Error [%] Variation [%] Error (%] Variation [%] Error [%] Variation [%] Error [%)]
0.0-0.5 -3.2 1.1 -7.5 1.6 -24 14 -0.8 14
0.5-1.0 1.0 1.2 -8.0 1.7 -1.3 1.5 -1.5 1.6
1.0-1.5 1.6 1.3 -1 2 -0.6 1.6 -1.1 1.7
1.5-1.9 0.9 18 -2 3 1 2 1 2
1.9-2.3 -2 2 16 3 4 3 -3 3
2.3-2.5 3 4 37 6 -7 4 -2 4
2.5-4.4 3 2 40 4 -2 3 4 3

Table B.22: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the VH H — ~y samples for each bin of the |y/1| observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PyTHIA8 (AZNLO), and
the error is statistical only, which depends on the number of V H events passing each bin.

ISR, up ISR, down ISR, up ISR, down
Bins of |y/t| Variation [%] Error (%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-0.5 -0.2 0.4 0.6 0.4 -0.2 0.4 0.1 0.4
0.5-1.0 0.6 0.4 1.9 0.4 0.5 0.4 0.3 0.4
1.0-1.5 0.6 0.5 1.0 0.5 0.3 0.5 0.8 0.5
1.5-1.9 0.3 0.6 1.3 0.6 0.4 0.6 0.3 0.6
1.9-2.3 0.2 0.6 1.5 0.6 0.4 0.6 0.3 0.6
2.3-2.5 -0.1 0.9 0.6 0.9 0.1 0.9 0.8 0.9
2.5-4.4 0.0 0.4 1.4 0.4 0.0 0.4 0.1 0.4

Table B.23: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for each bin of the |y’t| observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of [y/!| Variation [%] Error [%] Variation [%] Error (%] Variation [%] Error [%] Variation (%] Error [%)]
0.0-0.5 1.8 0.4 -1.4 0.4 -0.4 0.4 -0.2 0.4
0.5-1.0 2.9 0.5 -0.1 0.4 0.2 0.4 0.7 0.4
1.0-1.5 2.7 0.5 -0.5 0.5 0.3 0.5 0.6 0.5
1.5-1.9 2.6 0.6 -0.9 0.5 -0.2 0.5 0.0 0.5
1.9-2.3 1.8 0.6 -0.9 0.6 0.3 0.6 0.8 0.6
2.3-2.5 2.2 0.9 -1.6 0.9 -0.4 0.9 0.2 0.9
2.5-44 2.6 0.4 -1.7 0.4 -0.2 0.4 0.2 0.4

Table B.24: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~+ sample for each bin of the |y7t| observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.
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g9H VBF
Bins of |y72| Variation [%] Error [%] Variation [%] Error [%]

0.0-1.2 5.9 0.8 -9.2 0.5
1.2-2.0 7.9 1.0 -7.9 0.5
2.0-44 5.2 0.9 -6.6 0.3

Table B.25: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — v samples for each bin of the |y72| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H W+H
Bins of |y/2| Variation [%)] Error [%] Variation [%] Error (%] Variation [%] Error [%] Variation [%] Error [%]
0.0-1.2 -1.5 1.0 -0.7 1.3 -2.1 1.3 -1.0 1.4
1.2-2.0 -1.0 1.5 2 2 -2.3 1.9 -3.7 1.9
2.0-44 2.5 1.9 21 3 -3 2 -1 2

Table B.26: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the |y’2| observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PYTHIA8 (AZNLO), and
the error is statistical only, which depends on the number of V H events passing each bin.

ISR; up ISR; down ISR; up ISR; down
Bins of |y2| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-1.2 0.3 0.5 1.1 0.5 0.1 0.5 0.4 0.5
1.2-2.0 1.8 0.7 2.8 0.7 14 0.7 14 0.7
2.0-44 -0.6 0.6 -0.1 0.6 -0.5 0.6 -0.2 0.6

Table B.27: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for each bin of the |y72| observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of |y2| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-1.2 3.5 0.5 -2.5 0.5 -0.5 0.5 0.3 0.5
1.2-2.0 4.4 0.7 -1.8 0.7 0.8 0.7 0.9 0.7
2.0-44 3.5 0.6 -3.8 0.6 -0.8 0.6 -0.5 0.6

Table B.28: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~ sample for each bin of the |y72| observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

g9H VBF

Bins of |cos6*| Variation [%] Error [%] Variation [%] Error [%)]
0.0-0.0625 0.2 0.6 0.4 0.6
0.0625-0.125 -0.9 0.6 0.6 0.6
0.125-0.1875 -1.7 0.6 0.2 0.6
0.1875-0.25 -0.4 0.6 -0.8 0.6
0.25-0.3125 -0.3 0.6 1.0 0.6
0.3125-0.3750 -1.3 0.6 -0.2 0.6
0.3750-0.5 -0.6 0.4 -0.1 0.5
0.5-0.625 0.3 0.5 1.2 0.5
0.625-1.0 -1.2 0.4 -1.3 0.4

Table B.29: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~+ samples for each bin of the | cos 8*| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W~-H W+H
Bins of [cos#*| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-0.0625 0.8 1.7 -2 3 -1 2 -5 2
0.0625-0.125 -3.3 1.7 2 3 -3 2 0 2
0.125-0.1875 -0.2 1.8 2 3 4 2 4 2
0.1875-0.25 1.3 1.8 2 3 -4 2 2 2
0.25-0.3125 0.4 1.9 -8 3 1 2 0 2
0.3125-0.3750 0.4 1.9 0 3 -3 2 0 2
0.3750-0.5 1.7 1.4 0 2 -1.2 1.7 -0.8 1.7
0.5-0.625 -1.1 1.5 -5 2 -1.0 1.7 -1.8 1.8
0.625-1.0 -0.8 1.1 0.4 1.4 0.9 1.3 -2.7 1.3

Table B.30: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the VH H — -y samples for each bin of the |cos8*| observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PYTHIAS (AZNLO), and the
error is statistical only, which depends on the number of V H events passing each bin.
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ISR, up ISR, down ISR2 up ISR, down

Bins of |cos0*| Variation [%] Error [%] Variation [%] Error [%)] Variation [%] FError [%] Variation [%] Error [%)]

0.0-0.0625 -0.1 0.3 0.7 0.4 -0.2 0.4 -0.2 0.4
0.0625-0.125 -0.3 0.4 0.9 0.4 -0.8 0.4 -0.4 0.4
0.125-0.1875 -0.3 0.4 0.5 0.4 -0.5 0.4 -0.4 0.4
0.1875-0.25 0.0 0.4 11 0.4 0.1 0.4 -0.1 0.4
0.25-0.3125 0.3 0.4 14 0.4 -0.3 0.4 -0.1 0.4
0.3125-0.3750 -0.1 0.4 0.7 0.4 0.0 0.4 0.1 0.4
0.3750-0.5 -0.1 0.3 0.9 0.3 -0.2 0.3 0.1 0.3
0.5-0.625 0.3 0.3 14 0.3 0.3 0.3 0.5 0.3
0.625-1.0 0.3 0.3 1.5 0.3 0.5 0.3 0.7 0.3

Table B.31: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~~ sample for each bin of the |cos6*|
observable, as described in [215]. This difference corresponds to (AZNLO (ISR eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of |cos0*| Variation [%] Error [%] Variation [%] Error [%] Variation [%] FError [%] Variation [%] Error [%]
0.0-0.0625 0.3 0.4 0.1 0.4 -0.3 0.3 -0.1 0.4
0.0625-0.125 0.4 0.4 -0.1 0.4 -0.7 0.4 -0.8 0.4
0.125-0.1875 0.2 0.4 0.0 0.4 -0.2 0.4 -0.7 0.4
0.1875-0.25 0.4 0.4 0.1 0.4 0.0 0.4 0.1 0.4
0.25-0.3125 0.9 0.4 0.3 0.4 0.1 0.4 -0.1 0.4
0.3125-0.3750 1.0 0.4 0.2 0.4 0.1 0.4 0.5 0.4
0.3750-0.5 1.0 0.3 0.5 0.3 0.0 0.3 -0.1 0.3
0.5-0.625 1.3 0.3 1.0 0.3 0.4 0.3 0.3 0.3
0.625-1.0 1.2 0.3 0.6 0.3 0.4 0.3 0.3 0.3

Table B.32: Differences in acceptance between AZNLO (FSR / MPI eigentune variations)
and AZNLO obtained with the NNLOPS ggH H — ~v sample for each bin of the |cos6*|
observable, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigen-
tune variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on
the number of ggH events passing each bin.

ggH VBF
Bins of A¢;; Variation [%] Error [%] Variation [%] Error [%)]
23,14 (-1.57) 7.6 1.0 8.7 0.4
-1.57-0.00 3.9 1.0 -5.5 0.5
0.00-1.57 5.1 1.0 -5.1 0.5
1.57-3.14 7.7 1.0 -9.0 0.4

Table B.33: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~yy samples for each bin of the A¢;; observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

ZH 99ZH W-H W+H
Bins of A¢;; Variation (%] Error [%] Variation [%] Error [%] Variation [%] Error [%)] Variation [%] Error [%)]
-3.14-(-1.57) -0.8 1.6 12 2 0 2 -2 2
-1.57-0.00 0.3 1.6 -1.7 1.8 -4.1 1.8 1.2 1.9
0.00-1.57 -1.9 1.5 -1.6 1.8 -2.5 1.8 -2.5 1.9
1.57-3.14 -0.3 1.6 15 2 -2 2 -4 2

Table B.34: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the VH H — 7 samples for each bin of the Ag;; observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PyTHIA8 (AZNLO), and the
error is statistical only, which depends on the number of V. H events passing each bin.

ISR; up ISR; down ISRz up ISR. down
Bins of A¢;; Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
-3.14-(-1.57) 0.8 0.7 0.7 0.7 0.2 0.7 0.5 0.7
-1.57-0.00 -0.5 0.7 -0.3 0.7 -0.7 0.7 -0.7 0.7
0.00-1.57 0.7 0.7 1.2 0.7 0.4 0.7 1.1 0.7
1.57-3.14 0.5 0.7 2.8 0.7 1.0 0.7 0.8 0.7

Table B.35: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — ~ sample for each bin of the A¢;; observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of A¢;; Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
-3.14-(-1.57) 4.4 0.7 -3.6 0.6 0.4 0.7 -0.1 0.7
-1.57-0.00 2.2 0.7 -3.1 0.7 -1.7 0.7 -0.9 0.7
0.00-1.57 3.1 0.7 -2.2 0.7 -0.6 0.7 0.4 0.7
1.57-3.14 5.1 0.7 -2.2 0.6 0.7 0.7 1.2 0.7

Table B.36: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for each bin of the A¢;; observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLQO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.
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ggH VBF
Bins of |Ay;;| Variation [%] Error [%] Variation [%] Error [%]

0.0-2.0 5.4 0.6 -24 0.6
2.0-4.0 6.0 0.9 -9.9 0.4
4.0-8.8 11.1 1.6 -7.2 0.3

Table B.37: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~v samples for each bin of the |Ay;;| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH g9 ZH W-H WHH
Bins of |Ay;;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-2.0 -1.2 0.8 -4.5 1.1 -2.4 1.0 -2.2 1.1
2.0-4.0 1 2 32 3 -1 3 1 3
4.0-8.8 9 6 57 7 -3 7 -3 7

Table B.38: Differences in acceptance between HERWIG7 and PyTHIA8 (AZNLO) obtained
with the VH H — ~y samples for each bin of the |Ay;;| observable, as described in [215].
This difference corresponds to (HERWIGT7-PYTHIA8 (AZNLO)) / PyTHIA8 (AZNLO), and the
error is statistical only, which depends on the number of V H events passing each bin.

ISR, up ISR; down ISR, up ISR, down
Bins of [Ay;;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-2.0 0.7 0.4 1.4 0.4 0.4 0.4 0.9 0.4
2.0-4.0 -0.3 0.6 0.6 0.6 -0.2 0.6 -0.5 0.6
4.0-8.8 0.5 1.1 0.9 1.1 0.1 1.1 0.5 1.1

Table B.39: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — 77 sample for each bin of the |Ay;;| observ-
able, as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of |Ay;;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0.0-2.0 3.6 0.4 -2.0 0.4 -0.1 0.4 0.4 0.4
2.0-4.0 3.5 0.6 -3.7 0.6 -0.8 0.6 -0.4 0.6
4.0-8.8 5.1 1.1 -4.1 1.0 0.1 1.1 0.4 1.1

Table B.40: Differences in acceptance between AZNLO (FSR / MPI eigentune variations)
and AZNLO obtained with the NNLOPS ggH H — 7 sample for each bin of the |Ay,;|
observable, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigen-
tune variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on
the number of ggH events passing each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

ggH VBF
Bins of |A¢,, ;| Variation [%] Error [%] Variation [%] Error [%)]
0.00-0.13 -0.1 0.7 -8.1 0.3
0.13-0.42 7.5 0.8 -3.1 0.5
0.42-3.14 15.3 1.1 -12.9 0.6

Table B.41: Differences in acceptance between HERWIG7 and PyYTHIA8 (AZNLOQO) obtained
with the NNLOPS ggH and VBF H — -y samples for each bin of the |A¢,., ;;| observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H WHH
Bins of |[A¢,, ;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0.00-0.13 -1.0 1.3 -5.8 1.6 -5.3 1.5 -3.1 1.6
0.13-0.42 -2.5 1.3 6.2 1.7 0.3 1.7 -1.9 1.8
0.42-3.14 1.8 1.5 14 2 -0.8 1.8 0.5 1.9

Table B.42: Differences in acceptance between HERWIG7 and PYTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the [A¢,, ;;| observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PYTHIA8 (AZNLO), and the
error is statistical only, which depends on the number of V H events passing each bin.

ISR, up ISR; down ISR, up ISR, down
Bins of |[A¢,, ;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0.00-0.13 0.0 0.5 0.7 0.5 -0.1 0.5 0.0 0.5
0.13-0.42 0.1 0.6 0.8 0.6 -0.1 0.6 0.5 0.6
0.42-3.14 1.4 0.7 2.3 0.7 1.2 0.7 1.0 0.7

Table B.43: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — -~y sample for each bin of the |A¢, ;jl
observable, as described in [215]. This difference corresponds to (AZNLO (ISR eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the
number of ggH events passing each bin.

FSR up FSR down MPI up MPI down
Bins of |[A¢,,;;| Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0.00-0.13 3.6 0.5 -3.5 0.5 -0.7 0.5 -0.1 0.5
0.13-0.42 3.7 0.6 -2.8 0.5 0.0 0.6 -0.1 0.6
0.42-3.14 4.0 0.7 -1.3 0.7 0.1 0.7 0.9 0.7

Table B.44: Differences in acceptance between AZNLO (FSR / MPI eigentune variations)
and AZNLO obtained with the NNLOPS ggH H — 77 sample for each bin of the |A¢,, j;|
observable, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigen-
tune variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on
the number of ggH events passing each bin.
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ggH VBF
Bins of mj; [GeV] Variation [%] Error [%] Variation [%] Error [%)]

0-170 6.0 0.6 1.7 0.7
170-500 5.3 0.8 -9.2 0.4
500-1500 8.4 1.5 -8.4 0.3
> 1500 20 6 -7.6 0.6

Table B.45: Differences in acceptance between HERWIG7 and PyYTHIA8 (AZNLO) obtained
with the NNLOPS ggH and VBF H — ~v samples for each bin of the m;; observable, as
described in [215]. This difference corresponds to (HERWIG7-PYTHIAS (AZNLO)) / PYTHIAS
(AZNLO), and the error is statistical only, which depends on the number of ggH and VBF
events in each bin.

ZH 99ZH W-H W+H
Bins of m;; [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-170 -0.9 0.9 -3.7 1.3 -2.4 11 -2.5 1.2
170-500 -1.6 1.6 8.6 1.9 -2 2 -0.7 2.1
500-1500 7 4 36 4 1 5 4 5
> 1500 18 22 129 22 -3 26 25 28

Table B.46: Differences in acceptance between HERWIG7 and PyYTHIA8 (AZNLO) obtained
with the VH H — ~v samples for each bin of the m;; observable, as described in [215].
This difference corresponds to (HERWIG7-PYTHIA8 (AZNLO)) / PYTHIA8 (AZNLO), and
the error is statistical only, which depends on the number of V H events passing each bin.

ISR; up ISR; down ISR2 up ISR, down
Bins of m;; [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%)]
0-170 0.6 0.5 1.2 0.5 0.4 0.5 0.8 0.5
170-500 0.3 0.6 1.3 0.6 0.1 0.6 0.1 0.6
500-1500 -0.4 1.0 0.3 1.0 -0.2 1.0 0.2 1.0
> 1500 -3 3 0 3 -4 3 -3 3

Table B.47: Differences in acceptance between AZNLO (ISR eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — 7y sample for each bin of the m;; observable,
as described in [215]. This difference corresponds to (AZNLO (ISR eigentune variations)-
AZNLO) / AZNLO, and the error is statistical only, that depends largely on the number of
ggH events passing each bin.
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Appendix B. Underlying event, parton shower and hadronization
uncertainties for fiducial integrated and differential results

FSR up FSR down MPI up MPI down
Bins of m;; [GeV] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%] Variation [%] Error [%]
0-170 3.7 0.5 -2.3 0.5 -0.4 0.5 0.4 0.5
170-500 3.6 0.6 -2.9 0.5 0.0 0.6 -0.1 0.6
500-1500 4.1 1.1 -3.7 1.0 -0.5 1.0 0.0 1.0
> 1500 1 4 -5 3 -2 3 -1 3

Table B.48: Differences in acceptance between AZNLO (FSR / MPI eigentune variations) and
AZNLO obtained with the NNLOPS ggH H — v sample for each bin of the m;; observ-
able, as described in [215]. This difference corresponds to (AZNLO (FSR / MPI eigentune
variations)-AZNLO) / AZNLO, and the error is statistical only, that depends largely on the

number of ggH events passing each bin.
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