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All current measurements of the Higgs boson properties agree very well with the Standard Model predictions. However, theories beyond the Standard Model are needed to explain fundamental open questions. Many of these theories predict deviations in the Higgs sector, in particular in the couplings of the Higgs boson to the elementary particles. These can be tested at the LHC by measuring production and decay rates of the Higgs boson with increasing precision. The measurements are performed in the Simplified Template Cross Section framework, that divides the phase space into production modes and kinematic regions, in order to use shape information in an, as much as possible, model independent approach. This still allows a combination of different decay channels in order to profit from their sensitivities in different phase space regions. The work presented in this documents uses proton-proton collision data recorded at a center-of-mass energy of √ s = 13 TeV by the ATLAS detector.

Despite a low statistics, the Higgs decay into two photons profits from a very clean experimental signature, an excellent mass resolution and a smooth background. It is therefore an excellent channel to make precision measurements, in particular in phase space regions with high statistics but large background contributions. This thesis presents the Higgs boson mass measurement using 36 fb -1 of integrated luminosity, as well as a measurement of its production cross sections using 80 fb -1 of data. A crucial ingredient for these measurements is a careful calibration of the photon energy. A complicated calibration chain is applied, correcting for all the possible sources of miscalibration in the detector and the reconstruction. The final step uses the decay of the Z boson into an electron-positron pair as a standard candle. Detailed studies on this step are as well presented in this thesis.

Since no concrete hint to a specific new physics model has been found so far, it is important to interprete these measurements in a model independent way. In this work, the combined results in several Higgs decay channels are interpreted in the framework of Effective Field Theories. These results allow to set limits on a complete set of generic operators. The obtained constraints can subsequently be re-interpreted in concrete new physics models. i

Résumé

Les mesures actuelles des propriétés du boson de Higgs sont en bon accord avec les prédictions du Modèle Standard. Cependant, des théories au-delà du Modèle Standard sont nécessaires pour expliquer des questions fondamentales toujours ouvertes. Beaucoup de ces théories prédisent des déviations du Modèle Standard dans le secteur du Higgs, en particulier pour les couplages du boson de Higgs aux particules fondamentales. Ceux-ci peuvent être testés au LHC dans des mesures des taux de production et de désintégration du boson de Higgs, avec une précision croissante. Ces mesures sont faites dans le contexte des Simplified Template Cross Sections; dans cette approche, l'espace de phase est divisé en modes de production et régions cinématiques, afin d'exploiter l'information de la forme des distributions de la manière la plus générique possible. Ceci permet également une combinaison facile de plusieurs modes de désintégration du boson de Higgs, exploitant ainsi leur différente sensitivité dans différentes régions de l'espace de phase. Le travail présenté dans cette thèse utilise des données de collisions de protons enregistrées à une energie de √ s = 13 TeV par le détecteur ATLAS.

Malgré une faible statistique, la désintégration du boson de Higgs en deux photons profite d'une signature expérimentale très propre, d'une résolution de masse excellente et d'un bruit de fond lisse. Elle représente donc un canal excellent pour les mesures de précision, en particulier dans des régions d'espace de phase avec une grande statistique, mais aussi une large contribution de bruit de fond. Ce document présente la mesure de la masse du boson de Higgs avec 36 fb -1 de luminosité intégrée, ainsi que la mesure de sections efficaces de production avec 80 fb -1 de données. Un ingrédient crucial pour ces mesures est une calibration précise de l'énergie des photons. Une chaine de calibration complexe est appliquée pour corriger toute source possible de biais de calibration dans le détecteur et lors de la réconstruction. L'étape finale utilise la désintégration du boson Z en paire electron-positron comme référence. Des études détaillées de cette étape sont également présentées.

Comme aucun indice concret vers un modèle particulier de nouvelle physique a été trouvé jusqu'à maintenant, il est important d'interpréter les mesures de manière générique. Dans cette thèse, les résultats combinés de plusieurs canaux de désintégration du boson de Higgs sont interprétés dans le contexte de théories effectives des champs. Ces résultats permettent de déterminer des limites sur un large ensemble d'opérateurs. Les résultats obtenus peuvent ensuite être interprétés dans des modèles particuliers de nouvelle physique.
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C H A P T E R 1 Introduction

The Higgs boson was discovered by the ATLAS and CMS collaborations in 2012 in proton-proton collisions at a centre-of-mass energy of 7 and 8 TeV at the LHC [START_REF] Unal | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF]Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC[END_REF]. The significance of the observed resonance was driven by its two cleanest decay channels into two photons and into four leptons. Detailed measurements of the new particle confirmed the agreement with the scalar Higgs boson arising from the electroweak symmetry breaking, predicted by Brout, Englert and Higgs in the 1960s [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF].

As a multi-purpose experiment, the ATLAS experiment allows to perform a large variety of measurements in different fields and channels in order to test the predictions of the Standard Model. So far, these measurements show a good agreement with the Standard Model prediction. However, several observations can not be explained in a consistent way within the Standard Model, as for example the absence of anti-matter in the universe, the existence of dark matter, or the masses of neutrinos. Theories beyond the Standard Model are needed to explain these phenomena. Anomalies in flavour physics measurements, for example in the studies of B meson decays, might also give hints towards Standard Model extensions.

Most of the existing theories and models beyond the Standard Model predict deviations in the Higgs sector. Precise measurements of its properties are therefore a major focus of the LHC program, and are performed with increasing data statistics and evolving analysis techniques at the LHC. At the same time, more and more accurate theory predictions of the Standard Model are calculated, in order to reduce as much as possible the uncertainties and be able to see very small deviations, for example in the couplings of the Higgs boson to other particles. The Higgs boson decay into two photons is an excellent channel to perform such precision measurements. Despite the comparably low statistics, this channel profits from the very clean signature with two isolated photons, a good subtraction of the smoothly falling background, as well as the good photon energy resolution in the detector.

In this thesis, measurements of the Higgs boson properties in the Higgs to diphoton decay channel using Run 2 data collected by the ATLAS experiment at 13 TeV are presented. Chapter 2 and 3 will shortly introduce the basic theoretical concepts and the ATLAS detector and experimental environment. In order to achieve the required precision, an excellent knowledge of the photon energy, and therefore of the detector, is crucial. The calibration of the photon energy is presented in Chapter 4. Chapter 5 describes the common event selection and analysis techniques used for all analyses in the Higgs to diphoton channel presented in this thesis. The Higgs boson mass measurement is presented in Chapter 6. Chapter 7 and 8 explain the measurement of Higgs boson production cross sections in the Higgs to diphoton decay channel within the Simplified Template Cross Section framework. Chapter 9 presents the Chapter 1 Introduction interpretation of the Simplified Template Cross Section measurements combined from different Higgs decay channels in terms of effective field theory. These provide a model independent framework to test generic contributions from new physics. Finally, an extrapolation of this measurement to the high luminosity LHC is shown in Chapter 10.

Personal contributions

The work presented in this thesis was performed within the ATLAS collaboration. Even though the focus of this manuscript will lie on my personal work, all the described analysis would not have been possible without major contributions from many other people and common tools and frameworks. The following pages therefore describe shortly my own main contributions to the presented results.

Electron & photon energy calibration (Chapter 4)

• Development, implementation and optimisation of an alternative, lineshape based method to derive energy scale factors and resolution corrections from Z → ee events

• Detailed studies of possible biases of this method and of the in-situ calibration in general

• Computation of systematic uncertainty on the electron and photon energy calibration recommendations used for physics analysis from the difference of two in-situ calibration methods

• Checks on the impact of the data scale factor applied for pileup reweighting on the measured scale factors and computation of the corresponding systematic uncertainties

• Investigation of the possibility of extracting energy or shower shape dependent scale factors using the lineshape method

• Estimation of stability of the energy calibration versus pileup and time

• Derivation of a systematic uncertainty on the energy calibration due to the choice of the noise threshold used in the electron and photon reconstruction algorithm

• During the first year, maintaining the code used for the event selection and the production of samples used for the in-situ calibration

• Editor of internal documentation on energy calibration for the Rel 20.7 calibration paper [START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] • Editing of internal documentation on energy calibration for the Rel 21 EGamma paper (in preparation)

Higgs boson mass measurement (Chapter 6)

• Test of several event categorisations for the H → γγ channel leading to the final choice used for the mass measurement

• Cross check of the Higgs boson mass measurement using a simplified fitting setup

• Estimation of the bias on Higgs boson mass measurement coming from the choice of analytic functions for the signal and background modelling; these fall among the most significant uncertainties

Chapter 1 Introduction

• Propagation of the photon energy scale and resolution systematic uncertainties to the Higgs boson mass measurement

Higgs boson couplings measurement (Chapter 7)

• Coordination in 2017 of the production of common reduced samples used for all diphoton analyses

• Statistical analysis for the ttH observation and full couplings measurement, both published in summer 2018, validity checks for the result

• Computation of selection efficiencies used for the signal modelling

• Estimation of the theoretical uncertainties from QCD scale and PDF on the measurements

• Cross check of the experimental uncertainties on these measurements

• Estimation of impact of the BDT used for the VBF event categorisation on QCD scale related uncertainties on ggF contamination in the VBF enhanced event categories

• Studies on alternative methods to compute the background modelling uncertainty in categories with low MC background statistics

• Editor of the two internal supporting documents for ttH (paper: [START_REF]Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector[END_REF]) and the full couplings measurement (conference note: [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF])

Optimisation of the VBF enhanced categories for the Higgs boson couplings measurement (Chapter 8)

• Studies on potential gain from quark-gluon tagging for VBF categorisation (all studies presented in this chapter)

EFT interpretation of STXS measurements (Chapter 9)

• All studies presented in this chapter in collaboration with a postdoc from LAPP Extrapolation to the HL-LHC (Chapter 10)

• Extrapolation of the Higgs production mode cross section measurement using 80 fb -1 to the HL-LHC

• Providing the workspace for the HL-LHC projections couplings combination (ATLAS + CMS)

• Editing corresponding section in internal supporting note

C H A P T E R 2 Theoretical concepts of Higgs physics at the LHC

The Brout-Englert-Higgs mechanism [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF] was introduced into the Standard Model in order to explain the origin of the particle masses. A new particle was discovered at the LHC in 2012 [START_REF] Unal | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF]Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC[END_REF]. Its measured properties are in very good agreement with those of the predicted Higgs boson. So far, these measurement do not show any significant deviation with respect to the Standard Model prediction. However, many theories beyond the Standard Model predict modifications in the Higgs sector, for example in the couplings of the Higgs boson to the Standard Model particles. Precision measurements of the Higgs boson properties are therefore crucial to test the limits of validity of the Standard Model.

The Standard Model of particle physics

The most accurate description of particle physics observations is currently given by the Standard Model (SM) [START_REF] Glashow | Partial Symmetries of Weak Interactions[END_REF][START_REF] Weinberg | A Model of Leptons[END_REF][START_REF] Salam | Weak and Electromagnetic Interactions[END_REF]. In this model, the elementary matter particles and their corresponding anti-particles are grouped into three generations of fermions with spin 1 2 . Each generation is composed of two leptons and two quarks. The leptons are the electron (e), the muon (µ) and the tau (τ) with electric charges of -1e, e being the elementary charge of ≈ 1.6 • 10 -19 C [START_REF] Tanabashi | Review of Particle Physics[END_REF], and their corresponding uncharged neutrinos (ν i , i = e, µ, τ). Each quark generation contains an up-type quark with an electric charge of + 2 3 e, which are the up (u), charm (c) and top (t) quarks, and a down-type quark with an electric charge of - 1 3 e, which are the down (d), strange (s) and bottom (b) quarks. Additionally to their electric charge, quarks carry colour charges, labelled as red, blue and green, while anti-quarks carry anti-colour. Each lepton and each quark is attributed a flavour. These matter particles interact via three fundamental interactions, being the electromagnetic, the weak and the strong interactions. They are mediated by the so-called gauge bosons, which have spin 1. The photon, which is responsible for the electromagnetic interaction, couples to electromagnetic charge Q. The strong interaction is mediated by gluons coupling to colour charge. The weak interaction is mediated by the W ± and the Z 0 bosons which couple to the weak isospin I 3 and weak hyper-charge. The complete list of the SM elementary particles is summarised in Fig. 2.1. The additional scalar Higgs boson arises from the mechanism responsible for the mass of the gauge bosons.

Chapter 2 Theoretical concepts of Higgs physics at the LHC Figure 2.1: List of all the elementary particles existing in the SM. Each particle has its corresponding anti-particle; some of them are their own anti-particles. [START_REF]Particle content of the Standard Model[END_REF] 

Quantum field theory

Mathematically, the SM is described with a relativistic quantum field theory. Physical particles are considered as excited states of their underlying fields. The propagation and interaction between these fields is computed by requiring local gauge invariance under a specific symmetry group. The generators of this group correspond to the gauge bosons that are mediators of a fundamental force and responsible for the interactions. Different symmetry groups are used to describe the different fundamental interactions.

Each of these is fully described with one free parameter, generally called α or g (α = g 2 4π ), which corresponds to the coupling constant. Since processes in this theory can not be calculated analytically, it is generally calculated in perturbation theory, with an expansion around the coupling constant. Each term of the expansion can be represented in terms of Feynman diagrams, that describe the incoming and outgoing particles, the interaction vertices, as well as the propagators in between. An example Feynman diagram of the e + e -→ µ + µ -process is shown in Figure 2.2 for the leading and the next-to-leading order. The three fundamental SM interactions are described under the SU(3) C ⊗ SU(2) L ⊗ U(1) Y symmetry 2.1 The Standard Model of particle physics group with couplings g s , g and g . It is usually described using the Lagrange formalism, with different terms describing the free particle's energies and their interactions. The descriptions below summarise the most important concepts, mainly following [START_REF] Thomson | Modern Particle Physics[END_REF]. Many more details on this and other basic theory concepts can be found in this and other books; they will not be repeated here.

Quantum chromo dynamics

The strong interaction is described by quantum chromo dynamics (QCD), which is a local gauge symmetry under the SU(3) C gauge group. Eight gauge bosons, called gluons, are generated from this invariance. They couple to colour charge, with three degrees of freedom. Only particles carrying colour charge (i.e. quarks) couple to these gluons. Colour charge is conserved in each interaction. Since the SU(3) C group is non-Abelian, the gluons themselves must also carry (anti-)colour charge and thus interact with each other.

Running of α s

The perturbative QCD expansion as a function of the strong coupling constant α s shows so-called ultraviolet divergences in the high-momentum limit of the loop integrals at higher orders. This can be cured by renormalisation, which redefines the physical fields, masses and charges as a function of the "bare" quantities times renormalisation constants, which absorb the divergences. From dimensional considerations on the renormalisation constants a renormalisation scale µ R is needed, which is defined by the energy scale considered in a specific process. One thus obtains the following expression that describes the running of the strong coupling constant:

α s (µ 2 ) = 12π (33 -2N f ) ln µ 2 Λ 2 QCD . (2.1)
where µ is the energy scale of the process and N f is the number of active quark flavours at this given energy scale. The cut-off scale

Λ 2 QCD = µ 2 R exp(12π/(33-2N f )α s (µ 2 R ))
is the only free parameter and defines the boundary conditions of QCD:

• Confinement: for µ << Λ QCD , perturbative QCD is not valid.

• Asymptotic freedom: for µ >> Λ QCD , partons (quarks and gluons) can be considered approximately as free particles.

Λ QCD depends on the renormalisation scale; for five quark flavours, its value is around Λ QCD ∼ 200 MeV.

Jets

Due to confinement, no free colour charge can be observed. Therefore, quarks and gluons are bound into colour singlet states (q q or qqq) and can not be observed as single particles in a detector. Large momentum partons (i.e. quarks or gluons) produced in a process radiate gluons or split into quark pairs as they propagate. These splittings are mainly collinear and soft within a relatively narrow cone around the initial parton momentum. The partons hadronise and the colour connection between the parton and its origin breaks.
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Electroweak interaction

The electroweak theory, which gives a unified representation of the electromagnetic and weak forces, is described with the SU(2) L ⊗ U(1) Y gauge group. The weak interaction described by the SU(2) L group is mediated by the exchange of the charged W 1 and W 2 and the neutral W 3 spin-1 bosons, which couple to weak isospin I W . The left-handed fermions form isospin doublets with I W = 1 2 , while the right-handed fermions are isospin singlets with I W = 0. The opposite is true for their anti-particles. Therefore the weak interaction only couples to left-handed fermions and right-handed anti-fermions, being thus maximally parity violating. Charged current interactions are mediated by the physical W ± bosons that can be expressed as a linear combination of the interaction eigenstates W 1 and W 2 :

W ± = 1 √ 2 (W 1 ∓ i • W 2 ). (2.2)
They are responsible for transitions between up-and down-type particles inside a doublet. CKM mixing in the quark sector additionally causes transitions between the different generations. Neutral current interactions are mediated by the W 3 boson. In the SM, neutral currents do conserve flavour at tree level; flavour changing neutral currents are only present at higher orders of perturbation theory. The physical Z boson can not directly be identified as the W 3 boson. It is theoretically explained by the unification of electromagnetism and weak interaction. A U(1) Y field is therefore introduced, that is invariant under the SU(2) L transformation. An additional neutral spin-1 gauge boson B arises from the U(1) Y invariance. It couples to the weak hyper-charge Y W that can be related to the third component of weak isospin I 3 W and electric charge Q:

Y W = 2(Q -I 3 W ). (2.
3)

The physical photon A and the Z boson can be expressed as linear combinations of the two neutral electroweak gauge bosons:

A =B cos θ W + W 3 sin θ W (2.4) Z = -B sin θ W + W 3 cos θ W , (2.5) 
where θ W is the Weinberg angle.

Spontaneous symmetry breaking and mass of elementary particles

The electroweak interaction as described in section 2.1.3 is described by a gauge symmetry. This assumes massless gauge bosons; adding a mass term would break the symmetry. However, it is experimentally observed that the W ± bosons and the Z boson are massive particles. To solve this problem, the Brout-Englert-Higgs (BEH) mechanism introduces spontaneous symmetry breaking ad-hoc in the SM in order to preserve local gauge invariance.

A complex scalar field

Φ = Φ + Φ 0 = 1 √ 2 Φ 1 +iΦ 2 Φ 3 +iΦ 4
can be added to the SM Lagrangian with:

L Higgs = (D µ Φ) † (D µ Φ) -V(Φ). (2.6) 
The covariant derivative of Φ, D µ Φ = ∂ µ + igI i W W i µ + i 1 2 g B µ Φ, describes the interaction of the 2.1 The Standard Model of particle physics electroweak gauge bosons with this field. The square of the covariant derivative involves three-and four-point interactions between the gauge fields and the scalar field Φ.

The potential of the scalar field is given by

V(Φ) = µ 2 Φ † Φ + λ(Φ † Φ) 2 , (2.7) 
where λ describes the quartic self-interaction of the scalar fields; it is required to be positive to ensure vacuum stability. For µ 2 < 0, an infinite number of degenerate states with minimum energy appear which satisfy ΦΦ † = -µ 2 2λ = v 2 2 , v 0 being the vacuum expectation value (vev), which is shown in Figure 2.3.

Figure 2.3: Shape of the Higgs potential for µ 2 < 0; this potential has an infinite amount of minima. [START_REF] Ellis | A Historical Profile of the Higgs Boson[END_REF] The potential only depends on the combination ΦΦ † , such that one can arbitrarily choose:

Φ = 1 √ 2 0 v .
(2.8)

From conservation of electric charge and the fact that the photon is massless, it follows that electromagnetism has to be unbroken; therefore the physical vev can only be acquired by the neutral field. Therefore the component Φ 0 of the scalar field has to be interpreted as the neutral component of the doublet. The arbitrary "choice" of one of the minimum energy states induces spontaneous symmetry breaking, leading to the appearance of a massive scalar and three massless Goldstone bosons. The latter can be absorbed by the choice of a proper gauging and be understood as the longitudinal degrees of freedom of the W ± and the Z bosons, which become massive. In the unitary gauge, the Higgs doublet is written as

Φ(x) = 1 √ 2 0 v + h(x)
.

(2.9)

Accordingly expressing the Lagrangian in Equation 2.6, the terms giving the mass to the gauge bosons can be identified:

m W = 1 2 gv (2.10) m A = 0 (2.11) m Z = m W cos θ W .
(2.12)

Chapter 2 Theoretical concepts of Higgs physics at the LHC This model is fully described by four degrees of freedom, the gauge couplings of SU(2) (g) and U(1) (g ), and the two parameters of the Higgs potential λ and µ. The parameters of the Higgs potential can be inferred through the measurement of the W mass, the Weinberg angle θ W and the Higgs boson mass m 2 H = 2λv 2 using Equations 2.10-2.12. Further it is g = g tan θ W . The coupling of the Higgs boson to the gauge bosons appears to be proportional to the gauge boson masses:

g HV = 2 v m 2 V .
(2.13)

The mass of the fermions is not explained in the same way by the above model. However, it can be generated using the same Higgs field exploiting the fact that left-handed chiral fermion fields L are SU(2) doublets, similar to the Higgs field. Both transform therefore in the same way under infinitesimal SU(2) local gauge transformation, and thus, LΦ is invariant under SU(2) L gauge transformation. Terms of the form -g f ( LΦR + RΦ † L) therefore satisfy SU(2) L ⊗ U(1) Y gauge symmetry and can be added to the SM Lagrangian. In the broken symmetry and with the given Higgs field, this generates the masses of the down-type fermions. Their couplings to the Higgs field g f , called Yukawa couplings, are free parameters and are chosen in analogy to the gauge bosons and to match the observed masses:

g f = √ 2 • m f v .
(2.14)

The masses of up-type quarks can be generated in a similar way with the conjugate Higgs doublets with terms of the form -g f ( LΦ c R + RΦ † c L).

The physics of proton-proton collisions

The acceleration of electrons with circular accelerators is limited by synchrotron radiation due to the small electron mass. Since muon acceleration is not possible at the current stage due to the short lifetime of muons, proton collisions represent a good way to achieve high-energy collisions. The Large Hadron Collider (LHC) provides mainly proton-proton collisions at a centre-of-mass energy of √ s = 13 TeV.

However, since hadrons are composite particles, their collisions are less clean than at electron-positron colliders and the initial state of the interacting partons is not exactly known. The analyses are performed on a statistical basis. The probability for a process to occur is expressed in terms of its cross section, which can be predicted from quantum field theory descriptions of the underlying theory. The measurement of cross sections is an excellent way to probe the SM or theories beyond the SM (BSM).

Protons are composite particles made out of two up quarks and one down quark as the so-called valence quarks. These interact via strong interaction by gluon exchange. The gluons can fluctuate into quark anti-quark pairs forming the so-called sea quarks. Effectively, a proton is therefore a bound state of quarks and gluons called partons. Each of these partons carries a fraction x of the total proton momentum.

The hard scattering cross section for a 2 → 2-process at the LHC is given by

dσ h 1 h 2 →cd = 1 0 dx 1 1 0 dx 2 a,b f a/h 1 (x 1 , µ 2 F ) f b/h 2 (x 2 , µ 2 F )d σab→cd (Q 2 , µ 2 F ) (2.15)
where f n/h i (x i ) corresponds to the parton distribution function (PDF), which is the probability to find a 2. [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF] Higgs physics at the LHC parton of type n inside proton h i with a longitudinal momentum fraction x i . σab→cd is the cross section of the parton hard scattering process, that depends on the momentum transfer Q 2 . It is generally calculated in perturbation theory. Significant corrections to the leading order cross section term are brought by higher orders in the coupling constant, for example in α s . These correspond to virtual or real emissions of gluons in the initial or final state. In the infra-red limit, where the momentum of the emitted gluon is very soft or collinear to the emitting parton, the cross section diverges. To cure these, factorisation allows to define a scale, below which gluon emissions are absorbed in the PDF definition. A common choice of this scale is µ F ≈ Q 2 . Real hard gluon emissions in the initial state (ISR) and in the final state (FSR) are observed in the event as additional jets. The definition of the PDFs depends on the order at which the cross section is calculated.

PDFs can not be calculated with perturbative QCD and must be measured from data, for example using inputs from ep-collisions at HERA [START_REF] Martin | Parton distributions for the LHC[END_REF]. Figure 2. [START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF] shows examples proton PDFs at two different energy scales. In general, gluons and sea quarks carry a relatively low momentum fraction, while the valence quarks can carry large momentum fractions. At LHC energies, the main contribution to the PDFs comes from the gluons.

Figure 2.4: Proton PDFs for a momentum exchange Q = 2 GeV (left) and Q = 100 GeV (right) [START_REF] Dulat | New parton distribution functions from a global analysis of quantum chromodynamics[END_REF]. These PDFs are computed at next-to-next-to-leading order.

Since the momentum fractions carried by the colliding partons in an event is not known, the longitudinal boost in an event is not known. The transverse momentum of the partons is assumed to be negligible and momentum conservation in the transverse plane is used for physics analysis.

Higgs physics at the LHC

The Higgs production at the LHC and the measurements that can be performed with the data are very specific to a proton collider environment. Basic concepts of Higgs boson production, decays and measurements at proton-proton colliders and in particular at the LHC are therefore described in order to Chapter 2 Theoretical concepts of Higgs physics at the LHC introduce the main ingredients for the analysis described later in this thesis.

Higgs boson production

The production of the Higgs boson at the LHC occurs in different production modes. Their cross sections depend on the coupling of the Higgs boson to specific particles, but also essentially on the PDFs described in Section 2.2. The cross sections of the main Higgs production modes, together with their leading Feynman diagrams are shown in Figure 2.5. Due to the dominant contribution of gluons at LHC energies, q q (a) ggF [START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4[END_REF]. A Higgs mass of 125 GeV is assumed in this plot. Additionally, example diagrams are shown for the main production modes. The lowest possible order is considered.

q q q q H V V (b) VBF q q V H V (c) V H g g t t H (d) ttH
the most important Higgs production mode occurs via gluon-gluon fusion (ggF). Even though the Higgs boson does not couple to the massless gluons at leading order, the production of a Higgs boson via fusion of gluons can occur at next to leading order via heavy particle loops. The second most important production mode is vector boson fusion (VBF). In this production mode, the Higgs couples to a pair of vector bosons (W or Z) and is produced in association with two quarks; these are detected in the form of jets. The production of Higgs bosons via Higgs Strahlung by a vector boson (V H) or in association with one or two top quarks (ttH or tH) is much more rare. However, especially the production in association with a pair of top quarks allows a direct measurement of the Higgs boson coupling to the top quark. This is of particular interest to search for hints of BSM physics, since the top quark is the heaviest particle in the SM. For example, although a pure CP-odd Higgs boson is meanwhile excluded, a CP-odd admixture could be probed in the Higgs boson couplings to the top quark by measuring the kinematic distributions of this production mode [START_REF] Demartin | Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction[END_REF].

In order to identify the different production modes, the Higgs boson is reconstructed in a chosen decay channel and particles produced in association with the Higgs bosons are identified. Conclusions on the Higgs boson couplings to the particles produced at the production vertex can thus be drawn. Using the measured masses and electroweak parameters as input, SM predictions can be calculated for the different 2. [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF] Higgs physics at the LHC production mode cross sections and be compared to the measurements.

Higgs boson decays

The decay width or decay rate Γ of a particle is a measure of the probability to decay within a given time. It determines the width of the resonance peak of a particle in an invariant mass spectrum. The decay width is anti-proportional to the particle's lifetime τ:

Γ = τ , (2.16) 
where is the reduced Planck constant. Since the Higgs boson is a very narrow resonance, its measured width is fully dominated by the experimental resolution. Recent measurements of the on-shell and off-shell Higgs boson production in the four-lepton final state by CMS constraint the total Higgs boson width to be Γ H = 3.2 +2.8 -2.2 MeV [START_REF]Measurements of the Higgs boson width and anomalous HVV couplings from on-shell and off-shell production in the four-lepton final state[END_REF]. The relative frequency of a specific decay compared to all possible decays is given by the branching ratio (BR):

BR(H → X) = Γ H→X Γ , (2.17) 
A partial decay width Γ H→X is thus defined for each decay channel H → X such that X Γ H→X = Γ. The Branching ratios of the Higgs boson decays are shown in Figure 2.6 as a function of the Higgs mass. Since photons are massless particles, the direct coupling of the Higgs boson to photons is zero in the SM. However, the Higgs boson can decay into a pair of photons via loop processes. The main Feynman diagrams of this decay are shown in Figure 2.7. The loop involves mostly heavy particles like top quarks or W bosons, the top-quark loop yielding a negative contribution. At a Higgs boson mass of 125 GeV, the branching ratio is around 2 • 10 -3 . Despite the comparably low branching fraction of this decay mode, the reconstruction of two photons has a clean signature in the detector and allows a good energy resolution. This signal can therefore well be separated from the dominating continuum diphoton background, which has a smooth and well parametrisable shape. Together with the very pure H → ZZ * → 4 ( = e, µ) decay channel, it allows precision measurements at low transverse momentum of the Higgs boson. In these kinematic regions, final states with a more challenging experimental signature such as H → b b or H → ττ suffer from a large, poorly understood background. These decay channels however profit from their large statistics in high transverse momentum regions, where the backgrounds become sufficiently low.

Further, the H → γγ decay is the only channel that can provide information on the top-quark Yukawa coupling inside the Higgs boson decay, and, in particular, its sign.

Monte Carlo generation

Measurements of any process need an excellent understanding of the studied signal processes, the reconstructed backgrounds and their corresponding detector response and reconstruction efficiencies. For this purpose, modern particle physics make exhaustive use of Monte Carlo (MC) techniques. Highly developed generators simulate events on statistical basis using the best knowledge of the theory calculations as input. The simulation of events is usually performed in several subsequent steps: event generation, parton shower and fragmentation and detector simulation. A detailed review of state-of-the-art MC generators can be found in [START_REF] Tanabashi | Review of Particle Physics[END_REF].

In a first step, events are generated from the matrix element of a specific process using PDFs as input for the initial state. State of the art generators are mostly available at next-to-leading order (NLO). For some specific processes, for which this is particular important, next-to-next-to-leading order (NNLO) calculations are becoming available and are used in the following analysis. In the analysis presented in this thesis, the main generators used are Powheg [START_REF] Oleari | The POWHEG-BOX[END_REF][START_REF] Nason | A New method for combining NLO QCD with shower Monte Carlo algorithms[END_REF][START_REF] Frixione | Matching NLO QCD computations with parton shower simulations: the POWHEG method[END_REF][START_REF] Alioli | A general framework for implementing NLO calculations in shower Monte Carlo programs: the POWHEG BOX[END_REF] and MadGraph [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] for the simulation of signal processes and Sherpa [START_REF] Gleisberg | Event generation with SHERPA 1.1[END_REF] for the simulation of continuous diphoton background production. Different models, i.e. SM or BSM models, can be used for the generation. Different assumptions are commonly made to simplify and speed up the computation. For most processes, massless light quarks (u, d, c and s) and leptons (e, µ) are assumed in order to speed up the computation and ensure a good behaviour for the PDF definitions. Initial state b-quarks can be introduced mainly in two different ways. It is usually most accurate to assume no b quarks in the PDFs, which corresponds to the so-called four flavour scheme (4FS). In this case, b-quarks originate from gluon splitting. Since event generators are however based on fixed order calculations in perturbation theory, some processes require the five flavour scheme (5FS), with the b-quark included in the PDF definition; in that case, the b-mass is assumed to be zero as well.

These events are interfaced with a program that includes a parton shower algorithm simulating jet and photon emissions from ISR and FSR, and that takes care of the hadronisation. The event kinematics are corrected in order to ensure momentum conservation after emission. A merging algorithm is applied to avoid phase space overlap between the jets from the matrix element calculation and the showering.

Simplified Template Cross Sections

In general, the generation from the matrix element takes care of hard emissions, while the showering algorithm is more appropriate for the soft and collinear case. The most used parton showering algorithm in the following analysis is Pythia8 [START_REF] Sjöstrand | A brief introduction to PYTHIA 8.1[END_REF]. Uncertainties on the parton showering are usually estimated by comparing the results with an alternative parton shower, in many cases Herwig++ [START_REF] Bahr | Herwig++ physics and manual[END_REF] or Sherpa.

Figure 2.8: Sketch of simulation steps in proton-proton collision events. The hard process (red dots) is simulated by the event generator. The parton showering algorithms takes care of ISR (blue), FSR (red), parton hadron transitions (light green) and hadron decays (dark green). A second hard scattering is shown in violet. [START_REF] Höche | Introduction to parton-shower event generators[END_REF] Finally, a detector simulation is performed, which is essential in order to compare the simulated events with the measured data. This simulation is performed with Geant4 [START_REF]GEANT4: a simulation toolkit[END_REF], in which an accurate map of the whole detector is implemented. It simulates the evolution of the final state particles in the detector material and the digitisation of the signal in order to obtain a digital detector signal. Detector simulation is in general very time consuming. Depending on the accuracy needed in specific analyses, approximations can be used to accelerate the simulation [START_REF]The ATLAS Simulation Infrastructure[END_REF] and therefore allow for a larger simulation statistics.

Simplified Template Cross Sections

The production cross sections of the Higgs boson in its different production channels are accurately predicted in the Standard Model given a fixed Higgs boson mass. A precise measurement of these therefore represents a good probe of the SM; deviations could hint to BSM Physics. Many BSM models predict deviations in the couplings from the SM in the order of < 1%.

During the LHC Run 1, signal strength measurements were excessively interpreted using the κ-Chapter 2 Theoretical concepts of Higgs physics at the LHC framework. Assuming a single CP-even Higgs boson, couplings scale factors κ i are introduced in the production cross-sections and decay widths to probe overall rate deviations from the SM expectations. However, measurements from inclusive production mode cross sections or signal strengths are only sub-optimal to test these deviations. They only measure the overall normalisation and are not sensitive to changes in the shape of kinematic distributions. Besides, they depend on assumptions on the signal acceptance in different underlying models, therefore suffering from large theoretical uncertainties.

Ideally, deviations from the SM predictions should be searched for in a model independent way. The measurements could then hint to the nature of potential new physics and be interpreted in different models. The best way to achieve this goal is to measure fiducial and differential cross sections, as a function of kinematic distributions of the Higgs and associated particles. These measurements are based exclusively on the final state and therefore require minimal assumption on the underlying Higgs production and decay mechanisms. The shape of these distributions is very sensitive to new physics. However, the single Higgs boson decay channels are sensitive in very different regions of the phase space (ref. Section 2.3.2). It is therefore interesting to combine all available measurements in order to profit from the sensitivity of each decay channel in specific regions of the phase space. In some of the decay channels however, the sensitivity is too small to measure differential cross sections, for example those that suffer from large systematic uncertainties due to the background modelling. In this regard, the Higgs to diphoton channel is an exception due to its smoothly falling background shape, which allows for a direct constraint of the background from the data. A direct combination of differential cross sections is therefore not possible.

Simplified Template Cross Sections (STXS) were developed as a compromise between the two main requirements: a model independent measurement and a possible combination of different decay channels with minimal systematic uncertainties [START_REF] Tackmann | Simplified template cross sections[END_REF]. In this context, a small model dependence is introduced by classifying the event according to their production mode, defined mainly by the interacting particles and the final state. For each production mode, events are further split into kinematic bins, defined based on the final state using observables that are best suited for the experimental reconstruction. The fine kinematic binning inside each production mode allows to reduce systematic uncertainties, in particular theoretical ones, since the granularity of these bins is chosen such that the variation of the signal acceptance inside each single bin can be neglected for the measurements. Jets are defined at particle level with a transverse momentum p j T > 30 GeV. In this framework, the measurement in different Higgs decay channels can thus contribute to the measurements of specific STXS bins in which they are sensitive. Further, targeting particular truth bins allows the use of machine learning techniques to enhance the signal significance.

Several stages of STXS have been developed, with increasing number of bins to make use of the increasing data statistics. Stage 0 corresponds to the production mode cross sections. The next step is stage 1, whose definition is shown in Figure 2.9. Intermediate measurements can be made with merged bins, indicated with a "+" in the figure. In this case, the SM ratio of their cross sections is assumed. The exact definition of the STXS truth bins together with their SM prediction can be found in Table 2.1. Both, CMS and ATLAS, are using this measurement framework for Run 2 results.

In preparation for the analysis of the full Run 2 dataset, the STXS binning has been re-optimised. In particular, additional bins have been introduced, that are essentially built for the evaluation of systematic uncertainties. In this way an artificial enhancement of the uncertainties due to an average over truth bins can be avoided. So far, STXS bins are only defined for the Higgs production modes. However, for future measurements it might also be worth introducing a binning for the Higgs boson decay.

Simplified Template Cross Sections
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Can be merged with ggF Figure 2.9: Definition of the STXS stage 1 regions for the main Higgs production modes, defined as from the interacting particles and the final state. Jets are defined at particle level and are required to have p T > 30 GeV. The "+" sign signalises bins that can be merged for a measurement of STXS in case of low data statistics. [START_REF] Tackmann | Simplified template cross sections[END_REF] Chapter 2 Theoretical concepts of Higgs physics at the LHC 2.5 Effective Field Theories

Effective Field Theories

So far, no hint to BSM physics has been found at the LHC. Effective field theories (EFTs) provide a consistent approach to probe the presence of BSM physics in a model independent way at the LHC, even if the scale Λ of this new physics is not directly accessible at the LHC. If this scale fulfils Λ >> v, with v being the vev, the new physics decouples from the SM, which means that no new on-shell intermediate state is produced. In this case an expansion of the Lagrangian in canonical dimensions v Λ can be performed. A linear EFT in the framework of the Standard Model effective field theory (SMEFT) [START_REF] Brivio | The SMEFTsim package, theory and tools[END_REF] is considered in this thesis:

L SMEFT = L SM + v Λ L 5 + v Λ 2 L 6 + v Λ 3 L 7 + ... (2.18)
where the single parts of the expansion can be expressed as linear combinations of dimension d operators:

L d = i c d i O d i . (2.19)
The invariant operators O i form a basis; the so-called Warsaw basis [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF] is used in the analysis described later in this thesis. These operators build a complete set of all operators allowed by the SM gauge symmetries. The coefficients c i are called Wilson coefficients. They are free parameters of the theory. The precision of the theory is chosen by the cut-off of the expansion. In the following, baryon and lepton number conservation are assumed such that the first additional terms depend on 1 Λ 2 with corresponding dimension-6 field operators.

The cross section of a specific process as calculated within the SMEFT can be split into three independent parts:

σ = σ SM + σ int + σ BSM (2.20)
where σ SM is the SM cross section, σ int describes the interference between the BSM physics with the SM, and σ BSM is a pure BSM part that does not depend on the SM amplitude. The BSM contribution is suppressed by 1 Λ 4 ; it can however become important in specific regions of the phase space and its consideration can prevent negative cross sections. In most cases, dimension-8 operators, that are suppressed by the same factor 1 Λ 4 , are sub-leading interference terms and can be neglected for measurements within the accuracy of Higgs measurements at the LHC.

How EFTs can be used in practice to probe new Physics strongly depends on the input measurements.

To fully exploit their model independence, differential cross section measurements can be used for the interpretation. However, STXS measurements can allow more stringent constraints from the combination of the measurements in different decay channels. Considerations on the measurement characteristics like uncertainties, event selections, underlying theory assumptions and the sensitivity to specific operators do not allow to define a generally valid approach. Detailed studies for an EFT fit within the STXS framework are described in the dedicated Chapter 9.
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The ATLAS experiment

The Large Hadron Collider

The Large Hadron Collider (LHC) is a 27 km circumference circular accelerator near Geneva in Switzerland and France [START_REF] Evans | LHC Machine[END_REF]. It has the ability of accelerating protons and heavy ions. The physics described in this thesis exclusively uses proton-proton collisions; no further details on the heavy ion collisions will therefore be given here. The protons extracted from a hydrogen source are accelerated in several steps. The first acceleration is performed in a linear accelerator and a circular booster. They are then subsequently injected into the proton synchrotron (PS), the super proton synchrotron (SPS) and finally in the LHC, where they are brought to their final energy. Two beams circulating in different directions are brought to collision at four interaction points. The four main detectors are the general-purpose detectors ATLAS and CMS, the LHCb detector built to study flavour physics looking at the properties of b hadrons, and the ALICE detector that is specialised for measurements on heavy-ion collisions. A schematic overview of the CERN accelerator complex is shown in Figure 3 from 2015 to 2018. Subsets of the Run 2 dataset are used for the following analyses. In addition to pp-collisions, the LHC provided datasets of heavy ion collisions.

Filling scheme and instantaneous luminosity

The protons in each beam are grouped in so-called bunches; several of these bunches form a bunch train. The spacing between the bunches in Run 2 is 25 ns. Several bunch trains are injected after each other from the SPS in the LHC. Injection and acceleration constraints lead to a relatively complex filling scheme (called BCMS) with bunch trains and empty buckets in between [START_REF] Bailey | Standard Filling Schemes for Various LHC Operation Modes[END_REF]. In the second half of 2017 data taking, a different filling scheme, the so-called 8b4e scheme, is used to mitigate electron clouds due to a problem with one of the LHC quadrupoles.

The number of collisions per unit of time is proportional to the (instantaneous) luminosity:

L = N 2 f N b 4πσ x σ y , (3.1) 
where N is the number of particles per bunch (assumed to be equal for both beams), f is the revolution Chapter 3 The ATLAS experiment 3.1 The Large Hadron Collider frequency and N b is the number of bunches. σ x/y are the transverse dimensions of the beam at the collision point. They are determined by the beam emittance, the beta function at the collision point β * and the relativistic factor of the beam particles. This equation assumes an exact head-on collision of Gaussian profiled beams. The small crossing angle at the interaction point reduces the luminosity by a geometric factor.

Pileup

At luminosities of around 10 34 cm -2 s -1 reached at the LHC and given the total inelastic proton-proton cross section of close to 100 mb, several interactions occur at each bunch crossing. The number of interactions µ recoded per bunch crossing is called pileup. The average pileup is denoted as < µ >. The pileup in each year of the Run 2 data taking in collisions recorded by ATLAS is shown in Figure 3.2. The quoted integrated luminosity is slightly higher than the value quoted in Table 5.1 because of data quality requirements applied later in the chain. [START_REF]Run 2 luminosity results[END_REF] With the 8b4e filling scheme used for part of the 2017 data, the pileup was particularly high, around µ = 60. Both, the current ATLAS and CMS detectors, are not designed for such high instantaneous luminosities, which leads for example to high occupancies in the inner detector and large trigger rates. Thus, the luminosity has been levelled by introducing a vertical separation of the beams at the interaction points to avoid exceeding a maximal luminosity.

Integrated luminosity

The time integrated luminosity L dt is proportional to the total number of proton-proton collisions. These are recorded by ATLAS with an efficiency above 90%. Figure 3.3 shows the delivered and recorded luminosity during the Run 2 data taking.

An additional small fraction of data is lost because they do not pass good data quality requirements. The full Run 2 dataset used for most ATLAS analyses has an integrated luminosity of 139 fb -1 . The analyses described in this thesis are performed on the 2015-2016 or 2015-2017 data subsets. 
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Month in Year

J a n '1 5 J u l '1 5 J a n '1 6 J u l '1 6 J a n '1 7 J u l '1 7 J a n '1 8 J u l '1 8

The ATLAS detector

The ATLAS detector is one of two multi-purpose detectors located at the LHC. Its physics program is focussed on the analysis of proton-proton collisions. The detector is composed of many different sub-detectors arranged in layers around the collision point. The central detector part is arranged like a barrel, parallel to the beam pipe. An end-cap at each side of the detector is added to detect forward particles. Assuming the forward-backward symmetry of the collisions, both end-caps are built to be identical. An overview sketch of the ATLAS detector is shown in Figure 3.4. With a diameter of 25 m in the plane transverse to the beam pipe and a length of 46 m, ATLAS is the largest detector at the LHC. More information about the ATLAS detector can be found in [START_REF]The ATLAS Experiment at the CERN Large Hadron Collider[END_REF].

Coordinate system and kinematics definition

To unify the description of processes inside the ATLAS detector, a common, right handed coordinate system is defined. The origin of this coordinate system is defined by the nominal interaction point in the centre of the ATLAS detector. The plane transverse to the beam pipe is defined by the x-axis, that points towards the centre of the LHC ring, and the vertical y-axis pointing upwards. The z-axis is defined by the beam pipe along the LHC ring. Making use of the expected symmetry of physical processes around the interaction point, spherical coordinates (r, φ, θ) are often used.

Since the colliding partons carry different momenta, it is convenient to use the rapidity defined by:

y = 1 2 ln E + p z E -p z , (3.2) 
where the difference ∆y of two particles is Lorentz-invariant. For massless (m → 0) or highly relativistic (v/c → 1) particles, this converges to the pseudo-rapidity η, which is related to the polar angle θ in the following way: For the description of particle kinematics, the pseudo-rapidity is often calculated w.r.t. the actual reconstructed interaction point rather than the origin of the detector coordinate system. A convenient definition of a distance inside the detector is given by:

η = -ln tan θ 2 . (3.3)

The ATLAS detector

∆R = ∆η 2 + ∆φ 2 . (3.4)
Only the average momentum distribution of the partons inside the protons is known from the PDFs. However, in a single collision, the longitudinal boost of the colliding system is not known. For analysis purpose, only the conservation of the momentum inside the transverse plane can therefore be used. The transverse momentum is defined as:

p T = p 2 x + p 2 y , (3.5) 
with the accordingly defined transverse energy:

E T = p 2 T + m 2 . (3.6)

Inner detector

The inner detector (ID) constitutes the part of the detector that is closest to the beam pipe [START_REF]ATLAS inner detector[END_REF]. It is built of several layers of tracking detectors, that are optimised for the reconstruction of charged particle tracks.

The momentum (and charge) of the charged particles is measured from the curvature of the tracks inside the 2 T magnetic field generated by a solenoid placed around the ID. A precise determination of the track position as close as possible to the interaction point is needed to reconstruct the primary (and possible

Chapter 3 The ATLAS experiment secondary) vertices from which these tracks originate [START_REF] Choi | Tracking and Vertexing with the ATLAS Inner Detector in the LHC Run-2[END_REF]. The ID acceptance covers the pseudo-rapidity region of |η| < 2.5. This acceptance range defines the η-range used for electrons and photons in most precision analysis, in particular the Higgs to diphoton analyses presented in this thesis.

The most inner part of the ID at r = 33 mm from the beam pipe is the so-called Insertable B-Layer (IBL) [START_REF]ATLAS Insertable B-Layer Technical Design Report Addendum[END_REF]. This silicon pixel layer has been installed in the ATLAS detector in 2014 during Long Shutdown one (LS 1). Three more, higher granularity layers of pixel detector, with a pixel size of 14x115 µm 2 , are placed around the IBL, extending up to r = 123 mm. The pixel detector is surrounded by the Semiconductor Tracker (SCT) which is built of silicon strips. It has four double-layers in the barrel and nine double-layers in each end-cap, with small angle stereo to get information on the z position.

The outer part of the ID is the Transition Radiation Tracker (TRT) that ranges from r = 563 mm to r = 1066 mm. It is made out of 73 layers of straw tubes in the barrel and 160 layers in the end-caps. This provides around 30 measurement points along the track, leading to a spacial resolution of around 130 µm. Additionally, the TRT is built to measure transition radiation photons, allowing a better separation between electrons and charged pions. The TRT is the ID part with the longest lever arm and the largest number of hits; it is therefore very important for an accurate track momentum measurement. Beside this, it plays an important role in the reconstruction of photon conversion inside the ID material.

The intrinsic resolution of the ID in the central barrel without the IBL is around [START_REF]ATLAS detector and physics performance[END_REF] σ

1 p T • p T = 0.036% • p T [GeV] ⊕ 1.3%. (3.7)

Calorimeter system

The calorimeter system is surrounding the ID outside of the solenoid magnet. Its role is to destructively measure the energy of particles by stopping them inside the calorimeter material and converting the generated ionisation or scintillation signal into a measurement of the energy. The calorimeter system is composed of two detectors: the electromagnetic (EM) calorimeter and the hadronic calorimeter. Both of them are sampling calorimeters, with alternating layers of a heavy absorber material and an active material in which an ionisation signal is produced.

Electromagnetic calorimeter

The electromagnetic (EM) calorimeter is designed to measure the energy of electromagnetically interacting particles, but also hadronic showers might be initiated in the calorimeter material. The energies of electrons and photons are almost exclusively measured from the EM calorimeter. It is therefore a crucial detector for the measurement of the Higgs decay into two photons described in this thesis.

The interacting particles create a shower of subsequent Bremsstrahlung emissions and pair production when interacting with the calorimeter material. The ATLAS EM calorimeter is made of lead absorbers which initiate the shower, and uses Liquid Argon (LAr) as active material [START_REF]ATLAS liquid argon calorimeter: Technical design report[END_REF], ionised by the traversing particles to extract the signal. These two material are alternating and ordered around the beam pipe in an accordion structure as shown in Figure 3.5. This structure allows an optimal coverage in φ by reducing potential gaps between electrodes.

Like most sub-detectors, the EM calorimeter is divided into a barrel part covering |η| < 1.475 and two end-caps covering 1.375 < |η| < 3.2 in the positive and negative η regions. In the central region, which is limited to |η| < 2.5 by the tracking acceptance, the calorimeter is further segmented in three longitudinal layers, to allow to measure the longitudinal shower development. These layers have and increasing cell size in η (and φ) towards the outer layer, to account for the increasing shower width. The front layer with finely segmented strips in the region |η| < 1.4 allows to discriminate between isolated photons and pairs of close by photons from π 0 → γγ decays. Most of the energy of high-momentum electrons and photons is deposited and collected in the middle layer, while the energy deposits of the shower tails are measured in the back layer. Further, electrons and photons can interact with the material located in front of the calorimeter (ID, cables, etc.). To correct for the related energy loss, an additional layer, the so-called pre-sampler, is built in front of the calorimeter in the range |η| < 1.8. The total thickness of the calorimeter is 22 radiation lengths in the barrel, and more than 24 radiation lengths in the end-caps. The radiation length is defined as the mean distance after which an electron has reached 1 e of its initial energy. It depends on the mass and the charge of the atoms constituting the calorimeter material and is significantly reduced by the presence of the lead absorbers compared to LAr alone.

The ATLAS detector

The energy resolution of the calorimeter is determined by three main sources summarised in the following equation:

σ E E = a √ E ⊕ b E ⊕ c (3.8)
where a is the sampling term describing statistical fluctuations in the shower development, b is the noise term originating from electronic and pileup noise and c is the constant term taking into account the non-uniformity of the calorimeter. The measured typical values of the LAr calorimeter are a ≈ 10%, b ∼ 300 -700 MeV for central particles at the considered electron and photon energies, depending on the value of pileup, and c ≈ 0.7% [START_REF]The ATLAS Experiment at the CERN Large Hadron Collider[END_REF].

Hadronic calorimeter

Hadrons are not fully stopped in the EM calorimeter. A second, hadronic calorimeter is therefore built around the EM calorimeter. For the analysis described in this thesis, the hadronic calorimeter is mainly used for the reconstruction of jets, that mostly consist of photons and hadrons. The hadronic calorimeter is divided into the Tile calorimeter in the barrel (|η| < 1.0) and the extended barrel (0.8 < |η| < 1.7), the
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LAr hadronic end-cap calorimeter (HEC) and the LAr forward calorimeter (FCal) [START_REF]ATLAS liquid argon calorimeter: Technical design report[END_REF][START_REF]ATLAS tile calorimeter[END_REF]. The Tile calorimeter consists of steel or copper as absorber material and scintillating tiles as active material; it is segmented in three layers. HEC and FCal have respectively copper and tungsten as absorber and LAr as active material. With a depth of around 9.7 interaction lengths in the barrel and 10 interaction lengths in the end-cap, most of the hadronic showers are fully contained inside the calorimeter. The interaction length Λ is defined from the mean free path of a hadron inside the calorimeter material. The intrinsic resolution of the Tile calorimeter is [START_REF] Hrynevich | Performance of the ATLAS Tile Calorimeter[END_REF]:

σ E E = 50% √ E[ GeV]
⊕ 3%.

(3.9)

Muon system

Due to their relatively high mass compared to electrons and no hadronic interaction, muons are minimally ionising particles in the detector and are therefore not stopped in the calorimeter. A dedicated muon system (MS) in the outer part of the detector therefore allows to identify muons [START_REF]ATLAS muon spectrometer[END_REF]. In particular for high p T muons, whose tracks have a very low curvature in the ID, it allows to measure the momentum. It is composed of four different types of detectors: Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC) for triggering and Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC) for the precision position measurement. These detectors have multiple layers to measure the tracks at several points. A toroid system with a magnetic field varying with η is integrated in the MS to bend the tracks inside the muon system to obtain an additional p T measurement with a larger lever arm compared to the ID measurement.

Trigger

With a collision rate of 40 MHz due to the 25 ns bunch separation, and a raw event size of around 1.5 Mbyte, it is technically not possible to fully process and store all data recorded by the ATLAS detector. The proton-proton interaction cross section is largely dominated by QCD processes, whose measurement does not constitute the main program of ATLAS. It is therefore crucial to define simple and clean signatures based on which an event is kept or rejected. Only events that are potentially interesting for a physics analysis should ideally be stored in order to retain a reasonable amount of data. The decision has to happen as fast as possible, using a simplified event reconstruction.

To optimise this procedure, a trigger system with several stages is defined. The so-called Level-1 (L1) trigger [START_REF]ATLAS first level trigger: Technical design report[END_REF] is based on fast reconstruction at hardware level. Clear signatures like a signal in the muon spectrometer or high p T clusters in the calorimeter or jets are selected. In the L1 trigger, regions of interest (ROI) are defined in the detectors. With a latency of 2.5 µs and a rate of around 100 kHz, events passing the L1 trigger are then sent to the software-based high-level trigger (HLT) [START_REF]ATLAS high-level trigger, data acquisition and controls: Technical design report[END_REF]. At the HLT, a fast reconstruction of the ROIs defined at L1 and an offline-like event reconstruction are performed to select specific events signatures, for example two photons passing certain quality requirements and with certain energy thresholds. The HLT has a processing time of around 0.2 s and creates output with a frequency of around 1 kHz. Some processes with very high cross section have prescaled items, which store only a fraction of the triggered events in order to reduce the rate. Additionally, control samples of random, so called minimum bias events are stored. They can be used to validate the trigger as well as to measure the trigger efficiencies.

Upgrade plans for the LHC and ATLAS

Upgrade plans for the LHC and ATLAS

After the Long Shutdown two (LS 2) in 2019 and 2020, Run 3 will provide pp-collisions at a CoM energy of √ s = 14 TeV from 2021 to 2023. A subsequent upgrade of the LHC, the so-called High-Luminosity (HL)-LHC, will allow to run with increased instantaneous luminosity and deliver around 3000 fb -1 of proton-proton data. The current plan of the LHC/HL-LHC schedule is shown in Figure 3.6. During LS2 and LS3, different detector upgrades will be installed in ATLAS. In particular for the HL-LHC, several changes on detector and trigger side will allow to cope with the high event rate and large pileup. One main upgrade will be the replacement of the ID during LS3 by the so-called ITk, a silicon detector made of pixels and strips. This will allow to achieve a similar tracking and vertex precision as currently, despite the high expected pileup of around 200. Further, the detector will be exposed to a large amount of radiation, which has to be considered in the choice of material. The full ATLAS upgrade program can be found in [START_REF]ATLAS Phase-II Upgrade Scoping Document[END_REF][START_REF]Technical Design Report for the ATLAS Inner Tracker Strip Detector[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS LAr Calorimeter[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS Tile Calorimeter[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS TDAQ System[END_REF][START_REF]Technical Design Report for the ATLAS Inner Tracker Pixel Detector[END_REF].

The large amount of collected data, together with the detector upgrade will allow to perform precision measurements of Higgs boson properties and study new rare channels.

Physics objects

All events passing the trigger system are stored and then processed in the ATLAS offline reconstruction. This is done on the LHC grid system in several steps. At this level, an accurate reconstruction of physical objects is performed in order to use these objects for analysis.

Photons

Photons in ATLAS are reconstructed from clusters in the EM calorimeter. Their energy corresponds to the calibrated cluster energy. Photons are further classified according to their conversion type, depending on whether they interacted before the calorimeter or not. Converted photons are reconstructed with one or two associated tracks. The quality of their reconstruction depends on the conversion point. Isolated Chapter 3 The ATLAS experiment clusters in the EM calorimeter can be merged if they originate from the same conversion vertex. More details on the reconstruction of photons are given in Section 3.5.

Electrons

Electrons are reconstructed in a similar way to photons from clusters in the EM calorimeter. Additionally, due to their charge, electrons leave a track in the ID. The matching between such a track and an EM cluster creates an electron candidate. Similar to photons, certain quality criteria are defined, based on the identification and isolation. The energy of electrons is so far exclusively measured from the cluster energy.

Jets

Jets are reconstructed from clusters in the electromagnetic and hadronic calorimeters and/or tracks in the inner detector. While jets built from tracks have lower pileup sensitivity due to the origin of the tracks from the primary vertex, they are limited for example by the tracker acceptance of |η| < 2.5. The majority of the analyses use calorimeter based jets reconstructed from topological clusters described in [START_REF]Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1[END_REF]. Jets are identified using the anti-k t algorithm [START_REF] Cacciari | The anti-k t jet clustering algorithm[END_REF], with a distance parameter R = 0.4. A detailed description of jet reconstruction and calibration can be found in [START_REF] Hrynevich | ATLAS jet and missing energy reconstruction, calibration and performance in LHC Run-2[END_REF].

The relative jet energy resolution is shown in Figure 3.7 as a function of the transverse momentum of the calibrated jet. The relative resolution of the jet energy ranges from around 35% at low p T and is significantly improved to below 5% at high transverse momentum. The uncertainties related to the jet [START_REF]Jet energy resolution in 2017 data and simulation[END_REF] energy scale (JES) and jet energy response (JER) used in the Higgs to diphoton analysis are shown in Figure 3.8. Only jets with p T > 30 GeV are considered in this case.

Muons

Muons are the only charged particles leaving the calorimeter system. A particle leaving a track in the muon system is therefore treated as a muon candidate. Additionally, a central muon should leave a track in the ID. To select muons with a good quality, additional criteria are required such as a minimum number of measurement points in the muon system or a certain energy threshold. 

Photon reconstruction

Overlap removal

In a first place, basic physical objects are reconstructed using independent software algorithms. Therefore, in this step, the same detector object (cluster or track) might be used for the reconstruction of several objects. For example, prompt electrons and photons are in general reconstructed as well as a jet. In order to avoid double counting of these objects, overlap removal [START_REF] Adams | Recommendations of the Physics Objects and Analysis Harmonisation Study Groups 2014[END_REF] is performed based on matching criteria using the distance ∆R between these objects. In case of electrons (photons), jets within a distance of ∆R < 0.2 (0.4) to the electron (photon) candidate are rejected. Electrons with a distance of 0.2 < ∆R < 0.4 to a jet are considered as originating from the jets; in this case either the electron or the whole event is removed. If a muon candidate and an electron candidate share the same track, the electron candidate is rejected.

Missing transverse energy

Since the original transverse momentum of the partons is negligible, the transverse momentum of all particles generated in a collision should sum up to zero. The so-called missing transverse energy (MET) is defined as the sum of the transverse momenta of all reconstructed objects i after overlap removal, as well as additional low energy tracks associated to the primary vertex:

E miss T = - i p i T (3.10)
This corresponds to the transverse energy that is not measured by the detector. In some cases, it can be attributed to particles that did not interact inside the detector, like for example neutrinos. Otherwise, it can also reflect a poor jet energy resolution or missing objects in the reconstruction.

Photon reconstruction

Efficient and pure photon reconstruction and selection are crucial to study the Higgs boson properties in the diphoton decay channel. More details on this will be given in this section. The working points used in the following analysis will be introduced.

Cluster reconstruction

The electron and photon reconstruction starts from energy clusters in the EM calorimeter. While until summer 2016 electron and photon energy clusters were defined by a fixed size window around the highest energetic cell [START_REF] Lampl | Calorimeter clustering algorithms: Description and performance[END_REF], the reconstruction has been updated to a dynamic cluster size using so-called super-clusters [START_REF]Electron and photon reconstruction and performance in ATLAS using a dynamical, topological cell clustering-based approach[END_REF]. This allows the recovery of low energy photons radiated due to Bremsstrahlung interactions in the ID. Further, a linear energy response and a good energy resolution is obtained for a wide range of energies due to the dynamic collection of all important energy deposits in a shower. A schematic representation of an electron reconstructed as a super-cluster is shown in Figure 3.9. Figure 3.9: Schematic representation of an electron reconstructed as a super-cluster with a seed electron cluster and a satellite photon cluster [START_REF]Electron and photon reconstruction and performance in ATLAS using a dynamical, topological cell clustering-based approach[END_REF] The construction of super-clusters is based on the existing topo-cluster algorithm used for jets [START_REF]Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1[END_REF], with an additional requirement on the electromagnetic fraction in the shower. The topo-cluster reconstruction starts from a cell with |E cell | > 4σ, where σ is defined by the average noise in the calorimeter cells as a function of η and the calorimeter layer. Then successively, all neighbouring cells with an energy deposit of the |E cell | > 2σ are added. A last ring with |E cell | > 0σ is finally added.

The selected topo-cluster is used to define regions of interest (ROIs). In these ROIs, standard tracks are reconstructed and re-fitted to account for Bremsstrahlungs losses. These tracks can be matched to potential seed clusters to build electron objects based on the distance between the cluster and the track. They can also be used to reconstruct conversion vertices from one or two tracks to build candidates for converted photons. In both cases, certain quality and matching requirements should be fulfilled to increase the purity.

For both, the electron and the photon case, to recover radiative losses, satellite clusters around that reconstructed cluster can be matched to the super-cluster. Several clusters can be merged in case of converted photons if they have the same reconstructed conversion vertex or are matched to a track originating from the reconstructed conversion vertex.

A first calibration is applied at super-cluster level. Additionally, an ambiguity resolution is performed to remove a part of the overlap in case one object is reconstructed at the same time as electron and photon. However, in order to maintain a high reconstruction efficiency, a residual overlap is allowed, to allow physics analysis to define criteria based on their needs.

The particle identification for the reconstructed electrons and photons is finally based on these reconstructed super-cluster objects. The complete algorithm flow is shown in Figure 3.10.
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Add satellite secondary clusters to electron superclusters Most analyses with photons are selecting prompt photons. However, several processes can create signatures that are very similar to those of prompt photons, such as photons from hadron decays or jets misidentified as photons, so called fake photons. These backgrounds can be reduced by requiring several quality criteria. Different working points (WP) are defined, that can be chosen by the analyses depending on their requirements on the photon reconstruction efficiency compared to fake photon rejection.

Isolation

Photons generally deposit a well isolated energy cluster in the calorimeter, meaning that their shower should not overlap with another shower. A quality requirement based on this therefore helps to reduce the fake background and cut away photons inside the shower of another particle. In order to define appropriate isolation criteria, the energy inside a fixed size cone around the photon is used [START_REF]Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run 2 data collected in 2015 and 2016[END_REF]. The isolation inside the calorimeter is defined using the "topoetconeX", which corresponds to the sum of the transverse energies of topo-clusters inside a cone of ∆R = X 100 around the reconstructed photon, after subtraction of the energy deposited by the photon, pileup and the underlying event. Since a fraction of the photon energy can leak outside of the core cells, a MC based leakage correction is applied before calculating these variables. Track isolation is similarly defined using the "ptconeX" variable summing Chapter 3 The ATLAS experiment the transverse momentum of all tracks in a cone with ∆R = X 100 around the reconstructed photon. This gives an estimate of the additional energy in the calorimeter close to the reconstructed photon. Based on these variables, three WPs are defined:

• FixedCutTightCaloOnly: topoetcone40 < 0.022 • p T + 2.45 GeV • FixedCutTight: topoetcone40 < 0.022 • p T + 2.45 GeV & ptcone20 < 0.05 • p T • FixedCutLoose: topoetcone20 < 0.065 • p T + 2.45 GeV & ptcone20 < 0.05 • p T
Which of these WPs should be used depends on the complexity of the analysed decay and on the photon energy. The FixedCutLoose WP for example, is not suited for analyses using low energetic photons. For the Higgs to diphoton analysis however, it is usually sufficient.

The efficiency of the photon isolation is measured using two different methods [START_REF]Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run 2 data collected in 2015 and 2016[END_REF]:

• Radiative Z → γ decays: these provide a relatively clean environment to probe low E T photons below around 100 GeV. The background can be subtracted using a 2D sideband method.

• Single photon samples: this method uses events passing single photon trigger requirements. The shape of the isolation variables are used for the background subtraction fits. It is most sensitive for high E T photons up to around 1 TeV.

Scale factors (SF) are applied as a function of the pseudo-rapidity, the transverse energy and the photon conversion status to match the efficiency in data and MC. Uncertainties on the efficiencies due to the measurement methods are propagated to the analysis through variations of these SFs. The isolation efficiency from both methods are combined. The isolation efficiency of the FixedCutLoose WP is shown in Figure 3.11 as a function of the photon energy and in Figure 3.12 as a function of pileup. A degradation of the efficiency of around 10% is observed for high pileup; this drop is however well modelled in the MC. 

Identification

The identification (ID) of photons is based on cuts on several discriminating variables [START_REF]Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run 2 data collected in 2015 and 2016[END_REF]. They exploit the lateral and longitudinal shower shape development inside the EM calorimeter. Prompt photons generally produce narrower showers and have a smaller energy leakage into the hadronic calorimeter compared to photons from jets with nearby additional hadrons. Moreover, photons from hadron decays such as π 0 → γγ generally produce a merged shower but with two distinct local energy maxima in the first layer of the EM calorimeter. These can be identified due to the fine granularity of the first calorimeter layer. Photon candidates originating from soft pp-collisions usually occur with large activity in the low E T regime, which leads to broader variable distributions. Two WPs are defined: loose and tight. The loose ID selection is based on shower shapes in the second calorimeter layer, as well as energy deposited in the hadronic calorimeter. It has a very high efficiency above 97% and is mainly used for trigger purposes. The tight ID selection adds information from the high granularity first layer to efficiently reject jets with neutral hadron carrying most of the energy. This WP is optimised separately for converted and unconverted photons and reaches an efficiency of the order of 85% around 40 GeV. The corresponding jet background rejection factors R = N tot j N pass ID j are around 1000 for the loose WP and 3000-5000 for the tight WP [START_REF]Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run-1 data[END_REF].

The discriminating variables are not all well modelled in MC. Correction factors are applied to shift the MC distributions to the ones in data. An example of such discriminating variables is shown in Figure 3.13. A systematic uncertainty is computed due to this.

The ID efficiencies are measured using three independent methods covering different energy ranges [START_REF]Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run 2 data collected in 2015 and 2016[END_REF]:

• Radiative Z decays: the reconstruction of Z → γ ( = e, µ) decays allows the selection of a pure photon sample. Thus, it allows a precise measurement in the low E T range from 10 GeV to around 100 GeV.

• Electron extrapolation: Z → ee events are used to get a sample of pure EM showers with intermediate energies between [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] GeV and 150 GeV. The shower shapes in data are corrected by the simulated difference between photons and electrons in order to obtain photon like EM showers. • Matrix method: this method uses inclusive photons from collision data, contaminated by fake background. The photon purity before and after ID cut is determined using the isolation (defined in Section 3.5.2) as a discriminating variable. It covers the high energy range, mainly [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] GeV < E T < 1.5 TeV.

The ID efficiency measurement from radiative Z decays is shown in Figure 3.14 as a function of E T and in Figure 3.15 as a function of pileup. SFs are derived to correct for the data-MC difference for each WP. Similar to the isolation SFs, these are computed as a function of the pseudo-rapidity, the energy and the photon conversion status. After correction, the ID efficiency for a 60 GeV photon is around 95%; this is a typical energy of photons from Higgs boson decays. Systematic uncertainties on these SFs are provided to compute the uncertainty for the analysis. C H A P T E R 4

Electron and photon energy calibration

The energy of electron and photon candidates is measured from clusters reconstructed in the electromagnetic calorimeter as described in Sections 3.4 and 3.5. The energy measured in each calorimeter cell is first calibrated at detector level when converting the measured electric signal into energies. However, a very accurate determination of the photon energy and its uncertainty is crucial for precision measurements in the Higgs to diphoton channel. To achieve the required precision for the analysis, a high-level object calibration is needed. Such a calibration of the electron and photon energy is derived using simulated events and reference processes.

Calibration chain

The final energy calibration of physical objects at cluster level is provided centrally to the collaboration, as recommendations, including systematic uncertainties quantifying the accuracy of the energy scale and resolution. A complex chain with several successive calibration steps is used to calibrate the electron and photon energies based on simulation and well known reference processes, so called standard candles. A schematic overview of the whole calibration chain is shown in 1. In a first step, Boosted Regression Trees (BRTs) are trained on simulated single electron and single photon events without pileup. This is done separately for converted and unconverted photons. The Chapter 4 Electron and photon energy calibration input variables contain the absolute energy scale of the reconstructed clusters, ratios of energy reconstructed in the different calorimeter layers and (relative) cluster positions to describe the detector non-uniformity in terms of passive material etc. Additionally, properties related to the photon conversion are included in case of converted photons.

2. At the same time, the relative energy response of the different calorimeter layers in data is corrected to match the relative response in MC. This so-called inter-layer calibration is a calorimeter specific correction and should not depend on the amount of passive material in front of the calorimeter. Minimally ionising muons are therefore used to measure the difference of the relative energy deposits in the first and second layers of the calorimeter in data and MC.

3. The calibration obtained from the BRT training is applied both on data and MC, again separated for electrons, converted photons and unconverted photons. This step performs the main correction of the absolute energy scale and improves significantly the energy resolution.

4. Non-uniformities of the detector that are not simulated are corrected in data. This includes the non-uniformity of the high voltage in different cells or detector regions, or the different widening in φ between the calorimeter modules due to gravitation.

5. The last calibration step corrects in-situ the residual miscalibration between data and MC by applying scale factors to the energy in data. The Z boson decay into an electron positron pair is used as a standard candle, to determine the absolute energy scale. The mass of the Z boson has been measured with a great precision at the LEP experiments, and its large resonant production cross section allows to obtain a high statistics, almost background free data sample using electrons reconstructed with good quality criteria. Additionally, the energy of the simulated electrons is smeared to equalise the resolution in MC to the one in data. The in-situ calibration is computed for a typical electron energy around 40 GeV from Z → e + e -decays. The systematic uncertainties on the scale factors are subsequently extrapolated to the entire energy range of electrons measured with ATLAS. Due to the similarity of electrons and photons in the calorimeter, the same calibration scale factors are used to calibrate the photon energy. Additional systematic uncertainties cover for the small differences in shower shapes.

6. The validity of the calibration is cross checked from data using different processes. To test the low energy range, J/Ψ → e + e -events are used. The validity of the calibration for photons within the assigned systematic uncertainties is cross-checked using radiative Z → + -γ ( = e, µ) decays.

The focus will be set on the computation of the in-situ calibration (step 5). In particular a new method to extract scale factors will be presented, which allows to cross-check the current method and find eventual biases due to the fitting method. The new method further allows to explore the possibility to compute energy-dependent scale factors. In the following, the energy scale factor and the additional constant term will be grouped together as "(calibration) scale factors". Additionally, the term "electron" will be used independent on the charge. No dependence of the calibration on the charge is expected or investigated.

Scale factor formalism

The residual miscalibration of the electron energy after application of the MVA based calibration is shown in Figure 4 Since this miscalibration depends on the position of the cluster in the calorimeter, scale factors are computed in bins of η calo . η calo is the pseudo-rapidity of clusters in the calorimeter system, computed w.r.t. the origin of the detector. This is different from η electron , which takes into account the reconstructed primary vertex and thus the track information. The computation of the resolution correction is more sensitive to statistical fluctuations. It is therefore measured with a smaller granularity than the energy scale factor. Scale factors are computed independently in the positive and negative η calo regions to avoid any symmetry assumption for the detector response. The symmetrised bin limits are listed below; the bold numbers are common to all scale factors while the other ones are only used for the energy scale factor: 0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1 -1.1 -1.2 -1.285 -1.37 -1.42 -1.47 -1.51 -1.55 -1.59 -1.63 -1.6775 -1.725 -1.7625 -1.8 -1.9 -2 -2.05 -2.1 -2.2 -2.3 -2.35 -2.4 -2.435 -2.47.

For a given η calo -bin i, the energy in data is related to the energy in the MC by a scale factor α i in the following way:

E data i = E MC i • 1 + α i . (4.1) 
In general, the energy resolution of the calorimeter is given by Equation 3.8. To correct for the difference in resolution between data and simulation, the energy of the simulated electrons is smeared by an additional constant term c . This one is, similar to the energy scale factor, computed in bins of η calo such that:

σ E E data i = σ E E MC i ⊕ c i . (4.2)
The smearing is technically applied to MC by a random scaling of the simulated energy

E data i = E MC i • 1 + c i • N(0, 1) (4.3)
where N(0, 1) is a random number thrown from a Gaussian with mean µ = 0 and width σ = 1.

To set the absolute energy scale for the calibration, scale factors are measured using the di-electron

Chapter 4 Electron and photon energy calibration invariant mass in the Z boson peak. Neglecting the electron mass, the invariant mass of the di-electron system is given by

M i j = 2E i E j • (1 -cos θ), (4.4) 
where θ is the angle between the electron momenta. The invariant mass resolution can be expressed in terms of the electron energy resolution using Equation 4.4 and assuming a Gaussian energy resolution of the calorimeter:

σ M M 2 i j = 1 M 2 i j •               σ E i • E j cos θ 2M i j       2 +       σ E j • E i cos θ 2M i j       2         = 1 4 •        σ E i E i 2 +       σ E j E j       2        (4.5)
Using Equation 4.1 and 4.3, the scale factors can be propagated to the invariant mass distribution:

M data i j = M MC i j • 1 + α i 1 + α j (4.6) σ M M data i j = σ M M MC i j ⊕ c i j (4.7)
with c i j = 1 2 (c i ⊕ c j ). This is not any more a Gaussian resolution term, and therefore Equation 4.3 does not apply in the same way for the invariant mass. From Equation 4.3 and 4.4, the smearing of the invariant mass has the following form:

M data i j = M MC i j • 1 + c i • N 1 (0, 1) 1 + c j • N 2 (0, 1) , (4.8) 
where N 1 (0, 1) and N 2 (0, 1) are two independent Gaussian random numbers.

Scale factor measurement

Two methods are used to measure the calibration scale factors, one based on MC templates and one based on an analytic parametrisation of the Z boson lineshape. These two methods allow to cross check each other. Their difference is used as an additional systematic uncertainty to cover for a potential bias that is not fundamentally understood, such as effects from the tails of the invariant mass distributions. These effects are not taken into account in the systematic uncertainties computed from variations of the calibration inputs and the parameters of the calibration measurement.

Event selection

A relatively strict event selection is applied in order to reduce as much as possible the backgrounds and select electrons with quality for the measurement of the in-situ calibration. This is possible due to the large statistics of Z → ee events that have been collected. Di-electron triggers with loose electron likelihood requirements are used. Electrons have to pass the medium ID and loose isolation criteria. They are required to have p T > 27 GeV and |η trk | < 2.47. Additionally a cut on the longitudinal impact parameter |∆z 0 sin θ| < 0.5 mm and the d BL 0 -significance < 5 are set. Events with exactly two electrons with opposite charge and fulfilling the previous criteria are selected in the range 0 < m 12 < 180 GeV if |z vertex | < 150 mm. Additional scale factors are applied in MC to correct for mismodelling of the electron reconstruction, isolation, identification (ID) and trigger efficiencies. Pileup reweighing is applied to the 4.3 Scale factor measurement MC in order to match the pileup profile in data. For the comparison to the 2015 and 2016 data, samples from the MC campaign MC16a are used, while for the comparison to 2017 data, MC16d is used. The main difference lies in the simulated pileup profile. This is particularly important to model well the tails of the energy reconstruction. All energy calibration steps [START_REF] Unal | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF]Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC[END_REF][START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF] preceding the in-situ calibration have been applied. More details on the selection can be found in [START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF].

Template fit method

The current nominal method to extract the calibration scale factors is the so-called template method. This method is using a two steps extraction. In a first step, scale factors on the invariant mass are computed using Equation 4.6 and 4.7, with β i j defined such that (1

+ α i )(1 + α j ) = (1 + β i j ).
To extract the values of β i j and c i j from data, MC templates with different injected sets of α i/ j and c i/ j are build in a window m ee ∈ [START_REF] Guo | KNN Model-Based Approach in Classification[END_REF][START_REF] Peskin | Estimation of oblique electroweak corrections[END_REF] GeV. For each set of scale factors, the χ 2 value between data and the MC template is computed. The minimum of the χ 2 -distribution is found independently in each (η calo,i , η calo, j )-bin using a parabolic fit to find the best values of β i j and c i j .

In a second step, single electron scale factors are extracted using a χ 2 -minimisation. The first order Taylor expansion β i j ≈ α i +α j 2 is used to allow for an easier numerical minimisation.

The results of the fitted scale factors is shown in Figure 4.3 together with its statistical and systematic uncertainties. A small difference in the reconstructed energy scale in data has been observed between 2015 and 2016. This can be mainly explained by two effects: the drop of the calorimeter high voltage because of luminosity induced currents and the temperature rise due to high luminosity. Therefore, separate energy scale factors are applied in 2015 and 2016 data. The systematic uncertainties are computed for both years together to gain more statistical precision. 2017 data has a very different pileup profile, which influences mainly the tails of the invariant mass distribution. The calibration of 2017 data is therefore made separately from 2015 and 2016.

Direct fit using a lineshape fit method

In the context of this thesis, an alternative fit method has been developed, allowing to cross-check the template method. This method is based on a lineshape parametrisation of the invariant mass. This allows Chapter 4 Electron and photon energy calibration to extract the single electron scale factors in a direct, two-dimensional fit in (η calo,1 , η calo,2 ). Additionally to being used for a systematic uncertainty, this method allows to explore the possibility of an additional kinematic dependence of the scale factors, for example in bins of transverse momentum. This would allow to reduce the systematic uncertainty, which is currently computed for electrons at 40 GeV and extrapolated to different energies.

Lineshape parametrisation of the invariant mass distribution

In contrary to the template method, the invariant mass distribution in each (η calo,i , η calo, j )-bin is parametrised with an analytical probability density function (PDF). Several different PDFs have been tested in order to optimise the description of the data as well as the running time of the fit:

• Breit-Wigner convoluted with a Crystal-Ball: this is the physically most intuitive candidate to model the invariant mass distribution. In that case, the Breit-Wigner parameters are fixed to the Z boson lineshape values, and the Crystal-Ball function describes the detector resolution. This function was not used as the tails of the invariant mass distributions were not sufficiently well described in all η calo bins.

• Double-sided Crystal-Ball: this function allows a better description of the tails on both sides of the Gaussian core of the distribution. The parametrisation in terms of scale factors can be done in two ways: a numerical convolution with a Gaussian resolution function or a direct parametrisation of the PDF parameters. The numerical convolution has to be performed in each minimisation step when measuring the scale factors. In a simultaneous fit to all 68 2 (η calo1 ,η calo2 )-bins defined previously however, this is not feasible in terms of computation time. The second possibility is to parametrise the PDF parameters as a function of the scale factors. No generally valid parametrisation of the tail parameters could be found though.

• Sum of Gaussian functions: the invariant mass distribution can generically be approximated by a sum of Gaussian PDFs. In the limit of an infinite number of Gaussian functions, this should approach the true distribution. At least three Gaussian distributions are needed, one describing the core of the distributions and two to describe each tail. More than three Gaussians showed no increase in precision.

A sum of three Gaussian PDFs is parametrised as follows:

P i j (m ee ) = N 1 • G 1 (m ee , µ 1 , σ 1 ) + N 2 • G 2 (m ee , µ 2 , σ 2 ) + (1 -N 1 -N 2 ) • G 3 (m ee , µ 3 , σ 3 ). (4.9)
The parameters of the distribution are defined from a fit of these PDFs to the simulated distributions in MC. Examples of such fits are shown in Figure 4.4. In most cases, the description of the invariant mass distribution by the sum of three Gaussian function is very good. However, especially in bins with low statistics, unphysical cases can occur, showing for example two distinct maxima. The global fit profits from averaging over many bins with redundant scale factor constraints.

Parametrisation in terms of scale factors

The parameters µ n and σ n of these PDFs are subsequently parametrised as a function of the scale factors to measure these from the data. Therefore, a simultaneous fit to all (η calo,i , η calo, j )-bins is performed, which allows to directly extract the values of the α i and c i for single electrons. Each scale factor is lineshape fits to the invariant mass distribution in MC for specific (η calo,i , η calo, j )-bins. The dotted lines show the best-fit results for the single Gaussians, their sum is represented by the red line. In most cases, one Gaussian is describing the core of the distribution, while the two others are describing the tails. In some cases, one tail is more pronounced than the other. A few bins have very limited statistics; in this case, it can happen that a double peak structure is fitted from a fluctuation. The method profits from the simultaneous fit to many bins, in which the specific features from the single bins average out.

Chapter 4 Electron and photon energy calibration over-constrained in this fit. Therefore it is sufficient to consider only (η calo,i , η calo, j )-bins that fulfil certain quality requirements in MC:

• Bins containing less than 100 events are not considered.

• The fit on the MC lineshape in this bin must converge with RooFit [START_REF] Verkerke | The RooFit toolkit for data modeling, eConf C0303241[END_REF] status 0 or 1, i.e. a valid minimum must be found.

• The invariant mass distribution must have a maximum within [START_REF] Guo | KNN Model-Based Approach in Classification[END_REF][START_REF] Peskin | Estimation of oblique electroweak corrections[END_REF] GeV, the other Gaussian's means being below and above 90 GeV in order to avoid fitting statistical fluctuations in the core.

Even though these requirements reject bins that are dominated by statistical fluctuations or dominated by the tails, single bin fits can show some unexpected features. However, in the average over the many bins, the method can achieve a good precision.

The energy scale propagates as a multiplicative factor 1 + α i 1 + α j (see Equation 4.6) to both the mean and the width of the resolution. The propagation of the additional constant term to the invariant mass is described in Equation 4.8. Since this is not an effective Gaussian smearing, cross terms have to be considered, that cause a shift on the the invariant mass peak itself. This is illustrated in Figure 4.5. (

+ Gaussian fit *G(0,1)) 2 When parametrising the invariant mass distribution with an analytic function as in the lineshape method, this effect needs to be taken into account. Since the injected scale factors are applied on single electrons to create the templates, the template method is less sensitive to this effect. A toy experiment has been used to express the bias on the mean of a simplified Gaussian invariant mass distribution as a function of the injected additional constant term. Fitting this bias as shown in Figure 4.6 yields the following relation: 

µ bias = µ • 1 - 1 8 c i 2 + c j 2 , (4.10) 
which can also be obtained from a Taylor expansion of the invariant mass expressions with some assumptions. Finally, using Equations 4.6 and 4.7, one obtains the following parametrisation of the lineshape parameters as a function of the scale factors:

µ data n = µ MC n • 1 + α i 1 + α j • 1 -1 8 c 2 i + c 2 j (4.11) σ data n 2 = 1 + α i 1 + α j • σ MC n 2 + 1 4 µ MC n 2 c i 2 + c j 2 . (4.
12)

The parameters of all three Gaussian n are parametrised using this same parametrisation.

Optimisation of the mass window

The tails of the invariant mass distribution have a strong impact on the measured scale factors. The optimal mass window is chosen using an injection test. Therefore, sets of scale factors are injected to the MC according to Equation 4.1 and 4.2. The scale factors extracted from this pseudo-data can then be compared to the injected ones. The window leading to the best closure is chosen; it is important to find a good balance between the optimisation of the energy scale factors and the additional constant term. Three different mass windows have been tested: m ee ∈ [START_REF] Guo | KNN Model-Based Approach in Classification[END_REF][START_REF] Peskin | Estimation of oblique electroweak corrections[END_REF] GeV, m ee ∈ [START_REF]Performance of the electronic readout of the ATLAS liquid argon calorimeters[END_REF][START_REF] Degrande | Standard Model Effective Theory at Next-to-Leading-Order in QCD[END_REF] GeV and m ee ∈ [START_REF]Photon identification and isolation efficiency measurements in 2017 data : evolution versus ET[END_REF][START_REF] Benedikt | Future Circular Collider[END_REF] GeV. The results are shown in Figure 4.7. A good agreement between injected and extracted energy scale factors can be observed in all three cases; only small differences are seen between the different mass windows. The additional constant term is more sensitive to the tails. The optimal mass window is chosen to be [START_REF]Performance of the electronic readout of the ATLAS liquid argon calorimeters[END_REF][START_REF] Degrande | Standard Model Effective Theory at Next-to-Leading-Order in QCD[END_REF] GeV. The small remaining bias is considered as a systematic uncertainty of the method. A similar dependence on the fit window size is observed for the template method.

Systematic uncertainties

Systematic uncertainties on the calibration scale factors are provided, that arise from different physical or methodical sources. Since the template method is the nominal method, systematic uncertainties are Bias plots [START_REF]Photon identification and isolation efficiency measurements in 2017 data : evolution versus ET[END_REF][START_REF] Benedikt | Future Circular Collider[END_REF] GeV ∈ ee m [START_REF]Performance of the electronic readout of the ATLAS liquid argon calorimeters[END_REF][START_REF] Degrande | Standard Model Effective Theory at Next-to-Leading-Order in QCD[END_REF] GeV ∈ ee m [START_REF] Guo | KNN Model-Based Approach in Classification[END_REF][START_REF] Peskin | Estimation of oblique electroweak corrections[END_REF] GeV Closure test performed on pseudo-data generated from simulated events with known injected scale factors α in and c in . The scale factors are extracted using three different mass windows. The medium one is chosen based on these closure tests. A separate closure test has been performed using MC16a and MC16d; no large differences are observed, showing that there is no strong first order dependence on the pileup. A mismodelling of pileup between data and MC might still lead to uncertainties, which are however not directly related to the bias of the method.
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Scale factor measurement

computed relative to the template method results. Their impact was shown to be similar on the scale factor measured with the lineshape method. For simplicity, all uncertainties are assumed to have a symmetric effect on the scale factors. Additionally, to gain in statistics, the uncertainties are symmetrised between positive and negative η calo . The main uncertainties can be grouped in several categories according to their origin:

• Electron reconstruction efficiencies: scale factors are applied to the MC to correct the reconstruction, isolation, identification and trigger efficiencies to match the ones in data. These efficiency corrections are affected by systematic uncertainties. These uncertainties are propagated to the calibration scale factors by performing measurements using MC samples with varied efficiency scale factors using their +1σ variation.

• Electron reconstruction quality: for the nominal scale factor measurement, electrons are required to pass the medium ID criterion. A systematic uncertainty on this choice is computed by comparing the measured in-situ calibration using medium and tight ID electrons. Because of the material in front of the calorimeter, electrons have a high probability to loose momentum due to Bremsstrahlung by emitting a photon. If these photons are not recovered, the energy resolution becomes worse. To estimate the effect from this on the scale factor measurement, scale factors are measured with an additional cut on f Brem < 0.5, where f Brem = 1 -(q/p) IP (q/p) ID ; the ratio of charge and momentum q/p is estimated from the tracking algorithm at the interaction point (IP) and at the end of the inner detector (ID).

• Backgrounds: the background under the Z → ee peak is very small and therefore neglected in the nominal measurement. The measurement is however repeated including these backgrounds and the difference is taken as a systematic uncertainty. The electroweak background from Z → ττ, t t and diboson (WW,WZ and ZZ) events is estimated from dedicated MC samples. The QCD background is less well modelled in the MC. To estimate its impact on the calibration, scale factors are measured when the loose isolation cut for the electrons is removed, thus enhancing the number of jets faking electrons.

• Scale factor measurement: the largest uncertainties are related to the scale factor measurement itself. The choice of the invariant mass window used for the fit has a large impact on the measured scale factors. This is due to the tails of the distribution that are not well modelled in the MC. The impact of this fit window choice is estimated by measuring scale factors in an extremely reduced range of [87, 94.5] GeV. The choice of the mass window is motivated by the

E data 1/2 /E MC 1/2
measurement for the interlayer calibration cross check with electrons. Additionally, the intrinsic bias on the template method is determined from a closure test fitting pseudo-data with injected scale factors. The measured non-closure is added as a systematic uncertainty. Systematic uncertainty sources that are not understood on a fundamental, physical level are taken into account in the comparison of the two measurement methods. Mode details are given below.

A summary of the main systematic uncertainties grouped in physical sources, together with their approximate size in different detector regions is shown in Table 4.1.

Method systematic

To get a handle on additional biases whose source is not fully understood, the full difference between the measured scale factors with both methods is used as an additional systematic uncertainty. For this reason, both methods should show a good closure, in order to avoid including an intrinsic bias of the methods into Table 4.1: Main sources of systematic uncertainties affecting the energy scale factor measurement from Z → ee events. An approximate range of their values is given in different |η| regions in the calorimeter. [START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] the method systematic. It is however not guaranteed that the method systematic is fully orthogonal to the uncertainty sources already accounted for. Since all uncertainty sources are treated as fully uncorrelated, this can lead to an over-estimation of the systematic uncertainty. However, based on detailed studies of the new lineshape method, these effects could largely be sorted out and the method systematic was reduced w.r.t. Run 1. The difference between the scale factors computed with the lineshape method compared to the template method is shown in Figure 4.8 for the 2015 to 2018 datasets.

The difference in the energy scale factors is very small, in the order of 10 -4 in the barrel and end-caps, and becomes larger (around 2 • 10 -3 ) in the transition region around |η calo | = 1.5. These values directly refer to relative uncertainties on the final electron energy measurement. The higher uncertainty in the transition region can be attributed to a less efficient electron reconstruction in this region, which leads to more tails in the data that are not well modelled in MC. The additional constant terms are much more sensitive to statistical fluctuations; even in the coarser η calo binning, the statistics in the 2015 data are not sufficient to compute the "real" difference due to the fit method. A common systematic uncertainty for 2015 and 2016 data is therefore calculated. The differences observed between both years are not expected to cause a different response of the two methods. The uncertainty ranges from < 10 -3 in the barrel and the end-caps, to around 4 • 10 -3 in the transition region.

In 2017 data, the difference between the additional constant terms measured with both methods is much larger. This concerns in particular the barrel region, where the lineshape method yields values very close to zero. This usually happens when the resolution in data is better than in MC. It was observed in studies concerning the optimal invariant mass fit window, that the lineshape method is more sensitive to the tails of the distributions than the template method. A mismodelling of the tails is therefore a good candidate to explain the observed differences in 2017 data. As explained in Section 3.1.2, 2017 data has been recorded with two different filling schemes (the nominal scheme and the 8b4e scheme). The 8b4e scheme is not simulated in MC.

Due to the drift time of the charges inside the liquid argon, a signal pulse is sensitive to several following bunch crossings. The bipolar shape of the pulse shown in Figure 4.9 is designed in a way to subtract the noise from the out-of-time pileup. More information can be found in [START_REF]ATLAS liquid argon calorimeter: Technical design report[END_REF].

The LHC filling scheme used in a part of 2017 data is defined by a sequence of several filled and Figure 4.9: Pulse shape of energy deposits in the LAr calorimeter. [START_REF]Performance of the electronic readout of the ATLAS liquid argon calorimeters[END_REF] empty bunches. This leads to a different average noise from out-of-time pileup in the calorimeter than the nominal filling scheme which is simulated in the MC, which contains only filled bunches. Since the special filling scheme has not been included in the MC, the noise modelling compared to the data is suboptimal. Figure 4.10 shows the calibration measured with the lineshape method separating the early 2017 data recorded with the nominal LHC filling scheme, and the late 2017 data recorded with the 8b4e filling scheme. Further studies, described in the following subsections, allow to take the effect of the filling scheme on the calibration into account.
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Pileup reweighting studies

The MC is generated with a pileup profile as similar as possible to the one in the data. However, the exact pileup profile is not well known when generating the MC; therefore, the pileup distribution in MC is reweighted afterwards to match the one in the recorded data. Due to a known mismodelling of the pileup noise in the detector, the pileup distribution in data is scaled by a constant scale factor before computing the MC pileup weights. This scale factor is optimised to model well the noise in the tracker system and has a nominal value of 1/1.03.

Scale factor measurement

However, this scale factor is not optimal to model correctly the pileup noise in the electromagnetic calorimeter. Alternative scale factors are derived empirically to study the impact on the measured calibration scale factors. Since two different bunch schemes have been used for the 2017 data, but only the nominal bunch scheme is simulated in the MC, separate pileup reweighting (PRW) scale factors are used for these two data taking periods. For the nominal configuration, a scale factor of 1/1.2 is used, while for the data recorded with the 8b4e bunch scheme, a factor 1/1.3 is used. The corresponding pileup distributions are shown in Figure 4.11. data recorded with different filling schemes has been considered separately. As expected, the impact from the PRW scale factor is significantly larger for the data recorded in the 8b4e filling scheme.

It is worth mentioning that the data recorded with the 8b4e filling scheme has a larger average pileup, leading to more noise in the calorimeter. An absolute shift in the additional constant term values due to this large pileup is possible and compatible with the values shown in the bottom plot in Figure 4.8.

Chapter 4 Electron and photon energy calibration

However, since the additional constant term is only correcting the difference between data and MC, the possible absolute shift due to pileup is not of importance for this correction. The observed difference between the two methods is not explained by the value of the pileup alone. The 2018 dataset, which has been recorded with a larger pileup than the 2016 data, does not show a similar behaviour as the 2017 data (see Figure 4.8). The effect can therefore be attributed to the different noise present in the calorimeter with the 8b4e filling scheme, compared to the noise which is simulated in the MC. The problem can be addressed by variations of the PRW scale factor.

The impact of the PRW scale factors on the two fit methods is shown in the energy scale factors is similar for both fit methods, while the impact on the additional constant term is significantly larger for the lineshape method. It is however not negligible for the template method, suggesting that this effect should be taken into account. On a longer time scale, it might be considered to compute pileup dependent calibration factors in order to reduce systematic uncertainties.

The method systematic as measured using the alternative pileup reweighting scale factor is shown in Figure 4.14. The observed differences with the more optimal PRW scale factor can be seen as the "real" difference between the two methods.

Since the official recommendation for analyses is to use a data scale factor of 1/1.03 for the PRW, 4.3 Scale factor measurement consistency requires the central calibration to be computed with the same scale factor. The effect observed in these studies is taken into account in the calibration uncertainty. Since the energy scale factors α are determining the absolute energy scale of electrons and photons, the difference of α-values extracted with the nominal and the optimal PRW scale factor from Figure 4.13 is added as an additional systematic uncertainty for both, the nominal and the 8b4e filling scheme.

In contrary, the additional constant term is an ad-hoc correction to equalise the resolution in data and MC. The actual value of this resolution is not important in this step and therefore no additional systematic is introduced to account for the impact of the PRW scale factors. The full method systematic uncertainty from Figure 4.8 is used to cover, among others, for the different response of both methods to the PRW, since the true impact is not known.

Performance and stability of the calibration

After calibration, the Z → ee lineshapes in data and MC are compared again. The performance is shown in to MC ratio is not fully understood. It is related most likely to a mismodelling of the energy resolution tails in MC. The trend is however covered by the systematic uncertainties on the calibration scale factors.

The super-cluster reconstruction and the calibration should ensure that the energy scale remains stable against data taking conditions. In particular, to be universally usable, it should be independent of pileup, even though this might not be perfectly modelled in MC. The energy scale measured from the Z → ee mass peak position is shown in Figure 4.16. An excellent stability within less than 0.05% is observed, together with a good agreement between data and MC.

Extrapolation of the calibration

The calibration scale factors computed from Z → ee events at a typical electron energy of around 40 GeV are used for the calibration of electrons and photons in the whole energy range measured with ATLAS. To cover for differences, systematic uncertainties are extrapolated towards different energies depending on Chapter 4 Electron and photon energy calibration their sources. An additional uncertainty is computed for the extrapolation from electrons to photons. The energy dependence of the systematic uncertainties on the electron energy scale is shown in Figure 4.17.

Radiative Z → γ events are used to cross check the validity of the calibration for photons and ensure that the additional systematic uncertainties for the photon energy scale cover for the differences between electrons and photons. For this, residual scale factors for the photon energy are extracted; their measured values are shown in Figure 4.18. They show a good agreement with zero within the systematic uncertainties on the calibration.

The validity of the calibration at different energy scales, is tested using J/Ψ → ee events. Residual scale factors are measured on the calibrated data using a lineshape-based fit method. The results are shown in Figure 4.19. The residual scale factors lie within the systematic uncertainties on the nominal calibration.

Summary of calibration systematics

The uncertainty on the photon energy scale and resolution are among the leading systematic uncertainties for Higgs mass and coupling measurements in the Higgs to diphoton channel. Their size is only to a small fraction due to the systematic uncertainty on the in-situ scale factors. Other important sources, as for example unknown passive material in front of the calorimeter or the non-linear behaviour of the cell response, play a significant role, too.

Prospects for calibration improvements

The scale factors, together with their systematic uncertainties, are computed using electrons from Z → e + e -decays. The scale factors are assumed to be constant over the whole energy range and the uncertainties are scaled accordingly. The extrapolation of the systematic uncertainties to different energies is shown in Figure 4.17. Residual scale factors from Z → e + e -events, after full calibration of and converted photons (bottom right) as a function of the energy of the particle. These uncertainties are computed from 2015 and 2016 data using the old electron and photon reconstruction algorithm; updated values are used with the calibration using the new, super-cluster based reconstruction. At 40 GeV, the uncertainty is constrained by uncertainty on the the scale factor measurement, which is performed at typical energies of electrons from the Z → ee decay. The extrapolation is specific to each uncertainty source. [START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] the electrons, have been measured in the past to cross check the extrapolation. However, these have large statistical uncertainties and are not used to further constrain the uncertainties.

A direct, energy dependent extraction of the scale factors could allow to further constrain and therefore reduce the uncertainties at different energy scales. The lineshape method allows a technically easy extension to additional dimensions together with the binning in η calo . This feature has been exploited to try to measure calibration scale factors in bins of the electron energy. The performance has been estimated on closure tests with injected energy dependent scale factors. Figure 4.20(a) shows the performance in a closure test with 22 bins in η calo and three bins in the p T of the electrons. The binning of the pseudo-data events is performed after injecting the energy scale factors. A large bias is observed in particular for the low p T -bins. The reason for this bias is the migration of events between p T bins due to the application of a p T -dependent scale factor α. This is demonstrated in Figure 4. 20(b), where the same closure test is performed, but binning the events in p T before injecting the scale factor to the pseudo-data. A perfect closure is observed in this case.

The event migration would have to be taken into account in each minimisation step in the fit. This is however not possible using the lineshape method, since the parametrisation of the lineshape using an Chapter 4 Electron and photon energy calibration Residual scale factors extracted from calibrated J/Ψ → ee events in 2015 and 2016 data. The grey band represents the uncertainty on the electron calibration as computed from the Z → ee scale factor measurement, extrapolated to lower electron energies. [START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] analytic function does not keep the event information. The template method would in principle allow this; this is however computationally very heavy in more dimensions.

To avoid these problems, a template-based method is developed to extract residual scale factors in an iterative procedure. This allows to make a one-dimensional fit, using a single electron per event for the binning and averaging over the other one. The same procedure would be possible with the lineshape method. Chapter 4 Electron and photon energy calibration

Systematic uncertainty from choice of noise threshold used for super-cluster reconstruction

For the reconstruction of super clusters, a noise threshold is used to determine the cluster cut-off. This threshold is a measure of the typical calorimeter noise for given data taking conditions, i.e. considering an average pileup distribution. Since the pileup can vary a lot between different periods, but also from event-to-event, this choice leads to an uncertainty on the energy measurement of single clusters. This uncertainty is estimated by comparing the reconstructed energy using two different noise thresholds for µ = 40 (nominal) and µ = 35 (reduced). A caveat here is that the difference between those two pileup conditions is smaller than the typical spread of pileup.

To determine the impact of the noise threshold on the measurement, the energy response distribution is defined as follows:

E reco -E true E true (4.13)
where E reco is the cluster energy and E true is the truth electron or photon energy. The mean of this distribution corresponds to the bias of the cluster energy measurement. It is obtained from a Gaussian fit to the core of the distribution. The energy resolution is computed from the inter-quantile efficiency (IQE) of the response distribution defined as:

IQE = Q 3 -Q 1 2Φ -1 (0.75) (4.14) 
where the difference Q 3 -Q 1 is the inter-quantile range (IQR) of the resolution, which contains the middle 50% of the distribution. Φ is the cumulant of the normal distribution, such that 2Φ -1 (0.75) is the IQR of a unit width Gaussian. The IQR is a good measure of the single particle resolution since it better accounts for the tails of the distribution than the width of a Gaussian fit.

The study is performed in bins of η calo and is done separately for electron, unconverted and converted photons. The difference in energy scale and resolution between the two noise thresholds is added as a systematic uncertainty on the cluster energy calibration. It covers for the bias introduced on the energy measurement at different pileup, which uses a constant noise threshold independent on the actual pileup. However, the difference between µ = 40 and µ = 35 is small compared to the actual pileup range in the data. This is considered in the interpretation of the values from from The difference is used as a systematic uncertainty on the calibration. The absolute, average energy scale is not zero; this is mainly due to the fact that the MVA based calibration is computed without pileup.

C H A P T E R 5 Common setup for the measurement of Higgs boson properties using H → γγ events

The Higgs boson decay into a pair of photons has a very low branching fraction of B(H → γγ) = (2.27 ± 0.11) • 10 -3 , for a Higgs boson with a mass of m H = 125 GeV [START_REF] Tanabashi | Review of Particle Physics[END_REF]. However, thanks to the good photon reconstruction efficiency and purity and the excellent invariant mass distribution, this decay channel is very powerful to study the Higgs boson. Together with the H → ZZ * → 4 channel, the H → γγ channel was the most sensitive channel for the discovery of the Higgs boson in 2012. With the statistics of proton-proton collision data recorded in Run 2, precision measurements of Higgs properties are performed. This chapter presents the diphoton event reconstruction and selection, as well as common methods used in the analyses performed in this decay channel. In particular, the Higgs mass and couplings measurement will be described in this thesis.

Object reconstruction and event selection

A common event selection in used for several SM H → γγ analyses aiming to measure the fundamental properties of the Higgs boson. The inclusive invariant diphoton mass distribution of the selected events for the couplings analysis with 80 fb -1 of Run 2 data is shown in Fig. 5.1. The main background is the irreducible SM diphoton production, which produces a smoothly falling invariant mass spectrum.

Further event selection and categorisation is applied specifically for each analysis, targeting different Higgs production modes or phase space regions. This is done by applying specific kinematic selections on the diphoton system and potentially by requiring the reconstruction of additional particles produced together with the Higgs boson.

Trigger

Events used for this analysis should be triggered by a diphoton trigger based on clusters reconstructed in the calorimeter fulfilling certain criteria. Different triggers are used for the data taking period of 2015-2016 and 2017. The trigger used for 2015-2016 requires at least two photons with E γ 1 (γ 2 ) T > 35 [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] GeV passing the loose identification requirements based on the shower shape in the second layer of the electromagnetic calorimeter. The diphoton trigger used in 2017 requires at least two photons with E γ 1 (γ 2 ) T > 35 [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] GeV passing medium identification requirements defined in Section 3.5.3. The medium ID working point (WP) is used only in the high-level trigger. The change in the ID WP yields about a 20% higher event rejection, most of these events being background events rejected anyway in the following offline selection. The impact of these different trigger requirements on the analysis background composition has been studied and is found to be negligible. Diphoton events fulfilling the requirements to pass the offline selection are triggered with an efficiency greater than 98%.

Photon reconstruction and pre-selection

In a first step, photons passing the loose ID WP, p T > 25 GeV and |η| < 2.37 (excluding the transition region of 1.37 < |η| < 1.52) are selected. Events are required to have at least two loose photons in order to pass the pre-selection. The two photons in the event with the highest p T are assumed to originate from the Higgs candidate.

The primary vertex of the selected diphoton system is re-determined with an accuracy of around 0.3 mm using an algorithm based on a neural network that combines information from the longitudinal photon shower properties and tracks [START_REF]Measurement of Higgs boson production in the diphoton decay channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS detector[END_REF]. Figure 5.2 shows the improvement in the efficiency to reconstruct the correct primary vertex using the neural network algorithm compared to the selection of the hardest vertex. The photon kinematics are recalculated using the new primary vertex information. The primary vertex information allows to compute the track-based quantities used in the selection.

After this event pre-selection, photon candidates are further required to pass the tight ID WP and the FixedCutLoose isolation WP (ref. Sections 3.5.3 and 3.5.2).

Lepton selection

Electron candidates must pass the medium likelihood identification criteria as well as the tight isolation criteria. They are required to have p T > 10 GeV and |η| < 2.47 (excluding the transition region of .2: Efficiency to reconstruct the correct primary vertex as a function of the number of primary vertices in the event considering the hardest vertex (red) or the neural network algorithm (blue). The grey curve shows the distribution of the considered events from a MC16a simulation sample in terms of number of primary vertices. [START_REF]Selection and performance for the H → γγ 2018 analyses using[END_REF] 1.37 < |η| < 1.52). Additionally they should have a transverse impact parameter |d 0 /σ(d 0 )| < 5 and a longitudinal impact parameter |z 0 sin θ| < 0.5 mm to ensure their origin from the primary vertex. Muon candidates are selected if they pass the medium identification WP and GradientLoose isolation WP [START_REF]Muon reconstruction performance of the ATLAS detector in proton-proton collision data at √ s =13 TeV[END_REF]. They should further fulfil p T > 10 GeV and |η| < 2.7, as well as have a transverse impact parameter |d 0 /σ(d 0 )| < 3 and a longitudinal impact parameter |z 0 sin θ| < 0.5,mm.

Jet reconstruction and selection

Jets are reconstructed using the anti-K t algorithm [START_REF] Cacciari | The anti-k t jet clustering algorithm[END_REF] with a distance parameter of R = 0.4 and are required to fulfil |y| < 4.4 and p T > 25 GeV. To suppress jets produced in pile-up interactions, jets reconstructed within the tracker acceptance of |η det | < 2.4 are required to have a Jet Vertex Tagger (JVT) score greater than 0.59. JVT is a 2-dimensional likelihood algorithm based on the k-nearest neighbour algorithm [START_REF] Guo | KNN Model-Based Approach in Classification[END_REF], which aims at distinguishing between jets arising from the hard-scatter and those from pileup.

Mass range

The analyses are performed in the diphoton invariant mass range of m γγ ∈ [START_REF] Degrande | Standard Model Effective Theory at Next-to-Leading-Order in QCD[END_REF]160] GeV. This range is chosen to properly constrain the background shape and normalisation from the data sidebands using a description with an analytic function.

Signal and background modelling

To extract the H → γγ signal yield, a fit to the invariant mass distribution in data is performed. Analytic functions are used to describe the sum of the signal and the continuum diphoton background. While the parameters defining the signal shape are fixed on MC distributions, the background parameters are directly constrained on the data. The functional form used to describe the background is chosen using MC Chapter 5 Common setup for the measurement of Higgs boson properties using H → γγ events templates. The signal and the background models are built using the described methods independently in each event category and for each analysis.

Signal modelling

The H → γγ signal shape is parametrised by a double-sided Crystal-Ball (DSCB) defined as follows:

f DCB (m γγ ) = N ×                          e -t 2 /2 if -α low ≤ t ≤ α high e -1 2 α 2 low 1 R low (R low -α low -t) n low if t < -α low e -1 2 α 2 high 1 R high R high -α high +t n high if t > α high (5.1) with t = m γγ -µ CB σ CB
. µ CB and σ CB describe the mean and the width of the Gaussian core, α low/high describes the transition from the core to the tails of the distribution and n low/high describe the behaviour of the tails. The parameters of the DSCB are fixed from this fit to the MC signal distributions. They are further allowed to vary only within the systematic uncertainties on the energy scale and resolution. The explicit separation of the Gaussian core from the tails in the DSCB function allows an easy treatment of these systematic uncertainties. The energy scale uncertainty allows a variation of µ CB while the resolution uncertainty allows σ CB to vary. This is an important criterion leading to the choice of this function.

Background modelling

The estimation of the non-Higgs background is done in a fully data-driven way. This means that only the functional form used to describe it is chosen using MC. The parameters of this function are then left
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completely free in the fit to data. This allows to reduce uncertainties due to a background mismodelling.

Decomposition

The main background component is the continuous SM diphoton background. Additionally, a fake photon component, where one or two jets are reconstructed as photons, is considered. The different components will be denoted as γγ (continuous diphoton), γ j and j j (fake photons).

The relative contribution of these background components is determined using a 2x2D ABCD sideband method. Several signal and control regions are defined by relaxing the identification and isolation cuts of one or two photons. Like this, an equation system of sixteen equations with nineteen variables is built, including photon identification and isolation efficiencies. Some of these variables are fixed from MC studies, while the others are obtained from solving the equations. A detailed explanation of the method can be found in [START_REF]Measurement of the isolated di-photon cross-section in pp collisions at √ s = 7 TeV with the ATLAS detector[END_REF]. The relative purity of these background on the inclusive diphoton sample is shown in Fig. 5.4. Relative composition of the γγ, γ j and j j backgrounds on the inclusive background distribution. These purities are computed from a 2x2D ABCD sideband method using data control regions. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] The background purities are computed independently in each event category and used to normalise the background templates. In the ggF categories, these templates for each background component are obtained from continuum diphoton MC samples, to ensure a sufficient statistics. The shape of the γ j and j j components are obtained from a linear reweighting of the MC templates to the shape of data control regions with one or both photons failing the ID criterion. The leakage of real photons inside these control regions is taken into account. The background template for each category corresponds to the weighted sum of the templates from each component. In non-ggF event categories, MC samples with different background processes or data control regions are directly used. The obtained background templates in each case are validated in a comparison to the data sidebands excluding the signal region of m γγ ∈ [120, 130] GeV.

Spurious signal test

These background templates are used for the choice of the analytic function. The number of free parameters is kept minimal in order to avoid fitting statistical fluctuations and potentially absorb a part of the signal in the background fit. The decision whether a function can be used to fit the background is based on the so-called spurious signal test. This test defines criteria on the maximal allowed signal bias, called spurious signal. It is estimated as the number of fitted signal events (N SS ) in a signal plus background fit on a background only MC template, normalised to the expected background in the data. One of the following criteria must be fulfilled:

• N SS < 10% N S ,exp , where N S ,exp is the expected number of signal events within the SM in the category.

• N SS < 20% σ bkg , where σ bkg is the statistical uncertainty on the fitted number of signal events, when fitting the signal+background model to a background only Asimov dataset normalised to the data statistics (definition in Section 5.3).

If several functions with the same number of free parameters pass the test, the one with the smaller spurious signal is chosen.

Many of the event categories used in the coupling measurement have very limited (background) statistics. All tested functions may therefore fail the spurious signal test as defined above, because of statistical fluctuations. In this case, only a relaxed spurious signal test should be passed. As illustrated in Figure 5.5, the relaxed spurious signal test is built to accommodate 2σ local statistical fluctuations in the MC template. These fluctuations enhance the fitted signal, without pointing to a true signal bias. This requires that the MC statistics is small compared to the expected signal. A new variable is defined:

ζ SS =              N SS + 2∆ MC , N SS + 2∆ MC < 0 N SS -2∆ MC , N SS -2∆ MC > 0 0, otherwise (5.2) 
where ∆ MC accounts for the background template uncertainty associated to the MC sample statistics. This newly defined variable should then pass the criteria defined for N SS before.

[GeV] 

Statistical approach

Functional form

The following functions are considered for the background parametrisation, with a maximum of two free parameters that are sufficient for the considered data statistics:

• Exponential Function: f (m γγ ) = e c•m γγ • Exponential Function of 2 nd Order Polynomial: f (m γγ ) = e c 1 •m 2 γγ +c 2 •m γγ • Bernstein polynomial of order N: B N (m γγ ) = N i=0 c i • b i,N with b i,N = N i m i γγ (1 -m γγ ) N-i • First-Order Power Law Function: f (m γγ ) = m c γγ
The parameters of these functions are left totally free in the fit. It is however physically expected that the background is falling as a function of the mass; this can be changed in rare cases by the usage of multivariate techniques for the categorisation. The physical behaviour is checked on sideband fits; the fitted parameters should be compatible with this assumption within their statistical uncertainties. If multiple functions pass the spurious signal test, the one with the least number of parameters is chosen.

The number of fitted spurious signal in each category with the chosen function is taken as a systematic uncertainty on the fitted signal yield. More details will be given in the context of the coupling analysis in Chapter 7.

Statistical approach

The following analyses are based on a likelihood description of the considered processes. The systematic uncertainties are implemented as nuisance parameters, additional penalty terms in the likelihood that are constrained by a Gaussian or log-normal function in most cases. They make excessive use of asymptotic descriptions of the likelihood [START_REF] Cowan | Asymptotic formulae for likelihood-based tests of new physics[END_REF]. Asimov datasets are used for the computation of the expected results. An Asimov dataset provides an idealised description of the predicted data with a given integrated luminosity without statistical fluctuations. In case of a large statistics dataset, it allows to make an accurate prediction of the uncertainties on a measurement.

Data set and simulation

The presented analyses are based on the data recorded by ATLAS from 2015 to 2017. This corresponds to an integrated luminosity of 79.8 ± 1.6 fb -1 . The integrated luminosity is computed from dedicated datasets recorded during van der Meer scans and is calibrated to the physics data expectations using information from different detector information, as described in detail in Ref. [START_REF]Luminosity determination in pp collisions at √ s = 13[END_REF]. The values of the integrated luminosity recorded in each year is shown in Table 5.1 together with their uncertainties [START_REF]Luminosity uncertainties for physics analysis[END_REF].

Only the data from 2015 and 2016 has been used for the Higgs boson mass measurement.

Depending on the process, different MC samples are used, which give the most accurate prediction in each case. Table 5.2 lists the generators, parton showering and PDF used for each component, together with their cross section and the order of the QED and QCD calculations. GeV. The order of the calculated cross section is reported in each case. The cross sections for the background processes are omitted since the background normalisation is determined directly in the fit to the data. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] Because of different pileup conditions in 2015/2016 and 2017, separate MC samples are used with a different pileup profile similar to the ones used for the calibration (MC16a and MC16d). These MC samples are weighted separately to the corresponding integrated luminosity in data and added to compare to the combined dataset.

C H A P T E R 6 Measurement of the Higgs boson mass

The Higgs boson mass has been measured in the H → γγ channel using 36.1 fb -1 of data collected by ATLAS in 2015 and 2016. A combined measurement with the H → ZZ * → 4 channel allowed to reach an excellent precision; the results were published in [START_REF]Measurement of the Higgs boson mass in the H → ZZ * → 4 and H → γγ channels with √ s = 13 TeV pp collisions using the ATLAS detector[END_REF]. A precise measurement of the Higgs boson mass is very important for the measurement of the Higgs boson couplings and cross sections, especially in channels with a poor mass resolution or small statistics. A combined measurement from Run 1 and Run 2 can be used in analyses that will use statistically independent datasets, for example in Run 3 or at future experiments.

Event categorisation

To measure the Higgs boson mass with the best possible sensitivity, the selected diphoton events are classified in categories. Since the measurement in the diphoton channel is dominated by the statistical uncertainty, the categories are mainly optimised for purity to get the best possible signal-to-background ratios. Beside that, events with a good signal resolution are categorised in order to reduce the most dominant systematic uncertainties. For the Higgs boson mass measurement in the diphoton channel performed on 25 fb -1 in Run 1, categories based on the photon quality and energy resolution have been build. The photon conversion status and their position in the calorimeter have been used [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF]. For the measurement described in this chapter, several different event categorisations have been tested to optimise the sensitivity. Besides categories based on photon properties only, categorisations taking into account the Higgs boson production mode have been considered. The reconstruction of associated particles allows an additional gain in signal purity and invariant mass resolution. The following categorisations have been tested performing a fit of the Higgs boson mass on an Asimov dataset:

• Inclusive: no further splitting of the events in the categories; this is the most simple case, but it does not show a very good signal purity.

• Run 1 mass measurement: 10 event categories used for the mass measurement in H → γγ in Run 1 [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF]. The events are split into categories based on the photon conversion status, their pseudo-rapidity and the transverse momentum of the diphoton system. The exact definition of these categories is shown in Table 6.1.

• Couplings analysis: 33 events categories used for the couplings analysis published in [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF]. The exact definition of these categories can be found in Table 6.2.

Chapter 6 Measurement of the Higgs boson mass

Index Definition C1 γ 1 & γ 2 unconverted, |η γ 1 &γ 2 | < 0.75, p Tt < 70 GeV C2 γ 1 & γ 2 unconverted, |η γ 1 &γ 2 | < 0.75, p Tt > 70 GeV C3 γ 1 & γ 2 unconverted, |η γ 1 ||γ 2 | < 0.75, p Tt < 70 GeV C4 γ 1 & γ 2 unconverted, |η γ 1 ||γ 2 | < 0.75, p Tt > 70 GeV C5 γ 1 & γ 2 unconverted, 1.3 < |η γ 1 ||γ 2 | < 1.37 || 1.52 < |η γ 1 ||γ 2 | < 1.75 C6 γ 1 || γ 2 converted, |η γ 1 &γ 2 | < 0.75, p Tt < 70 GeV C7 γ 1 || γ 2 converted, |η γ 1 &γ 2 | < 0.75, p Tt > 70 GeV C8 γ 1 || γ 2 converted, (|η γ 1 | < 1.3 || |η γ 1 | > 1.75) & (|η γ 2 | < 1.3 || |η γ 2 | > 1.75), |η γ 1 ||γ 2 | > 0.75, p Tt < 70 GeV C9 γ 1 || γ 2 converted, (|η γ 1 | < 1.3 || |η γ 1 | > 1.75) & (|η γ 2 | < 1.3 || |η γ 2 | > 1.75), C10 γ 1 || γ 2 converted, (1.3 < |η γ 1 ||γ 2 | < 1.37 || 1.52 < |η γ 1 ||γ 2 | < 1.75)
Table 6.1: Categories used for the Higgs boson mass measurement in H → γγ in Run 1. These categories are built to be exclusive; the categorisation of each event starts with C1 and goes in the order in the table. p Tt is the diphoton momentum orthogonal to the transverse thrust axis. The thrust axis represents a measure of the sphericality of the event. [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF] • Combination: since VBF signal events can be selected very well and therefore lead to pure categories, it has been tried to use the VBF enhanced categories from the couplings analysis and classify the remaining events as in the Run 1 mass measurement.

For simplicity, some assumptions are made to test the categorisations. No sophisticated choice of background functions is performed for all categorisations; instead, an exponential function with a second order polynomial in the exponent is used to determine the background shape from the data sidebands.

A DSCB is fitted to the signal MC distribution in each category to determine the signal shape. No dependence of the signal shape parameters on the Higgs boson mass is considered for the categorisation tests. The global signal strength is profiled as a nuisance parameter in the fit. The results for the different tested categorisations are shown in Table 6.3.

Introducing event categories leads to a significant reduction of the expected uncertainty on the Higgs boson mass compared to the inclusive fit. The difference between the exact categorisations is not very significant. The couplings categories have been chosen to take advantage of the existing framework from the couplings analysis, for which a detailed investigation of systematic uncertainties was already performed. This allows a simplified and more robust analysis within the required publication time scale. The signal resolution and purity in each category are listed in Table 6.4.

Signal modelling

The signal is modelled in each event category using a DSCB, whose parameters are determined from a fit to signal MC as described in Section 5.2.1. However, an additional dependence of the parameters on the Higgs boson mass is taken into account, since the mass is the parameter of interest in this analysis. Therefore, MC samples generated at different Higgs boson masses are used. A simultaneous fit to all theses samples is performed to parametrise the DSCB parameters defined in Equation 5.1 as a function of is the Zeppenfeld variable; it describes an average pseudorapidity between the diphoton system and the two jets in VBF-like events. [ the Higgs boson mass as follows:

T ∆η j j > 2, η Zepp < 5, p H j j T < 25 GeV, -0.39 < BDT < 0.87 VBF tight, low p H j j T ∆η j j > 2, η Zepp < 5, p H j j T < 25 GeV, BDT > 0.87 VBF loose, high p H j j T ∆η j j > 2, η Zepp < 5, p H j j T > 25 GeV, -0.5 < BDT < 0.48 VBF tight, high p H j j T ∆η j j > 2, η Zepp < 5, p H j j T > 25 GeV, BDT > 0.48 VH had loose 60GeV < m j j < 120GeV, 0.35 < BDT < 0.78 VH had tight 60GeV < m j j < 120GeV, BDT > 0.78 qqH BSM ≥ 2 jets (p jet T > 30 GeV), p j1 T > 200GeV VH MET low 80 GeV < E miss T < 150 GeV, E miss T significance > 8 VH MET high 150 GeV < E miss T < 250 GeV, E miss T significance > 9 or E miss T > 250GeV VH lep low N lep = 1, |m eγ -89 GeV| > 5 GeV, p +E miss T T < 150GeV, E miss T significance > 1 VH lep high N lep = 1, |m eγ -89 GeV| > 5 GeV, p +E miss T T > 150GeV VH dilep high N lep ≥ 2, 70GeV ≤ m ≤ 110GeV tH hadronic 4j2b N lep = 0, N cen jets = 4, N 70 tags ≥ 2 (p jet T > 25 GeV) tH hadronic 4j1b N lep = 0, N cen jets = 4, N 70 tags = 1 (p jet T > 25 GeV) ttH hadronic BDT4 N lep = 0, N jets ≥ 3, N 70 tags ≥ 1, 0.52 < BDT < 0.79 (p jet T > 30 GeV) ttH hadronic BDT3 N lep = 0, N jets ≥ 3, N 70 tags ≥ 1, 0.79 < BDT < 0.83 (p jet T > 30 GeV) ttH hadronic BDT2 N lep = 0, N jets ≥ 3, N 70 tags ≥ 1, 0.83 < BDT < 0.92 (p jet T > 30 GeV) ttH hadronic BDT1 N lep = 0, N jets ≥ 3, N 70 tags ≥ 1, BDT > 0.92 (p jet T > 30 GeV) ttH leptonic N lep ≥ 1, N cen jets ≥ 2, N 70 tags ≥ 1, Z veto (p jet T > 25 GeV) tH leptonic 1fwd N lep = 1, N cen jets ≤ 4, N 70 tags ≥ 1, N f wd jets ≥ 1 (p jet T > 25 GeV) tH leptonic 0fwd N lep = 1, N cen jets ≤ 3, N 70 tags ≥ 1, N f wd jets = 0 (p jet T > 25 GeV)
µ CB = m H + µ CB (m H = 125 GeV) + s µ CB (m H -125 GeV), σ CB = σ CB (m H = 125 GeV) + s σ CB (m H -125 GeV), α low = constant wrt. m H , α high = constant wrt. m H , n low = 10, n high = 10.
Since the measured mass is not sensitive to the tails of the invariant mass distributions, the tail parameters α are assumed to be constant. The slopes n are set to a fixed value of 10, which was shown not to have an impact on the fit result.

The relative signal yield in each category is fixed to the SM expectation; only a global signal strength is profiled in the fit. To cross check the impact of this assumption, the fit is repeated allowing the signal strength to vary independently for the four main Higgs boson production modes. The impact is found to be negligible.

Systematic uncertainties

The main systematic uncertainties affecting the mass measurement in the H → γγ channel are the photon energy scale (PES) systematics as these directly impact the peak position. Another important bias on the mass is due to the signal and background modelling. Additional systematics are the mass resolution uncertainty (6-11% depending on the category) and the selection of the diphoton vertex (<1%). The exact signal yield in each category is found to have a negligible impact on the measurement of the peak position. Therefore systematic uncertainties affecting the predicted signal yield and systematics causing event migrations between the categories are neglected in this analysis. The impact of the most relevant systematic uncertainties on the measured mass are listed in Table 6.5. The dominant uncertainties are related to the photon energy calibration. In particular, the cell non-linearity is related to a different energy response of the LAr calorimeter cells when measuring the energy with different electronic gains. The layer calibration reflects the uncertainty of the relative energy response in data and MC between the first and second layer of the calorimeter; this measurement is limited by the extrapolation from muons, which are used to compute the scale factors, to the wider showers of electrons. Non-ID material refers to additional passive material in front of the calorimeter, for example cables etc., which is not part of the inner detector. The modelling uncertainty of this material is estimated using Run 1 in-situ measurements. Similarly, the ID material shows slight mismodelling. The lateral shower shape takes into account the energy leakage outside of the reconstructed window. The Z → ee calibration includes the uncertainties on the in-situ calibration described in Chapter 4.

Technically, these systematic uncertainties are implemented as nuisance parameters in the likelihood, as mentioned in Section 5.3. They impact the signal model parameters and are constrained to zero within the size of the uncertainty.

Photon energy scale

As expected, the PES is the largest uncertainty on the Higgs boson mass measurement. In total, around 40 independent sources of systematic uncertainties affecting the PES are propagated to the mass measurement. This is done by recomputing the invariant mass distribution in each category using the ±1σ variations of the energy scale. The impact on the fitted mean is used as an uncertainty. The maximum of the up-and down-variations are used to symmetrise the uncertainties. Since the dependence of these uncertainties on the mass itself was shown to be negligible, the uncertainties have been computed at m H = 125 GeV. The total PES uncertainty in each category is shown in Figure 6.1; it is computed as the squared sum of independent sources.

Modelling uncertainties

The choice of analytical functions for the signal and background parametrisation can introduce a bias on the measured Higgs boson mass. To estimate the size of this bias, injection tests are performed using simulated signal or background, normalised to the available integrated luminosity in data. The SM cross sections are assumed for the H → γγ signal. This uncertainty has not been calculated for the ttH and tH dedicated event categories due to of missing background MC templates. These categories do not add a significant sensitivity to the mass measurement, and the impact of the bias is therefore expected to be negligible. The bias uncertainties are treated as uncorrelated between the different categories.

Bias from background model

To study the bias on the measured Higgs boson mass due to the choice of the background parametrisation, MC templates including all significant backgrounds are used. They are split according to event categories. An Asimov signal is added to the MC background and a signal plus background fit is performed in each category. The bias is determined from the shift of the fitted mass w.r.t. the true mass of the signal Asimov. This study is repeated for different injected Higgs boson masses. The spread of the results is shown in Figure 6.2. The maximum shift between the shifts computed at m H = 124, 125&126 GeV has been chosen as the size of the systematic uncertainties. This method leads to large uncertainties; these are mainly dominated by statistical fluctuations of the MC templates and are therefore very conservative. The generation of more MC events was however not possible in the time scale of this analysis. Typical values for the uncertainty on the mass are around 60 MeV.

Systematic uncertainties

GGH_0J_CEN GGH_0J_FWD GGH_1J_BSM GGH_1J_HIGH GGH_1J_LOW GGH_1J_MED GGH_2J_BSM GGH_2J_HIGH GGH_2J_LOW GGH_2J_MED
m H =110 GeV m H =122 GeV m H =123 GeV m H =124 GeV m H =125 GeV m H =126 GeV m H =127 GeV m H =130 GeV m H =140 GeV

Bias from signal model

In the same way, the bias introduced by the signal model is estimated. In this case, a MC signal distribution is added on top of an Asimov background. The MC statistics of the signal MC is much higher than for the background and therefore the statistical fluctuations of the template dominate less the results. Beside this, the biases are expected to be much smaller than the ones from the background modelling, because of the accurate, mass dependent signal modelling. The results obtained with different injected Higgs boson masses are shown in Figure 6. 

m H =110 GeV m H =122 GeV m H =123 GeV m H =124 GeV m H =125 GeV m H =126 GeV m H =127 GeV m H =130 GeV m H =140 GeV

Result and combination

The Higgs boson mass measured in the H → γγ channel alone is found to be While the H → γγ channel profits from the higher statistics, the H → 4 channel is much less affected by systematic uncertainties due to the four reconstructed leptons in the final state, from which two should have an invariant mass corresponding to the Z boson mass. This is reflected in the likelihood scan in Figure 6.5, showing the statistical and systematic contribution of the different measurements and channels entering the combination.

With increasing luminosity the H → 4 will therefore dominate more and more the combined Higgs boson mass measurement. However, the measurement of the Higgs boson mass in different decay channels and with the different data sets remain very important to cross check the consistency between the different measurements. Differences between those can point to problems in the object reconstruction and energy calibration, as well as help understanding the detector response. On a longer term, the Higgs to diphoton decay could also contribute to the understanding of the photon energy scale and potentially help to constrain systematic uncertainties. C H A P T E R 7

Measurement of the Higgs boson couplings and cross-sections

The Higgs boson couples to photons only via loop processes. Direct probes of the Higgs boson couplings in this decay channel are obtained from measurements of its production mechanisms. To avoid any assumptions on the H → γγ branching ratio, the product of the production cross section and the decay branching ratio is measured. In order to combine the measurement using the Higgs to diphoton decay with other channels, measurements are performed in the STXS framework defined in Section 2.4. The measurement using the data recorded by ATLAS in 2015, 2016 and 2017 [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] is presented, which corresponds to an integrated luminosity of 79.8 ± 1.6 fb -1 .

Event categorisation

In order to enhance the sensitivity to the truth bins defined by the STXS framework, the events passing the selection described in Section 5.1 are split in categories that are optimised to be as pure as possible in a given truth bin. To separate the different production modes, particles produced in association with the Higgs boson are reconstructed. To maximise the statistics for the rare production modes, the selection of the categories is starting from the rarest one. An overview of the categories and how they relate to the STXS truth bins is shown in Figure 7.1. Due to the low statistics and sensitivity to some of these bins, a merged scenario of the STXS framework is targeted. In some categories, more sophisticated methods like machine learning are used to further divide the events in order to maximise the sensitivity.

t t H enhanced categories

The rarest production mode is the associated production with top quarks. Only categories targeting the ttH production mode are redefined in this analysis; because of the extremely low statistics of the tH production, no specific categories for this production mode have been optimised. A dedicated preselection of tH events would rather have a negative impact on the remaining statistics of ttH events.

A preselection targeting events with two top quarks in the final state is applied. The top quarks are reconstructed in their decay into a b quark and a W boson, which has a branching fraction of B(t → Wb) = 0.957 ± 0.034 [START_REF] Tanabashi | Review of Particle Physics[END_REF]. At preselection level, events are split according to the W boson decay. The "leptonic" preselection requires at least one lepton (electron or muon) in the final state. The "hadronic" preselection contains events without a reconstructed lepton and at least three jets in the final state. In V H (leptonic decays), q q ! W H VH lep High, Low (9, 10) Reconstruction Categories STXS Regions *VBF-like: m j j > 400 GeV, | y j j | > 2.8 † V H-like: 60 < m j j < 120 GeV Figure 7.1: Relation between the STXS stage 1 truth bins and the event categories optimised to measure these truth bins. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] both cases, at least one b-tagged jet is required.

q q ! Z H, gg ! Z H (Z!⌫⌫) VH MET High, Low (11, 12) (Z 
In each of these samples, a boosted decision tree (BDT) is trained to discriminate ttH events against the non-Higgs background. For the BDT training, simulated ttH events are used. The background is estimated from data control regions, where at least one of the photons fails the identification or isolation criteria (NTI-data). The BDT performance is cross checked on the data sidebands excluding the signal region m γγ ∈ [120, 130] GeV. The input variables of the BDTs are low-level kinematic properties of the photons, leptons and jets. They are listed in Table 7.1. To make sure that the BDT does not shape the invariant mass distribution of the background, the photon p T values are scaled by the invariant mass of the diphoton system. Four hadronic categories and three leptonic categories are then defined based on the BDT output score in order to maximise the significance of ttH events.

VH enhanced categories

After the ttH categorisation, the V H production mode is targeted by reconstructing the vector boson (W or Z) produced in association with the Higgs boson. In their leptonic decay channels (Z → , W → ν),

Event categorisation

Hadronic BDT Leptonic BDT four-vector of (sub)leading photons (p T scaled by m γγ ) four-vector of first six jets ordered by p T four-vector of first four jets ordered by p T b-tagging status (using 77% WP) of these jets four-vector of first two leptons ordered by p T E T miss and Φ miss Table 7.1: Input variables used in the BDT training of ttH against the diphoton background in the hadronic and leptonic preselected categories. Place holders are used in case less jets or leptons have been reconstructed in the event. The sensitivity from the missing transverse energy in the hadronic BDT training is due to leptonic W decays, where the lepton has not been reconstructed. These events have a significant amount of missing energy but end up in the hadronic event categories.

the mass of the vector boson is used as a discriminant variable. For Z → events, two opposite sign leptons ( = e, µ) are required. For W → ν decays, a significant amount of missing energy is present.

Cuts are optimised to enhance the sensitivity to the different V H leptonic STXS truth bins.

The hadronic V H events, in which the V decays into a quark pair, are grouped together with the VBF production mode in STXS bin definition. A V H enhanced bin is defined though through a cut on the m j j distribution. The reconstruction of these events is more difficult than for the leptonic decay channels due to the large jet background. To enhance the sensitivity of this decay, a multivariate technique is used. Discriminant variables are the kinematics of the di-jet system and kinematic correlations between the jet system and the diphoton system.

VBF enhanced categories

The preselection of VBF events requires at least two jets satisfying ∆η j j > 2 and η Zepp < 5, with

η Zepp = η γγ - η j1 +η j2 2
. The two leading jets are assumed to be the jets produced in the hard VBF process. To subsequently enhance the sensitivity, subcategories are defines using a BDT approach. Following the STXS definition, two BDTs are trained separately for events with p H j j T < 25 GeV and events with p H j j T > 25 GeV. The list of discriminating variables can be found in Table 7.2. For this analysis, the BDT is trained to reject continuum diphoton and fake background. The same BDT also provides a relatively good rejection power against ggF. In each p H j j T region, two categories are defined based on the BDT output score. A separated category is made containing all events with at least two jets, whose leading jet has p T > 200 GeV. This category targets the STXS VBF region that is sensitive to BSM.

Variable Definition m j j

Invariant mass of the di-jet system ∆η j j

Separation of the two jets in terms of pseudo-rapidity ∆Φ γγ, j j

Azimuthal angle between the diphoton system and the di-jet system p T t Diphoton P T projected perpendicular to the diphoton thrust axis ∆R min γ, j

Minimum ∆R between one of the photons and one of the jets η Zepp η γγ -0.5(η j1 + η j2 ) Table 7.2: Input variables used in the BDT training of VBF against the continuum diphoton and fakes background.

ggF enhanced categories

The remaining events that have not been selected in the ttH, V H or VBF production modes are assumed to originate from ggF production. To match the STXS stage 1 bin definitions, these events are categorised

Chapter 7 Measurement of the Higgs boson couplings and cross-sections according to their jet multiplicity and the diphoton kinematics. The 0-jet category is split into a category with central photons and forward photons to exploit the better mass resolution in the central part of the calorimeter.

Summary of the categories and achieved purities

A summary of the exact definition of these categories is given in Table 7.3. Most of these categories were optimised using 36 fb -1 of data and used for the analysis described in [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF]. The tH and ttH categories have been re-optimised using 80 fb -1 to achieve the highest significance for the ttH observation. The purity of these categories in terms of STXS bins can be found in Figure 7.2. It shows a good purity of production modes in the dedicated categories, while it is still difficult to separate the different kinematic regions defined in the STXS stage 1, especially for the production modes with low statistics as V H and ttH/tH. In the VBF and V H enhanced categories, a significant contamination of ggF events remains. Since the measurement of the VBF production modes starts to be dominated by the systematic uncertainties, an additional optimisation of the VBF signal against the ggF contamination in the dedicated These purities can also be grouped in terms of Higgs boson production modes, as shown in Fig. 7.3. The overall purity is quite good, however with room for improvement especially in the hadronic V H categories as well as the VBF categories. The categorisation will be re-optimised for the final analysis round including the full Run 2 dataset.

The categorisation has been optimised for the measurement using 2015 and 2016 data [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF]. The main difference between this data and the new 2017 data is the pileup distribution. Higher pileup in 2017 can potentially reduce the purity of the categories. The impact of pileup on the production mode purity is shown in Figure 7.4, in which the purity is computed separately for MC16a (comparable to 2015+2016 data) and MC16d (comparable to 2017 data). The effect of pileup is overall very small. A slight degradation of the VBF purity of around 1-3% can be observed with higher pileup.

Signal parametrisation

The event categorisation described above is based on the measured kinematics of reconstructed particles in an event. These categories are therefore enhanced in events from specific STXS bins, but not fully pure, as shown in Figure 7.2. A simultaneous fit to all event categories is therefore performed in order to take into account these efficiencies and extract the cross sections of the truth bins. The signal yield N r in where σ γγ t = σ t • BR(H → γγ), L is the integrated luminosity and tr is the acceptance times efficiency. It corresponds to the probability for an event in a given truth bin t to end up in a given reconstructed category r. This quantity will in the following be refereed to as "efficiencies" and is computed relying on SM signal MC:

tr = N MC tr N MC t . (7.
2)

The values of the efficiencies in terms of production modes is shown in Table 7.4. This definition of the efficiency does not include Dalitz decays (H → γγ * → γ ), whose contribution in the selected events is corrected using their fraction in MC.

To minimise the theoretical assumptions in the measurement, the product of the cross sections and the H → γγ branching ratio σ γγ t are measured.

Due to lack of statistics, some of the STXS truth bins are merged for the measurement in the H → γγ channel. The efficiencies are computed separately for each merging scheme. They are assumed to be flat within the merged bin. Due to their extremely small cross section, no sensitivity to the bbH production mode can be obtained in the measurement. Because of their experimental similarity with ggF events, these events are therefore classified within the ggF truth bins, assuming the same efficiencies and acceptances.

Instead of cross sections, it can also be interesting to measure production signal strengths µ p , that give an information on the measured cross section relative to the SM prediction:

σ γγ t = µ p • σ γγ t,SM (7.3)
where p is the underlying production mode in the truth bin. In that case however, the uncertainty on the SM prediction has to be taken into account in the measurement, which becomes very model dependent.

Theoretical and experimental systematic uncertainties can cause event migrations that act on the efficiencies:

δ rt = var rt -nom rt nom rt ≈ δN rt -δN t (7.4)
where δX is the relative uncertainty on X. For experimental systematics that do not act on truth level quantities, it is δN t = 0.

The shape of the signal in each category is parametrised using a double-sided Crystal-Ball, as described in Section 5.2.1. The parameters of this function are determined from a fit to the MC distributions. Due to the very precise knowledge of the Higgs boson mass from a combination of the ATLAS and CMS measurements using the full Run 1 dataset (m H = 125.09 ± 0.21 (stat) ± 0.11(syst) GeV) [START_REF]Combined Measurement of the Higgs Boson Mass in pp Collisions at √ s = 7 and 8 TeV with the ATLAS and CMS Experiments[END_REF] and due to the small uncertainty on the energy scale (< 1%) it is possible to parametrise the shape using a MC sample generated with a Higgs boson mass m H fixed at 125 GeV. A simple shift of the µ CB parameter is 

µ CB = µ CB (125 GeV) -125 GeV + m H . (7.5)
The signal mass resolution, together with the signal purity compared to the continuum background, are shown in A maximum profile likelihood fit to the signal plus background model is performed on data to extract the POIs. To reduce the fitting time, a binning of 250 MeV is used. The impact of this binning choice w.r.t.

Chapter 7 Measurement of the Higgs boson couplings and cross-sections an unbinned fit is shown to be negligible. Expected sensitivities are estimated from an Asimov dataset, that is build from the expected signal model with SM assumption for the cross sections. The background shape and yield are estimated from a fit of the background function to the data sidebands excluding the signal region of m γγ ∈ [120, 130] GeV. The fits for all categories are shown in Figure 7.5.

Systematic uncertainties

The main systematic uncertainties can be divided into theoretical or experimental uncertainty sources. Some of these uncertainties cause migrations between different analysis bins and are therefore computed as uncertainties on the efficiencies. For cross section measurements, no assumptions on the SM expectation is made. Therefore only event migrations due to theory uncertainties are considered. When measuring signal strengths relative to the SM predictions, also inclusive theory uncertainties on the expected signal yield are taken into account in the fit. Experimental systematics can impact the signal yield in each category, as well as the signal shape. All systematic uncertainty sources are treated as fully correlated among categories and truth bins.

Technically, systematic uncertainties are implemented in the fit as nuisance parameters (NPs) acting on shape parameters, efficiencies or the signal yields. They are constrained by a penalty term in the likelihood function. Depending on the source, these penalty terms can be Gaussian, Gaussian with asymmetric width or log-normal.

Theoretical uncertainties

The main theory uncertainties are the QCD scale uncertainty on the SM cross section and the PDF and α s uncertainties. The inclusive QCD and PDF+α S uncertainties on the event yield in each production mode are listed in Table 7.6. For cross section measurements, only the uncertainties causing event migrations are considered and the uncertainties are therefore significantly reduced in some cases.

Process

QCD QCD scale uncertainties are calculated for each reconstructed category and measured truth bin. PDF uncertainties are computed per reconstructed category and production mode only, i.e. not split in STXS bins. Their size is determined from variations of MC input parameters in the following way:

• For VBF, V H and ttH, the envelope of all possible variations of (µ R , µ F ) in the MC (µ R,F = 0.5, 1, 2) is used to estimate the QCD scale uncertainty [120,130] GeV. This allows to check the agreement of the function that has been chosen on a MC template with the data. The fit results are used to build the Asimov dataset to measure the expected results.

Systematic uncertainties

• For ggF, the QCD scale uncertainty is decomposed in a more sophisticated scheme of 9 NPs. These separate the different physical sources acting on the inclusive cross section, different kinematic regions and jet multiplicities.

• The uncertainties on the PDFs and α S are decomposed in physical sources, which are then rotated to obtain 31 uncorrelated Eigenvectors which are varied for these production modes.

• For the tH production modes, no kinematic dependent reweighting is provided in Powheg for these uncertainties. The inclusive uncertainties listed in Table 7.6 are used.

• Because of the poor knowledge of the production of ggF, VBF and V H in association with heavy flavour, the yields of the resonant ggF, VBF and V H backgrounds in the ttH categories, a conservative uncertainty of 100%. One NP per production mode is used. No other theory uncertainties are then additionally considered for these components.

Technically, these variations are computed from MC reweighting using weights provided by Powheg.

Uncertainties on the underlying event and parton showering (UEPS) are computed by comparing MC samples using Pythia8 and Herwig7 for the showering. Additionally, variations of the MC tune parameters are performed to compute uncertainties due to initial state radiation or final state radiation. No MC samples from the same campaign (MC16) were available with the alternative parton showering. Except for ttH, the theory inputs used in the MC samples have not changed compared to the ones used in [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF]. Further, the UEPS uncertainties are not expected to be affected by the reconstruction. Therefore uncertainty values from [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF] have been used for all production modes except ttH.

For signal strength measurements only, an additional relative uncertainty of 2.9% on the H → γγ branching ratio is additionally considered.

Additional checks for ggH QCD scale uncertainties in VBF categories

The contamination of ggF events inside the VBF categories ranges from 10 to 70% depending on the category, with a theory uncertainty on this ggF component of around 5-10%. Within the nine independent NPs describing the QCD scale uncertainty on the ggF process, two NPs are targeting events with VBF topology with two or three jets. However, it is not a priori clear that the uncertainties are correctly propagated into the VBF categories due to the training of the BDT. Different BDT output shapes might cause additional migrations between the categories that can not be accounted for using MC reweighting. More specific checks have therefore been made on the ggF contamination inside these categories by comparing two different MC generators for ggF events: the nominal sample and an alternative aMCnloPy8_FxFx sample. The alternative sample has a limited statistics of 34290 events passing the VBF preselection. Figure 7.6 shows the distribution of events passing the VBF preselection in the six variables used for the BDT training for both ggF samples. Overall, the variable distributions with both generators show a good agreement.

To get a more direct handle on the impact on the final categories, the normalised ggF yield in each VBF category is compared between the two MC samples. A bootstrap approach has been used to compute the uncertainty from alternative sample. These bootstraps are generated by weighting each event with a random, Poisson-distributed number with a mean of one. The study is split in bins of jet multiplicity. The results are shown in Figure 7.7. Due to the limited statistics of the alternative ggF sample, quantitative conclusions are not possible here. However, in most of the bins, the deviations are compatible with statistical fluctuations. No additional systematic uncertainty is therefore introduced in the fit.

Experimental uncertainties

As already stated earlier, some experimental uncertainties act on the event yield, while other have a more important impact on the signal shape. for the alternative ggF sample; their distributions are shown on the y-axis: the boxes represent the 50% quantiles of the outcomes, while the dotted lines represent the 75% quantiles. However, some bins contain only a few number of events, especially the 0&1-jet bins have a very low statistics due to the N j ≤ 2 requirement at reconstruction level in the VBF preselection. This also explains that the relative difference can become smaller than -1 due to negative MC weights.

Uncertainties on the signal shape

The photon energy resolution (PER) and the photon energy scale (PES) act both on the signal shape (σ CB and µ CB respectively) and on the yield. The variations are computed for each analysis category by applying 1σ shifts of the scale factors in the MC. Their impact on the signal shape is computed from a DSCB fit to the varied MC distribution.

• For the PES, the uncertainty on µ CB is evaluated as

δµ ±1σ CB = m ±1σ γγ m nom γγ -1 (7.6)
• For the PER, the ratio of inter-quantile distribution (S = CDF -1 (75%) -CDF -1 (25%), where CDF is the cumulative distribution function) is used:

δσ ±1σ CB = S ±1σ S nom -1 (7.7)
X ±1σ represents the parameter on the varied signal MC, while X nom is the nominal value. Because of the large impact of the PER, a fully decorrelated scheme with nine independent NPs, which split the uncertainty into physical sources and η regions is used. Since the impact of the PES is significantly smaller, a reduced scheme with around 40 NPs is used, in which several physical sources of minor importance or detector regions are fully correlated among each other into a single NP. In this case, the reduction of the number of NPs allows a better fit stability and speed. All PES and PER NPs are treated as fully correlated among categories.

Additionally, the uncertainty on the Higgs boson mass measured in Run 1 is used as an uncertainty on µ CB in the couplings measurement.

Bias from background parametrisation

The dominant experimental uncertainty in many measurements is the spurious signal uncertainty describing the bias on the measured signal from the choice of the background function. More details on this uncertainty can be found in Section 5.2.2. The spurious signal uncertainty is the only additive uncertainty, which therefore directly impacts signal significance measurements. The chosen background functions, together with their signal associated bias are listed in Table 7.7. In many categories, the value of the spurious signal is driven by statistical fluctuations of the MC background template instead of the "real" bias.

To reduce this uncertainty, an alternative approach has been tested for low statistics categories. Background fits with different analytic functions are compared inside the signal region to compute a bias on the fitted signal. Since the concerned categories have low background statistics, three functions with one free parameter have been compared: a linear function, and exponential and an inverse power law. For illustration purposes, also an exponential with second order polynomial has been fitted. Examples of those fits are shown in Figure 7.8. The signal bias is computed in two different ways, comparing the alternative functions with the function chosen by the spurious signal test:

• The difference between the alternative and the nominal fitted background yield in an interval around 125 GeV, containing 90% of the signal.

• Signal yield obtained from a Crystal-Ball fit to the difference of two background functions.

The maximum bias from all functions with one parameter is used. In categories with a very low background statistics, this approach yields, in general, smaller signal biases than the spurious signal. However, this approach requires the choice of "meaningful" functions to be compared, as well as a definition of "low statistics" in which the approach is valid. These choices in such a simple approach allow an arbitrary tuning of the uncertainty size and can not be used for a meaningful estimate of the systematic uncertainty from background modelling. The spurious signal is considered as the currently safest approach and has been used in all categories.

Uncertainties on the signal yield

Other dominant uncertainty sources are the photon isolation and identification efficiencies and jet uncertainties, especially the jet flavour composition, response and modelling. Additionally, uncertainties on the luminosity (∼ 2%) and pileup reweighting play a role. Values for the main contributions are of the order of a 0.2-4%. These values are computed from variations of the signal MC weights using scale factors shifted by ±1σ within their uncertainty. Due to the limited statistics, these systematic uncertainties are computed only per event category and production mode. In some cases, very large uncertainty values occur due to statistical fluctuations, especially in categories with large MC weights.

In order to estimate the statistical uncertainty on these variations, a bootstrap method is used. For bbH events, the uncertainties from ggF are used to avoid large systematic values due to statistical fluctuations in the bbH MC. 7.7: Function used to describe the continuum background in each category and bias induced by this choice on the measured signal yield. N SS is the absolute bias, that is added as an uncertainty in the measurement.

Systematic uncertainties

Category

N SS σ bkg represents the significance of the bias compared to the uncertainty due to expected background fluctuations in a dataset with 80 fb -1 of integrated luminosity.

N SS N S,exp
is the significance of the bias compared to the expected signal assuming the SM. Some of these functions fulfil the relaxed spurious signal criteria.

Again, each systematic source is treated as fully correlated among categories, and, for most of them, between production modes. This is a good assumption as the correlations between most bins are currently dominated by statistical uncertainties. To optimise the fitting time and stability, pruning criteria are defined based on the importance of these uncertainties, in order to remove uncertainties with a very low impact on the measurements. 

Observation of the associated production with a top quark pair

In a first step, only the ttH enhanced categories (categories 1-7 in Table 7.3) have been analysed to measure the ttH production mode [START_REF]Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector[END_REF]. The cross sections of the other Higgs boson production modes including tH are fixed to their SM values. A conservative uncertainty of 100% is used for the production of Higgs together with heavy flavour (HF) in the ggF, VBF and V H production modes. Measurements of the HF content that would allow a reduction of this uncertainty are performed in a different phase space and are so far not used. The impact of this HF uncertainty on the ttH cross section measurement is about 4%. The most important theory uncertainty is the parton showering uncertainty with a relative impact of around 8%. The dominant experimental uncertainties are related to the jet energy scale with around 5%, the photon isolation efficiency with 4%, and the photon energy scale (4%) and resolution (6%).

In total, 36 +12

-11 ttH events have been measured in the data from a simultaneous fit to all seven categories. This corresponds to an observed significance of ttH events of 4.1σ, compared to an expected significance of 3.7σ. As a cross check, the significance is measured separately in hadronic and leptonic ttH categories. This yields an observed (expected) significance of 3.8 (2.7) σ in the hadronic categories and 1.9 (2.5) σ in the leptonic categories. The excess in observed ttH events therefore arises from the leptonic events. The difference between observed and expected significances is compatible with a statistical fluctuation of 7.4 Observation of the associated production with a top quark pair the data. The observed fit results per category are shown in Figure 7.9; an excess of ttH events in the tightest BDT categories (Had 1 and Lep 1) visualises the performance of the BDTs. .9: Number of events in each category in the smallest m γγ window containing 90% of the expected signal events. The ttH signal strength is set to the fitted value in data. The non ttH Higgs background is set to the SM expectation but taking into account pulls on their yield uncertainties in the fit. [START_REF]Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector[END_REF] The enhancement of the sensitivity to the ttH production mode due to the re-optimisation of these categories is around 50% compared to the analysis described in [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF] for the same integrated luminosity. The impact of the categorisation on the sensitivity w.r.t. to non-categorised preselected events can be seen in Figure 7.10. Figure 7.10(b) additionally shows an upward fluctuation of the data slightly above the Higgs boson mass used in the fit. In fact, all photon energy scale and resolution NP's have been pulled towards higher invariant mass values in the fit to accomodate for this fluctuation. To test the impact of this fluctuation on the significance, the fit has been repeated with all PES and PER NPs fixed to zero. This yields an observed significance that is closer to the expected one.

To validate that the events selected by BDTs are real ttH events and not any particular background or BSM physics with a similar final state, hadronic top quark decays have been reconstructed using a BDT trained to classify jet triplets. Figure 7.11 shows that the selected jet triplets in the ttH categories show a clear peak around the top-quark mass, suggesting that real top quarks have indeed been reconstructed.

The measurement in the H → γγ channel has been combined with those in other Higgs boson decay channels (H → b b, H → WW * , H → ττ and H → ZZ * ). The combined fit yields an observed (expected) ttH significance of 5.8 (4.9) σ. Additionally combining with the result from the Run 1 ATLAS measurement, the significance is 6.3 (5.1) σ; ATLAS could therefore claim the observation of the ttH production mode.

After the observation of this production mode, it will be interesting to use this channel for precision measurements exploiting the increasing data statistics. In particular, the coupling of the Higgs boson to the top quark can be used to investigate the Higgs boson CP nature by studying the Higgs boson and top quark differential kinematic distributions [START_REF] Demartin | Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction[END_REF]. Also the Higgs boson self-coupling properties can The top quark candidates selected in events categorised as ttH show a clear peak around the top quark mass. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] be inferred through this production mode. To further gain in sensitivity, it will be interesting for future measurements to revise the categorisation and specifically target the tH production mode.

Result of simultaneous fit to all production modes

The global signal strength w.r.t. the total expected Higgs boson production cross section is measured to be µ = 1.06 +0.14 -0.12 = 1.06 +0.08 -0.08 (stat) +0.08 -0.07 (exp) +0.07 -0.06 (theo), (7.8) which is in good agreement with the SM prediction. It is worth noticing that all three sources of uncertainties currently have about the same size. Without a reduction of the experimental and theoretical 7.5 Result of simultaneous fit to all production modes uncertainties, the global signal strength measurement in the Higgs to diphoton channel will therefore not profit from more data after the end of Run 2 of the LHC.

Measurements in different Higgs boson production modes or with finer phase space splitting in the context of the STXS framework allow a better test of the SM. All measured cross sections are restricted to the fiducial region of the detector acceptance |y H | < 2.5 in order to minimise systematic uncertainties from extrapolation into a wider phase space.

Production mode cross sections

In order to have enough sensitivity for each measurement, some production modes are grouped together. Therefore, an inclusive V H cross section containing WH, ZH and ggZH is quoted, as well as an inclusive top cross section containing ttH and tH events. The measured production mode cross sections relative to the SM expectation are shown in Figure 7.12 together with their correlations. results of the cross section measurement.

In general, the measured cross sections agree well with the SM predictions. A small deviation is observed in the VBF cross section; however, this is well compatible with a statistical fluctuation. The observed top cross section is closer to the SM prediction than the one measured in the standalone ttH analysis. The main reason for this difference is the constraint of the energy scale and resolution uncertainties by the other categories, in particular by the high statistics ggF categories. This prevents the fit from pulling the corresponding NPs as in the ttH-only fit. The reduced phase space and the additional contribution of the tH cross section only have a negligible impact in the measurement.

The correlations between the measured cross sections are currently fully dominated by the statistical correlations due to event migrations between reconstructed categories and measured truth bins. A better separation between the production modes in the categories could therefore help to improve the sensitivity, especially for the low statistics production modes.

The uncertainties are computed with the MINOS algorithm from MINUIT [START_REF] James | MINUIT User's Guide[END_REF]. They are cross checked using likelihood scans of the POIs, shown in Figure 7. [START_REF] Thomson | Modern Particle Physics[END_REF] different systematic uncertainties is shown in Figure 7.14. To compute the prefit impact of a nuisance parameter, the fit is repeated with this parameter fixed at a value of ±1. The relative difference of the fitted cross sections is then computed to get its impact. In the postfit case, the same procedure is done but with the nuisance parameter fixed to its best-fit value (given by its pull) ±1σ. This can lead to slightly different impacts if the nuisance parameter is constrained by the data. The ranking of the systematic uncertainties in the expected and observed results show a good agreement.

Figure 7.15 shows the invariant mass distribution observed in the data compared to the fitted signal plus background model. The contribution from each category is weighted by the signal to background ratio in this category. Several cases are considered, in which one of the production modes is treated as signal, while the other production modes are counted as background. In this way, the measurement sensitivity to the different production modes can be visualised. The impact on the fit accuracy of a specific production mode from the continuum versus the resonant background can be seen. Especially in the case of VBF and V H the resonant background is the limiting factor to the measurement. A good H → γγ signal over continuum background ratio is not enough to achieve a good measurement accuracy, but also the contamination of other Higgs boson production modes should be reduced as much as possible.

STXS with strong merging

Additionally to the production mode cross section, STXS have been measured in the strong merging scheme defined in Table 2.1. The results compared to the SM values are shown in Table 7.9 and Figure 7.16. Again, a good agreement with the SM is observed; however, the statistical uncertainties on these measurements are quite large and do not allow very accurate conclusions in the H → γγ channel alone. The correlation matrix is in general relatively diagonal, but it is experimentally hard to separate certain truth regions. The jet definition at truth level requires a p j T > 30 GeV, while reconstructed jets are required to have p j T > 25 GeV. Therefore truth bins defined by jet-multiplicity show a strong migration between the corresponding event categories. Further, the ggH, ≥ 2 j bin has a similar event topology than VBF. Efforts are ongoing to re-define the STXS truth regions to better match the experimental requirements and therefore allow a more accurate measurement.

To reduce the correlation of around -60% between the BSM-sensitive bins of ggF and VBF, the sum of the two cross sections is measured, while their difference is profiled in the fit, meaning that it is optimised at each point of the POI's likelihood scans. The fitted cross sections are compatible with the case in which the two bins are fitted independently.

The cross section difference in the ggF and VBF BSM bins is profiled, and has a best-fit value of 4.8 ± 2.0 fb. This value is larger than fitted sum of these two cross sections quoted in Table 7.9. The reason is clear when looking at the fit of the two BSM bins separately: a negative cross section is fitted in the VBF BSM bin. This is due to the contamination of the ggF BSM bin inside the reconstructed qqH BSM category. The sum of the cross sections is strongly dominated by an upward fluctuation of the ggF BSM cross section in the separated fit. This is caused by an upward fluctuation of the data in the ggF BSM dedicated event category. Fixing the ggF BSM cross section to the SM value leads to a VBF BSM cross section that it is compatible with zero.

Combination with other Higgs boson decay channels

The measurements in the H → γγ channel have been combined with measurements in other Higgs boson decay channels to gain the maximum sensitivity. The input analyses, together with the integrated luminosity used for each measurement, are listed in Table 7.10. Some of these analyses only measure specific signal regions inside the STXS framework, in which they are particularly sensitive. The systematic uncertainties on the different measurements are correlated whenever necessary, depending Chapter 7 Measurement of the Higgs boson couplings and cross-sections

σ 1 ± Pull Postfit impact -1
=13TeV, 79.9 fb s 0.04 -0.02 -0 0.02 0.04 7.10: Input analyses entering the combined results, together with the integrated luminosity of the used datasets. [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] on their nature. Many details on the combination can be found in [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF]. Figure 7.17 shows the fitted production mode cross sections in each included Higgs boson decay channel together with the result from the combined fit. In this figure, the branching ratios are assumed to be the SM predictions. The H → γγ channel is the most significant channel together with H → ZZ * to measure the ggF cross section, where it profits from the large statistics and the good background modelling. Due to systematic limitations in other decay channels, it is so far also the strongest channel to measure the top cross section. Production modes with a smaller statistics but with clean reconstruction of associated objects, like V H, the decay channels with larger branching fraction, like H → b b are dominant. 7.17: Best-fit values and uncertainties of the production mode cross sections fitted in each decay channel separately and in the combined fit to all channels. These results assume SM branching ratios and are normalised to the SM expectation. [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] Results are also provided in the STXS framework with a strong merging scheme as described in Table 2.1. In order to minimise the model dependence, the product of the STXS production cross section with the H → ZZ * branching fraction is fitted, as well as the ratio of the other branching fractions to the H → ZZ * branching fraction. The results are shown in Figure 7.18. So far, no deviation from the SM prediction has been observed. A combined measurement in all measured decay channels with the full Run 2 dataset will allow more precise tests of the SM. In particular, with increasing statistics, a finer granularity of the measurements will be possible, and optimised analysis techniques will allow a better performance of the single channels.

SM σ / σ ∆ 1 - 0.5 - 0 0.5 1 θ ∆ )/ 0 θ - θ (
Results can also be interpreted in the so-called κ-framework, which expresses the cross sections and branching ratios as a function of coupling modifiers κ. These describe the relative strength of Higgs boson couplings to different particles w.r.t. the SM expectation. In the κ-framework, the cross section times branching ratios are defined as follows for a production truth bin i and a decay mode f :

(σ × BR) i f = κ 2 i σ SM i • κ 2 f Γ SM f κ 2 H Γ SM H (7.9)
where σ SM i is the SM production cross section and Γ SM f and Γ SM H are the partial H → f width and the total Higgs boson width respectively. The κ modifiers can be decomposed in terms of tree-level couplings between the Higgs boson and SM particles.

Figure 7.19 shows a two-dimensional scan of the coupling modifiers κ F (to fermions) versus κ V (to vector bosons). The plot shows well the different sensitivities of the different channels through their most sensitive STXS regions and the decay. The result agrees well with the SM prediction. 

m = 41% SM p Best fit 68% CL 95% CL SM Combined γ γ → H ZZ → H WW → H bb → H τ τ → H Figure 7
.19: Negative log-likelihood contours at 68% and 95% CL in the (κ V , κ F )-plane for single decay channels and their combination. The couplings are assumed to be positive. No contributions from invisible decay modes are taken into account. [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] inferred through loop processes. Two different cases are considered, with no additional undetected or invisible BSM decay of the Higgs boson, and allowing the presence of such additional decay modes that would modify the total decay width. Undetected decays include those decays, to which none of the input analysis are sensitive, as for example Higgs boson decays to light quarks. A fit of their contribution could show potential significant enhancement of these modes. The invisible decays group potential BSM decays into particles that are invisible in the detector and are specifically searched for by targeting missing energy. In both fit scenarios, the results agree well with the SM. Upper limits are set to the Higgs boson decay rate into invisible and undetected decay modes.

C H A P T E R 8 Optimisation of VBF event selection of the full Run 2 analysis

The VBF enhanced event categories used in the 80 fb -1 couplings analysis have been optimised to reach a good signal purity compared to the diphoton continuum background. However, as shown in Figure 7.12, the measured VBF cross section is strongly correlated with the ggF cross section due to the high ggF contamination inside the VBF categories. Simple fitting tests varying the ggF contamination and the diphoton component inside the VBF categories show that the precision of the VBF cross section can significantly be enhanced by reducing the ggF contamination. In that case, the diphoton background can be significantly increased, still observing a gain in the VBF sensitivity. A re-optimisation of these categories for the full Run 2 analysis is therefore important.

ggF rejection using the current MVA

The current VBF categorisation is explained in Section 7.1.3. In this case, a BDT is trained for VBF against diphoton and fake background. Because of the similarities in the input variable distributions for these two samples shown in Figure 8.1, the BDT provides a decent rejection power against ggF, too. No separation of the p H j j T < 25 GeV and p H j j T > 25 GeV regions is done here.

With the same input variables, the ggF rejection can be significantly enhanced by using ggF as a background in the BDT training. The loss in diphoton rejection is not expected to reduce the sensitivity in a significant way due to the good signal to background separation in the fit. Figure 8.2 shows the rejection of ggF and diphoton background in the different training scenarios. The training against ggF will in the following be considered as the default choice.

The potential of quark-gluon tagging

In the VBF production mode, two quark jets are produced in association with the Higgs at leading order. In ggF, no jets are produced at leading order. All jets selected in ggF events therefore originate either from higher order QCD processes or from pileup. Being able to differentiate between jets originating from quarks and from gluons could thus significantly improve the separation between VBF and ggF. Figure 8.3 shows the quark composition inside the VBF, ggF and diphoton events passing the VBF preselection. As a side effect, also diphoton events could be rejected, if gluons jets can be identified. The identification of gluon jets is therefore expected to have a great potential in the reduction of ggF events in the VBF categories. In practice, the two most energetic jets in the event are used for the analysis. This leads to a small gluon jet contamination from QCD processes or pileup jets in VBF, too. However, the contribution is very small, such that the drop in VBF efficiency due to gluon rejection is expected to be small compared to the gain from ggF rejection. Events in the "unmatched" bin have at least one jet with no truth matched jet. For the following truth based studies, the jets are randomly attributed a quark or gluon nature. This corresponds to the case, where the tagger can not decide, whether the jet originated from a quark or a gluon.

Truth labelling of jets

To evaluate the potential gain using quark-gluon discrimination for the VBF categorisation, truth level studies are performed in a first place. For this purpose, truth matching is performed for each simulated jet and it is attributed a quark or gluon ID. The truth definition of a quark or gluon jet is not trivial, as discussed in Ref [START_REF] Gras | Systematics of quark/gluon tagging[END_REF], and should include knowledge about quark and gluon radiation of partons. Events in the unmatched bin have at least one jets that has not been truth matched. On the left, the parton ID is shown separately for the leading and the sub-leading jets, while on the right side, the combination of both jets is shown.

For the following studies, the variable "PartonTruthLabelID" is used as a simple approach, which corresponds to the PDG ID [START_REF] Tanabashi | Review of Particle Physics[END_REF] of the highest-energetic parton ghost-matched to the jet. Ghost matching is based on the so-called "Catchment area of jets" [START_REF] Cacciari | The Catchment Area of Jets[END_REF], which is defined by the the addition of new truth particles with infinitesimal energy to the input of the jet clustering algorithm, in this case the anti-kt algorithm. These new particles do not change the jet kinematics, but allow to define a jet area depending on whether they are included in existing jets or not by the clustering algorithm.

Quark-gluon tagging in ATLAS

Many jet variables provide sensitivity to the quark-gluon nature of jets. However, to be used for physics analyses, these variables need to be well modelled and well understood. The tagger needs a careful calibration and estimation of systematic uncertainties.

The evaluations in Section 8.3.3 are based on quark and gluon efficiencies achieved with a BDT-based tagger that is currently being developed in ATLAS. Since only a preliminary version of this tagger without calibration and systematic uncertainties is available so far, no results with "real" quark-gluon tagging results are shown in this Chapter. The input variables for the BDT are three track-based variables. The jet p T and |η| are also added to ensure the validity of the training for the entire p T and |η| ranges. No calorimeter-based variables are included in the tagger as these are very pileup dependent and thus it is difficult to estimate their systematic uncertainties. Therefore, the quark-gluon tagging is restricted to acceptance of the tracking system of |η| < 2.5.

Adding quark-gluon information to the BDT

To avoid problems with variable mismodelling, it is beneficial to include the output of a quark-gluon tagger into the VBF BDT, rather than the raw jet variables. This tagger would be calibrated and provide scale factor variations for the estimation of systematic uncertainties. The simplest way to use the output is a binary quark-gluon score for a fixed tagging working point in terms of quark efficiency and gluon rejection. An additional gain could be obtained from using a "pseudo-continuous" quark-gluon tagging, including several working points.

Truth study

To estimate the maximal possible gain in ggF rejection inside the VBF categories expected from quarkgluon tagging, the truth binary quark-gluon information for the leading and sub-leading jets is added to the BDT trained for VBF versus ggF. Since current quark-gluon tagging algorithms in ATLAS are largely based on track information inside the jets, the quark-gluon information is only available in the acceptance of the tracker, meaning that the efficiency is reduced between 2.1 < η < 2.5 and no information is available for η > 2.5. The impact of this is tested by restricting the additional information in the BDT to η < 2.5. The results of these two scenarios compared to the nominal case are shown in Figure 8 

Jet kinematics in ggF

Due to the "∆η j j > 2"-cut in the VBF preselection, mainly forward jets are selected. To understand why the reduction of ggF rejection in case of limited tracker acceptance is nevertheless relatively small, the η-distribution of the selected jets is studied in more detail. Figure 8.5 shows the η-distribution of the leading and sub-leading jets in VBF and ggF, split between quarks and gluons.

As expected, the leading jets in VBF are mainly quark jets, that are forward, peaking around η ∼ 3. In ggF, the largest fraction of jets are central gluon jets; quark jets are more or less uniformly distributed. However, after VBF preselection, mainly forward jets are selected, such that the fraction of quark jets becomes larger. The selected gluon jets are still more central than the quark jets. The quark-gluon information of these jets is then used by the BDT to reject ggF events.

Simulating a realistic quark-gluon tagger

The results adding the truth quark-gluon information to the BDT look quite promising, even when reducing the information to the tracker acceptance. However, in reality, quark-gluon tagging is very complicated and requires a good modelling and measurement of jet properties like the number of tracks, width or jet energy density. A finite tagger efficiency therefore has to be considered, as well as a relatively large systematic uncertainty on the output of the tagger. To model the scenario with a finite quark-gluon tagging efficiency, the truth information is smeared according to different working points (WP) using random numbers. In this way, mistagging is simulated by changing the truth nature of a given fraction of jets. The efficiencies of each WP are provided by the quark-gluon tagging group and are listed in The quark-gluon information smeared according to one of these WPs is given to the BDT and the output curve is compared to the nominal case without quark-gluon tagging and with the optimal case with truth information. The result in shown in Figure 8.6. Additionally, the scenario of a pseudo-continuous quark-gluon tagging is tested by giving the BDT information from all 5 WPs at the same time; this allows the BDT to use different WPs for the leading and sub-leading jet for example. For simplicity, the WPs are assumed to be 100% correlated, meaning that if a jet passes a certain WP, it should also pass all looser WPs. To use such an approach with real quark-gluon tagger, this correlation would have to be measured. The results in all these scenarios are very similar.

The gain in ggF rejection is significantly reduced w.r.t. the training using truth information. The main reason for this is the fact that two jets need to be tagged correctly in each event in order to differentiate between VBF and ggF. From combinatoric considerations, the probability for wrongly tagging a gluon in a VBF event or not finding a gluon present in a ggF event with mixed jet nature is relatively high. 
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Prospects for the full Run 2 analysis

A quark-gluon tagger based on a BDT with mainly track variables as input is currently being developed in ATLAS. First tests with including the output of this preliminary tagger to the VBF BDT have been performed. The largest gain is expected if the continuous output of the tagger is used. However, it is very hard to provide a full calibration of the tagger, together with systematic uncertainties. Therefore, discrete WPs are provided. Due to a partial correlation of these WPs, using all three of the currently available WPs brings a significant improvement w.r.t. using a single one. However, in order to judge if this improvement is significant enough to motivate the inclusion of quark-gluon tagging in the VBF categorisation, tests with the calibrated tagger will have to be performed once available. In particular, the systematic uncertainties introduced by the tagging uncertainties, from experimental as well as theoretical sources, might be large.

C H A P T E R 9 Interpretation of the STXS measurements using an Effective Field Theory framework

The measured STXS results described in Chapter 7 are interpreted in a model-independent way using the SMEFT framework (see Section 2.5). In this analysis, the so-called Warsaw basis [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF] is used, which provides a complete set of independent operators allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various fields of particle physics and the usage of a common basis will allow an easier combination of these measurements. The most relevant operators for this study are shown in Table 9.1, together with example Feynman diagrams showing which vertices are impacted. While most of the parameters have a direct impact on the Higgs boson couplings to SM particles, some of them impact the measurement only via the redefinition of the SM fields in the SMEFT framework [START_REF] Brivio | The Standard Model as an Effective Field Theory[END_REF]. These operators enter in the production and the decay of the Higgs boson. The full set of dimension-6 operators defined in the Warsaw basis is given in Appendix A. The following studies and results are performed with a cut-off scale of Λ = 1 TeV.

Simulation of the EFT impact

In order to probe the SMEFT parameters using the STXS measurements, the cross section in each STXS bin is parametrised as a function of the relevant Wilson coefficients. For this purpose, the cross section as defined in Equation 2.20 is calculated using the SMEFTsim package [START_REF] Brivio | The SMEFTsim package, theory and tools[END_REF] within MadGraph [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF]. The interference and BSM parts of the cross section defined in Equation 2.20 can be expressed relative to the SM cross section as follows:

σ int σ SM = i A i c i , (9.1) 
σ BSM σ SM = i j B i j c i c j , (9.2) 
where A i and B i j are constant factors determined from simulation and c i, j are the Wilson coefficients defined in Section 2.5. A similar relation holds for the (partial) decay widths. The SMEFTsim package used for the simulation only provides a leading order (LO) computation, with additional corrections introducing LO effective couplings to allow the SM Higgs to gluon and Higgs to photon vertices. The parametrisation of the cross section is computed as a relative correction to the SM prediction, which is computed at higher order with the state-of-the art theory inputs depending on the Chapter 9 Interpretation of the STXS measurements using an Effective Field Theory framework 
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σ = σ (N)NLO SM •        1 + σ LO int σ LO SM + σ LO BSM σ LO SM        . (9.3)
This assumes that the correction to the cross section from the EFT contribution is the same at LO and higher orders. This assumption is supported by Figure 1 in Ref. [START_REF] Degrande | Electroweak Higgs boson production in the standard model effective field theory beyond leading order in QCD[END_REF], that shows that the k-factors between LO and NLO MC are similar for the SM and with varied EFT parameters. Figure 9.1 shows the comparison between kinematic distributions, which are relevant for the STXS classification, calculated with MadGraph at LO with higher order simulation using Powheg for ggF and VBF. While sizeable discrepancies are observed between the LO MadGraph simulation and the nominal Powheg samples at NNLO, the agreement is sufficiently good to use the LO samples to compute the relative changes.

The STXS framework targets the measurement of resonant Higgs boson production, which is also required in the experimental event selection. In this case, since the Higgs boson is a narrow, scalar particle, its production cross section and decay width factorise. The parametrisation of the production and the decay in terms of EFT operators can thus be derived independently. For the cross section in a given STXS bin i and a given decay mode H → X, the parametrisation is thus given by:

σ H→X i = σ i • BR H→X = σ i SM + σ i int + σ i BSM • BR SM + BR int + BR BSM . (9.4)
The impact of the EFT operators on the branching fraction includes their impact, both on the partial and the total Higgs boson decay width. The splitting into the interference and the BSM terms is defined from the first order Taylor expansion in terms of the Wilson coefficients. The explicit expression for the interference term is shown in Equation 9.8. When splitting this cross section, the order in 1 Λ 2 is considered to define the interference and BSM parts, such that:

σ H→X i,int = σ i int • BR SM + σ i SM • BR int (9.5) σ H→X i,BSM = σ i BSM • BR SM + σ i SM • BR BSM + σ i int • BR int . (9.6)
The higher order cross terms σ i,BSM • BR int and σ i,int • BR BSM , which are of order 1 Λ 6 , as well as σ i,BSM • BR BSM , which is of order ∼ 1 Λ 8 , are neglected. For an independent simulation of the Higgs boson production and decay, MadGraph allows to compute separately the interference and the BSM terms, which can be specified by the option "NP^2==1" (interference) and "NP^2==2" (BSM). For the following results, only the interference terms have been taken into account. In the validity regime of the EFT (c i 1), it is σ i BSM << σ i int . Therefore, the additional impact of the higher order terms (dimension-6 BSM terms or dimension-8 interference terms) is negligible compared to the impact of the interference terms and much smaller than the accuracy of the measurements. This assumption has been checked for the parametrisation using simulated BSM cross sections.

For the simulation, additional kinematic cuts on the minimal (b-)jet transverse momentum of p T > 20 GeV or, for the Higgs boson decay, on ∆R > 0.01 between two jets or two leptons are imposed in order to avoid divergences in the matrix element calculation. The events generated with MadGraph are showered with Pythia8 [START_REF] Sjöstrand | A brief introduction to PYTHIA 8.1[END_REF]. Pythia also takes care of the Higgs boson decay when studying the Higgs boson production cross section. A matching is performed to remove phase space overlap between the jets from the matrix element and the shower. The CKKW-l algorithm is used, which is commonly used within ATLAS, with a matching parameter of 30 GeV. Rivet [START_REF] Buckley | Rivet user manual[END_REF] with the HiggsTemplateCrossSections [98] Chapter 9 Interpretation of the STXS measurements using an Effective Field Theory framework 9.1 Simulation of the EFT impact routine is used to analyse the simulated events, compute high-level kinematic quantities and classify the events according to their STXS bin. The routine has been slightly modified to include contact interaction terms that appear in the V H production mode in some new physics scenarios.

Settings and inputs for the SMEFT

The SMEFTsim tool allows a variety of choices, which are detailed in Ref. [START_REF] Brivio | The SMEFTsim package, theory and tools[END_REF]. In particular, considering the large number of parameters describing the SMEFT, assumptions can be made on additional underlying symmetries. In this analysis, the so-called U(3) 5 flavour symmetry is used, which corresponds to the unbroken global flavour symmetry present in the SM outside the Yukawa sector. Additional CP-violating phases are allowed in this model. Alternatively, minimal flavour violation can be assumed, in which CPviolation originates exclusively from the mechanisms in the CKM matrix. The third option corresponds to the general L 6 case. Further, a minimal set of input parameters measured from experiments is required to make predictions. Two different input parameter schemes are available. In both cases, the Z boson mass M Z and the Fermi constant G F are input parameters. The third input parameter can be chosen to be the electroweak coupling constant α EW or the W boson mass M W . Both parameter sets should yield equivalent results. In this analysis, the M W -scheme has been chosen, as recommended by the authors of the SMEFTsim package in Ref. [START_REF] Brivio | The SMEFTsim package, theory and tools[END_REF].

Parametrisation of the Higgs boson production cross sections

In order to parametrise the impact of the EFT on the expected event yields in each STXS bin, events are simulated separately for different production modes as defined in the STXS framework. While these production modes are well defined in the SM, the introduction of new physics by varying the EFT parameters can enhance or add diagrams that are not easily attributed to a specific process. This problem concerns STXS bins from different production modes leading to similar final states, as for example VBF-like ggF bins and VBF (qq → Hqq) bins, which are separated based on the initial state. These bins can not be separated based on the final state, therefore the new physics contributions to these bins would be measured within a common reconstructed category with the following yield:

N r ∼ 1 • N S T XS 1 + 2 • N S T XS 2 (9.7) ∼ SM 1 • N SM S T XS 1 + SM 2 • N SM S T XS 2 + NP • N NP
where S T XS i/ j denote two arbitrary STXS bins with a similar final state. N SM S T XS i are the SM yield predictions for these STXS bins with corresponding efficiencies i , and N NP is the yield of new physics events. From this point of view it does not seem very important to which production mode these new physics processes are attributed. However, since the new physics yield is parametrised as a relative correction to the SM prediction from the nominal SM MC dataset (cf. Equation 9.3), it is important to define the production modes consistently to the MC samples used in the analysis. This leads to the definitions listed in Table 9.2. Even though the gg → ZH production mode accounts for around a third of the total pp → ZH cross section, it can not be simulated at LO due to the spin of the Z boson, which forbids the effective gg → Z vertex. This production mode has therefore so far been neglected in the simulation. The STXS regions containing such events have been scaled according to the parametrisation computed for the other production modes present in this region.

In order to speed up the simulation, the massless approximation is used. This means that the masses of electrons, muons and light quarks are set to zero. It has been checked that the impact on the results is 9.2: Definition of the Higgs boson production modes used for the simulation of events using MadGraph.

Here "p" defines the proton in the 4FS, "j" includes the up-, down-, strange-and charm-quark, "l" is a massless lepton (e or µ) and "vl" is a neutrino of any flavour. "~" denominates the anti-particle.

negligible. The simulation of the tHW production mode requires to use the 5FS to be well defined. In this case, also the b-quark mass is set to zero.

The introduction of new physics impacts the overall cross section, as well as the shape of the kinematic distributions. The largest impact EFT variations on the shape of chosen kinematic distributions are shown in Figure 9.2. These shape variations lead to a different impact in the different measured STXS regions and drive the sensitivity of the fit. To obtain the maximal sensitivity, the same merging scheme of the STXS bins is used as the one used for the combined STXS measurement, which is defined in Table 2.1.

A complete consideration of the EFT operators is necessary to avoid assumptions on their correlations. This ensures that the results can be used for a global fit with constraints from other experiments, or can be interpreted inside any specific model later on. Therefore, for each production mode, all operators yielding a non-zero contribution are taken into account for the parametrisation in a first place. Since no significantly CP sensitive variables are used to define the STXS bins, the interference of the CP-odd operators with the SM vanishes in each bin [START_REF] Bernlochner | Angles on CP-violation in Higgs boson interactions[END_REF] and is not taken into account.

In each measured bin, the impact of the interference term (computed with "NP^2==1") is computed from a linear fit to the cross section computed for three different, arbitrarily chosen, variations of the Wilson Coefficients (c i = -0.5, 0.1, 1.0) with 100k simulated events each. The result is statistically equivalent to the one obtained from one single variation with 300k simulated events. However, the fit allows to verify the linear behaviour, which should be given by construction when simulating independently the interference terms. A few example linear fits are shown in Figure 9.3. The computed impact corresponds to the linear factors A i in Equation 9.1.

In each measured bin, all Wilson coefficients leading to variations larger than 0.1% w.r.t. to the SM cross section are taken into account. From these variations, the parametrisation shown in Table 9.3 is extracted for the interference term. It is ensured that the computed impact is larger than the statistical uncertainty from the simulation. A visualisation of the most important variations is shown in Figure 9.4. More Chapter 9 Interpretation of the STXS measurements using an Effective Field Theory framework 

Measured region σ int /σ SM ggF(0 -jet) 35.0 • c HG ggF(1 -jet, p H T < 60GeV) 28.3 • c HG ggF(1 -jet, 60 < p H T < 120GeV) 26.1 • c HG ggF(1 -jet, 120 < p H T < 200GeV) 23.1 • c HG ggF(≥ 2 -jet, p H T < 200GeV) 16.0 • c HG ggF(≥ 1 -jet, p H T > 200GeV) 15.6 • c HG qq → Hqq(non -V H) 0.1213 • c Hbox -0.0107 • c HDD -0.008 • c HW + 0.0313 • c HW B -0.364 • c Hl3 +0.0043•c Hq1 -0.212•c Hq3 -0.0108•c Hu +0.0038•c Hd +0.182•c ll1 qq → Hqq(V H) 0.120 • c Hbox -0.0071 • c HDD + 0.623 • c HW + 0.0215 • c HB + 0.098 • c HW B -0.360 • c Hl3 -0.026 • c Hq1 + 1.86 • c Hq3 + 0.135 • c Hu -0.0506 • c Hd + 0.181 • c ll1 qq → Hqq(p j1 T > 200GeV) 0.122 • c Hbox -0.0073 • c HDD -0.25 • c HW + 0.0024 • c HB + 0.045 • c HW B -0.367 • c Hl3 + 0.030 • c Hq1 -0.47 • c Hq3 -0.030 • c Hu + 0.0087 • c Hd + 0.180 • c ll1 qq → Hlν(p V T < 250GeV) 0.1212 • c Hbox -0.0304 • c HDD + 0.874 • c HW -0.242 • c Hl3 + 1.710 • c Hq3 + 0.182 • c ll1 qq → Hlν(p V T > 250GeV) 0.121 • c Hbox -0.0299 • c HDD + 1.06 • c HW -0.237 • c Hl3 + 10.
• c G + 0.1182 • c Hbox -0.0296 • c HDD + 0.532 • c HG + 0.0120 • c HW -0.1152 • |c uH | -0.790 • |c uG | -0.0111 • |c uW | -0.0017 • |c uB | - 0.1320•c Hl3 +0.0146•c Hq3 +0.0660•c ll1 +0.0218•c qq1 +0.1601c qq11 + 0.0263 • c qq3 + 0.388c qq31 + 0.0114 • c uu+ 0.1681 • c uu1 -0.0018 • c ud1 + 0.0265 • c ud8 + 0.007 • c qu1 + 0.1087 • c qu8 -0.0011 • c qd1 + 0.0266 • c qd8
σ int σ SM i > 0.1%c i are considered.
9.1 Simulation of the EFT impact parameters become relevant when adding the parametrisation of the Higgs boson decay as described in Section 9.1.3. For the simulation of the BSM terms, the same parameters have been considered as for the interference terms, with the addition of the CP-odd operators. For each combination of operators, three points are simulated for (c i , c j ) ∈ {(1, 0), (0, 1), (1, 1)} to compute B ii , B j j and B i j .

g g F (0 -j e t) < 6 0 G e V ) H T g g F (1 -j e t, p < 1 2 0 G e V ) H T g g F (1 -j e t, 6 0 < p < 2 0 0 G e V ) H T g g F (1 -j e t, 1 2 0 < p < 2 0 0 G e V ) H T 2 -j e t, p ≥ g g F ( > 2 0 0 G e V ) H T 1 -j e t, p ≥ g g F ( H q q (n o n -V H ) → q q H q q (V H ) → q q > 2 0 0 G e V ) j1 T H q q (p → q q < 2 5 0 G e V ) V T (p ν H l → q q > 2 5 0 G e V ) V T (p ν H l → q q < 1 5 0 G e V ) V T H ll (p → q q /g g < 2 5 0 G e V ) V T H ll (1 5 0 < p → q q /g g > 2 5 0 G e V ) V T H ll (p → q q /g

Parametrisation of the Higgs boson decay widths

The impact of the EFT operators on the decay widths have been simulated in the same way as for the production mode cross sections. The Higgs boson is assumed to be at rest in the initial state. This should be a good assumption in case no strong kinematic selection is applied at the experimental level. Changes in the acceptance are only expected from secondary effects due to the Higgs kinematics changes with the EFT on the production side. The definitions of the decay processes are listed in Table 9.4. The total Higgs boson decay width is computed from the sum of all partial widths up to four body decays. In the two-body decays, the massless approximation is not used, as in this case also the corresponding Yukawa couplings are set to zero.

The parametrisation of the decay widths interference terms as a function of the Wilson coefficients is
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H → 4 generate h > l+ l-l+ l- H → ν ν generate h > l+ vl l+ vlH → b b generate h > b bH → µ + µ - generate h > mu+ mu- H → γγ generate h > a a Additional channels entering total width H → τ + ν τ τ - νtau generate h > ta+ vt ta-vt H → ν τν tau generate h > l+ vl ta-vt add process h > ta+ vt l-vl H → j j (τ)ν
generate h > l+ vl j j add process h > j j l-vl add process h > ta+ vt j j add process h > j j ta-vt H → 4 j generate h > j j j j H → 4τ generate h > ta+ ta-ta+ ta-H → 4ν generate h > vl vl vl vl add process h > vt vt vt vt add process h > vt vt vl vl

H → + -τ + τ - generate h > l+ l-ta+ ta- H → 2ν2 (τ)
generate h > vl vl ta+ taadd process h > vt vt l+ l-H → 2 j2 (τ) generate h > j j l+ ladd process h > j j ta+ ta-H → 2 j2ν generate h > j j vl vl add process h > j j vt vt

H → cc generate h > c c H → s s generate h > s s H → e + e - generate h > e+ e- H → τ + τ - generate h > ta+ ta- H → Zγ generate h > z a H → gg generate h > g g Table 9
.4: Definition of the Higgs boson decay modes used for the simulation of events using MadGraph. For the two-body decays into light fermions, the massive scheme is used to obtain a non-zero decay width.

9.1 Simulation of the EFT impact determined directly from MadGraph, when setting this specific Wilson coefficient to one. Pythia is not run in this case. The final parametrisations of the decay widths for all decay channels included in the combination, as well as of the total Higgs width, are listed in Table 9.5. 

Channel Γ int /Γ SM H → γγ -13.996 • c HW -48.809 • c HB + 26.144 • c HW B H → 4 0.119 • c Hbox + 0.005 • c HDD -0.296 • c HW -0.197 • c HB + 0.296 • c HW B + 0.126 • c Hl1 - 0.234 • c Hl3 -0.101 • c He + 0.181 • c ll1 H → ν ν 0.121 • c Hbox -0.031 • c HDD -0.095 • c HW + 0.006 • c HB + 0.002 • c HW B -0.228 • c Hl3 - 0.004 • c He + 0.181 • c ll1 H → ττ 0.121 • c Hbox -0.030 • c HDD -0.121 • |c eH | -0.121 • c Hl3 + 0.061 • c ll1 H → b b 0.121 • c Hbox -0.030 • c HDD -0.121 • |c dH | -0.121 • c Hl3 + 0.061 • c ll1 Total 0.117 • c Hbox -0.029 • c HDD + 1.362 • c HG -0.050 • c HW -0.063 • c HB + 0.052 • c HW B - 0.005 • |c eH | -0.008 • |c uH | -0.085 • |c dH | -0.146 • c Hl3 + 0.013 • c Hq3 + 0.076 • c ll1

Parametrisation of the event yield

Equation 9.1 is valid for the (partial) decay width of the Higgs boson. It is not valid for the branching ratio, which is given, according to Equation 2.17, by the ratio of the partial and the total decay widths. To parametrise the interference term of the branching ratio necessary for Equation 9.9, a first order Taylor expansion is used, where cross terms with several different operators are being neglected:

BR H→X = Γ SM H→X + Γ int H→X Γ SM H + Γ int H = Γ SM H→X • (1 + i a i c i ) Γ SM H • (1 + i b i c i ) ≈ BR SM H→X •        1 + i (a i -b i ) • c i        , (9.8) 
where a i and b i correspond to the coefficients for the widths parametrisation listed in Table 9.5.

The signal yield in each STXS bin and for each production mode is reparametrised as a function of the Wilson coefficients using the workspace from the combined STXS measurement published in Ref. [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF].

As described in Equation 7.1, the signal yield is proportional to the cross section times the BR. The above parametrisation of the interference term does therefore impact the signal yield according to Equation 9.4 in the following way:

N EFT = N SM • 1 + σ int σ SM + BR int BR SM , (9.9) 
where N SM is the expected signal yield in the SM, and σ SM/int and BR SM/int are the expected cross section and branching ratios in the SM and considering the EFT interference term respectively. The interference term BR int is defined according to Equation 9.8 to be

BR int BR SM = i (a i -b i ) • c i .
As explained in Equation 9.5, the higher order cross terms are neglected.

Constraints of the Wilson Coefficients from a simultaneous fit

In order to constrain the Wilson coefficients on data, the likelihood of the combined STXS measurement is used. The signal strength modifiers for each STXS bin are re-parametrised as a function of the Wilson coefficients according to Sections 9.1.2 and 9.1.3. Even though all significant variations have been taken into account in the parametrisation, the available data does not allow to constrain all Wilson coefficients. Therefore, only a subset of the parameters is fitted. The choice of these parameters, as well as the evaluation of potential biases from different sources is performed on an Asimov dataset.

Choice of fitted Wilson coefficients

Some combinations of the coefficients form so-called "flat directions" of the likelihood. This means that no clear minimum can be found among these in the likelihood. The most straight forward way to find the sensitive parameters would be to evaluate the fit for all possible combinations of Wilson coefficients. However, this is computationally not manageable due to the large number of combinations.

The sensitivity of the measurement to different Wilson coefficients is therefore evaluated using the covariance matrix.

To determine the covariance matrix of the Wilson coefficients from data, a full fit of all these coefficients would be needed. Since the full fit is not possible due to convergence problems, the covariance matrix is obtained by propagating the parametrisation of the STXS cross sections through the full STXS stage 1 covariance matrix using

C -1 EFT = P T C -1 STXS P, (9.10) 
where C EFT and C STXS are the covariance matrices of the Wilson coefficients and the STXS cross sections respectively. No systematic uncertainties are considered in this study. P is the matrix that gives the parametrisation of the STXS bin cross sections as a function of the Wilson coefficients:

P =                     A b 0 0 A b 0 1 A b 0 2 . . . A b 1 0 A b 1 1 A b 1 2 . . . A b 2 0 A b 2 1 A b 2 2 . . . . . . . . . . . .                     , (9.11) 
where A b j i is the linear parameter from Equation 9.1 for a given measured STXS bin times the branching ratio of a specific decay mode b j and Wilson coefficient c i .

The eigenvalues and eigenvectors of this matrix have been calculated to determine to which Wilson coefficients the fit is sensitive. The eigenvalues E i can be related to the expected uncertainty of the corresponding eigenvector e i in the fit by ∆e i ∼ 1 √ E i . Large eigenvalues thus correspond to eigenvectors with sensitivity in the fit. This procedure assumes a Gaussian behaviour when propagating the EFT parametrisation to the STXS covariance matrix. The results can therefore only serve as a guideline for the choice of parameters. In practice the dominant Wilson coefficients in each eigenvector corresponding to a "large" eigenvalue are chosen. The final choice of fitted Wilson coefficients has been made by testing the fit convergence for different scenarios and understanding the source of correlations between the Wilson coefficients.

Only the eigenvectors with a significant eigenvalue (larger than ∼ 0.1) are taken into account. Wilson coefficients with uncertainties >> 1 can anyway not be measured with a high enough precision in the 9.2 Constraints of the Wilson Coefficients from a simultaneous fit domain of validity of the EFT approach.

To understand the physical origin of the measurement sensitivity to the EFT operators, this procedure is applied to different scenarios. In particular, some operators are constrained mainly from the production side, while others are constrained from the parametrisation of the Higgs boson decay. The combination of the measurements in different decay channels allow to reduce the correlations between some EFT operator measurements.

Production cross sections only

In a first test, the values of the branching ratios have been fixed to the SM and only the STXS cross sections have been parametrised as a function of the EFT operators. The list of the eigenvectors corresponding to large eigenvalue is shown in Table 9 Table 9.6: Eigenvectors corresponding to the largest eigenvalues of the inverse covariance matrix of the Wilson coefficients. The inverse covariance matrix is obtained from the propagation of the EFT parametrisation to the STXS covariance matrix from the combined measurement, fixing the branching ratios to their SM values. Only Wilson coefficients with a factor larger than 10% are considered for each eigenvector.

are c HG , c Hq3 , |c uG |, c HW , c Hu , c Hl3 and potentially c Hq1 . They correspond to those parameters with the largest coefficients in the eigenvectors. This list of parameters is not used explicitly in the measurement; it illustrates however well which parameters obtain sensitivity from the Higgs boson production side. Parametrising also the branching ratios in terms of EFT operators adds sensitivity to further parameters, but also introduces further correlations between them.

Measurement in the H → γγ channel

For the measurement in the H → γγ channel alone, the eigenvectors are shown in Table 9.7. The H → γγ decay parametrisation introduces an additional sensitivity to c HB and c HW B . However, due to the excellent sensitivity of the H → γγ measurement to the ggF production mode, the measurement of these parameters is mainly driven by the measurement in the experimental ggF categories. They are thus strongly correlated with the measurement of c HG . In general, the introduction of the decay parametrisation from a single channel introduces strong correlations with respect to the measurement of the production side only.

In this study, the production part can not be directly compared with Table 9.6, in which the measured data from all decay channels is included. 

Combined measurement of production and decay in all decay modes

The eigenvectors for the combined fit including all decay channels are shown in Table 9.8. The combination with the measurement in other Higgs boson decay channels allows a more precise measurement of these Wilson coefficients. Further, the addition of the measurements in further Higgs boson decay channels modifies the expected correlation between the parameters constrained mainly by the production cross sections with those constrained mainly from the Higgs boson decay.

In addition, more operators can be constrained. In particular, this concerns c Hl1 , c From this study, the full list of operators that can be constrained in the combined STXS measurement is: c HG , c Hq3 , c HW , c HB , c HW B , |c uG |, c Hl3 , c Hl1 , c He , |c eH |, |c dH |, c Hd , c Hu and c Hq1 . However, the correlations between them can reduce further the number of sensitive "directions".

Treatment of correlations and flat directions

Some of the operators lead to similar new physics signature and therefore impact the STXS measurements in a similar way. In cases, where several parameters are exclusively constrained by the same measured STXS region or decay mode, the measurement is only sensitive to a combination of them. In this case, it makes sense to constrain the eigenvectors of their covariance matrix, while setting to zero the so-called "flat-directions" to which the measurement does not provide any sensitivity. Further, some of the parameters might be constrained much better by (previous) measurements from, for example, electroweak data.

In general, setting parameters, which are correlated with other parameters, to zero reduces the reinterpretability of the results and does not allow for an easy combination with new measurements possibly sensitive to the parameters that were set to zero. However, the flat-directions correspond to parameter combinations which have a flat dependence in the likelihood and therefore do not have any impact on the other measurements. Similarly, parameters constrained by other measurements, which 9.8: Eigenvectors corresponding to the largest eigenvalues of the inverse covariance matrix of the Wilson coefficients. The inverse covariance matrix is obtained from the propagation of the EFT parametrisation to the STXS times branching ratio covariance matrix for the combined measurement in all decay channels. Both, the production and the decay cross sections are parametrised as a function of the Wilson coefficients. Only Wilson coefficients with a factor larger than 10% are considered for each eigenvector.

yield a flat likelihood of the STXS measurement within the probed region in these other measurements do not impact the combination with other measurements. These parameters can therefore safely be set to zero.

c HW , c HB and c HW B

The three operators describing the interaction between the Higgs boson with the vector bosons c HW , c HB and c HW B are very strongly correlated. Even though c HW is slightly constrained by VBF and V H, the sensitivity is driven by the Higgs boson decay, in particular in the H → γγ channel. The analytic expression of the H → γγ decay width in the CP-even case is given by [START_REF] Brivio | The Standard Model as an Effective Field Theory[END_REF]:

Γ(H → γγ) Γ SM (H → γγ) ≈ 1 + 8π 2 v2 T I γ C γγ 2 , (9.12) 
where I γ includes the contributions of the top quark and the W boson loops and vT is related to the vev in the SMEFT framework. In addition,

C γγ = 1 ḡ2 2 c HW + 1 ḡ2 1 c HB - 1 ḡ1 ḡ2 c HW B , (9.13) 
where ḡ1,2 are the coupling constants as arising in the SMEFT Lagrangian. These couplings are related to the weak mixing angle and their values are calculated for the SM case. The Wilson coefficient c HW B can be related to the oblique electroweak correction parameter ∆S [START_REF] Peskin | Estimation of oblique electroweak corrections[END_REF] Chapter 9 Interpretation of the STXS measurements using an Effective Field Theory framework

as follows: v 2 Λ 2 c HW B = g 1 g 2 16π ∆S . (9.14)
∆S is related to the weak mixing angle and is constrained by fits to electroweak data in Ref. [START_REF] Ellis | Updated Global SMEFT Fit to Higgs, Diboson and Electroweak Data[END_REF]. In the following results, c HW B is therefore fixed to zero. The remaining parameters c HW and c HB are fully anti-correlated in the fit and therefore can not be measured independently. Figure 9.5 shows the two-dimensional scans of c HW versus c HB in the case of all decay branching ratios fixed to the SM, for the measurement in the H → γγ channel and for the combination of all decay channels. The figure clearly shows that the correlation is fully dominated by the H → γγ decay parametrisation. The small sensitivity on the production side comes from the VBF and V H measurements and is not relevant in the fit. According to Equation 9.13, the measurement is therefore c HB , which is calculated to be 0.27c HW + 0.96c HB . The same values are found in the simulation of the decays shown in Table 9.5. The expression is in good agreement with the eigenvectors of the covariance matrix calculated by HESSE in the fit of the two parameters, as well as with the eigenvector from Table 9.7 and 9.8. Figure 9.6 shows the two-dimensional likelihood scan for the two eigenvectors. Both eigenvectors are constrained in the fit, even though the sensitivity to the sum is larger due to the constraint from the H → γγ decay.

c Hl1 and c He

The parameters c Hl1 and c He are exclusively constrained by the ZH-leptonic production mode and the H → 4 decay mode. In each measured region of the ZH-leptonic production mode as well as in the Higgs boson decay, they have an opposite-sign impact, with about the same size (see Tables 9.3 and 9.5). Therefore, only their difference is constrained in the measurement, while their sum is fixed to zero. The same holds for c Hq1 , c Hu and c Hd , which are strongly correlated with each other. The eigenvectors are found from the covariance matrix calculated by HESSE in a statistics only fit of these three parameters on an Asimov dataset. It has been checked that these correlations are not strongly affected by the systematic uncertainties. The following eigenvectors are obtained:

EV 1 = -0.3c Hd + 0.9c Hu -0.3c Hq1 , (9.15) 
EV 2 = 0.3c Hd -0.2c Hu -0.9c Hq1 , (

EV 3 = -0.9c Hd -0.4c Hu -0.2c Hq1 .

The sensitivity to each of them can be estimated from the corresponding eigenvalues. Only EV 1 is measured in the final fit, while EV 2 and EV 3 are set to zero. The measured eigenvector is compatible with the expectations from the production mode parametrisation (see Tables 9.3) and the sensitivity study (see Table 9.8).

Additional constraints

In the same way as for c HW B , c HDD can be related to the oblique parameter ∆T as follows [START_REF] Ellis | Updated Global SMEFT Fit to Higgs, Diboson and Electroweak Data[END_REF]:

v 2 Λ 2 c HDD = - g 1 g 2 2π(g 1 + g 2 ) ∆T, (9.18) 
and is thus fixed to zero, too.

The two operators O Hbox and O ll1 are introduced in the parametrisation by the redefinition of the Higgs field and electroweak parameters in the SMEFT framework. They thus impact the overall normalisation in the same way in most bins and are fully correlated. Due to further loop suppressions in ggF and H → γγ decay vertices by 1 16π 2 •Λ 2 , the impact on the amplitudes from O Hbox and O ll1 are suppressed compared to LO processes and are neglected in the SMEFTsim tool.

• c ll1 mainly enters the parametrisation in corrections of electroweak parameters, like G F , which is an input parameter. No sensitivity to this operator is expected from Higgs related measurements, and it can be constrained much better in electroweak measurements. c ll1 is thus set to zero in the fit.

• c Hbox is introduced in the redefinition of the Higgs field. It therefore appears with the same coefficient in all production modes and decay channels, except ggF and H → γγ, where its contribution is zero. This parameter therefore introduced mainly an overall normalisation difference and can not be measured together with the other parameters.

Results of the simultaneous fit

The three sets of EFT operators obtained from the study described in Section 9.2.1 are constrained in a simultaneous fit on data, using the measurement in the H → γγ channel as well as the combined measurement in all Higgs decay channels. These measurements include the full set of systematic uncertainties. The expected uncertainties are obtained from a fit to Asimov data built from the post-fit model of the combined STXS and decay measurement.

Measurement in the H → γγ channel

The constrained values of the selected Wilson coefficients from the H → γγ measurement data is shown in Table 9 The best way to perform a model independent interpretation of the measurements in the H → γγ channel in terms of EFT is a fit to the differential cross section measurements in kinematic variables like p H T , N j or p j1 T . However, due to the kinematic binning used in the definition of the STXS regions and the excellent precision reached in the ggF and VBF bins, a similar sensitivity is reached using the STXS measurements. Further, the split into production modes and the optimisation of the analysis using multivariate techniques allows to obtain additional sensitivity to |c uG |, which is driven by the measurement of the ttH production mode. 

Combined measurement in all decay channels

The combined fit to the measurements in all decay channels entering the STXS combination in Ref. [START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] allows to put constraints simultaneously on a set of 10 EFT parameters. Some of the measured parameters are combinations of several EFT operators. The measured values from data are shown in Table 9.10, together with the expected results from a fit to Asimov data. The observed and expected correlations between the measured parameters are shown in Figure 9.8. An excellent sensitivity is obtained for many parameters from this combined fit. As expected, the correlation between c HG with 0.27 • c HW + 0.96 • c HB observed in the measurement in the H → γγ channel is reduced when adding measurements in other decay channels together with the corresponding parametrisation of the decay widths. This demonstrates the power of the combination of different measurements in several Higgs boson decay modes. Profile likelihood scans of the measured Wilson coefficients are shown in Figure 9.9. No unexpected features are observed; in each case, the likelihood has a smooth and nearly parabolic shape.

Open points

The above results give a complete measurement of EFT operators using the measurement of STXS cross sections combined in different Higgs boson decay channels. However, more checks need to be performed in order to fully validate some of the assumptions that were made. These checks are discussed in this section.

Experimental acceptance for Higgs boson decay

In contrary to the STXS bins, which are built such that the acceptance can be assumed to be flat within a single bin, the Higgs boson decay is treated inclusively. selected in a more or less inclusive way, the more complex final states are selected experimentally by applying stringent kinematic cuts. This concerns in particular the H → 4 and H → ν ν channels, which target H → ZZ * and H → WW * respectively; the latter are the dominant contributions in the SM. While H → 4 is reconstructed with cuts on the invariant mass of the lepton pairs targeting a Z boson and an off-shell Z * boson [START_REF]Measurements of the Higgs boson production, fiducial and differential cross sections in the 4 decay channel at √ s = 13 TeV with the ATLAS detector[END_REF], the selection acceptance of the H → ν ν decay is distorted by a BDT used in the analysis [START_REF]Measurements of gluon-gluon fusion and vector-boson fusion Higgs boson production cross-sections in the H → WW * → eνµν decay channel in pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF][START_REF]Measurement of the production cross section for a Higgs boson in association with a vector boson in the H → WW * → ν ν channel in pp collisions at √ s = 13[END_REF].

To avoid introducing a strong model dependence, the EFT impact is computed for the inclusive H → 4 and H → ν ν decays. In contrary to the SM, new physics operators might enhance significantly, for example, diagrams involving contact interactions of the Higgs with leptons, which therefore do not necessarily have gauge bosons in the intermediate state. The effect of these operators however depends on the final state kinematics. To estimate the effect of the experimental acceptance on the EFT impact, the fits are repeated applying the experimental cuts on the true simulated events to imitate the experimental acceptance. Figure 9.10 shows the effect of applying the experimental cuts at truth level for the H → 4 decay channel for the most significant operators. While most operators do not impact significantly the experimental acceptance, mainly the operators describing the interaction of the Higgs boson with gauge bosons lead to a significant change in acceptance.

The parametrisation of the decay width can be compared for the inclusive case and when applying the selection cuts on the invariant mass of the lepton pairs at truth level: The difference of both can be added in the future as a systematic uncertainty. 

Cross check of the parametrisation at next-to-leading order

Even though in general, the ratio

σ int σ SM
for the impact of EFT operators seems to be well described at leading order perturbation theory, small differences in this impact could arise from the order of the theory calculations. A cross check computing the EFT parametrisation at NLO-QCD is therefore planned using the SMEFTatNLO package [START_REF] Degrande | Standard Model Effective Theory at Next-to-Leading-Order in QCD[END_REF]. This package is not yet fully validated and is therefore not used as the baseline for the parametrisation. A further disadvantage is the significantly longer computation time needed to simulate the same amount of events as at LO.

The difference between the different orders can be added, depending on its size, as a systematic uncertainty on the fit. Further, the higher order would allow the simulation of the gg → ZH process, for which no effective vertex exists at LO and which has therefore been neglected so far. This process constitutes around a third of the total pp → ZH cross section and should thus be taken into account in the final result.

Further checks and open points

In addition to these major checks, some assumptions were made that should be verified and potentially be covered by dedicated systematic uncertainties

• Parameters fixed to zero: some parameters, in particular c HW B and c HDD have been fixed to zero in the fit, since they are constrained by electroweak precision measurements. For a completely model independent consideration in the future, these parameters should however be included in the fit. This means that the size of the variation corresponds to a regime in which the validity of the EFT is not given, and BSM term become dominant. This effect has to be considered for final systematics estimations but does not change the general conclusion of the study.

• c Hbox : so far, this parameter was set to zero in the fit, since it causes mainly an overall normalisation difference. However, due to its absence in ggF and H → γγ, this is not entirely true. It might be useful to consider the dependence of the measured parameters on c Hbox and thus re-include this parameter into the fit.

• Decay of Higgs boson at rest: in simulations performed for the parametrisation of the Higgs boson decay widths, no initial momentum was considered for the Higgs boson. This has no impact on the theoretical prediction of the decay width, but might change the acceptance of the reconstruction. It is therefore a good assumption if the acceptance of the Higgs candidate selection does not strongly depend on the kinematics of the decay products.

• Backgrounds: in general, for the measurements in the decay channels that estimate the backgrounds from MC, the impact of the EFT operators on the background should be taken into account. In the EFT fit on the STXS measurements, this is neglected and the potential variations should be covered by systematic uncertainties.

• Higher order terms: in the validity regime of the EFT, contributions from higher order terms, in particular the BSM terms, should be small compared to the linear terms. This assumption could be validated by repeating the fit including the quadratic terms.

Outlook: global ATLAS EFT fit

The combined STXS measurement allows to put stringent constraints on many EFT operators accessible in Higgs couplings. However, a global fit including measurements from other areas, in particular electroweak and top quark measurements, would allow to constrain a wider range of parameters, profiting from the complementary information in the different channels. This would allow to constrain in particular the four fermion operators and to fully take into account the correlations between all parameters. A parametrisation of the analysis background in terms of EFT operators would then be needed, as these parameters are constrained by other analyses entering the combination. Such a global EFT fit is planned in ATLAS for the first time using Run 2 data.

C H A P T E R 10 Prospect for the Higgs boson couplings measurement at the HL-LHC

With the aim to provide input to the European Strategy Forum decisions on future high energy physics projects, a broad variety of analyses performed at the LHC have been projected to the High Luminosity LHC (HL-LHC) and collected a the Yellow Report (YR) [START_REF] Cepeda | Higgs Physics at the HL-LHC and HE-LHC[END_REF]. The YR serves as a basis for decisions concerning future collider options, as for example the ILC [START_REF][END_REF], the FCC(ee) [START_REF] Mangano | Future Circular Collider[END_REF][START_REF] Benedikt | Future Circular Collider[END_REF][START_REF] Benedikt | Future Circular Collider[END_REF] or CLIC [START_REF] Robson | The Compact Linear e + e -Collider (CLIC): Accelerator and Detector[END_REF][START_REF] Roloff | The Compact Linear e + e -Collider (CLIC): Physics Potential[END_REF].

The projection of the couplings analysis is performed in a combined effort by the ATLAS and CMS collaborations. A common extrapolation strategy is followed by the two experiments; a comparison of the two experiments is not the intention of the YR. In this context, the Higgs boson couplings analysis measured with 80 fb -1 of data has been projected to the HL-LHC. The results are published in Ref. [START_REF]Projections for measurements of Higgs boson cross sections, branching ratios, coupling parameters and mass with the ATLAS detector at the HL-LHC[END_REF] and in the YR.

High Luminosity LHC

The HL-LHC is a planned upgrade of the LHC and supposed to run with an instantaneous luminosity that is around a factor five higher than the current one. It will be operated at a centre-of-mass energy of √ s = 14 TeV and will start after the long shut-down three around 2026. More details can be found in the technical design report [START_REF]High-Luminosity Large Hadron Collider (HL-LHC)[END_REF]. The design value of the integrated luminosity at the end of the data taking is around 3000 fb -1 . This corresponds to around 20 times more data than collected at the end of LHC Run 2.

To cope with the high collision rate and the related increase of pileup to an average value of around 200 collisions per bunch crossing, an upgrade of the ATLAS detector and trigger system is planned. In this context, the inner detector is fully replaced. The other sub-detectors are adapted for the new data taking conditions by replacing the readout electronics and updating the trigger. The planned detector upgrades and related expected performance can be found in details in the technical design reports [START_REF]ATLAS Phase-II Upgrade Scoping Document[END_REF][START_REF]Technical Design Report for the ATLAS Inner Tracker Strip Detector[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS LAr Calorimeter[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS Tile Calorimeter[END_REF][START_REF]Technical Design Report for the Phase-II Upgrade of the ATLAS TDAQ System[END_REF][START_REF]Technical Design Report for the ATLAS Inner Tracker Pixel Detector[END_REF].

Projection strategy

The projections have been performed under the assumption that the detector upgrade for the HL-LHC will allow a similar or better performance than with the current ATLAS detector, despite the higher pileup.

Chapter 10 Prospect for the Higgs boson couplings measurement at the HL-LHC

In many cases, it is therefore possible to make a simple extrapolation from the Run 2 analysis, scaling the luminosity, cross sections and systematic uncertainties. This option has been chosen whenever possible in order to minimise the effort for the projection, as for example for the couplings analyses, using the most up-to-date results using datasets of 36 fb -1 or 80 fb -1 [START_REF]Projections for measurements of Higgs boson cross sections, branching ratios, coupling parameters and mass with the ATLAS detector at the HL-LHC[END_REF]. In specific analysis however, the setup might not be optimal for HL-LHC conditions; in this case MC studies based on truth MC smeared with HL-LHC ATLAS performance functions are performed.

The H → γγ analysis presented in Chapter 7 has been extrapolated following the general recommendations for Higgs analyses provided in [115]. For simplicity, the fundamental ingredients of the analysis are kept unchanged w.r.t. the 80 fb -1 analysis. Due to the higher pileup at the HL-LHC, the photon energy resolution is expected to slightly degrade, but this might be compensated by better photon reconstruction techniques. Therefore, the signal parametrisation is not changed. In the same way, the signal efficiencies for all production modes in each category are kept as in the 80 fb -1 analysis. The background parametrisation from the 80 fb -1 analysis is used. Most likely, the choice of the background parametrisation will be re-investigated for the end of Run 2 already. With more data statistics, functions with more free parameters would be needed in the high statistics categories. For an estimate on Asimov data, this is not expected to have a large impact on the result. A large increase in sensitivity can further be expected from further optimisation of the analysis categories and strategy. The global developments of the analysis are hard to predict over many years of R&D. The extrapolation aims at giving a realistic estimation of the expected sensitivity gain using the current state-of-the-art analysis methods.

Scaling of the analysis

The main step of the extrapolation is the scaling of the integrated luminosity to the expected one at the HL-LHC. However, also the increase in centre-of-mass energy has to be considered. As shown in Figure 2.5, the cross section of all main Higgs boson production modes increase as a function of the centre-of-mass energy. Therefore, scale factors are applied to account for the increase from 13 to 14 TeV. The values of these scale factors are listed in The scaling of the background cross sections is different for gluon initiated backgrounds (+12%) and quark initiated backgrounds (+8%). However, in the H → γγ analysis the background estimation is done in a fully data driven way, thus no detailed studies have been performed on the exact origin of the backgrounds in each category. An average scaling of +10% is therefore used for the whole background normalisation. The impact of this assumption on the results is negligible: the total impact of the background scaling on the statistical uncertainty is below 5%.

Systematic uncertainties

To best estimate the gain on an analysis expected from the HL-LHC, a realistic scaling of systematic uncertainties is needed. For the experimental uncertainties, the ATLAS and CMS combined performance groups estimated scale factors for the current systematic uncertainty sources, assuming a similar detector 10.2 Projection strategy performance at the HL-LHC and considering their experience from the past on the improvements of experimental techniques. The theory systematics are estimated from past experience on typical improvements on calculations. PDF uncertainties are estimated from electroweak fits using expected end of Run 3 LHC input parameters. The prescription for the treatment of systematic uncertainties is provided in Ref. [START_REF][END_REF].

• QCD scale, UEPS and BR(H → γγ) uncertainties are divided by two as new theory calculations are expected until then.

• PDF & α s uncertainties are computed using the decorrelated Eigenvariations; no clear association between the different NPs and the PDF content can therefore be made. An average scale factor of 0.45 is therefore used for these uncertainties.

• The conservative heavy flavour uncertainty of 100% on resonant background in ttH categories is also divided by two. Current measurements by ATLAS and CMS of the heavy flavour content or the b-jet multiplicity are expected to constrain this value for the future.

• The uncertainty on the luminosity is estimated to be around 1%.

• Jet energy scale/resolution uncertainties are mostly kept unchanged. However, jet uncertainties originating from pileup or inter-calibration of the calorimeters are expected to become negligible due to the detector upgrade.

• Uncertainties related to the photon energy scale and resolution are divided by two, according to past experience on the improvement of the calibration methods.

• The uncertainty on the photon isolation efficiency is scaled by 0.8. The value of this scaling has a quite significant impact on the result and is therefore important.

This scaling additionally provides a guideline for the required experimental performance and theory accuracy to profit from the high integrated luminosity. For internal cross checks, all studies have been performed with the scaled baseline scenario as well as with unchanged Run 2 systematic uncertainties. The results with Run 2 systematic uncertainties will be called scenario 1 (S1) in the following, while the case with scaled uncertainties is denoted as scenario 2 (S2). Some uncertainties need an analysis specific treatment. In particular, for H → γγ, the current values of the spurious signal uncertainty listed in Table 7.7 are, to a large extend, driven by the limited statistics of the MC used to construct the background templates. A simple scaling of these uncertainties with the luminosity would therefore lead to very large, unphysical values. New techniques of background modelling are currently investigated for the future and are planned to be used already for the end of Run 2. A significant decrease of the background modelling uncertainty can therefore be expected. For all analysis projections, an infinite MC statistics has been assumed, if not states otherwise in the YR.

It has therefore been decided to fully remove this uncertainty for the extrapolation to the HL-LHC. To be sure that this is not too aggressive, a cross check has been performed inserting a "realistic" uncertainty of 20%σ bkg . σ bkg corresponds to the fitted signal yield on a background only Asimov sample. 20%σ bkg corresponds to the maximal allowed uncertainty for a function to be chosen according to one of the spurious signal criteria quoted in Equation 5.2.2. The addition of this uncertainty does not impact the total extrapolated uncertainty in a significant way.

Results of the H → γγ extrapolation

The expected uncertainties on the production mode cross section measurement are compared with the current expected results based on Table 10.2: Expected results for the production mode cross section measurement in the H → γγ channel with 80 fb -1 of Run 2 data and at the HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding centre-of-mass energy. The last column shows the theory uncertainty on the signal strength measurement, including the full SM cross section uncertainty. Different scenarios have been considered for the uncertainties in the HL-LHC extrapolation: Run 2 systematics (S1) and fully scaled systematics (S2).

the uncertainties are quoted relative to the cross section expected in the SM for the corresponding centre-of-mass energy. The table shows the projections with the different uncertainty scenarios, as well as the expected uncertainties in the measurement using 80 fb -1 of Run 2 data. A breakdown and ranking of the most important systematic uncertainties on the cross section measurement is shown in Figure 10.1 considering scenario S2. Chapter 10 Prospect for the Higgs boson couplings measurement at the HL-LHC Considering the fully scaled systematic uncertainties, the expected cross sections are fitted to be: to scenario S2. In H → γγ, similar to most channels, the systematic uncertainties are dominating the projected measurement at the HL-LHC. These numbers serve as a guideline for the required level of detector knowledge and future theory calculations to maximise the physics output of the huge amount of collected data.

σ ggH+bbH × B(H → γγ) = 114.3
The expected correlation between the measurements for the extrapolated results is shown in Figure 10.3. In contrary to the 80 fb -1 case (see Figure 7.12), the correlations with 3000 fb -1 are fully driven by the correlation of the systematic uncertainties, which are fully correlated between production modes in most cases. This assumption is valid in the statistically limited measurement with 80 fb -1 but will not be good enough any more with increasing luminosity. Higher MC statistics as well as a finer splitting of the systematics in their physical sources will be needed to evaluate accurately their impact.

To estimate the benefit from the HL-LHC for this analysis, it is interesting to look at the uncertainty on the measured production mode cross sections as a function of the integrated luminosity. This is shown in Figure 10.4 for a constant centre-of-mass energy of 14 TeV. To take into account only the benefit from the increasing luminosity, constant systematic uncertainties are assumed here with values from scenario S2. For most production modes, the uncertainty starts to be dominated by systematic uncertainties between end of Run 3 and the HL-LHC and thus the total uncertainty starts to saturate. uncertainties are constrained at high luminosities, explaining the small slope of their impact versus luminosity.

Combination of all decay channels

The combined projection of production mode measurements is shown in Figure 10.5. Clearly, on production mode level, measurements at the HL-LHC become systematics dominated, thus profiting only marginally from more data, even considering the scaled systematics scenario S2. These projection can however serve as a guideline for the required detector performance, as well as the needed evolution in theory calculations. Figure 10.6 shows the projected sensitivity of the production mode measurements in the different Higgs boson decay channels. Already with this granularity, some decay channels give a very good sensitivity for certain production modes, while it is experimentally very challenging to measure these in other production modes. In general, the Higgs boson cross section measurements will strongly profit from the larger HL-LHC dataset, since it will allow to go to higher stages of the STXS and split the phase space with a higher granularity. This will allow to exploit more extensively the different Higgs boson decay channels in their most sensitive phase space regions. The combination of these decay channels will then allow to achieve a very high precision over the whole phase space. Shape information of the kinematic distributions will allow a stringent test of the SM, for example in the context of EFT interpretations.

Comparison of different future collider projects

To decide on the European Strategy, the prospects of Higgs analysis at the HL-LHC are compared to the expected reach of possible future collider projects that have been proposed, such as the ILC, CLIC and the FCC(ee) [START_REF] De Blas | Higgs Boson Studies at Future Particle Colliders[END_REF]. The different proposed machines together with their expected timelines are shown in Figure 10.7. While the HL-LHC and the HE-LHC are hadron colliders, the ILC, CLIC and the FCC(ee) are electron-positron colliders. Additionally, the FCC(ee), as a circular collider, offers the possibility to be upgraded to a high energy proton-proton collider with a centre-of-mass energy or around 100 TeV. Systematic uncertainties correspond to scenario S2. [START_REF]Projections for measurements of Higgs boson cross sections, branching ratios, coupling parameters and mass with the ATLAS detector at the HL-LHC[END_REF] For each of these options, prospects for the different Higgs boson measurements have been summarised and compared to estimate the gain each of these could bring w.r.t. the HL-LHC. Figure 10.8 shows the comparison of their prospects for the measurement of the Higgs boson coupling modifiers. There estimations include evaluations of the accelerator and detector performances as well as the appropriate theory uncertainty estimates. The theory uncertainties for lepton colliders are very different from the ones at hadron colliders. All of the proposed machines show a good precision for κ-measurements. Overall, their sensitivity is comparable, with small differences for single couplings depending on the initial state and the centre-of-mass energy.
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Figure 10.7: Different proposed future colliders with their respective expected timeline, in case they are built. The HL-LHC will be built in LS3 and the detectors will be upgraded at the same time. The HL-LHC is planed to run from around 2030 to 3037. [START_REF] De Blas | Higgs Boson Studies at Future Particle Colliders[END_REF] Figure 10.8: Expected relative precision in % of the κ parameters. [START_REF] De Blas | Higgs Boson Studies at Future Particle Colliders[END_REF] C H A P T E R 11

Conclusion

In this thesis, different measurements of the Higgs boson properties in the Higgs to diphoton decay channel were presented. These are based on subsets of the Run 2 dataset recorded by the ATLAS experiment between 2015 and 2018 at a centre-of-mass energy of √ s = 13 T eV. Despite its small branching fraction, the H → γγ decay channel is an excellent process to perform precision measurements, due to its clean diphoton signature in the detector and its smoothly falling, continuous background. This is of particular interest in phase space regions with a large Higgs boson production cross section, but also a large background, in which decay modes with a higher branching fraction like H → b b suffer from a poor background modelling. Many theories beyond the Standard Model predict deviations in the Higgs boson couplings to the gauge bosons or fermions, as well as to the Higgs itself. While the Higgs self-coupling is not accessible with the current statistics, a good accuracy can be reached with the current luminosity for the measurement of the couplings to gauge bosons and several fermions. Deviations can be probed by measuring Higgs boson production and decay cross sections. In particular, the shape information from kinematic distributions is very sensitive, as most new physics models predict a different impact in different regions of the phase space. Differential cross section measurements as a function of different kinematic variables are based only on the final state and thus provide a maximally model independent measurement. However, these can not be measured in all production modes, in particular those suffering from a large background uncertainty. The so-called Simplified Template Cross Section framework provides a good alternative to differential cross sections, introducing a minimal model dependence by splitting the events into their different Higgs boson production modes. Within each production mode, kinematic bins based on the final state are defined to optimise the experimental sensitivity and minimise systematic uncertainties. This allows to perform measurements in each decay channel in specific bins with a good sensitivity and to make use of multivariate techniques to optimise the signal significance. The measurements in all decay channels can thus be easily combined in order to profit from their different sensitivities in different phase space regions.

To perform precision measurements in the H → γγ decay channel, an excellent calibration of the photon energy scale and resolution is needed. Such a calibration is performed on high-level photon objects using simulated events, as well as well known standard processes. The derivation of energy scale factors and resolution correction factors for electrons using the Z → ee decay was described. With this method, a level of accuracy of the order of 10 -5 -10 -4 on the energy scale is obtained. This similarity between reconstructed electron and photon energy clusters is used to calibrate the photon energy; additional systematic uncertainties are computed for this extrapolation. The validity of the calibration for photons is Chapter 11 Conclusion cross checked using radiative Z → γ decays. The Higgs boson mass has been measured using 36 fb -1 of data from 2015 and 2016, yielding m H = 124.93 ± 0.21 (stat) ± 0.34 (syst) GeV. Already with this dataset, the systematic uncertainties are dominant and are mainly driven by the uncertainty on the photon energy scale calibration. This result has been combined with the measurement in the H → ZZ * → 4 channel, which is much less affected by systematic uncertainties, but suffers from the low signal statistics. The combined measurement gives m H = 124.86 ± 0.18 (stat) ± 0.20 (syst), improving by around 25% the Run 1 result. Although improvements on the photon energy scale calibration can be expected in the future, the measurement in the H → ZZ * decay channel will dominate the combination with increasing luminosity. Measurements in the H → γγ channel remain however important to check the calibration and find potential problems. Possibly, this channel could also contribute to a better constraint of the photon energy scale uncertainty in the future.

Using 80 fb -1 of Run 2, which corresponds to the data recorded from 2015 to 2017, Higgs boson production cross sections have been measured in the H → γγ channel. For the first time, the coupling of the Higgs boson to the top quark has been observed in the ttH production channel, with an observed (expected) significance of 5.8σ (4.9σ) combining measurements in H → γγ, H → b b, H → WW * , H → ττ and H → ZZ * , and 6.3σ (5.1σ) when combining with the Run 1 measurement. The observed (expected) significance in the H → γγ decay channel alone is 4.1σ (3.7σ). The result is compatible with the Standard Model expectation. A small upward fluctuation is observed, which can be explained by a statistical fluctuation slightly above the Higgs boson mass. Since the top quark is the heaviest particle in the Standard Model, its coupling to the Higgs boson is particularly sensitive to new physics. Precision measurements of this production mode in the future will allow to constrain different properties of the Higgs boson, such as for example a potential CP-odd admixture.

The simultaneous fit of all production mode cross section yields σ ggF+bbH = 98 +15 -14 fb, σ V BF = 11.2 +3. 4 -3.0 fb, σ V H = 4.88 +2.67 -2.46 fb and σ ttH+tH = 1.49 +0.57 -0.49 fb. In this case, the photon energy resolution and scale uncertainties are constrained by the other production modes, leading to a smaller ttH cross section. These results are in good agreement with the Standard Model predictions. In this measurement, a dominant source of systematic uncertainties is the background modelling. Further, depending on the production mode, experimental uncertainties such as the photon energy resolution or the jet energy scale, and conservative theory uncertainties are very significant. The combination with other decay channels leads to a significant improvement, in particular in production modes like V H, while the ggF cross section is dominated by the H → γγ measurement. The available data statistics further allows to perform measurements within the STXS framework, combining the different measurements. In particular, it starts providing sensitivity to the high p T bins, which are powerful probes for many new physics models.

The full Run 2 dataset with around 140 fb -1 of integrated luminosity will allow to further constrain the uncertainties on the coupling measurements. An additional gain can be expected from a re-optimisation of the event categories used in the measurement, that aim at splitting the events according to their true STXS bin. In particular, in the current categorisation, a large contamination of ggF events inside the categories targeting the VBF production mode leads to large correlations between these two production modes. The potential gain using quark gluon discrimination for the reconstructed jets has been investigated. Since the two leading jets in VBF events are mainly forward quark jets, the rejection of gluon jets can increase the rejection of ggF events. Current quark-gluon taggers that are being developed in ATLAS use exclusively track information and are therefore restricted to the acceptance of the tracking system. The analysis could however benefit from such a tagger since the selected gluon jets appear to be more central than the quark jets from typical VBF events. A first study including quark-gluon tagging information in the BDT used for the VBF selection shows moderate improvement in ggF rejection. To accurately estimate the possible gain, the calibration of this tagger as well as a systematic uncertainty propagation have to be made once this information becomes available.

Despite the small model dependence introduced in the measurements by the STXS, the combined result can be re-interpreted in the context of effective field theories, which give a model independent parametrisation of all possible new physics operators that can be introduced under certain symmetry assumptions. The Lagrangian is expressed as a Taylor expansion in 1 Λ , where Λ is the scale at which the new physics occur. In this thesis, constraints have been set on a wide set of operators of the Warsaw basis impacting the Higgs boson production and decay. The interference between the new physics and the Standard Model for dimension-6 operators has been taken into account, while higher order terms are subdominant and have been neglected. Even though STXS measurements in the H → γγ channels allow a precise measurement of a reduced set of operators and can lead to similar constraints than differential cross section measurements, the power of combining different Higgs boson decay channels has been shown.

After the LHC Run 3 (planned 2020-2022), a major upgrade of the accelerator, as well as the detectors will allow to collect data at a centre-of-mass energy of √ s = 14 TeV with a much larger instantaneous luminosity. The final dataset is expected to have an integrated luminosity of around 3000 fb -1 available for physics analysis. This large data statistic will allow to perform precision tests of the Standard Model as well as direct searches for new physics in many areas. In particular, the Higgs boson self coupling will be measured, and Higgs boson couplings measurements will reach a level of accuracy comparable to the theory predictions. In order to build the European Strategy on future collider experiments, it is important to estimate in a global and complete way the expected achievements at the HL-LHC and thus evaluate the gain from different options for future projects. In this context, a projection of the production cross section measurement in the H → γγ channel has been performed and subsequently combined with the projections from other Higgs decay channels. Therefore, the integrated luminosity and the Higgs boson production cross sections have been scaled to their expected values at the HL-LHC. Systematic uncertainties have been reduced according to projections for the upgraded detector performance, past experience on analysis technique improvement, and expected theory developments. For all production modes, the projected measurements will be limited by systematic uncertainties, in particular by theory uncertainties. However, the large statistics of this dataset will allow a measurement of all current STXS bins, or even for a finer granularity, providing a great sensitivity to beyond the Standard Model physics in the Higgs sector.

de préserver l'invariance locale de la jauge, tout en donnant une masse aux bosons W ± et Z. Un champ scalaire complexe Φ peut être ajouté au SM Lagrangien tel que 

L Higgs = (D µ Φ) † (D µ Φ) - V(Φ), avec V(Φ) = µ 2 Φ † Φ + λ(Φ † Φ)
g HVV = g V m V .
Les masses des fermions ne sont pas expliquée par ce modèle. Cependant, elles peuvent être générées en exploitant le fait que les champs de fermions chiraux gauches L sont des doublets de SU(2), tout comme le champ du Higgs. Les deux transforment donc de la même manière sous la transformation SU(2), et par conséquent, LΦ est invariant sous la transformation SU(2) L . Les termes de la forme -g f ( LΦR + RΦ † L) satisfont donc la symétrie SU(2) L ⊗ U(1) Y et peuvent être ajoutés au Lagrangien du SM. Dans la symétrie brisée et avec le champ de Higgs donné, cela génère les masses des quarks inférieurs. Leurs couplages au champ de Higgs g f , appelés couplages Yukawa, sont décrits par:

g f = √ 2 • m f v .
Les masses de fermions supérieurs peuvent être générées de manière similaire avec les doublets de Higgs conjugués. Le détecteur ATLAS est composé de nombreux sous-détecteurs différents disposés en couches autour du point de collision. La partie centrale du détecteur est disposée comme un tonneau, parallèle au faisceau. Les extrémités du détecteur sont faites pour détecter les particules produites vers l'avant. Avec un taux de collision de 40 MHz, il est techniquement impossible de traiter et stocker toutes les données enregistrées. Seuls les événements potentiellement intéressants pour une analyse physique sont donc idéalement stockés afin de conserver une quantité raisonnable de données. La décision doit être prise le plus rapidement possible, en utilisant la reconstruction la plus simple possible. Pour optimiser cette procédure, un système de déclenchement en plusieurs étapes est défini, qui reconstruit les événements sur plusieurs niveau et les rejettent potentiellement. Tous les événements passant par le système de déclenchement sont stockés et ensuite traités dans la reconstruction hors ligne d'ATLAS. Ceci se fait sur le système de grille du LHC en plusieurs étapes. À ce niveau, une reconstruction précise des objets physiques est effectuée afin d'utiliser ces objets pour les analyses. intérieur. L'association entre une telle trace et un amas EM forme un candidat électron. Par définition, dans un premier temps, tous les candidats électrons sont également reconstruits en tant que candidats jets. Comme pour les photons, certains critères de qualité sont définis, basés sur l'identification et l'isolation. Jusqu'à présent, l'énergie des électrons est mesurée exclusivement à partir de l'énergie dans le calorimètre.

B.1.2 Production et désintégration du boson de Higgs

• Les jets sont reconstruits à partir d'amas dans les calorimètres électromagnétique et hadronique, et éventuellement les traces du détecteur interne. Alors que les jets utilisant les traces ont une sensibilité au pile-up inférieure grâce à l'association au vertex primaire, ils sont limités par exemple par l'acceptatance du détecteur interne à |η| < 2.5. La majorité des analyses utilisent des jets calorimétriques reconstruits à partir d'amas topologiques. Les jets sont identifiés à l'aide de l'algorithme anti-k t [START_REF] Cacciari | The anti-k t jet clustering algorithm[END_REF], avec un paramètre de distance R = 0.4.

• Les muons sont les seules particules chargées qui traversent le système calorimétrique. Une particule laissant une trace dans le système muonique est donc traitée comme un candidat muonique. De plus, une trajectoire dans l'ID est demandée. Pour sélectionner des muons de bonne qualité, des critères supplémentaires sont nécessaires, comme par exemple un nombre minimum de points de mesure dans le système muonique.

• Comme l'impulsion transverse initiale des partons est négligeable, la somme des impulsions transverses de toutes les particules générées lors d'une collision devrait être égale à zéro. L'énergie transverse manquante (MET), E miss T =i p i T , correspond à l'énergie transverse non détectée; elle est généralement attribuée à des particules qui n'ont pas interagi à l'intérieur du détecteur, comme par exemple les neutrinos.

B.3 La calibration en énergie des électrons et des photons

L'énergie mesurée dans chaque cellule du calorimètre électromagnétique est calibrée lors de la conversion du signal électrique mesuré en énergie. Cependant, une détermination très précise de l'énergie des photons et de son incertitude est cruciale pour les mesures de précision dans le canal de désintégration du boson de Higgs en deux photons. Pour celà, une calibration de l'énergie des objets physiques à haut niveau est nécessaire. Une telle calibration est obtenue à l'aide d'événements simulés et de processus de référence. Les facteurs d'échelle calculés dans la dernière étape de la calibration, dépendent de la position du faisceau dans le calorimètre, η calo . Dans un bin donné i en η calo , l'énergie dans les données est liée à l'énergie dans le MC par un facteur d'échelle α i :

E data i = E MC i • 1 + α i .
Pour corriger la différence de résolution entre les données et la simulation, l'énergie des électrons simulés est étalée avec un terme constant supplémentaire c , tel que:

σ E E data i = σ E E MC i ⊕ c i .
Ces facteur α et c sont mesurés à partir de la masse invariante des deux électrons sur le pic du boson Z. Dans le cadre de cette thèse, une méthode d'ajustement alternative a été développée pour mesurer ces facteurs de corrections, qui permet de vérifier les résultats de la méthode "officielle". Cette méthode est basée sur une paramétrisation analytique de la masse invariante. La paramétrisation de la masse invariante est basée sur la somme de trois fonctions Gaussiennes, qui est une fonction flexible pour être ajustée dans tous les bins, indépendamment des contraintes cinématiques imposées. Les paramètres de chaque Gaussienne sont par la suite paramétrés en fonction de leur valeur dans la simulation, ainsi que des facteurs de correction α et c dans chaque bin en (η calo,1 , η calo,2 ). Ceci permet d'extraire les facteurs d'échelle d'un seul électron dans un ajustement direct et bidimensionnel en (η calo,1 , η calo,2 ). La performance de la méthode est testée avec des pseudo-données contenant des valeurs connues de miscalibration. Cela donne une bonne clôture du même ordre de grandeur que la méthode "officielle".

La différence des résultats des deux méthodes est utilisée en tant qu'uncertitude systématique. Elle permet ainsi de prendre en compte des effets qui ne sont pas compris de manière fondamentale, ou alors de trouver des inconsistances dans les données et de les étudier plus en détail.

De plus, cette méthode permet d'explorer la possibilité d'une dépendance cinématique supplémentaire des facteurs d'échelle, par exemple dans des intervalles d'impulsion transverse. Cela permettrait de réduire l'incertitude systématique, qui est actuellement calculée pour les électrons à 40 GeV puis extrapolée à différentes énergies. Malheureusement, un biais significatif est observé à cause de migrations des événements entre les differents intervalles lorsque leur impulsion est modifiée par des facteurs de correction dépendants de l'impulsion elle-meme.

B.4 La sélection d'événements diphoton et techniques d'analyse communes

Une sélection commune d'événements est utilisée pour la plupart des analyses visant à mesurer les propriétés fondamentales du boson de Higgs en H → γγ. La distribution de masse invariante des deux photons est caractérisée par un bruit de fond lisse diminuant vers les hautes masses, avec un signal piquant autour de la masse du Higgs. Le bruit de fond principal est la production SM irréductible de diphoton. Une sélection et une catégorisation plus poussées des événements sont appliquées spécifiquement pour chaque analyse, en ciblant différents modes de production de Higgs ou différentes régions de l'espace de phase. Pour cela, des sélections cinématiques spécifiques au système diphoton sont apliquées, et éventuellement, la reconstruction de particules supplémentaires est requise. L'intervalle total de masse invariante m γγ ∈ [105, 160] GeV est utilisé. Le signal et le bruit de fond sont tous les deux paramétrés par des fonctions analytiques. Le signal est paramétré par une fonction "Double-Sided-Crystal-Ball" dans chaque catégrorie d'événements. Les paramètres de cette fonction sont fixés à partir de la simulation mais sont autorisés à varier autour de leur valeur nominale, à l'intérieur des contraintes fixées par les erreurs systématiques sur l'échelle d'énergie et la résolution des photons.

Le bruit de fond est contraint directement sur les données afin d'éviter de grandes incertitudes dues à la connaissance limitée de la composition exacte du bruit fond. La fonction est choisie à partir de tests sur un bruit de fond simulé, essayant de minimiser le nombre de paramètres libres, tout en minimisant le biais sur le signal ajusté.

Les analyses suivantes sont basées sur une description de la probabilité des processus considérés. Les incertitudes systématiques sont prises en compte sous forme de paramètres de nuisance, des termes de pénalité supplémentaires dans la probabilité qui sont limités par une fonction gaussienne ou log-normale dans la plupart des cas. Des ensembles de données Asimov sont utilisés pour le calcul des résultats attendus. Un set de données Asimov fournit une description idéalisée des données prédites avec une luminosité intégrée donnée sans fluctuations statistiques. Dans le cas d'un grand ensemble de données, il permet de faire une prédiction précise des incertitudes sur une mesure.

La mesure de la masse du boson de Higgs est basée sur les données enregistrées en 2015 et 2016 avec une luminosité totale de 36 fb -1 . L'analyse des couplages inclut également les données prises en 2017, avec une luminosité totale analysée de 79.8 fb -1 . Des données simulées utilisent des générateurs d'événements basés sur une description théorique au (next-to-)next-to-leading order.

B.5 La mesure de la masse du boson de Higgs

Une mesure précise de la masse du boson de Higgs est très importante pour la mesure des couplages et des sections efficaces du boson de Higgs, en particulier dans les canaux avec une mauvaise résolution en masse ou de faible statistique. Une mesure combinée du Run 1 et 2 peut être utilisée dans des analyses qui utiliseront des ensembles de données statistiquement indépendants, par exemple au Run 3 ou lors d'expériences futures.

Pour mesurer la masse du boson de Higgs avec la meilleure sensibilité possible, les événements diphotoniques sélectionnés sont classés par catégorie. Comme la mesure dans le canal diphoton est dominée par l'incertitude statistique, les catégories sont principalement optimisées pour la pureté afin d'obtenir les meilleurs rapports signal sur bruit de fond possibles. En outre, les événements ayant une bonne résolution du signal sont catégorisés afin de réduire les incertitudes systématiques les plus importantes. Pour la mesure de la masse du boson de Higgs dans le canal diphoton effectuée sur 25 fb -1 B.5 La mesure de la masse du boson de Higgs au Run 1, des catégories basées sur la qualité du photon et la résolution énergétique ont été établies. Le type de conversion des photons et leur position dans le calorimètre ont été utilisés [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF]. Pour la mesure décrite dans ce chapitre, plusieurs catégorisations d'événements ont été testées pour optimiser la sensibilité. Outre les catégories basées uniquement sur les propriétés des photons, des catégorisations prenant en compte le mode de production du boson de Higgs ont été envisagées. La reconstruction des particules associées permet un gain supplémentaire en pureté du signal et une meilleure résolution de masse invariante. Les catégorisations suivantes ont été testées en effectuant un ajustement de la masse du boson de Higgs sur un ensemble de données Asimov :

• Inclusif : pas d'autre division des événements dans les catégories ; c'est le cas le plus simple, mais il ne montre pas une très bonne pureté du signal.

• Mesure de masse du Run 1: 10 catégories d'événements utilisées pour la mesure de masse en H → γγ dans Run 1 [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF]. Les événements sont divisés en catégories en fonction du type de conversion des photons, de leur pseudo-rapidité et de la dynamique transversale du système diphoton.

• Analyse des Couplages : 33 catégories d'événements utilisées pour l'analyse des couplages publiée dans Ref. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of pp collision data at √ s = 13[END_REF]. Les catégories classifient les événements en fonction de leur mode de production et de leur cinématique.

• Combinaison de différentes catégorisation : comme les événements de signal VBF peuvent être très bien sélectionnés et donc conduire à des catégories pures, on a essayé d'utiliser les catégories améliorées VBF de l'analyse des couplages et de classer les autres événements comme dans la mesure de masse du Run 1.

L'introduction de catégories d'événements conduit à une réduction significative de l'incertitude attendue sur la masse du boson de Higgs par rapport à l'ajustement inclusif. La différence entre les catégories exactes n'est pas très significative. Les catégories de l'analyse couplages ont été choisies pour tirer parti du cadre existant pour cette analyse, pour laquelle une étude détaillée des incertitudes systématiques a déjà été effectuée. Cela permet une analyse simplifiée et plus robuste.

Les principales incertitudes systématiques affectant la mesure de masse dans le canal H → γγ sont les systématiques liées à l'échelle d'énergie, car elles affectent directement la position du pic. Un autre biais important sur la masse est dû à la modélisation du signal et du bruit de fond. D'autres facteurs systématiques sont l'incertitude de résolution en masse (6-11% selon la catégorie) et la sélection du vertex primaire (<1%). Le nombre d'événements exact de signal dans chaque catégorie a un impact négligeable sur la mesure de la position du pic. Par conséquent, les incertitudes systématiques associées et la systématique causant des migrations d'événements entre les catégories sont négligées dans cette analyse.

La [START_REF] Tackmann | Simplified template cross sections[END_REF]. Pour cela, les événements sont classés en fonction de leur mode de production et de la cinématique de l'état final. Les sections efficaces sont alors mesurées pour chacune de ces catégories d'événements. Afin d'augmenter la sensibilité aux régions de l'espace de phase définies par le cadre STXS, les événements passant la sélection diphoton sont répartis en catégories optimisées pour être aussi pures que possible dans une région STXS donnée. Pour séparer les différents modes de production, les particules produites en association avec le boson de Higgs sont reconstruites. Afin de maximiser la statistique pour les modes de production rares, la sélection des catégories commence par la plus rare. En raison de la faiblesse de la statistique et de la sensibilité pour certaines de ces régions, un scénario réduit du cadre STXS initial est visé. Dans certaines catégories, des méthodes plus sophistiquées comme l'apprentissage machine sont utilisées pour diviser davantage les événements afin de maximiser la sensibilité.

La pureté de ces catégories en termes de régions STXS est très élevée; elles montrent également une bonne séparation des modes de production. Il est encore difficile de séparer certaines régions cinématiques définis dans STXS stage 1, en particulier pour les modes de production à faibles statistique comme V H et ttH/tH. Dans les catégories VBF et V H hadronique, une contamination significative d'événements ggF demeure.

La catégorisation des événements décrite ci-dessus est basée sur la cinématique mesurée des particules reconstruites dans un événement. Ces catégories sont donc améliorées dans les événements provenant de régions STXS spécifiques, mais pas totalement pures. Un ajustement simultané à toutes les catégories d'événements est donc effectué afin de prendre en compte ces efficacités et d'extraire les sections efficaces STXS. Le nombre d'événements de signal N r dans chaque catégorie est exprimé comme la somme de tous les processus de vérité contribuants, où les sections efficaces σ t sont les paramètres d'intérêt (POI): N r = t σ γγ t tr L Dans l'analyse, un BDT est entraîné avec des variables cinématiques pour séparer les événements VBF et diphoton. Ce BDT est capable de rejeter également une partie des événements ggF. Le même BDT peut être entraîné avec un bruit de fond ggF a la place du bruit de fond diphoton. Ceci permet déjà d'améliorer la séparation entre ces deux modes de production du Higgs.

Dans le mode de production VBF, deux quark jets sont produits en association avec le boson de Higgs au premier ordre. Dans ggF, aucun jet n'est produit à l'ordre principal. Tous les jets sélectionnés dans les événements ggF proviennent donc soit de processus QCD d'ordre supérieur, soit de l'empilement. L'identification des jets de gluon devrait donc avoir un grand potentiel dans la réduction des événements ggF dans les catégories VBF. En pratique, les deux jets les plus énergétiques de l'événement sont utilisés pour l'analyse. Cela conduit à une faible contamination par des jets de gluon dans les événements VBF également. Cependant, la contribution est très faible, de sorte que la baisse de l'efficacité de sélection d'événements VBF due au rejet du gluon devrait être faible par rapport au gain pour le rejet d'événements ggF.

Le gain maximal possible attendu par la distinction quark versus gluon est estimé en ajoutant l'information binaire vraie sur la nature du jet. Étant donné que les algorithmes actuels de distinction quark-gluons dans ATLAS sont exclusivement basés sur l'information des traces à l'intérieur des jets, l'information quark-gluon n'est disponible qu'à l'intérieur de l'acceptance du détecteur interne. L'impact de cette restirction a été estimé et la dégradation en performance est acceptable. En réalité, la distinction quark-gluon est très compliquée et nécessite une bonne modélisation des propriétés du jet comme le nombre de traces, la largeur ou la densité énergétique à l'intérieur du jet. Tout cela réduit significativement l'efficacité d'identification. Le gain pour le rejet des événements ggF est par conséquent significativement réduit. Une décision finale par rapport au gain ne peut donc être basée que sur des tests avec un discriminant final, calibré, et avec une estimation des uncertitudes systématiques. Ce discriminant n'existe pas encore.

B.8 Interprétation des mesures STXS dans le contexte de théories effectives des champs

Les mesures des propriétés du boson de Higgs sont un excellent test du SM. Les déviations peuvent être un indice vers de la nouvelle physique. Jusqu'à présent, aucun indice de physique BSM n'a été trouvé au LHC. Les théories effectives des champs (EFT) fournissent une approche cohérente pour sonder la présence de la physique BSM d'une manière générique au LHC, pour une échelle d'énergie qui n'est pas directement accessible au LHC. Une expansion de Taylor du Lagrangien en dimensions canoniques de cette échelle v Λ donne:

L SMEFT = L SM + 1 Λ L 5 + 1 
Λ 2 L 6 + 1 
Λ 3 L 7 + ... où les différents termes de l'expansion peuvent être exprimés sous forme de combinaisons linéaires d'opérateurs de dimension d :

L n = i c d i O d=n i .
Les opérateurs invariants O i forment une base; la base dite de Warsaw [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF] est utilisée. Les coefficients c i sont appelés coefficients de Wilson. Ce sont des paramètres libres de la théorie. Seuls les opérateurs de dimension six sont considérés. La section efficace d'un processus spécifique calculée dans le SMEFT peut être divisée en trois parties B.9 Perspectives pour les mesures de couplages du boson de Higgs au HL-LHC indépendantes : σ = σ SM + σ int + σ BSM où σ SM est la section transversale SM, σ int décrit l'interférence entre la physique BSM et le SM, et σ BSM est une partie BSM pure qui ne dépend pas de l'amplitude SM. La contribution BSM est supprimée par un facteur 1 Λ 4 et n'est pas considées dans les mesures présentées. Pour sonder les paramètres SMEFT à l'aide des mesures STXS, il faut paramétrer la section efficace de chaque région STXS en fonction des coefficients de Wilson correspondants. Ceci est réalisé avec des simulations avec le programme SMEFTsim [START_REF] Brivio | The SMEFTsim package, theory and tools[END_REF] dans MadGraph [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF]. Comme les calculs SMEFT avec MadGraph ne sont disponibles qu'à l'ordre principal, les corrections relatives à la section efficaces SM (calculée à des ordres supérieurs) sont calculées:

σ int σ SM = i A i c i , (B.1)
σ BSM σ SM = i j B i j c i c j , (B.2) où A i et B i j sont des facteurs constants déterminés à partir de la simulation. Cette équation est valable de la même manière pour les largeurs de désintégration (partielle). Une re-paramétrisation des sections efficaces dans les régions STXS ainsi que les rapports de branchements en fonctions des paramètres EFT permet de contraindre ceux-ci dans un fit aux mesure dans le canal H → γγ ou alors dans la mesure combinée dans tous les canaux de désintégration.

B.9 Perspectives pour les mesures de couplages du boson de Higgs au HL-LHC

Le LHC à haute luminosité (HL-LHC) est une amélioration prévue du LHC dans le but d'atteindre une luminosité instantanée environ cinq fois supérieure à celle du LHC a partir de 2026. Pour faire face au taux élevé de collisions et à l'augmentation correspondante de l'empilement, qui atteindra une valeur moyenne d'environ 200 collisions par croisement de faisceaux, une mise à niveau du système de détection et de déclenchement d'ATLAS est prévue. Dans le but de contribuer aux décisions du Forum stratégique européen sur les futurs projets de la physique des hautes énergies, l'analyse des couplages mesurés avec 80 fb -1 a été extrapolée au LHC haute luminosité (HL-LHC). Le but est, entre autres, de prendre une décision en faveur ou non d'un futur collisionneur linéaire international (ILC) [START_REF][END_REF].

L'analyse est extrapolée à la luminosité intégrée attendue au HL-LHC de 3000 fb -1 et à l'énergie du centre de masse de 14 TeV. Afin d'estimer au mieux le gain d'une analyse attendue du HL-LHC, il est nécessaire d'évaluer de faßon réaliste les incertitudes systématiques du aux conditions de prise de données et aux détecteurs différents, mais aussi de prendre en compte des méthode de reconstruction et calculs théoriques améliorés.

Les résultats de cette extrapolation montrent que la mesure des section efficaces dans tous les modes de production sera dominée par les erreurs systématiques. En particulier, il est important d'améliorer les prédictions théoriques aux-quelles ces mesures sont comparées. En combinant tous les modes de désintégration mesurés, il sera possible au HL-LHC de mesurer les section efficaces STXS, avec une granularité des régions cinématiques de plus en plus fine. 4.4 Examples of lineshape fits to the invariant mass distribution in MC for specific (η calo,i , η calo, j )bins. The dotted lines show the best-fit results for the single Gaussians, their sum is represented by the red line. In most cases, one Gaussian is describing the core of the distribution, while the two others are describing the tails. In some cases, one tail is more pronounced than the other. A few bins have very limited statistics; in this case, it can happen that a double peak structure is fitted from a fluctuation. The method profits from the simultaneous fit to many bins, in which the specific features from the single bins average out. . section is reported in each case. The cross sections for the background processes are omitted since the background normalisation is determined directly in the fit to the data. [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 6.1 Categories used for the Higgs boson mass measurement in H → γγ in Run 1. These categories are built to be exclusive; the categorisation of each event starts with C1 and goes in the order in the table. p Tt is the diphoton momentum orthogonal to the transverse thrust axis. The thrust axis represents a measure of the sphericality of the event. [START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF] . 6.2 Event categories used for the measurement of the Higgs boson couplings using the 2015 and 2016 data with ATLAS. η Zepp = η γγ -
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is the Zeppenfeld variable; it describes an average pseudorapidity between the diphoton system and the two jets in VBF-like events. 7.7 Function used to describe the continuum background in each category and bias induced by this choice on the measured signal yield. N SS is the absolute bias, that is added as an uncertainty in the measurement.
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 22 Figure 2.2: Example Feynman diagram of the e + e -→ µ + µ -process at leading order (left) and at next-to-leading order (right).

  O QC D + NL O EW ) → pp qq H (NN LO QC D + NL O EW ) → pp WH (NN LO QC D + NLO EW ) → pp ZH (NN LO QC D + NLO EW ) → pp ttH (N LO Q C D + N LO E W ) → pp bbH (NN LO QC D in 5FS , NLO QC D in 4FS ) → pp tH (N LO Q C D , t-c h + s-ch )
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 25 Figure 2.5: Cross sections for different Higgs boson production modes at a proton-proton collider with a centre-ofmass energy of 6-15 TeV [17]. A Higgs mass of 125 GeV is assumed in this plot. Additionally, example diagrams are shown for the main production modes. The lowest possible order is considered.
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 26 Figure 2.6: Branching ratio of the possible Higgs decay channels as a function of the Higgs mass [17].
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 227 Figure 2.7: Most important Feynman diagrams of the H → γγ decay. Other particles can also propagate in the loop.

. 1 .

 1 In the so-called Run 1 of the LHC from 2009 to 2013, pp-collisions at a centre-of-mass (CoM) energy of √ s = 7 and 8 TeV had been recorded. This dataset led to the discovery of the Higgs boson by ATLAS and CMS in 2012. During Run 2, pp-collisions at a CoM energy of √ s = 13 TeV have been recorded
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 31 Figure 3.1: CERN accelerator complex including all pre-acceleration steps before the LHC and the location of the main LHC experiments.[START_REF] Mobs | Complexe des accélérateurs du CERN -Août 2018[END_REF] 
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 32 Figure 3.2: Average pileup distribution in the different years of data taking in Run 2.The quoted integrated luminosity is slightly higher than the value quoted in Table5.1 because of data quality requirements applied later in the chain.[START_REF]Run 2 luminosity results[END_REF] 

Figure 3 . 3 :

 33 Figure 3.3: Luminosity delivered by the LHC during the Run 2 data taking.ATLAS recorded this data with an efficiency above 90%.[START_REF]Run 2 luminosity results[END_REF] 
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 34 Figure 3.4: Sketch of the ATLAS detector with its different sub-detectors. The total weight of the detector is approximately 7000 tons. (ATLAS Experiment ©2016 CERN)
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 35 Figure 3.5: Sketch of the EM barrel LAr calorimeter in ATLAS.[START_REF]Public Liquid-Argon Calorimeter Plots on Detector Status[END_REF] 
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 36 Figure 3.6: Plan of the LHC and HL-LHC schedule[START_REF]The HL-LHC project[END_REF] 
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 37 Figure 3.7: Relative jet energy resolution of calibrated jets from the 2017 dataset as a function of the transverse momentum of the jet. [63]
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 38 Figure3.8: JES uncertainties (left) and JER uncertainties (right) split in their different components as a function of p T for a chosen η region. In particular the JES uncertainties are important for Higgs measurements in the VBF and ttH production modes.[START_REF]Jet energy resolution in 2017 data and simulation[END_REF][START_REF]Jet energy scale and uncertainties in 2015-2017 data and simulation[END_REF] 
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 310 Figure 3.10: Algorithm flow of the electron and photon reconstruction based on super-clusters [67].
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 441 Figure 4.1: Schematic overview of the calibration chain for the electron and photon energies [73].
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 42 Figure 4.2: Z boson lineshape in 2017 data (as example) and MC after applying calibration steps 1-4. The residual miscalibration is corrected using energy scale factors and MC energy smearing.

Figure 4 . 3 :

 43 Figure 4.3: Values of the scale factors obtained with the template method for 2015, 2016, 2017 and 2018. The grey area represents the total systematic uncertainty combined for all years.
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 45222 Figure 4.5: Invariant mass distribution of toy Z → ee events with an exact invariant mass of 90 GeV, smeared according an additional constant term. The black line shows the case where both electrons are smeared separately with arbitrary additional constant term values c 1 and c 2 respectively, using Equation 4.8. The green line shows the direct Gaussian smearing of the invariant mass by the additional constant term c 2 i +c 2 j 2 . Both distributions differ in mean and shape. The red line represents a Gaussian fit to the black line, clearly showing that the smearing of the single electron energies does not lead to an effective Gaussian smearing of the invariant mass. The values of c 1 and c 2 are chosen unrealistically large to better visualise the effect.
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 46 Figure 4.6: Scaling of the relative (fitted) mean position after injection of an additional smearing on a Gaussian toy distribution.

Figure 4 . 7 :

 47 Figure 4.7:Closure test performed on pseudo-data generated from simulated events with known injected scale factors α in and c in . The scale factors are extracted using three different mass windows. The medium one is chosen based on these closure tests. A separate closure test has been performed using MC16a and MC16d; no large differences are observed, showing that there is no strong first order dependence on the pileup. A mismodelling of pileup between data and MC might still lead to uncertainties, which are however not directly related to the bias of the method.
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 48 Figure 4.8: Comparison of the two fit methods per year of data taking for the energy scale (top) and the additional constant term (bottom). The difference symmetrised in η calo is used as an uncertainty in order to reduce statistical fluctuations.
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 410 Figure 4.10: Comparison of the scale factors extracted using the lineshape method on different data taking periods of 2017 data. The two considered periods have a different LHC filling scheme.
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 3411412 Figure 4.11: Pileup profile split in data periods with nominal (black) and 8b4e (red) bunch schemes. The MC profile is shown using the nominal data scale factor (filled areas) and the more appropriate one for the noise modelling (solid lines). The calibration scale factors measured with different PRW scale factors are shown in Figure 4.12. The
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 4413 Figure 4.13: Impact of the different pileup reweighting scale factors on the calibration scale factors measured with both methods. The impact on α is similar between both methods.
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 414 Figure 4.14: Comparison of the two fit methods for data 2017 using the nominal data scale factor of 1/1.03 and the optimised one of 1/1.2(1/1.3) for the computation of pileup weights.
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 4 [START_REF] Martin | Parton distributions for the LHC[END_REF]. A small residual miscalibration is observed. The origin of the systematic trend in the data
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 415 Figure 4.15: Z boson lineshape in data and MC after applying the full calibration. In this figure, recommendations as from November 2018 are used, applying energy scale factors per year, using the α's computed from 2017 data to correct 2018 data. A common additional constant term correction is used for all years.
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 416 Figure 4.16: Pileup dependence of the energy scale estimated from the position of the calibrated Z boson peak position in 2015-2018 data. The peak position is calculated from the mean of the invariant mass distribution in the range m ee ∈ [80, 100] GeV. Only statistical errors are taken into account.
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 417 Figure 4.17: Systematic uncertainty on the energy calibration of electrons (top), unconverted photons (bottom left) and converted photons (bottom right) as a function of the energy of the particle. These uncertainties are computed from 2015 and 2016 data using the old electron and photon reconstruction algorithm; updated values are used with the calibration using the new, super-cluster based reconstruction. At 40 GeV, the uncertainty is constrained by uncertainty on the the scale factor measurement, which is performed at typical energies of electrons from the Z → ee decay. The extrapolation is specific to each uncertainty source.[START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] 
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 4184 Figure 4.18: Residual scale factors extracted from radiative Z → γ ( = e, µ) events in 2015 and 2016 data after application of the nominal photon calibration for unconverted photons (left) and converted photons (right).The grey band represents the uncertainty on the calibration as computed from the Z → ee scale factor extrapolated to photons.[START_REF]Electron and photon energy calibration with the ATLAS detector using 2015-2016 LHC proton-proton collision data[END_REF] 
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 420 Figure 4.20: Closure test for energy scale factors measured with the lineshape method simultaneously in three different electron p T bins. In the right figures, the p T bin of each electron is determined before injecting the energy scale factor to generate a pseudo-dataset and is not redetermined afterwards.
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 4 21 and 4.22 show the comparison of the energy resolution and scale respectively, for the two different values of the noise threshold. For illustration purposes, a coarse η calo binning is used, separating only the barrel and end-cap regions.

Figure 4 .

 4 21 and 4.22 and their usage as systematic uncertainty.4.5 Systematic uncertainty from choice of noise threshold used for super-cluster reconstruction

Figure 4 . 21 :

 421 Figure 4.21: Energy resolution of electrons (top), unconverted photons (middle) and converted photons (bottom) estimated as the IQE of the energy response as a function of the true transverse momentum. Two different noise thresholds, chosen for a pileup of µ = 40 (nominal) and µ = 35 (reduced), are used for the super-cluster construction. The difference is used as a systematic uncertainty on the calibration.

Figure 4 . 22 :

 422 Figure 4.22: Energy scale of electrons (top), unconverted photons (middle) and converted photons (bottom) estimated as the mean of the energy response as a function of the true transverse momentum. Two different noise thresholds, chosen for a pileup of µ = 40 (nominal) and µ = 35 (reduced), are used for the super-cluster construction.The difference is used as a systematic uncertainty on the calibration. The absolute, average energy scale is not zero; this is mainly due to the fact that the MVA based calibration is computed without pileup.
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 5 Common setup for the measurement of Higgs boson properties using H → γγ events
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 51 Figure 5.1: Inclusive diphoton invariant mass spectrum of event passing the basic diphoton event selection, including 2015-2017 data. [7]

Figure 5

 5 Figure 5.2: Efficiency to reconstruct the correct primary vertex as a function of the number of primary vertices in the event considering the hardest vertex (red) or the neural network algorithm (blue). The grey curve shows the distribution of the considered events from a MC16a simulation sample in terms of number of primary vertices.[START_REF]Selection and performance for the H → γγ 2018 analyses using[END_REF] 
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 553 Figure 5.3: Fit of a double-sided Crystal-Ball function to the signal distribution of the two highest statistics event categories.[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 

  Figure 5.4: Relative composition of the γγ, γ j and j j backgrounds on the inclusive background distribution. These purities are computed from a 2x2D ABCD sideband method using data control regions.[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 
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  Ns/NS,exp with 2ΔMC error band ζs/NS,exp
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 55 Figure 5.5: Illustration of the variable used for the relaxed spurious signal criteria. It is built to accommodate for local statistical fluctuations of the MC background template, which do not correspond to real signal biases.
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 61 Figure 6.1: Relative impact on the fitted mass in each event category from the total PES uncertainty.
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 62 Figure 6.2: Relative shift of the fitted mass for different injected values of m H using MC background and Asimov signal. The maximum between the points from m H = 124, 125&126 GeV is taken as systematic uncertainties in each category. All categories except the ttH and tH ones are shown.
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 3 Large values are obtained for m H 125 GeV. These are
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 63 Figure 6.3: Relative shift of the fitted mass for different injected values of m H using Asimov background and MC signal. The values from m H = 125 GeV are used as systematic uncertainties in each category. All categories except the ttH and tH ones are shown.

  m H = 124.93 ± 0.40 GeV = 124.93 ± 0.21 (stat) ± 0.34 (syst) GeV. This measurement is combined with the measurement in the H → ZZ * → 4 channel to obtain a higher precision. The combined measurement yields m H = 124.86 ± 0.27 GeV = 124.86 ± 0.18 (stat) ± 0.20 (syst). A summary of the different Higgs boson mass measurements performed in Run 1 and Run 2 is shown in Figure 6.4.
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 4 Result and combination
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 64 Figure 6.4: Summary of all Higgs boson mass measurements performed in ATLAS since Run 1, as well as the ATLAS+CMS Run 1 combination. [85]
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 6265 Figure 6.5: Likelihood scan as a function of the Higgs boson mass parameter in the two separate decay channels as well as for their combination on the left. The right plot shows the likelihood scans for the combination with the Run 1 mass measurement. The dashed lines show the measurements assuming statistical uncertainties only.[START_REF]Measurement of the Higgs boson mass in the H → ZZ * → 4 and H → γγ channels with √ s = 13 TeV pp collisions using the ATLAS detector[END_REF] 

  !``) VH dilep (8) top (t tH, tHq, tHW) (had decays) ttH had BDT1-4 (4-7) (lep decays) ttH lep BDT1-3 (1-3) b bH (merged at all stages with ggF)
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 72 Figure 7.2: Signal purity in terms of STXS truth process for the Standard Model prediction.
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 773 Figure 7.3: Signal purity in terms of Higgs boson production modes for the Standard Model prediction.
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 74 Figure 7.4: Signal purity in terms of Higgs boson production modes split for MC16a and MC16d. The difference between both is a measure of the impact of the increase of pileup between 2015-2016 (MC16a) and 2017 (MC16d), where the pileup was higher.
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 2 Signal parametrisation then applied to fit the measured Higgs boson mass m H from Run 1:
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 75 Figure 7.5: Fit of the background function chosen with the spurious signal test to the data sidebands excluding the signal range of m γγ ∈ [120, 130] GeV. This allows to check the agreement of the function that has been chosen on a MC template with the data. The fit results are used to build the Asimov dataset to measure the expected results.

Figure 7 . 5 :

 75 Figure 7.5: Fit of the background function chosen with the spurious signal test to the data sidebands excluding the signal range of m γγ ∈ [120, 130] GeV. This allows to check the agreement of the function that has been chosen on a MC template with the data. The fit results are used to build the Asimov dataset to measure the expected results.
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 76 Figure 7.6: Distribution of ggF events passing the preselection of input variables used in the BDT for VBF categorisation. The comparison between the nominal ggF MC sample and an alternative event generator is shown.
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 77 Figure 7.7: Relative difference in signal yield between the different ggF MC samples in the VBF categories. The events are further split in bins of truth jet multiplicity. To minimise fluctuations, 10k bootstraps have been generated for the alternative ggF sample; their distributions are shown on the y-axis: the boxes represent the 50% quantiles of the outcomes, while the dotted lines represent the 75% quantiles. However, some bins contain only a few number of events, especially the 0&1-jet bins have a very low statistics due to the N j ≤ 2 requirement at reconstruction level in the VBF preselection. This also explains that the relative difference can become smaller than -1 due to negative MC weights.
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 778 Figure 7.8: Left: background fit to data sidebands using different parametrisations. Right: difference between the alternative one parameter functions and the nominal background parametrisation. max(Nsig) is the maximum fitted signal, while max∆N([120,130]GeV) is the maximum integral of these functions within [120, 130] GeV. N_SS(current) is the value of the spurious signal.
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 7 Measurement of the Higgs boson couplings and cross-sections Weighted according to the ttH significance.
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 710711 Figure 7.10: Observed diphoton invariant mass spectrum compared to the best-fit-value of the signal plus background model. The weights are computed per category according to their signal significance defined by ln(1 + S 90 /B 90 ). S 90 (B 90 ) is the expected signal (background) events in the smallest m γγ window containing 90% of the expected signal events. The comparison of the two plots illustrates the impact of the categorisation on the sensitivity to the ttH production mode.[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 
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 7 Figure 7.12: Left: Fitted production mode cross sections relative to their SM expectations. The grey band represents the theoretical uncertainty on the SM cross section. Right: Correlation between measured cross sections.
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 713 Figure 7.13: Likelihood scan of the production mode cross section parameters σ γγ t normalised to their SM values.
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 714 photon ID efficiency -topology ρ jet pileup ee smearing → EG resolution, Z SS ggH 2j Low SS ggH 1j Med Pileup reweighting EG resolution, ID-material SS ggH 1j Low Luminosity SS ggH 0j Cen UEPS ggH photon isolation efficiency SS ggH 0j Fwd
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 6715 Figure 7.15: Post fit mass distributions weighted by the signal to background ratio in each category. To visualise the significance of each production mode, different cases are considered in which the different production modes are considered as signal, while the other production modes are treated as part of the background.[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 
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 716 Figure 7.16: Top: Measured STXS with strong merging scheme relative to the SM cross sections. The grey band represents the theoretical uncertainty on the SM cross section. Bottom: Observed correlation between the measured cross sections in the different STXS regions.
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 7 20 shows the measurement of effective couplings of the Higgs boson to photons and gluons Chapter 7 Measurement of the Higgs boson couplings and cross-sections
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 720 Figure 7.20: Best-fit values and uncertainties of effective modifiers to the photon and gluon couplings of the Higgs boson, with either B inv = B undet = 0 (left part), or B inv and B undet included as free parameters (right part).[START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] 
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 881 Figure 8.1: Distribution of the variables used in the training of the BDTs for VBF categorisation. Two BDTs are trained for high and low p H j j T regions.
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 82 Figure 8.2: ROC curves showing the rejection of ggH background (left) and diphoton background (right) as a function of the VBF selection efficiency.
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 383 Figure 8.3: Parton ID of the truth jets matched to the two leading jets in all events passing the VBF preselection.Events in the unmatched bin have at least one jets that has not been truth matched. On the left, the parton ID is shown separately for the leading and the sub-leading jets, while on the right side, the combination of both jets is shown.
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 84 Figure 8.4: Output of the VBF BDT trained adding truth quark-gluon information of the (sub)leading jets. Unmatched jets are given a random nature. The impact of the reduction of this information to the tracker acceptance is also shown. truth information on the quark gluon nature of the jets, the observed gain corresponds to the expectations from Figure 8.3. Adding the finite tracker acceptance only leads to a minimal loss in background rejection compared to the optimum. The reasons are discussed in Section 8.3.2.
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 385 Figure 8.5: Pseudo-rapidity of the selected (sub)leading jets in VBF and ggF events, split between quarks and gluons. The distributions are normalised to the total number of jets selected within a same production mode, being the sum of quark and gluon jets. The left plot shows the inclusive distribution after diphoton selection, while the right plot shows the distribution after the VBF preselection. Only truth matched jets are shown in this plot.

Figure 8 . 6 :

 86 Figure 8.6: Output of the VBF BDT trained adding truth quark-gluon information of the (sub)leading jets, smeared according to realistic working points of a quark-gluon tagger.
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 91 Definition of the most relevant EFT operators impacting the Higgs boson production and decay together with examples of diagrams in which they play a role. The operators are given in the Warsaw basis. G a µν , W I µν and B µν are the gauge field tensors of the strong and electroweak interactions, Φ is the Higgs field, T a is the SU(3) generator, and σ I are the Pauli matrices.
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 1 Simulation of the EFT impact process:

Figure 9 . 1 :

 91 Figure 9.1: Comparison of the kinematic distributions used for the STXS classification in ggF and VBF events generated with MadGraph at LO (red) and with Powheg at NNLOPS (black). Both samples assume the SM. The "nominal" samples correspond to the ones used in the STXS measurements.
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 192 Figure 9.2: Kinematic distributions used for the STXS classification in different production modes, impacted by the interference term for the most relevant EFT operators. The distributions are normalised to unity in order to show the shape difference; the bottom plot shows the difference between the modified distribution and the SM.
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 93 Figure 9.3: Two examples of linear fits to the variation of the interference term in specific STXS bins when varying the value of impacting Wilson Coefficients. All significant variations show a similar quality of the fit.
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 9 • c Hq3 + 0.184 • c ll1 qq/gg → Hll(p V T < 150GeV) 0.1218 • c Hbox + 0.0259 • c HDD + 0.696 • c HW + 0.0846 • c HB + 0.328 • c HW B + 0.1332 • c Hl1 -0.231 • c Hl3 -0.1076 • c He + 0.016 • c Hq1 + 1.409 • c Hq3 + 0.315 • c Hu -0.1294 • c Hd + 0.182 • c ll1 qq/gg → Hll(150 < p V T < 250GeV) 0.124 • c Hbox + 0.026 • c HDD + 0.85 • c HW + 0.102 • c HB + 0.389 • c HW B + 0.134 • c Hl1 -0.232 • c Hl3 -0.109 • c He -0.16 • c Hq1 + 3.56 • c Hq3 + 0.85 • c Hu -0.315 • c Hd + 0.184 • c ll1 qq/gg → Hll(p V T > 250GeV) 0.122 • c Hbox + 0.028 • c HDD + 0.88 • c HW + 0.121 • c HB + 0.43 • c HW B + 0.137 • c Hl1 -0.234 • c Hl3 -0.113 • c He -0.82 • c Hq1 + 8.5 • c Hq3 + 2.14 • c Hu -0.71 • c Hd + 0.182 • c ll1 top 0.133
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 94 Figure 9.4: Parametrisation of the interference term cross sections relative to the SM cross sections. The operators with the largest expected sensitivity in the parametrisation of the production mode cross sections are shown in this figure. Each histogram is normalised to one to visualise better the relative change in each STXS bin. This corresponds to the relative impact in each STXS bin compared to the impact on the inclusive cross section.
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 6 The most important parameters deduced from these eigenvectors Eigenvalue Eigenvector 95892.10 -1.00 • c HG 620 -0.24 • c HW + 0.13 • c Hl3 -0.95 • c Hq3 34 -0.14 • c G -0.13 • c Hbox + 0.16 • c Hl3 + 0.12 • |c uH | + 0.82 • |c uG | -0.17 • cqq 11 -0.40 • cqq 31 -0.18 • c uu1 -0.11 • c qu8 10 -0.64•c HW +0.18•c HW B +0.23•c Hl3 -0.18•c Hq1 +0.14•c Hq3 +0.60•c Hu -0.21•c Hd -0.14•c ll1 7 0.56•c HW +0.35•c HW B +0.12•c Hl1 -0.23•c Hl3 -0.26•c Hq3 +0.57•c Hu -0.21•c Hd +0.15•c ll1 3 0.22 • c Hbox -0.43 • c HW -0.77 • c Hl3 + 0.35 • c ll1 + 0.15 • |c uG | 0.4 -0.12 • c HDD + 0.69 • c HW -0.14 • c HB -0.57 • c HW B -0.27 • c Hl1 -0.28 • c Hl3 + 0.22 • c He -0.57 • c Hq1 + 1.99 • c Hq3 + 0.44 • c Hu + 0.12 • c ll1
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 9 Interpretation of the STXS measurements using an Effective Field Theory framework Eigenvalue Eigenvector 504594 0.16 • c HG -0.24 • c HW -0.84 • c HB + 0.45 • c HW B 14290 -0.99 • c HG -0.14 • c HB 63 0.14 • c HW + 0.96 • c Hq3 + 0.11 • c Hu + 0.15 • |c uG | 7 -0.11 • c G + 0.50 • c HW -0.13 • c HB -0.11 • c Hl3 + 0.11 • c Hq1 -0.18 • c Hq3 -0.26 • c Hu + 0.65 • |c uG | -0.13c qq11 -0.32c qq31 -0.14 • c uu1 3 0.56•c HW -0.18•c HB +0.15•c Hl3 +0.18•c Hq1 -0.49•c Hu +0.16•c Hd -0.47•|c uG |+0.23c qq31 2 -0.59 • c HW -0.25 • c HW B + 0.20 • c Hq1 + 0.16 • c Hq3 -0.65 • c Hu + 0.23 • c Hd + 0.12 • |c uG | 0.2 -0.20 • c Hbox -0.21 • c HB -0.40 • c HW B + 0.75 • c Hl3 -0.24 • c Hq1 -0.27 • c ll1 + 0.16 • |c uG | 0.1 0.11 • c Hbox -0.12 • c HDD -0.30 • c HB -0.53 • c HW B -0.31 • c Hl1 -0.47 • c Hl3 + 0.25 • c He -0.41 • c Hq1 + 0.11 • c Hu + 0.16 • c ll1

  He and c Hd due to the the precise measurement of the V H-leptonic production mode in the H → b b channel. |c eH | and |c dH | are constrained by the H → ττ and H → b b decays respectively.
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 2 Constraints of the Wilson Coefficients from a simultaneous fit Eigenvalue Eigenvector 241550 0.24 • c HG -0.23 • c HW -0.83 • c HB + 0.45 • c HW B 147981 -0.97 • c HG -0.21 • c HB + 0.11 • c HW B 6090 -0.12 • c HW -0.98 • c Hq3 -0.11 • c Hu 124 -0.20 • c HW B + 0.30 • c Hq1 + 0.14 • c Hq3 -0.85 • c Hu + 0.29 • c Hd 34 -0.21 • c Hbox -0.56 • c HW -0.24 • c HW B -0.11 • c Hl1 + 0.51 • c Hl3 -0.16 • c Hq1 + 0.17 • c Hu -0.37 • c ll1 -0.10 • |c dH | + 0.25 • |c uG | -0.12 • c qq3 1 22 -0.11•c G +0.60•c HW -0.12•c HB +0.18•c Hl3 +0.63•|c uG |-0.13•c qq11 -0.31•c qq31 -0.13•c uu1 16 -0.48 • c HW + 0.19 • c HB + 0.11 • c HW B + 0.13 • c Hl1 -0.47 • c Hl3 -0.11 • c He + 0.31 • c ll1 + 0.14 • |c dH | + 0.49 • |c uG | -0.24 • c qq31 -0.10 • c uu1 5 0.13 • c Hbox -0.14 • c HDD -0.33 • c HB -0.58 • c HW B -0.42 • c Hl1 -0.34 • c Hl3 + 0.33 • c He -0.24 • c Hq1 + 0.11 • c ll1 -0.17 • |c eH | 0.9 0.12 • c HW B + 0.26 • c Hq1 -0.21 • c ll1 -0.79 • |c eH | + 0.47 • |c dH | 0.4 0.18 • c Hbox -0.11 • c HW + 0.12 • c HW B -0.33 • c Hl1 -0.16 • c Hl3 + 0.26 • c He + 0.67 • c Hq1 + 0.18 • c Hu -0.20 • c Hd -0.12 • c ll1 -0.43 • |c dH | 0.2 -0.34 • c Hbox -0.23 • c Hl1 + 0.22 • c Hl3 + 0.15 • c He + 0.32 • c Hq1 + 0.11 • c Hu -0.11 • c Hd + 0.40 • c ll1 + 0.37 • |c eH | + 0.57 • |c dH | Table
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 95 Figure 9.5: Two-dimensional negative log-likelihood scan of c HW and c HB using different input measurements and parametrisations. The white area corresponds to the values of c HW and c HB leading to a negative signal yield. sensitive to the combination 1 ḡ2 2 c HW + 1 ḡ2 1

c

  Hq1 , c Hu and c Hd
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 296 Figure 9.6: Two-dimensional negative log-likelihood scan of the eigenvectors constructed from c HW and c HB . Both of them are slightly correlated with other operators in the fit. The white area corresponds to the values of the sum leading to a negative signal yield.
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 97 Figure 9.7: Observed correlation between the Wilson coefficients measured from the STXS analysis in the H → γγ channel. The observed correlations are in good agreement with the expected correlations obtained from a fit to Asimov data.

••

  Inclusive: 0.119 • c Hbox + 0.005 • c HDD -0.296 • c HW -0.197 • c HB + 0.296 • c HW B + 0.126 • c Hl1 -0.234 • c Hl3 -0.101 • c He + 0.180 • c ll1 With selection cuts: 0.121 • c Hbox + 0.007 • c HDD -0.063 • c HW -0.187 • c HB + 0.065 • c HW B + 0.128 • c Hl1 -0.236 • c Hl3 -0.103 • c He + 0.183 • c ll1
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 98 Figure 9.8: Observed correlation between the Wilson coefficients measured from the combined STXS analysis in several Higgs boson decay channel. The observed correlations are in good agreement with the expected correlations obtained from a fit to Asimov data.
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 99 Figure 9.9: Profile likelihood scans of the measured Wilson coefficients from the combined STXS fit.

Figure 9 . 10 :

 910 Figure 9.10: Invariant mass distribution of the leading (m 12) and subleading (m 34 ) lepton pairs from the H → 4 decay when adding the interference term with cHW = 1 (top) or cHW B = 1 (bottom) with or without applying the experimental event selection cuts at truth level. The acceptance are compared for the SM only case (A SM ) and the case of the additional interference term (A). The two shown operators are the ones with the largest impact on the selection acceptance. Note that the acceptance for c HW = 1 is > 1. This means that the size of the variation corresponds to a regime in which the validity of the EFT is not given, and BSM term become dominant. This effect has to be considered for final systematics estimations but does not change the general conclusion of the study.
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 3101 photon ID efficiency pileup reweighting photon isolation efficiency
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 102 Figure 10.2: Summary of the projected production mode cross section to the HL-LHC using uncertainties from scenario S2.
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 3103 Figure 10.3: Expected correlation between the measured Higgs boson production mode cross sections in the H → γγ channel at the HL-LHC.

Figure 10 . 4 :

 104 Figure 10.4: Evolution of the uncertainties on the measured production mode cross section as a function of the integrated luminosity at √ s = 14 TeV. Scenario S2 is considered for systematic uncertainties. Some systematic

Figure 10 . 5 :

 105 Figure 10.5: Left: Combination of projected production mode cross section measurements in from different Higgs boson decay channels; systematic uncertainties correspond to scenario S2. Right: comparison of systematic uncertainties from the two scenarios.[START_REF]Projections for measurements of Higgs boson cross sections, branching ratios, coupling parameters and mass with the ATLAS detector at the HL-LHC[END_REF] 

Figure 10 . 6 :

 106 Figure 10.6: Comparison of projected production mode cross sections from different Higgs boson decay channels.Systematic uncertainties correspond to scenario S2.[START_REF]Projections for measurements of Higgs boson cross sections, branching ratios, coupling parameters and mass with the ATLAS detector at the HL-LHC[END_REF] 
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Table 2 .

 2 1: Definition of the STXS stage 1 regions for each Higgs production mode, together with their SM expectation. Jets are defined at particle level and are required to have p T > 30 GeV. Due to the limited data statistics in the H → γγ channel only, a merged scheme is fitted. The measured regions are defined in the second column and are delimited by the black dotted lines. The blue dotted lines show the finer splitting that is used for the combined measurement in the H → γγ, H → ZZ

* , H → WW * , H → ττ and H → b b channels.

[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 

  .2. It is corrected by applying simple scale factors to the energy in data and to the

											4.2 Scale factor formalism
	event fraction	0.05 0.06 0.07 0.08	= 13 TeV, 2017 data ee → s Z						data MC
		0.04								
		0.03								
		0.02								
		0.01								
	Data/MC	1 1.2 1.4								
		0.8								
		0.6								
		80	82	84	86	88	90	92	94	96	98 100 [GeV] ee m

Table 5 .

 5 Chapter 5 Common setup for the measurement of Higgs boson properties using H → γγ events 1: Integrated luminosity recorded by ATLAS in Run 2 per year of data taking. The central value together with the uncertainty is shown.

		Year int. luminosity [ fb -1 ] uncertainty [ fb -1 ]
		2015	3.22	0.07
		2016	33.0	0.7
		2017	43.6	1.0
	Process	Generator	Showering	PDF set	σ [pb] √ s = 13 TeV	Order of σ calculation
	ggH	POWHEG NNLOPS	Pythia 8	PDF4LHC15	48.52	N 3 LO(QCD)+NLO(EW)
	V BF	POWHEG-Box	Pythia 8	PDF4LHC15	3.78	approximate-NNLO(QCD)+NLO(EW)
	WH	POWHEG-Box	Pythia 8	PDF4LHC15	1.37	NNLO(QCD)+NLO(EW)
	ZH	POWHEG-Box	Pythia 8	PDF4LHC15	0.76	NNLO(QCD)+NLO(EW)
	ggZH	POWHEG-Box	Pythia 8	PDF4LHC15	0.12	NNLO(QCD)+NLO(EW)
	ttH	POWHEG-Box	Pythia 8	PDF4LHC15	0.51	NNLO(QCD)+NLO(EW)
	bbH	POWHEG-Box	Pythia 8	PDF4LHC15	0.49	NNLO(QCD)+NLO(EW)
	tH jb	MG5_aMC@NLO	Pythia 8	CT10	0.07	4FS(LO)
	tWH	MG5_aMC@NLO Herwig++	CT10	0.02	5FS(NLO)
	γγ	Sherpa	Sherpa	CT10		
	Vγγ	Sherpa	Sherpa	CT10		
	ttγγ	MG5_aMC@NLO	Pythia 8	PDF4LHC15		

Table 5 .
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2: Event generators and PDF sets used to model signal and background processes. The cross sections of Higgs production processes are reported for a centre of mass energy of √ s = 13 TeV and a SM Higgs with mass 125.09

Table 6 .

 6 2: Event categories used for the measurement of the Higgs boson couplings using the 2015 and 2016 data with ATLAS. η Zepp = η γγ -

	η j1 η j2
	2

87 ]

 87 Chapter 6 Measurement of the Higgs boson mass

	Categorization	stat. error sys. error total error
		[GeV]	[GeV]	[GeV]
	Inclusive	+0.34 -0.30	+0.32 -0.29	0.44
	Run 1 categories	+0.26 -0.25	+0.30 -0.30	0.39
	Coupling categories	+0.26 -0.27	+0.31 -0.31	0.41
	4 VBF ⊕ Run 1 categories	+0.25 -0.25	+0.30 -0.30	0.39
	Run 1 ( 7+8 TeV )	0.45	0.27	0.52

Table 6 .

 6 3: Expected error in GeV on m H for different categorisations. The expected uncertainties from the Run 1 mass measurement[START_REF]Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb -1 of pp collision data[END_REF] are included as a reference in the last line.

Table 6 .

 6 4: Effective signal mass resolutions σ 68 defined as half the width containing 68% of the SM signal events for each reconstructed category. Further, f 90 = S 90 /(S 90 + B 90 ) is the expected purity, with the numbers of background events B 90 , measured by fits to the data, in the smallest interval expected to contain 90% of the SM signal events S 90 .[START_REF]Measurement of the Higgs boson mass in the H → ZZ * → 4 and H → γγ channels with √ s = 13 TeV pp collisions using the ATLAS detector[END_REF] 

	6.3 Systematic uncertainties

Table 6 .

 6 Chapter 6 Measurement of the Higgs boson mass 5: Main systematic uncertainties affecting the Higgs boson mass measurement in the H → γγ channel.[START_REF]Measurement of the Higgs boson mass in the H → ZZ * → 4 and H → γγ channels with √ s = 13 TeV pp collisions using the ATLAS detector[END_REF] 

	Source	Uncertainty on m H [MeV]
	LAr cell non-linearity LAr layer calibration Non-ID material Lateral shower shape ID material Z → ee calibration Conversion reconstruction Background model Primary vertex effect on mass scale Resolution Signal model	±180 ±170 ±120 ±110 ±110 ±80 ±50 ±50 ±40 ±20 ±20

  Chapter 7 Measurement of the Higgs boson couplings and cross-sections

			0-jet					ggF 0J Fwd, Cen (28, 29)
				p H T < 60 GeV			ggF 1J Low (27)
			1-jet,	60  p H T < 120 GeV 120  p H T < 200 GeV			ggF 1J Med (26) ggF 1J High (25)
		ggF + gg!Z (!qq)H,				p H T > 200 GeV	ggF 1J BSM (24)
						p H T > 200 GeV	ggF 2J BSM (20)
					not VBF-like,	p H T < 60 GeV	ggF 2J Low (23)
						60  p H T < 120 GeV	ggF 2J Med (22)
			2-jet,			120  p H T < 200 GeV	ggF 2J High (21)
					VBF-like*,	p T H j j p H j j T	< 25 GeV 25 GeV
	All Higgs events, |y H | < 2.5	qq 0 !Hqq 0 (VBF + V H hadronic),	p T < 200 GeV, j	VBF-like*, V H-like † Rest	p T H j j p H j j T	< 25 GeV 25 GeV	VBF low-p T H j j VBF high-p H j j T VH had BDT tight, loose (14, 15) BDT tight, loose (18, 19) BDT tight, loose (16, 17)
			p T > 200 GeV j				qqH BSM (13)

Table 7 .

 7 3: Summary of the definition of the event categories defined for the couplings measurement in the H → γγ channel with 80 fb -1 . Multivariate techniques are used for some production modes to improve the signal purity.[START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 80 fb -1 of pp collision data at √ s = 13[END_REF] 

	Index	Category	Selection	
	1 2 3 4 5 6 7 8 9 10 11 12	ttH lep BDT1 ttH lep BDT2 ttH lep BDT3 ttH had BDT1 ttH had BDT2 ttH had BDT3 ttH had BDT4 VH dilep VH lep High VH lep Low VH MET High VH MET Low	N lep ≥ 1, N jets ≥ 0 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.987 N lep ≥ 1, N jets ≥ 0 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.942 N lep ≥ 1, N jets ≥ 0 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.705 N lep = 0, N jets ≥ 3 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.996 N lep = 0, N jets ≥ 3 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.991 N lep = 0, N jets ≥ 3 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.971 N lep = 0, N jets ≥ 3 (p jet T > 25GeV), N 77 tags ≥ 1, BDT > 0.911 N lep ≥ 2, 70GeV ≤ m ≤ 110GeV N +E miss T T > 150GeV N +E miss T T < 150GeV, E miss T significance > 1 150 GeV < E miss T < 250 GeV, E miss T significance > 9 or E miss T > 250GeV 80 GeV < E miss T < 150 GeV, E miss T significance > 8
	13 14 15 16 17 18 19	qqH BSM VH had BDT tight VH had BDT loose VBF high-p H j j VBF high-p H j j VBF low-p H j j T BDT tight VBF low-p H j j	≥ 2 jets (p jet T > 30 GeV), p j1 T > 200GeV 60GeV < m j j < 120GeV, BDT > 0.78 60GeV < m j j < 120GeV, 0.35 < BDT < 0.78 T > 25 GeV, BDT > 0.48 ∆η j j > 2, η Zeppenfeld < 5, p H j j T < 25 GeV, BDT > 0.87	48 87
	20 21 22 23 24 25 26 27 28 29	ggH 2J BSM ggH 2J High ggH 2J Med ggH 2J Low ggH 1J BSM ggH 1J High ggH 1J Med ggH 1J Low ggH 0J Fwd ggH 0J Cen	N jets ≥ 2 (p jet T > 30 GeV), p γγ T ≥ 200 GeV N jets ≥ 2 (p jet T > 30 GeV), p γγ T ∈ [120, 200] GeV N jets ≥ 2 (p jet T > 30 GeV), p γγ T ∈ [60, 120] GeV N jets ≥ 2 (p jet T > 30 GeV), p γγ T ∈ [0, 60] GeV N jets = 1 (p jet T > 30 GeV), p γγ T ≥ 200 GeV N jets = 1 (p jet T > 30 GeV), p γγ T ∈ [120, 200] GeV N jets = 1 (p jet T > 30 GeV), p γγ T ∈ [60, 120] GeV N jets = 1 (p jet T > 30 GeV), p γγ T ∈ [0, 60] GeV N jets = 0 (p jet T > 30 GeV), one photon w/ |η| > 0.95 N jets = 0 (p jet T > 30 GeV), two photons w/ |η| ≤ 0.95	

lep = 1, |m eγ -89 GeV| > 5 GeV, p lep = 1, |m eγ -89 GeV| > 5 GeV, p T BDT tight ∆η j j > 2, η Zeppenfeld < 5, p H j j T BDT loose ∆η j j > 2, η Zeppenfeld < 5, p H j j T > 25 GeV, -0.5 < BDT < 0.

T BDT loose ∆η j j > 2, η Zeppenfeld < 5, p H j j T < 25 GeV, -0.39 < BDT < 0.

  7.2 Signal parametrisationcategories would be helpful for the following measurements. More detailed studies about possible improvements are described in Chapter 8.

		1 3 3 2 2 1 1 7 13 17 4 11 15 16 13 13 5 11 7 6 4 1 1 3 1 16 22 3 1 3 49 77 5 14 1 2 4 8 27 21 36 19 1 33 1 1 22 25 69 76 1 44 49 6 4 81 15 18 1 1 18 1 1 1 2 1 1 3 5 9 16 1 53 74 85 91 76 90 95 1 4 2 6 3 1 3 2 1 5 2 2 1 2 1 6 4 2 1 13 5 1 1 1 2 2 3 2 2 2 1 1 1 1 1	50 60 70 80 90 100	Region purity / Category [%]
				9				75	1 3 6 5 14 36 18 8 3 4		11 7 4 2	40
		7	9			52 1 66 1	2		8 3 25 8 3 6 9 3 24 29 9 3	3 1 7 4 1	30
		3			32				1		3		2		1		1
				62				3							4		20
			63 1			9				2 3 3 3		
	< 60 GeV)	1 5 5 49 1 71 1		24	22			4 4		9 6 8 2 11 1		4	1 2	10
	ggF (0-jet)	ggF 0J Cen 90 90 37 3 ggF 0J Fwd ggF 1J Low ggF 1J Med	ggF 1J High	ggF 1J BSM	ggF 2J Low 23 1 ggF 2J Med	ggF 2J High	ggF 2J BSM	VBF Low-Hjj BDT loose 2	VBF Low-Hjj BDT tight	VBF High-Hjj BDT loose 7	VBF High-Hjj BDT tight	VH had BDT loose	VH had BDT tight	qqH BSM	Reconstruction Category VH MET Low VH MET High VH lep Low VH lep High VH dilep ttH had BDT4 ttH had BDT3 ttH had BDT2 ttH had BDT1 ttH lep BDT3 ttH lep BDT2 ttH lep BDT1 2 5	0

Table 7 .

 7 4: Efficiencies for each category computed per production mode. Values labelled as -correspond to efficiencies that are smaller than 0.05%. The total predicted SM efficiency combining all production modes is 40.2%.

	7.2 Signal parametrisation

Table 7
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	.5.					
	Category	σ 68 [GeV] σ 90 [GeV]	S 90	B 90	f 90 Z 90
	ggH 0J Cen	1.7	3.0	630	13 000	0.1 5.6
	ggH 0J Fwd	2.1	3.8	1 100	46 000	0.0 5.2
	ggH 1J Low	1.9	3.6	560	19 000	0.0 4.0
	ggH 1J Med	1.8	3.4	300	6 900	0.0 3.6
	ggH 1J High	1.7	3.1	62	640	0.1 2.4
	ggH 1J BSM	1.4	2.7	16	80	0.2 1.8
	ggH 2J Low	2.0	3.6	160	7 700	0.0 1.9
	ggH 2J Med	1.9	3.4	140	4 100	0.0 2.1
	ggH 2J High	1.7	3.1	57	690	0.1 2.2
	ggH 2J BSM VBF low-p H j j T BDT loose VBF low-p H j j T BDT tight VBF high-p H j j T BDT loose VBF high-p H j j T BDT tight VH had BDT loose	1.5 1.9 1.7 1.8 1.7 1.8	2.8 3.5 3.1 3.5 3.2 3.2	14 37 26 34 41 31	61 280 35 690 320 470	0.2 1.7 0.1 2.2 0.4 4.0 0.1 1.3 0.1 2.3 0.1 1.4
	VH had BDT tight	1.6	2.9	23	110	0.2 2.1
	qqH BSM	1.5	2.8	38	610	0.1 1.5
	VH MET Low	1.9	3.6	1.3	9.8	0.1 0.4
	VH MET High	1.6	3.0	2.4	6.5	0.3 0.9
	VH lep Low	1.9	3.4	11	95	0.1 1.1
	VH lep High	1.5	3.0	2.8	5.3	0.3 1.1
	VH dilep	1.7	3.2	1.6	2.6	0.4 0.9
	ttH had BDT4	1.7	3.2	6.1	55	0.1 0.8
	ttH had BDT3	1.7	3.2	6.7	33	0.2 1.1
	ttH had BDT2	1.6	3.1	4.1	8.2	0.3 1.4
	ttH had BDT1	1.4	2.7	4.8	1.4	0.8 3.0
	ttH lep BDT3	1.9	3.5	1.1	4.7	0.2 0.5
	ttH lep BDT2	1.8	3.3	2.5	4.9	0.3 1.1
	ttH lep BDT1	1.6	3.0	4.8	2.2	0.7 2.6

Table 7 .

 7 5: Effective signal mass resolutions σ 68 (σ 90 ) defined as half the width containing 68% (90%) of the SM signal events for each reconstructed category. The numbers of background events B 90 , measured by fits to the data, in the smallest interval expected to contain 90% of the SM signal events S 90 are given. f 90 ≡ S 90 /(S 90 + B 90 ) is the expected purity and Z 90 ≡ 2((S 90 + B 90 ) log(1 + S 90 /B 90 ) -S 90 ) the expected significance of the signal w.r.t. to the continuum diphoton background.

Table 7 .

 7 6: Theoretical uncertainties, on the cross sections from QCD scale and parton density functions for the different production modes for √ s = 13 TeV and m H = 125 GeV [90].

	ggF (N3LO) VBF WH ZH ttH tH jb tHW	scale [%] PDF+α S [%] +3.9 -3.9 +3.2 -3.2 +0.4 -0.3 +2.1 -2.1 +0.5 -0.7 +1.9 -1.9 +3.8 -3.0 +1.6 -1.6 +5.8 -9.2 +3.6 -3.6 +6.5 -14.7 +3.7 -3.7 +4.9 -6.7 +6.3 -6.3

Table

  

	ggH 0J Cen ggH 0J Fwd ggH 1J Low ggH 1J Med ggH 1J High	Function exponential 2 nd order polynomial 48.8 N SS exponential 2 nd order polynomial 227.0 exponential 2 nd order polynomial 45.4 exponential 2 nd order polynomial 40.7 1 st order power law 9.98	N SS σ bkg 41.0 [%] 41.2 31.8 43.0 38.0	N SS N S,exp 6.9 [%] 8.1 7.3 12.3 14.1
	ggH 1J BSM ggH 2J Low ggH 2J Med ggH 2J High	exponential exponential 2 nd order polynomial 38.0 2.45 exponential 2 nd order polynomial 21.7 1 st order power law 5.56	30.2 39.3 29.7 28.4	14.5 21.1 14.2 11.7
	ggH 2J BSM VBF low-p H j j T BDT loose 1 st order power law exponential VBF low-p H j j T BDT tight exponential VBF high-p H j j T BDT loose exponential VBF high-p H j j T BDT tight exponential VH had BDT loose 1 st order power law	0.432 3.54 0.861 5.94 3.94 6.21	5.15 61.1 80.8 42.5 94.6 28.5	3.1 25.0 17.8 31.7 38.1 18.7
	VH had BDT tight	exponential	1.79	17.0	7.1
	qqH BSM	exponential	11.6	47.0	27.5
	VH MET Low VH MET High	exponential 1 st order power law	2.45 1.94	69.0 61.9	172.0 79.2
	VH lep Low	exponential	4.67	47.1	37.9
	VH lep High VH dilep ttH had BDT4 ttH had BDT3	exponential 1 st order power law 1 st order power law 1 st order power law	0.598 0.608 0.11 0.36	27.8 34.0 7.7 11.5	19.5 39.4 2.4 7.9
	ttH had BDT2 ttH had BDT1	exponential 1 st order power law	0.63 0.96	10.4 12.3	8.8 14.9
	ttH lep BDT3 ttH lep BDT2 ttH lep BDT1	exponential 1 st order power law 1 st order power	0.12 0.33 0.24	7.2 13.1 10.2	2.7 11.3 18.8

Table 7
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	.8 lists the exact

Table 7 .

 7 . A detailed breakdown of the impact of the Chapter 7 Measurement of the Higgs boson couplings and cross-sections 8: Observed (expected) values of the product of cross section and H → γγ branching ratio for the four main Higgs boson production channels. Following the definition of the STXS, the measurements are restricted to the fiducial phase space of the detector acceptance of |y H | < 2.5. The SM predictions are taken from[START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4[END_REF].

	Production mode	σ γγ			Uncertainty [ fb]			SM prediction
	(|y H | < 2.5)	[ fb]	stat.	exp.	theo.	[ fb]
	ggF +bbH	98 +15 -14 102 +15 -14	+11 -11	+11 -11	+9 -8	+9 -8	+4 -3	+3 -3	102 +5 -7
	VBF	11.2 +3.4 -3.0 8.0 +2.9 -2.5	+2.6 -2.4	+2.4 -2.2	+1.3 -1.2	+1.3 -0.9	+1.9 -1.1	+1.1 -0.7	8.0 ± 0.2
	V H	4.88 +2.67 -2.46 4.53 +2.68 -2.47	+2.39 -2.24	+2.42 -2.26	+1.02 -0.91	+0.99 -0.88	+0.59 -0.45	+0.56 -0.44	4.5 ± 0.2
	top	1.49 +0.57 -0.49 1.33 +0.49 -0.42	+0.49 -0.44	+0.45 -0.40	+0.23 -0.16	+0.14 -0.09	+0.18 -0.13	+0.15 -0.11	1.3 ± 0.1

Table 7 .

 7 7.6 Combination with other Higgs boson decay channels

	Truth bin	σ γγ			Uncertainty [ fb]			SM prediction
	(|y H | < 2.5)	[ fb]	stat.	exp.	theo.	[ fb]
	ggH, 0 j	58 +15 -14 63 +14 -13	+11 -11	+10 -10	+10 -9	+10 -8	+2 -1	+2 -1	63 ± 5
	ggH, 1 j, 0 < p H T < 60GeV	18 +10 -9 15 +10 -9	+8 -8	+8 -8	+6 -5	+6 -4	+1 -1	+1 1	15 ± 2
	ggH, 1 j, 60 < p H T < 120GeV	9.2 +5.2 -4.9 10.3 +5.0 -4.7	+4.4 -4.4	+4.3 -4.3	+2.5 -2.1	+2.3 -2.1	+1.1 -0.5	+1.1 -0.5	10 ± 2
	ggH, 1 j, 120 < p H T < 200GeV	2.6 +1.5 -1.3 1.7 +1.3 -1.2	+1.2 -1.2	+1.1 -1.1	+0.8 -0.6	+0.6 -0.5	+0.3 -0.1	+0.2 -0.1	1.7 ± 0.3
	ggH, ≤ 2 j	7.1 +6.1 -5.7 10.9 +6.1 -5.6	+5.2 -5.2	+5.3 -5.2	+2.5 -1.8	+2.8 -2.0	+2.0 -1.5	+1.4 -0.7	11 ± 2
	qq → Hqq	14.5 +4.9 -4.2 10.4 +4.1 -3.6	+3.7 -3.5	+3.5 -3.3	+2.3 -1.5	+1.6 -1.0	+2.2 -1.6	+1.5 -1.0	10.0 ± 0.5
	ggH + qq → Hqq, BSM-like 1.39 +0.92 -0.90 1.84 +0.92 -0.87	+0.82 -0.80	+0.83 -0.81	+0.36 -0.35	+0.37 -0.31	+0.21 -0.22	+0.12 -0.08	1.8 ± 0.4
	V H, lep	2.0 +1.1 -1.0 1.5 +1.0 -0.9	+1.0 -0.9	+0.9 -0.8	+0.4 -0.4	+0.4 -0.4	+0.1 -0.1	+0.1 -0.0	1.4 ± 0.1
	top	1.50 +0.58 -0.51 1.33 +0.49 -0.42	+0.49 -0.45	+0.45 -0.40	+0.23 -0.17	+0.14 -0.09	+0.21 -0.19	+0.15 -0.11	1.3 ± 0.1
	Analysis					Int. lumi. ( fb -1 )	
	H → γγ (incl. ttH) H → ZZ * → 4 (incl. ttH) H → WW * → eνµν H → ττ V H, H → b b VBF, H → b b H → µµ ttH H → b b and multilepton H →invisible Off-shell H → ZZ Table				79.8 79.8 36.1 36.1 79.8 24.5-30.6 79.8 36.1 36.1		

9: Observed (expected) values of the product of cross section and H → γγ branching ratio for STXS in the strong merging scheme. Following the definition of the STXS, the measurements are restricted to the fiducial phase space of the detector acceptance of |y H | < 2.5. The SM predictions are taken from

[START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4[END_REF]

. * → 4 and H → ZZ * → 2 ν 36.1

  Chapter 7 Measurement of the Higgs boson couplings and cross-sections

	Preliminary -1 = 13 TeV, 24.5 -79.8 fb ATLAS s	Total	Stat.		Syst.	SM
	H SM m p	y = 125.09 GeV, | = 71%	H	| < 2.5			Total Stat. Syst.
	ggF	γ	γ						0.96	±	0.14	(	±	0.11	,	-+	0.08 0.09	)
	ggF	ZZ					1.04	-+	0.15 0.16	(	±	0.14	,	±	0.06	)
	ggF	WW				1.08	±	0.19	(	±	0.11	,	±	0.15	)
	ggF	τ τ						0.96	-+	0.52 0.59	(	-+	0.36 0.37	,	-+	0.38 0.46	)
	ggF comb.				1.04	±	0.09	(	±	0.07	,	-+	0.06 0.07	)
	VBF	γ	γ						1.39	-+	0.35 0.40	(	-+	0.30 0.31	,	-+	0.19 0.26	)
	VBF	ZZ					2.68	-+	0.83 0.98	(	-+	0.81 0.94	,	-+	0.20 0.27	)
	VBF	WW				0.59	-+	0.35 0.36	(	-+	0.27 0.29	,	±	0.21	)
	VBF	τ τ						1.16	-+	0.53 0.58	(	-+	0.40 0.42	,	-+	0.35 0.40	)
	VBF	bb					3.01	-+	1.61 1.67	(	-+	1.57 1.63	,	-+	0.36 0.39	)
	VBF comb.				1.21	-+	0.22 0.24	(	-+	0.17 0.18	,	-+	0.13 0.16	)
	VH	γ	γ							1.09	-+	0.54 0.58	(	-+	0.49 0.53	,	-+	0.22 0.25	)
	VH	ZZ						0.68	-+	0.78 1.20	(	-+	0.77 1.18	,	-+	0.11 0.18	)
	VH	bb						1.19	-+	0.25 0.27	(	-+	0.17 0.18	,	-+	0.18 0.20	)
	VH	comb.				1.15	-+	0.22 0.24	(	±	0.16	,	-+	0.16 0.17	)
	ttH	tH +	γ	γ				1.10	-+	0.35 0.41	(	-+	0.33 0.36	,	-+	0.14 0.19	)
	ttH	tH +	VV				1.50	-+	0.57 0.59	(	-+	0.42 0.43	,	-+	0.38 0.41	)
	ttH	tH +	τ τ				1.38	-+	0.96 1.13	(	-+	0.76 0.84	,	-+	0.59 0.75	)
	ttH	tH +	bb				0.79	-+	0.59 0.60	(	±	0.29	,	±	0.52	)
	ttH	tH +	comb.				1.21	-+	0.24 0.26	(	±	0.17	,	-+	0.18 0.20	)
	2 -								0		2	4		6	8
								Parameter normalized to SM value
	Figure													

  7.6 Combination with other Higgs boson decay channels

																	5
	Total ATLAS = 13 TeV, 36.1 -79.8 fb Stat. Preliminary -1 s | < 2.5 H y = 125.09 GeV, | H m = 89% SM p	B B B B	ZZ ZZ ZZ /B /B /B WW γ γ b b ZZ /B -τ + τ	0.86 0.63 0.86 0.87	Total Stat. Syst. ) 0.06 -0.07 + , 0.11 -0.12 + ( 0.12 0.14 + -) 0.22 -0.27 + , 0.18 -0.22 + ( 0.28 0.35 + -) 0.11 -0.12 + , 0.11 -0.13 + ( 0.16 0.18 + -) 0.14 -0.19 + , 0.19 -0.22 + ( 0.24 -0.29 +
							Syst.	SM	0.5	2 -	0	2	4	6	8
																	Total Stat. Syst.
	gg gg gg gg gg gg	→ → → → → →	H H H H H H	ZZ < 60 GeV < 120 GeV ZZ B × H T p ≤ < 200 GeV × H T p ≤ , 1-jet, 120 B × , 0-jet H T p , 1-jet, , 1-jet, 60 ZZ B B ZZ ZZ × B × 200 GeV ≥ H T p 1-jet, ≥ , ZZ B × < 200 GeV H T p 2-jet, ≥ ,	1.29 0.57 0.87 1.30 2.05 1.11	0.17 0.18 + -0.41 0.43 + -0.34 0.38 + -0.72 0.81 + -0.72 0.84 + -0.51 -0.56 +	( ( ( ( ( (	, 0.15 0.16 , 0.35 0.37 , 0.31 0.33 , 0.65 0.71 , 0.64 0.73 , 0.44 --+ -+ -+ -+ -+ 0.46 +	-+ -+ -+ -+ -+ -+	) 0.08 0.09 ) 0.22 0.23 ) 0.15 0.18 ) 0.30 0.39 ) 0.32 0.43 ) 0.26 0.32
	qq qq qq	→ → →	Hqq Hqq Hqq	, VBF topo + Rest ZZ B × , VH topo × 200 GeV ≥ j T p ,	× B	B ZZ	ZZ	1.57 -0.12 -0.95	0.38 0.45 + -1.13 1.35 + -1.48 -1.51 +	( ( (	, 0.32 0.36 , 1.11 --+ 1.31 + , 1.29 -1.34 +	-+ -+ -+	) 0.21 0.27 ) 0.24 0.32 ) 0.72 0.69
	qq qq	→ →	Hl Hl	ν ν	, ,	p p	T V T V	< 250 GeV 250 GeV ≥	× ×	ZZ ZZ B B	2.28 1.91	1.01 1.24 + -1.19 -2.32 +	( (	, 0.85 1.02 , 1.00 --+ 1.44 +	-+ -+	) 0.55 0.71 ) 0.66 1.81
	gg/qq gg/qq gg/qq	→ → →	Hll Hll Hll	ZZ < 250 GeV B × < 150 GeV T V p ≤ , 150 T V p , ZZ B × 250 GeV ≥ T V p ,	×	B	ZZ	0.85 0.86 2.92	1.57 1.26 + -1.13 1.29 + -1.50 -3.03 +	( ( (	-+ -+ -+	, 0.98 1.01 , 0.90 1.02 , 1.33 1.87	-+ -+ -+	) 1.22 0.76 ) 0.70 0.79 ) 0.71 2.38
	ttH + tH		×	B	ZZ		1.44	0.33 -0.39 +	(	-+	, 0.27 0.30	-+	) 0.19 0.24
										-	10		-	5	0	5	10	15
																	Parameter normalized to SM value

Figure 7

.18: Best-fit values and uncertainties of the cross sections in each measurement region and of the ratios of branching fractions relative to BR 4 . These results are normalised to the SM expectation.

[START_REF]Combined measurements of Higgs boson production and decay using up to 80 fb -1 of proton-proton collision data at √ s = 13 TeV collected with the ATLAS experiment[END_REF] 

Table 8 .

 8 1. These number are based on preliminary results of the BDT-based ATLAS quark-gluon tagger.

	Gluon efficiency Quark rejection
	50%	90%
	60%	85%
	70%	78%
	80%	69%
	90%	56%

Table 8 .

 8 

1: Working points selected from the ROC curve of a realistic quark-gluon tagger. Gluon tagging is used here, but quark tagging leads to a similar result.

Table
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	ggF +bbH	generate p p > h QED=1
		add process p p > h j QED=1
		add process p p > h j j QED=1
		add process p p > h b b~QED=1
	VBF +V Hhad generate p p > h j j QCD=0
	ZHlep	generate p p > h l+ l-
	WHlep	generate p p > h l+ vl
		add process p p > h l-vlt
	tH	generate p p > h t tt
	H jb	generate p p > h t b~j
		add process p p > h t~b j
	tHW (5FS)	define p = p b bg
		enerate p p > h t w-
		add process p p > h t~w+

Table 9 .

 9 3: Parametrisation of the cross section in the measured STXS regions considering the interference terms.

	Only terms with

Table 9 .

 9 5: Parametrisation of the decay widths of the considered Higgs boson decays as well as for the total Higgs boson width. Only terms with

	Γ int
	Γ SM i

> 0.1%c i are considered.

Table 9 .

 9 7: Eigenvectors corresponding to the largest eigenvalues of the inverse covariance matrix of the Wilson coefficients. The inverse covariance matrix is obtained from the propagation of the EFT parametrisation to the STXS times H → γγ branching ratio covariance matrix for the measurement in the H → γγ channel. Both, the production and the decay cross sections are parametrised as a function of the Wilson coefficients. Only Wilson coefficients with a factor larger than 10% are considered for each eigenvector.

Table 9 .

 9 .9, together with the expected uncertainties from Asimov data. The observed correlations 9: Fitted values of Wilson coefficients from the measurement in the H → γγ channels. The uncertainties are obtained from MINOS. The expected uncertainties are obtained from a fit to an Asimov dataset. between these measurements are shown in Figure9.7. The strong correlation between c HG with 0.27 • c HW + 0.96 • c HB is expected from the sensitivity studies in Section 9.2.1. The addition of other Higgs boson decay channels is expected to provide additional sensitivity to both parameters separately.

	Coefficient	measured value uncertainty expected uncertainty
	c HG 0.27 • c HW + 0.96 • c HB 0.96 • c HW -0.27 • c HB c Hq3 |c uG | c Hu	-0.0096 -0.0004 -1.0 0.70 0.23 -4.7	+0.0094 -0.0097 +0.0086 -0.0089 +2.1 -2.0 +0.57 -0.54 +0.55 -0.60 +2.1 -2.1	+0.0092 -0.0096 +0.0088 -0.0092 +2.2 -2.1 +0.56 -0.54 +0.51 -0.55 +2.1 -2.1

  While the two-body decay channels are mostly Chapter 9 Interpretation of the STXS measurements using an Effective Field Theory framework

	Coefficient	measured value uncertainty expected uncertainty
	c HG c Hq3 0.27 • c HW + 0.96 • c HB 0.96 • c HW -0.27 • c HB |c uG | c Hl3 c Hl1 -c He |c eH | |c dH | -0.3c Hd + 0.9c Hu -0.3c Hq1	-0.0011 0.06 0.0001 -0.17 -0.20 -0.1 0.44 -0.3 -0.7 -0.08	+0.0093 -0.0091 +0.11 -0.10 +0.0058 -0.0060 +0.74 -0.77 +0.35 -0.37 +1.1 -1.1 +0.90 -0.90 +2.8 -2.9 +4.4 -4.5 +0.35 -0.35	+0.0090 -0.0091 +0.11 -0.10 +0.0059 -0.0060 +0.76 -0.74 +0.32 -0.34 +1.1 -1.1 +0.87 -0.86 +2.7 -2.8 +4.4 -4.4 +0.34 -0.34

Table 9 .

 9 10: Fitted values of Wilson coefficients from the combined measurement in all decay channels. The uncertainties are obtained from MINOS. The expected uncertainties are obtained from a fit to an Asimov dataset.

Table 10
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	.1.

Table 10 .

 10 1: Scale factor between the Higgs boson production mode cross sections at 13 TeV (LHC Run 2) and 14 TeV (HL-LHC)[START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4[END_REF].

  80 fb -1 shown in Chapter 7. Their fitted values are listed in Table 10.2. To account for the change in cross section between the different centre-of-mass energies, Prod. mode Scenario ∆σ tot /σ SM ∆σ stat /σ SM ∆σ exp /σ SM ∆σ theo /σ SM ∆µ theo,sig

	ggF+bbH	Run 2, 80 fb -1	+0.15 -0.14	+0.11 -0.11	+0.09 -0.08	+0.03 -0.02	+0.08 -0.06
		HL-LHC S1	+0.06 -0.05	+0.02 -0.02	+0.05 -0.05	+0.01 -0.01	+0.07 -0.06
		HL-LHC S2	+0.04 -0.03	+0.02 -0.02	+0.03 -0.03	+0.01 -0.01	+0.03 -0.03
	V BF	Run 2, 80 fb -1	+0.36 -0.31	+0.30 -0.28	+0.16 -0.11	+0.13 -0.09	+0.15 -0.10
		HL-LHC S1	+0.14 -0.13	+0.04 -0.04	+0.08 -0.07	+0.11 -0.10	+0.11 -0.10
		HL-LHC S2	+0.10 -0.09	+0.04 -0.04	+0.06 -0.06	+0.06 -0.05	+0.06 -0.06
	V H	Run 2, 80 fb -1	+0.59 -0.54	+0.54 -0.50	+0.22 -0.20	+0.12 -0.09	+0.18 -0.11
		HL-LHC S1	+0.11 -0.10	+0.08 -0.08	+0.06 -0.05	+0.05 -0.04	+0.09 -0.08
		HL-LHC S2	+0.09 -0.09	+0.08 -0.08	+0.04 -0.03	+0.03 -0.03	+0.05 -0.05
	top	Run 2, 80 fb -1	+0.37 -0.32	+0.34 -0.30	+0.10 -0.07	+0.10 -0.07	+0.18 -0.11
		HL-LHC S1	+0.11 -0.10	+0.05 -0.05	+0.07 -0.06	+0.07 -0.07	+0.13 -0.11
		HL-LHC S2	+0.08 -0.08	+0.05 -0.05	+0.05 -0.04	+0.04 -0.04	+0.07 -0.06

  2 , où λ décrit l'auto-interaction quartique des champs scalaires. Pour µ 2 < 0, un nombre infini d'états dégénérés à énergie minimale apparaissent qui satisfontΦΦ † = -µ 2 2λ 2λ = v 2 2 ,v 0 étant la valeur moyenne du vide (vev). Le "choix" arbitraire de l'un des états d'énergie minimale induit une brisure spontanée de symétrie, conduisant à l'apparition d'un scalaire massif et de trois bosons de Goldstone sans masse. Ces derniers peuvent être absorbés par le choix d'une transformation de jauge appropriée et être interprétés comme les degrés de liberté longitudinaux des bosons W ± et Z, qui deviennent donc massifs. Ce modèle est entièrement décrit par quatre degrés de liberté, les couplages de jauge g W et g = g W tan θ W , et deux paramètres du potentiel de Higgs λ et µ, qui sont déterminés par la masse du W, l'angle de Weinberg θ W et la masse du Higgs m 2 H = 2λv 2 . Ces couplage du boson de Higgs aux bosons de jauge sont proportionnels aux masses des bosons de jauge:

2 L'expérience ATLAS au LHC et la reconstruction de particules

  La production du boson de Higgs au LHC s'effectue selon différents modes de production. Leur section efficace dépend du couplage du boson de Higgs aux particules impliquées, mais aussi essentiellement des fonctions de distribution des partons (PDFs), qui décrivent la distribution d'impulsion des partons (quarks et gluons) a l'intérieur des protons qui collisionnent. En raison de la contribution dominante des gluons au LHC, le mode de production Higgs le plus important est la fusion gluon-gluon (ggF). Même si le boson de Higgs ne couple pas aux gluons à l'ordre dominant, la production d'un boson de Higgs par fusion de gluons peut avoir lieu à ordre supérieur par l'intermédiaire de boucles de particules massives. Le deuxième mode de production le plus important est la fusion de bosons vecteurs (VBF). Dans ce mode de production, le boson de Higgs couple à une paire de bosons vecteurs (W ou Z) et est produit en association avec deux quarks; ceux-ci sont détectés sous forme de jets. La production de bosons de Higgs via "Higgs Strahlung" par un boson vecteur (V H) ou en association avec un ou deux quarks top (ttH ou tH) sont beaucoup plus rares. Cependant, la production en association avec une paire de quarks top permet une mesure directe du couplage du bosonde Higgs avec le quark top. Ceci est particulièrement intéressant pour rechercher des indices de nouvelle physique, car le quark top est la particule la plus lourde du SM. Le boson de Higgs est reconstruit dans un de ses modes de désintégration. Il peut se désintégrer en une B.2 L'expérience ATLAS au LHC et la reconstruction de particules paire de photons par des processus invoquant des boucles de particules massives, surtout des bosons W et des quarks top. A une masse du boson de Higgs de 125 GeV, le taux d'embranchement est d'environ 3 • 10 -3 . La reconstruction de deux photons représente une signature propre dans le détecteur et permet une bonne résolution en masse invariante. Ce signal peut donc bien être séparé du fond diphoton continu dominant, qui a une forme lisse et bien paramétrable. Par conséquent, ce canal est très favorables aux mesures de précision. Afin de faire des prédictions permettant d'analyser les données, des événements Monte Carlo sont utilisés, simulant les production et désintégration du boson de Higgs ainsi que les bruits de fond principaux au niveau théorique, et également la réponse du détecteur. Les sections efficaces de production du boson de Higgs dans ses différents canaux de production sont prédites dans le SM pour une masse du boson de Higgs donnée. Une mesure précise de ces sections efficaces représente donc un excellent test du SM. De nombreux modèles BSM prévoient des écarts de l'ordre de 1% dans les couplages par rapport aux prédictions du SM. Le Grand Collisionneur de Hadrons (LHC) est un accélérateur circulaire de 27 km de circonférence situé près de Genève, entre la Suisse et la France. Il a la capacité d'accélérer les protons et les ions lourds. Dans cette thèse, exclusivement des collisions proton-proton sont utilisées. Les quatre détecteurs principaux sont les détecteurs polyvalents ATLAS et CMS, le détecteur LHCb conçu pour étudier la physique des saveurs, et le détecteur ALICE spécialisé dans les mesures des collisions d'ions lourds. Durant la première période de prise de données (Run 1) de 2009 à 2013, des collisions pp au centre de masse (CoM) d'une énergie de √ s = 7 et 8 TeV avaient été enregistrées. Cet ensemble de données a conduit à la découverte du boson de Higgs par ATLAS et CMS en 2012. L'ensemble de données du Run 2 a une luminosité intégrée de 139 fb -1 . Les analyses décrites dans cette thèse portent sur les sous-ensembles de données 2015-2016 ou 2015-2017.

B.

1 .

 1 Dans un premier temps, des BRT (Boosted Regression Trees) sont entraînés sur des électrons et photons simulés. Ceci est fait séparément pour les photons convertis et non convertis. Les variables d'entrée contiennent l'échelle d'énergie absolue des amas reconstruits, les rapports d'énergie reconstruite dans les différentes couches du calorimètre et les positions (relatives) des amas pour décrire la non-uniformité du détecteur, due aux matériaux passifs, etc. De plus, les propriétés liées à la conversion des photons sont incluses pour les photons convertis. 2. En même temps, la réponse énergétique relative des différentes couches calorimétriques dans les données est corrigée pour correspondre à la réponse relative dans la simulation. Cette correction est spécifique au calorimètre et ne doit pas dépendre de la quantité de matériaux passifs en amont du calorimètre. Pour cela, des muons sont donc utilisés pour mesurer la différence des dépôts d'énergie relatifs dans les première et deuxième couches du calorimètre. .3 La calibration en énergie des électrons et des photons 4. Les non uniformités du détecteur qui ne sont pas simulées sont corrigées dans les données. Ceci inclut la non-uniformité de la haute tension dans différentes cellules ou régions de détection, ou l'élargissement en φ entre les modules calorimétriques dû à la gravitation. 5. La dernière étape corrige l'erreur de calibration résiduelle entre les données et le MC en appliquant des facteurs d'échelle dans les données. La désintégration du boson Z en une paire positon-électron est utilisée comme processus de référence. De plus, l'énergie des électrons simulés est étalée pour égaliser la résolution dans le MC avec celle des données. Les incertitudes systématiques sur les facteurs d'échelle sont extrapolées à l'intervale complet d'énergie des électrons mesurés avec ATLAS. En raison de la similitude des électrons et des photons dans le calorimètre, les mêmes facteurs d'échelle sont utilisés pour les photons. D'autres incertitudes systématiques supplémentaires couvrent les petites différences dans les amas en énergie des deux particules. 6. La validité de la calibration est vérifiée sur les données. Pour les basses énergies, des événements J/Ψ → e + e -sont utilisés. La validité de la calibration des photons dans les limites des incertitudes systématiques assignées est vérifiée à l'aide de désintégrations radiatives Z → + -γ ( = e, µ).

3. La calibration obtenue à partir du BRT est appliquée à la fois sur les données et le MC. Cette étape corrige les principaux écarts entre les données et le MC. B

6 Mesure des couplages et des sections efficaces de production du boson de Higgs Idéalement

  masse du boson de Higgs mesurée dans le canal H → γγ seul est m H = 124.93 ± 0.40 GeV = 124.93 ± 0.21 (stat.) ± 0.34 (syst.) GeV. Cette mesure est combinée avec la mesure dans le canal H → ZZ * → 4 pour obtenir une meilleure précision. La mesure combinée donne m H = 124.86 ± 0.27 GeV = 124.86 ± 0.18 (stat.) ± 0.20 (syst.).Alors que le canal H → γγ profite d'une statistique plus élevée, le canal H → 4 est beaucoup moins affecté par les incertitudes systématiques dues aux quatre leptons reconstruits dans l'état final, dont deux devraient avoir une masse invariante correspondant à la masse du boson Z. Avec une luminosité croissante, le H → 4 dominera donc de plus en plus la mesure combinée de la masse du boson de Higgs. Cependant, la mesure de la masse du boson de Higgs dans différents canaux de désintégration et avec les différents ensembles de données reste très importante pour vérifier la cohérence entre les différentes mesures. Les différences entre les deux peuvent indiquer des problèmes dans la reconstruction des objets ou de l'étalonnage de l'énergie, ainsi qu'aider à comprendre la réponse du détecteur. À plus long terme, le canal H → γγ pourrait également contribuer à la compréhension de l'échelle d'énergie des photons et contribuer à limiter les incertitudes systématiques. , les mesures des propriétés du boson de Higgs sont faites de manière génerique en mesurant les sections efficaces fiducielles et différentielles, en fonction des distributions cinématiques du boson de Higgs et des particules associées. Ces mesures sont basées exclusivement sur l'état final et ne nécessitent donc pas d'hypothèses sur les mécanismes sous-jacents de production et de désintégration du boson de Higgs. La forme de ces distributions est très sensible à la nouvelle physique. Cependant, les différents canaux de désintégration du boson de Higgs sont sensibles dans des régions très différentes de l'espace de phase. Il est donc intéressant de combiner toutes les mesures disponibles, afin de profiter de la sensibilité de chaque canal dans des régions spécifiques de l'espace de phase. Une combinaison directe de sections efficaces différentielles est très difficile et souffre de grandes incertitudes systématiques dues à la modélisation du bruit de fond dans certains canaux de désintégration. Les Simplified Template Cross Sections (STXS) ont été développées dans ce contexte, comme compromis entre les deux exigences principales : des mesures génériques, qui permettent une combinaison de différents canaux, et la minimisation des incertitudes systématiques

B.
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• Les photons dans ATLAS sont reconstruits à partir d'amas de cellules du calorimètre électromagnétique, à partir desquels leur énergie est mesurée. Les photons sont classés en fonction de leur type de conversion. La qualité de leur reconstruction dépend de leur point de conversion et du nombre de traces associées au vertex de conversion. Les amas séparés dans le calorimètre EM peuvent être fusionnés s'ils proviennent du même vertex de conversion.• Les électrons sont reconstruits de la même manière que les photons, à partir d'amas dans le calorimètre EM. De plus, en raison de leur charge, les électrons laissent une trace dans le détecteur
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Appendix A P P E N D I X A Full set of EFT operators defined in the Warsaw basis

Table A.1: Operators of the Warsaw basis other than four-fermion operators. The used notations are defined in [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF]; φ denotes the Higgs field and is replaced by H in the following parameter names. The parameters which are called c xxAbs in the following correspond to the case where the complex phase has been neglected.

Appendix A Full set of EFT operators defined in the Warsaw basis Table A.2: Four-fermion operators of the Warsaw basis. The used notations are defined in [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF]; φ denotes the Higgs field and is replaced by H in the following parameter names. The parameters which are called c xxAbs in the following correspond to the case where the complex phase has been neglected.

A P P E N D I X B Résumé français de la thèse

Le mécanisme de Brout-Englert-Higgs a été introduit dans le Modèle Standard (SM) afin d'expliquer l'origine des masses des bosons de jauge [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF]. Une nouvelle particule a été découverte au LHC en 2012 [START_REF] Unal | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF]Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC[END_REF]. Ses propriétés mesurées sont en très bon accord avec celles pédites pour le boson de Higgs par le Modéle Standard. Jusqu'à présent, ces mesures ne montrent pas de déviations significatives par rapport aux prédictions du SM. Cependant, de nombreuses théories au-delà du SM prédisent des modifications dans le secteur du Higgs, par exemple dans les couplages du boson de Higgs aux particules du SM. Des mesures précises des propriétés du boson de Higgs sont donc cruciales pour tester les limites de validité du SM.

B.1 La physique du boson de Higgs au LHC

Dans le SM, les particules de matière élémentaires et leurs anti-particules correspondantes sont regroupées en trois générations de fermions avec spin- 1 2 . Chaque génération est composée de deux leptons et deux quarks. Les leptons sont l'électron (e), le muon (µ) et le tau (τ) avec des charges électriques de -1e, e étant la charge élémentaire de ≈ 1.6 • 10 -19 C [START_REF] Tanabashi | Review of Particle Physics[END_REF], et leurs neutrinos correspondants non chargés (ν i , i = f, µ, τ). Chaque génération de quark contient un quark supérieur avec une charge électrique de + 2 3 e (quarks "up" (u), "charme" (c) et "top" (t)) et un quark inférieur avec une charge électrique de - 1 3 e (quarks "down" (d), "strange" (s) et "bottom" (b)). En plus de la charge électrique, les quarks portent des charges de couleur, tandis que les anti-quarks portent de l'anti-couleur.

Ces particules interagissent par trois interactions fondamentales, à savoir les interactions électromagnétique, faible et forte. Le photon est responsable de l'interaction électromagnétique et se couple à la charge électromagnétique. L'interaction forte est médiée par les gluons qui couplent à la charge de couleur. L'interaction faible est médiée par les bosons W ± et Z 0 qui se couplent à l'isospin faible et à l'hyper-charge faible.

Mathématiquement, le SM est décrit par une théorie quantique des champs relativiste, basée sur le groupe de symétrie SU(3) C ⊗ SU(2) L ⊗ U(1) Y . En exigeant l'invariance de jauge locale, les bosons de jauge surgissent du modèle en tant que médiateurs des forces fondamentales. Des explications détaillées des concepts principaux peuvent être trouvées dans Ref. [START_REF] Thomson | Modern Particle Physics[END_REF].

B.1.1 Brisure de symétrie spontanée et masse de particules élémentaires

L'ajout d'un terme de masse pour les bosons de jauge brise la symétrie de jauge. Le mécanisme de Brout-Englert-Higgs (BEH) introduit une brisure spontanée de la symétrie électrofaible dans le SM, afin B.7 Optimisation des catégories VBF en vue de l'analyse finale du Run 2 où σ γγ t = σ t •BR(H → γγ), L est la luminosité intégrée et tr est l'efficacité de sélection fois l'acceptance. Elle correspond à la probabilité qu'un événement d'une région STXS donnée t se retrouve dans une catégorie reconstruite donnée r. Cette quantité sera appelée dans ce qui suit "efficacité" et est calculée en fonction du signal SM MC :

Pour minimiser les hypothèses théoriques de la mesure, le produit des sections efficaces et du rapport de branchement est mesuré.

Les uncertitudes systématiques principales affectant les mesures peuvent êtres classées en plusieur sources principales:

• Les uncertitudes sur l'échelle d'énergie et la résolution des photons impactent les parametres de la fonction qui décrit le signal.

• Les uncertitudes expérimentales sur l'efficacité de sélection, venant par exemple de l'efficaci te du trigger ou de l'énergie des jets ou des photons.

• Le biais sur le signal mesuré du au choix d'une fonction pour décrire le bruit de fond. Un ajustement simultané à toutes les catégories permet d'extraire la section efficace simultanément pour tous les modes de production principaux, ainsi que pour un scénario réduit de régions STXS. Dans les modes de production a haute statistique, les mesures commencent à être dominées par les uncertitudes systématiques. De plus, les données commencent à permettre une sensitivité significative aux régions à haut p T du Higgs, qui sont particulièrement sensibles à la nouvelle physique. La combinaison avec d'autres canaux de désintégration permet d'obtenir la sensitivité optimale, profitant des différents modes de désintégration.

B.7 Optimisation des catégories VBF en vue de l'analyse finale du Run 2

Les catégories enrichies en événements VBF utilisées pour la mesure des couplages décrites précédemment ont été optimisées pour atteindre une bonne pureté du signal par rapport au bruit de fond diphoton continu. Cependant, la section efficace mesurée pour le mode de production VBF est fortement corrélée avec la section efficace mesurée pour ggF. La raison est la contamination d'événements ggF dans les catégories VBF. La précision de la mesure de la section efficace VBF peut être considérablement améliorée en réduisant la contamination d'événements ggF: une réoptimisation de ces catégories pour l'analyse des données du Run 2 complet est donc importante.

List of Figures Expected results for the production mode cross section measurement in the H → γγ channel with 80 fb -1 of Run 2 data and at the HL-LHC. Uncertainties are reported relative to the SM cross section at the corresponding centre-of-mass energy. The last column shows the theory uncertainty on the signal strength measurement, including the full SM cross section uncertainty. Different scenarios have been considered for the uncertainties in the HL-LHC extrapolation: Run 2 systematics (S1) and fully scaled systematics (S2).
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