Introduction

Higgs boson physics is one of the highlights of the physics programme at the Large hadron Collider (LHC) at CERN, that will remain for many years the only collider at which the electroweak symmetry breaking mechanism can be studied. It is therefore important to study this mechanism with the best precision possible, making the most out of the available data. This implies for the ATLAS and CMS collaborations a very wide portfolio of Higgs boson studies, in order to measure as many production modes and decay channels as possible and extract from there the most information on the Higgs boson properties and couplings.

One of the virtues of the Standard Model is its small number of parameters, so that once the Higgs boson mass was measured the theory became fully constrained. Each measurement concerning the Higgs boson is therefore a stringent consistency test of the Standard Model: all production cross-sections, branching ratios, and differential distributions can be predicted and compared to the measurements. Any deviation there would sign the presence of new physics beyond the Standard Model.

Being the heaviest particles with masses below half of that the the Higgs boson, 𝑏-quarks make up about 60% of the Higgs boson decays. The observation and the precise measurement of those decays are thus very important, not only as the only Higgs boson coupling to down-quark type accessible at the LHC, but also as a key term in the total width of the boson.

However, the hadronic final state consisting of two 𝑏-tagged jets makes the observation of these decays notoriously difficult at hadron colliders, where the main sensitivity comes from the search of associated production modes, in weak boson fusion, associated production with a top-quark pair, or associated production with a weak vector boson. The latter process actually dominates the sensitivity, being a good compromise of an acceptable cross-section and a decent signal-over-background ratio, thanks to the leptonic decays of the weak boson that reduce significantly the multijet backgrounds.

Following a mild evidence in this channel at the Tevatron, it has taken six years since the Higgs boson discovery in 2012 and the analysis of about 80 fb -1 of 13 TeV data for the ATLAS and CMS collaborations to each observe independently the 𝑏-quarks decays of the Higgs boson in 2018. This document presents the analysis that led to the first observation of the Higgs boson decays to b-quarks and of the associated production of the Higgs boson with a weak vector boson (referred to as the 𝑉𝐻 process in the following) by the ATLAS experiment [START_REF]Observation of 𝐻 → 𝑏 b decays and 𝑉 𝐻 production with the ATLAS detector[END_REF], followed by differential cross-section measurements of this process and their interpretation in an effective field theory framework [START_REF]Measurement of 𝑉 𝐻, 𝐻 → 𝑏 b production as a function of the vectorboson transverse momentum in 13 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF]. Those measurements were made using about 30 fb -1 of data collected in the Run-1 and 80 fb -1 of data collected in the Run-2 of the LHC.

After the completion of my PhD in 2012, I began my involvement in this research topic with the analysis of the Run-1 data, initially thinking that it would be a 2-years project to obtain a first evidence of the Higgs decays to 𝑏-quarks. It actually took 5 years to get an evidence, one more to obtain an observation, and I kept participating in the analysis all this time. Setting aside a significant involvement in the ATLAS Liquid Argon Calorimeter upgrade projects, the search for the 𝑉𝐻(𝑏 b ) process has therefore been my main research project since late 2012. This search has been a major topic of the physics interests of the LAL ATLAS group throughout Run-2, with the involvement of a number of colleagues (Jean-François Grivaz, Jean-Baptiste de Vivie, Marumi Kado, Luc Poggioli). I therefore had the opportunity to work with two post-docs (Camilla Maiani, then Arthur Chomont) and many PhD students: I shared the supervision of David Delgove, participated in the supervision of Charles Delporte, Yanhui Ma and Tasneem Saleem, and finally supervised the PhD of Konie Al Khoury.

The goal of this document is therefore not to simply repeat the description of the analysis as it is in the two publications mentioned above, but to put all aspects of the design of the analysis in perspective and try to justify with physics all decisions taken on the general design, on the selections, on the systematic uncertainties, and in the statistical analysis of the results. To that end, information not present in the publications but publicly available in the theses defended mostly at LAL will be used when appropriate.

The results of this analysis have been recently superceded by newer measurements in the 𝑉𝐻(𝑏 b ) channel using the full Run-2 luminosity [START_REF]Measurements of 𝑊 𝐻 and 𝑍 𝐻 production in the 𝐻 → 𝑏 b decay channel in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector[END_REF]. I decided to keep this document based on the 2018 analyses partly because the writing was started before the 2020 analysis became public, and mostly because all the reasoning that justify the design of the analysis stayed basically the same. Some of the major changes in the latest analysis will however be briefly discussed as they answer some of the limitations found in the 2018 analyses. The reader interested in the details of the analysis with the full Run-2 luminosity can refer to Konie Al Khoury's PhD thesis [START_REF] Konie | Measurements of the Higgs boson produced in association with a vector boson and decaying to a pair of b-quarks with the ATLAS detector[END_REF].

It is assumed that the reader is familiar with the LHC as a proton-proton collider with a centerof-mass energy of 13 TeV. In case of any doubt, one may consult [START_REF] Evans | LHC Machine[END_REF]. The analysis described in this document is realized using data recorded with the ATLAS detector which is presented in details in [START_REF]The ATLAS Experiment at the CERN Large Hadron Collider[END_REF]. For brevity no description is included in this document, and details on its conception are mentioned only when appropriate. This document is structured as follows. Chapter 1 summarises briefly the phenomenology of the Higgs boson at the LHC, the main results obtained and their interpretations. The 𝑉𝐻(𝑏 b ) process is described more thoroughly, with details given in particular on the uncertainties in the predictions of its differential distributions, and on the interpretation of its measurement in effective field theories. The chapter 2 describes in details the analysis of 80 fb -1 of Run-2 data, and attempts to motivate all choices made on the general design of the analysis, on the event selections, on the systematic uncertainties, and on the statistical analysis of the data. The combinations of these results with those of other analyses that led to the observation of the Higgs boson decays into 𝑏-quarks and of the 𝑉 𝐻 production are presented in chapter 3, followed by the first differential measurements performed in the 𝑉𝐻(𝑏 b ) channel and their interpretation in an effective Lagrangian. The conclusions and a discussion on the perspectives of this analysis are found in chapter 4.

Chapter 1

Phenomenology of the 𝑉𝐻(𝑏 b ) process

The physics of the Higgs boson is discussed in details in numerous papers, for instance [START_REF]Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables[END_REF][START_REF]Handbook of LHC Higgs Cross Sections: 2. Differential Distributions[END_REF][START_REF]Handbook of LHC Higgs Cross Sections: 3. Higgs Properties[END_REF][START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector[END_REF][START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF]. The aim of this chapter is therefore not to write another review, but to give the reader enough information to put the importance of the 𝑉𝐻(𝑏 b ) process in perspective, as well as giving sufficient details on the 𝑉𝐻(𝑏 b ) process itself to understand the analysis presented in the next chapters. Therefore, section 1.1 gives a brief reminder of the Higgs boson phenomenology at the LHC, focusing on its production modes and decay channels. In section 1.2 different frameworks are discussed, in which the Higgs boson measurements are interpreted. Section 1.3 describes the motivations for the search of the Higgs boson decays into 𝑏-quark pairs, and summarizes the searches conducted in the various production modes. Finally, section 1.4 is dedicated to the 𝑉𝐻(𝑏 b ) process, with details on the prediction of its production and decay, of its differential distributions, and a description of an effective lagrangian framework that can be used to interpret the measurements in this channel.

The Higgs boson at the LHC

In the Standard Model (SM), the Higgs mechanism was first introduced by Brout and Englert [START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF], and Higgs [START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF] to realize the electroweak symmetry breaking and generate masses for the weak gauge bosons. The use of a complex scalar field, 𝑆𝑈(2) doublet, with the well-known 'Mexican hat' potential 𝑉 (𝜙) = 𝜇 2 |𝜙| 2 + 𝜆|𝜙| 4 is the simplest way to trigger spontaneous symmetry breaking: in the case of 𝜇 2 < 0 the Higgs field takes a vacuum expectation value

𝑣 = √- 𝜇 2 𝜆 ≠ 0. (1.1)
The Higgs boson arises after symmetry breaking as the only degree of freedom of the scalar field left after the 𝑊 and 𝑍 bosons have acquired mass. It is therefore a scalar boson (the only fundamental scalar in the SM !), CP-even. In addition to giving mass to the weak bosons, it also helps to keep the unitarity of the triple weak gauge couplings up to very high energies.

It is somehow a wonder that the electroweak symmetry breaking mechanism, which was introduced to solve the origin of mass in the gauge sector, can also give mass to the fermions by introducing the simple Yukawa terms, whose schematic form is:

ℒ 𝑌 = -𝑦 𝑓 ψ𝜙𝜓 + ℎ.𝑐.
(1.2)

1.1. The Higgs boson at the LHC The electroweak symmetry breaking where the Higgs field takes a v.e.v 𝑣 therefore generates a mass term with 𝑚 𝑓 = 𝑦 𝑓 𝑣/√2.

As a result, the Higgs boson couples at tree-level to all massive particles in the Standard Model, with an interaction term of -𝑖 𝑚 𝑓 𝑣 for the fermions and -𝑖𝑔 𝜇𝜈 2𝑚 2 𝑊/𝑍 𝑣 for the 𝑊 and 𝑍 bosons. It also couples to gluons and photons through loops. The consequence is an extremely rich phenomenology for Higgs boson studies at the LHC, both in terms of production modes and of decay channels.

The value of 𝑣 = 246 GeV is known from 𝐺 𝐹 measurements [START_REF] Tanabashi | Review of Particle Physics[END_REF]. Hence all Higgs couplings, and therefore all branching fractions and production cross-sections can be computed once the mass of the Higgs boson is known.

The mass has been measured to be 𝑚 𝐻 = 125.09±0.21 (stat.)±0.11 (syst.) GeV from a combination of the measurements in the 𝑍 𝑍 * → 4ℓ and 𝛾𝛾 channels by ATLAS and CMS using the LHC Run-1 data [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]. Newer measurements using Run-2 data show compatible values: 𝑚 𝐻 = 124.97 ± 0.24 GeV at ATLAS [START_REF]Measurement of the Higgs boson mass in the 𝐻 → 𝑍 𝑍 * → 4ℓ and 𝐻 → 𝛾𝛾 channels with √𝑠 = 13 TeV 𝑝𝑝 collisions using the ATLAS detector[END_REF], 𝑚 𝐻 = 125.38 ± 0.14 GeV at CMS [START_REF]A measurement of the Higgs boson mass in the diphoton decay channel[END_REF] The branching fractions for a mass of 125 GeV are shown in fig. 1.1. A few comments can be made on this figure. As shown previously, the partial widths to fermions are (at first order) proportional to the squared mass of the fermions. That explains the dominant role of 𝐻 → 𝑏 b decays, followed by significant contributions of decays to pairs of 𝜏 leptons and 𝑐-quarks. Although 𝑚 𝐻 < 2𝑚 𝑊 and 𝑚 𝐻 < 2𝑚 𝑍 , the branching fractions to vector boson pairs are still significant, with typically one boson on-shell and the other one significantly off-shell. The partial width into gluons is significant despite appearing at one-loop level, due to the size of the coupling to top-quarks and to the strength of the QCD coupling constant. Decays into boson pairs (𝛾𝛾, 𝑍 𝑍 * and 𝑊 𝑊 * ) have clear signatures, good signal-over-background (S/B) ratio and/or excellent invariant mass resolution, and as such were the first ones observed, using Run-1 data, at the time of the discovery of the Higgs boson [START_REF]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 and measurement of Higgs boson decays to 𝑊 𝑊 * with the ATLAS detector[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 decays into 𝜏 pairs, that provided the first evidence of the Yukawa couplings, were first observed in the combination of the ATLAS and CMS results using the Run-1 dataset [START_REF]Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV[END_REF], then by each experiment separately in the Run-2 data [START_REF]Cross-section measurements of the Higgs boson decaying into a pair of 𝜏-leptons in proton-proton collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Observation of the Higgs boson decay to a pair of 𝜏 leptons[END_REF]. Finally the decays into 𝑏-quark pairs, which are the subject of this manuscript, were observed by ATLAS and CMS using up to 80 fb -1 of Run-2 data [START_REF]Observation of 𝐻 → 𝑏 b decays and 𝑉 𝐻 production with the ATLAS detector[END_REF][START_REF]Observation of Higgs Boson Decay to Bottom Quarks[END_REF]. Given its excellent invariant mass resolution and despite its very low branching ratio and S/B, the observation of the decays into muon pairs is expected at the HL-LHC ; the available data has still low sensitivity in this channel [START_REF]A search for the dimuon decay of the Standard Model Higgs boson in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS Detector[END_REF][START_REF]Search for the Higgs Boson Decaying to Two Muons in Proton-Proton Collisions at √𝑠 = 13 TeV[END_REF]. Searches are also conducted in the 𝑍 𝛾 and 𝑐 c final states, with low sensitivity so far [START_REF]Search for the Decay of the Higgs Boson to Charm Quarks with the ATLAS Experiment[END_REF][START_REF]A search for the standard model Higgs boson decaying to charm quarks[END_REF][START_REF]Search for the decay of a Higgs boson in the ℓℓ𝛾 channel in protonproton collisions at √𝑠 = 13 TeV[END_REF][START_REF]Searches for the 𝑍 𝛾 decay mode of the Higgs boson and for new highmass resonances in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF].

The production modes of the Higgs boson at the LHC are illustrated on fig. 1.2. The main production channel is gluon fusion (ggF), that goes through a loop of heavy quarks (mostly top, with some contribution from 𝑏), and that was the first mode observed at the time of the Higgs boson discovery. The weak vector boson fusion (VBF) represents roughly 10% of the cross-section at √𝑠 = 13 TeV. It was observed first in the combination of the ATLAS and CMS results using the Run-1 dataset [START_REF]Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV[END_REF], then individually by each experiment using Run-2 data [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][START_REF]Combined measurements of Higgs boson couplings in proton-proton collisions at √𝑠 = 13 TeV[END_REF]. The associated production with a vector boson (𝑉𝐻), or Higgstrahlung, accounts for about 2% of the production for 𝑊 𝐻 and 1% for 𝑍 𝐻. It has been observed in the analysis of the Run-2 dataset by ATLAS [START_REF]Observation of 𝐻 → 𝑏 b decays and 𝑉 𝐻 production with the ATLAS detector[END_REF] and CMS [START_REF]Combined measurements of Higgs boson couplings in proton-proton collisions at √𝑠 = 13 TeV[END_REF], and will be described in greater details in section 1.4 below. The top-associated production (ttH), which is the only direct probe of the coupling between the Higgs boson and the top quark, amounts to 1% of the cross-section, and has been observed during Run-2 [START_REF]Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector[END_REF][START_REF]Observation of 𝑡 t 𝐻 Production[END_REF]. The small 𝑏-associated production is experimentally virtually impossible to separate from the gluon fusion process. The cross-sections of the production processes are shown as function of the center-of-mass energy in fig. 1.3. The phenomenology of the Higgs boson at the LHC is by far not limited to its variety of production modes and decay channels. A lot of additional information can be extracted, but is of lesser relevance for the main topic of this document and only a few examples are therefore listed. The spin and parity of the Higgs boson have been investigated in the vector boson decay channels [START_REF]Study of the spin and parity of the Higgs boson in diboson decays with the ATLAS detector[END_REF]: an excellent agreement with the SM prediction is observed, and alternative models are strongly excluded. The off-shell couplings of the Higgs boson can be studied in the 𝑍 𝑍 * decays [START_REF]Constraints on off-shell Higgs boson production and the Higgs boson total width in 𝑍 𝑍 → 4ℓ and 𝑍 𝑍 → 2ℓ2𝜈 final states with the ATLAS detector[END_REF], which under the assumption that on-shell and off-shell couplings are the same allows to set a constraint on the Higgs boson total width, with an observed limit at 95 % confidence level of 14.4 MeV. The simultaneous production of two Higgs bosons is actively searched for in many decay channels, such as 𝑏𝑏𝛾𝛾 [START_REF]Search for Higgs boson pair production in the 𝛾𝛾𝑏 b final state with 13 TeV 𝑝𝑝 collision data collected by the ATLAS experiment[END_REF] or 𝑏𝑏𝜏𝜏 [START_REF]A search for resonant and non-resonant Higgs boson pair production in the 𝑏 b 𝜏 + 𝜏decay channel in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF], as it allows to set constraints on the Higgs self-coupling, with an exclusion at 95 % CL outside the interval -2.3 < 𝜆 𝐻 𝐻 𝐻 /𝜆 SM 𝐻 𝐻 𝐻 < 10.3 [START_REF]Constraints on the Higgs boson self-coupling from the combination of single-Higgs and double-Higgs production analyses performed with the ATLAS experiment[END_REF]. 

Interpretations of Higgs boson measurements

The observation of the Higgs boson has opened the exploration of a whole new sector of the SM Lagrangian. This justifies the searches and the measurements of the SM Higgs boson in as many channels as possible, and motivates searches for new particles, typically of high mass, where the Higgs boson is part of the decay chain, such as for instance heavy Higgses in two Higgs doublet models [START_REF]Search for heavy resonances decaying to a 𝑊 or 𝑍 boson and a Higgs boson in the 𝑞 q (′) 𝑏 b final state in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF].

Restricting the discussion to SM Higgs measurements, the two main questions that should be answered are:

Are the Higgs boson couplings as in the Standard

Model ? The answer to this question resides in the measurement of production cross-sections and branching fractions. A simple way to look for deviations from the SM is to parametrize each production mode and decay channel as function of the Higgs boson couplings, and introduce coupling modifiers (𝜅). For a given measurement of the Higgs boson in a production mode 𝑖 and in some decay channel 𝑓, this yields:

𝜎 𝑖 .𝐵 𝑓 = 𝜅 2 𝑖 𝜎 SM 𝑖 𝜅 2 𝑓 Γ SM 𝑓 𝜅 2 𝐻 Γ SM 𝐻 . (1.3) 
This equation makes the caveat of this parameterization clear: 𝜅 𝐻 is always present, and as there is no direct measurement of the Higgs boson width possible at the LHC this set of equations will always be underconstrained. Additional hypotheses are therefore needed to make this couplings interpretation meaningful, the simplest one being that there are no Higgs boson decays to BSM particles, and that all invisible or undetected decays behave as in the SM. This framework to interpret the combination of Higgs boson results is nonetheless very useful, as it allows to easily test the couplings under various hypotheses, for instance that of a universal coupling modifier for boson couplings, and of another one for fermion couplings, see fig. 1.4. No significant deviations from the SM have been observed so far.
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Figure 1.4:

Negative log-likelihood contours at 68% and 95% CL in the (𝜅 𝑉 , 𝜅 𝑓 ) plane for the individual decay modes and their combination (in black) assuming the coupling strengths to fermions and vector bosons to be positive [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] Another well-know result from this interpretation framework is the check of the scaling of the couplings versus the particles masses, as shown on fig. 1.5. Here also an excellent agreement with the Standard Model is observed. The coupling modifiers 𝜅 𝐹 and 𝜅 𝑉 are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop processes such as 𝑔𝑔 → 𝐻, 𝐻 → 𝛾𝛾 and 𝐻 → 𝑔𝑔 [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].

Is the structure of the Lagrangian the correct one ? The interpretation of Higgs boson measurements in terms of couplings measurements assumes that the only terms in the Lagrangian that involve the Higgs boson are the SM ones, and that only coupling constants may be different.

However new physics may be present by additional terms in the Lagrangian, in a way that changes only minimally the effective coupling when measured inclusively, but that could induce much larger changes at higher scales.

As the Higgs boson decays always involve the scale 𝑄 2 = 𝑚 2 𝐻 , it is expected that new physics contributions will mostly impact the production kinematics, that can involve much higher 𝑄 2 . It is therefore crucial to make differential measurements of the Higgs boson kinematics in the various production modes.

An agreement has been found between the ATLAS and CMS collaborations and the theory community to define common phase space regions to measure for each production mode. This Higgs Simplified Template Cross-Section (STXS) framework [START_REF] De Florian | Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector[END_REF][START_REF] Andersen | Les Houches 2015: Physics at TeV Colliders Standard Model Working Group Report[END_REF] may not be optimal to probe for a particular BSM model, but it provides a relatively model-independent framework1 in which the measurements performed independently in various decay channels and by ATLAS and CMS can be easily combined, and from which various BSM interpretations can be made. This common definition also facilitates the calculation of the uncertainties in the Higgs theory predictions, that have to be done only once.

The definitions of the truth-level categories are optimised for each production mode separately, and are the result of a compromise between sensitivity to new physics scenarios (using typically bins with large momentum), minimization of the dependence on theoretical uncertainties, and experimental sensitivity (available statistics and correlations between categories). The definitions are also meant to evolve, with several 'stages' of increased granularity that have been defined to match the increase of the experimental sensitivity with the accumulation of integrated luminosity. Changes in the categorization can also happen to reduce the model dependence in the extrapolation by adapting the truth level selections to better match the analysis phase space. The definitions for the associated production with a vector boson will be detailed in section 1.4.

A generic method to interpret the STXS measurements in terms of possible new physics is to use an effective Lagrangian approach [START_REF]Constraints on an effective Lagrangian from the combined 𝐻 → 𝑍 𝑍 * → 4ℓ and 𝐻 → 𝛾𝛾 channels using 36.1 fb -1 of √𝑠 = 13 TeV 𝑝𝑝 collision data collected with the ATLAS detector[END_REF]. Additional terms of the form 𝑐 (𝐷) 𝑖 𝒪 (𝐷) 𝑖 /Λ (𝐷-4) are added to the SM Lagrangian, with Λ being the energy scale of new physics, 𝒪 (𝐷) 𝑖 the dimension-𝐷 operators, and 𝑐 (𝐷) 𝑖 the corresponding (Wilson) coefficients. As this is an effective Lagrangian where the new physics is hidden above the scale Λ, the operators 𝒪 (𝐷) act only on SM fields, and must be compatible with the SM gauge symmetries.

The counterpart of the genericity of this Effective Field Theory (EFT) approach is that the number of possible additional terms in the Lagrangian is gigantic. Strong hypotheses must be introduced in order to make this interpretation manageable. First, dimension 5 operators (and other odddimension operators in general) are rejected as they violate lepton or baryon number conservation. Dimension 𝐷 = 6 is therefore the lowest order in the perturbative expansion, and higher-order terms are ignored as they are suppressed by powers of the large Λ scale (typically 1 TeV). Even counting only dimension-6 operators, there are about 2500 possibilities. The use of flavour symmetries allows to reduce this to a manageable number of 59 independent operators [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF]. In practice, a given Higgs analysis is sensitive to only a few parameters, and some others are constrained from precision electroweak measurements. This makes it possible to perform meaningful EFT interpretations of STXS measurements of Higgs analyses. There are actually several different ways to parameterise the additional terms in the Lagrangian, leading to equivalent bases in the operators space that can be transformed into one another [START_REF] Falkowski | Higgs Basis: Proposal for an EFT basis choice for LHC HXSWG[END_REF].

The Lagrangian for an effective field theory including dimension-6 operators can be written as

ℒ = ℒ SM (𝐷=4) + ℒ EFT (𝐷=6)
. The calculation of the cross-section of a process 𝑝𝑝 → 𝑋 becomes:

𝜎(𝑝𝑝 → 𝑋) = | | ℳ (𝐷=4) | | 2 + 2 Re (ℳ (𝐷=4) ℳ * (𝐷=6) ) + | | ℳ (𝐷=6) | | 2 ≡ 𝜎 SM + 𝜎 int + 𝜎 BSM . (1.4)
Therefore the cross-section can be split into the usual SM term, an interference term of order 1/Λ 2 and a BSM term of order 1/Λ 4 . The EFT interpretations at the lowest order thus only add the interference term to the SM contribution. The BSM term is of the same order in 1/Λ as the interference between SM terms and dimension-8 operators. However in practice, this interference with dimension-8 operators is usually small compared to the BSM term as defined in eq. (1.4). Both the interference term (linear in the Wilson coefficients) and the BSM term (quadratic in the Wilson coefficients) can therefore be used as leading terms in an interpretation of the STXS measurements as constraints on the Wilson coefficients.

Searching for Higgs boson decays into 𝑏-quarks

Motivations

The first physics motivation to observe and measure as precisely as possible the 𝐻 → 𝑏 b decays at the LHC is trivial: the observation of these decays allow a direct measurement of the coupling of the 𝑏-quark to the Higgs boson, which is interesting in itself and helps verifying the linear relation between the Yukawa couplings and the fermion masses, as shown on fig. 1.5. Furthermore it is the only down-type quark whose coupling with the Higgs boson can be measured at the LHC. This coupling is also of particular importance since it dominates the total Higgs boson width. As was discussed with eq. (1.3), in the absence of a direct measurement of the total Higgs boson width at the LHC, hypotheses have to be taken on it. The standard assumptions imply that barring BSM contributions to invisible and undetected decays, it is the sum of all visible partial widths. In such scenarios, the signal strength measured for 𝐻 → 𝑏 b decays directly impacts all coupling modifiers. This can be seen in the combined Higgs results of the ATLAS Run-1 dataset [START_REF]Measurements of the Higgs boson production and decay rates and coupling strengths using 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV in the ATLAS experiment[END_REF], as shown in fig. 1.6. The signal strength for 𝐻 → 𝑏 b was measured to be 0.63, while most others where measured to be larger than 1. When interpreted as coupling modifiers under the assumptions explained above, all of them were measured to be lower than 1 as a result of the low Γ 𝑏 in the denominator of eq. (1.3).

The understanding of the 𝐻 → 𝑏 b decays is also particularly important for other search channels: due to its large branching fraction, it is the privileged channel to look for high mass resonances decaying into 𝐻 + 𝑋 [START_REF]Search for heavy resonances decaying to a 𝑊 or 𝑍 boson and a Higgs boson in the 𝑞 q (′) 𝑏 b final state in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Search for heavy resonances decaying into a 𝑊 or 𝑍 boson and a Higgs boson in final states with leptons and 𝑏-jets in 36 fb -1 of √𝑠 = 13 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF][START_REF]Search for heavy resonances decaying to a photon and a hadronically decaying 𝑍 /𝑊 /𝐻 boson in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF], and it is used in basically all searches for di-Higgs production, 𝑏𝑏𝛾𝛾 [START_REF]Search for Higgs boson pair production in the 𝛾𝛾𝑏 b final state with 13 TeV 𝑝𝑝 collision data collected by the ATLAS experiment[END_REF], 𝑏𝑏𝜏𝜏 [START_REF]A search for resonant and non-resonant Higgs boson pair production in the 𝑏 b 𝜏 + 𝜏decay channel in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF], 𝑏𝑏ℓ𝜈ℓ𝜈 [START_REF]Search for non-resonant Higgs boson pair production in the 𝑏𝑏ℓ𝜈ℓ𝜈 final state with the ATLAS detector in 𝑝𝑝 collisions at √𝑠 = 13 TeV[END_REF], 𝑏𝑏𝑏𝑏 [START_REF]Search for pair production of Higgs bosons in the 𝑏 b 𝑏 b final state using proton-proton collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF].

Summary of the conducted searches

The search for 𝐻 → 𝑏 b decays is notoriously difficult due to its hadronic final state. As shown in fig. 1.7, the Higgs boson production cross-section is about 7 orders of magnitude smaller than the 𝑏-jets pair production. An inclusive search of the dominant gluon fusion production is basically impossible, given that most of these events will not pass even the first level of hardware triggers. Associated production modes are therefore targeted, as they provide ways to improve the trigger efficiency, and generally increase the signal-over-background ratio. 
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Figure 1.7:

Cross-sections of a few typical processes as a function of center-of-mass energies for 𝑝𝑝 and 𝑝 p collisions [49].

𝐻 → 𝑏 b decays were searched at the Tevatron, where 𝑉𝐻(𝑏 b ) was the most sensitive channel for low mass Higgs. The combination of the measurements by the CDF and D0 collaborations yielded a global excess of 3.1 standard deviations in the full mass range, with a local significance of 2.8 standard deviations at 125 GeV [START_REF]Evidence for a Particle Produced in Association with Weak Bosons and Decaying to a Bottom-Antibottom Quark Pair in Higgs Boson Searches at the Tevatron[END_REF].

At the LHC, these decays were searched in all production modes by the ATLAS and CMS collaborations.

The most sensitive channel is by far 𝑉𝐻(𝑏 b ), where leptonic decays of the associated vector boson provide an efficient signature for triggering. The background is very significantly reduced compared to an inclusive search, as it is typically 𝑉 + 𝑏-jets instead of inclusive 𝑏-jets production. This easily overcomes the reduced Higgs production cross-section and yields a more manageable signal-to-background ratio. The combination of the searches in the Run-1 data by the ATLAS and CMS collaborations [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF][START_REF]Search for the standard model Higgs boson produced in association with a 𝑊 or a 𝑍 boson and decaying to bottom quarks[END_REF] showed an excess of 2.6 standard deviations, for 3.7 expected [START_REF]Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV[END_REF]. Analysing the 2015 and 2016 data, and combining with the Run-1 results, both collaborations reported an evidence for Higgs boson production and decay in this channel, with observed (expected) significances of 3.6 (4.0) and 3.8 (3.8) standard deviations, respectively [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF][START_REF]Evidence for the Higgs boson decay to a bottom quark-antiquark pair[END_REF]. The analysis of the first three years of Run-2 data, which is presented in this manuscript for ATLAS, combined with the Run-1 searches, yielded observed (expected) excesses at the level of 4.9 (5.1) and 4.8 (4.9) standard deviations for ATLAS and CMS, respectively. Those results, once combined with the 𝐻 → 𝑏 b searches in the other production modes, allowed to achieve the observation of the Higgs boson decays into 𝑏-quarks with signifiances of 5.4 standard deviations for ATLAS [START_REF]Observation of 𝐻 → 𝑏 b decays and 𝑉 𝐻 production with the ATLAS detector[END_REF], and 5.6 standard deviations for CMS [START_REF]Observation of Higgs Boson Decay to Bottom Quarks[END_REF]. ATLAS then performed a differential measurement of the 𝑉𝐻 production mode in this channel in the STXS framework [START_REF]Measurement of 𝑉 𝐻, 𝐻 → 𝑏 b production as a function of the vectorboson transverse momentum in 13 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF]. First results of the analysis of the full Run-2 datasets were released during the writing of this manuscript, showing that this channel is entering a phase of precision measurements [START_REF]Measurements of 𝑊 𝐻 and 𝑍 𝐻 production in the 𝐻 → 𝑏 b decay channel in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector[END_REF], but will not be discussed further here.

The vector boson fusion production yields a quite typical topology, with forward jets and a rapidity gap in which only the Higgs boson decays centrally. This allows the setup of dedicated trigger chains for this hadronic final state, that achieve a decent efficiency for events with a large Higgs boson transverse momentum. It still remains a challenging final state, whose analysis is more difficult at 13 TeV than at 8 TeV, due to the larger increase of the 𝑔𝑔-induced backgrounds cross-sections than the 𝑞𝑞-induced signal cross-section, and is more difficult at higher pile-up levels due to raising trigger thresholds. Searches in the Run-1 data have been performed by the ATLAS and CMS collaborations, with observed (expected) limits of 4.4 (5.4) and 5.5 (2.5) times the Standard Model prediction, respectively [START_REF]Search for the Standard Model Higgs boson produced by vector-boson fusion and decaying to bottom quarks in √𝑠 = 8 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF][START_REF]Search for the standard model Higgs boson produced through vector boson fusion and decaying to 𝑏 b[END_REF]. In the 2015 and 2016 datasets, ATLAS investigated in addition the exclusive final state with an additional photon. This additional requirement significantly suppresses the gluon-rich dominant 𝑏𝑏𝑗𝑗 background, and improves the trigger efficiency, at the cost of a reduced cross-section. The sensitivity of this final state is similar to that of the inclusive VBF search, and their combination yielded an observed signifiance of 1.9 standard deviations, for 0.8 expected [START_REF]Search for Higgs bosons produced via vector-boson fusion and decaying into bottom quark pairs in √𝑠 = 13 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF]. Significant progress in the inclusive VBF search have recently been achieved in the analysis of the full Run-2 dataset, including a better separation between signal and multijet backgrounds and a precise data-driven estimation of the 𝑍 → 𝑏 b background. Combined with the search in the photon-tagged channel [START_REF]Search for Higgs boson production in association with a high-energy photon via vector-boson fusion with decay into bottom quark pairs at √𝑠=13 TeV with the ATLAS detector[END_REF] this yields an evidence at the level of 2.9 standard deviations for 2.9 expected [START_REF]Measurements of Higgs Bosons Decaying to Bottom Quarks from Vector Boson Fusion Production with the ATLAS Experiment at √𝑠 = 13 TeV[END_REF].

The associated production with a top quark pair is characterized by very busy final states, with a minimum of four 𝑏-jets, and additional jets or leptons, depending on the decays of the 𝑊 bosons coming from the top quarks. Semi-leptonic and di-leptonic decays are easy to trigger on, and the ratio between the signal and the dominant 𝑡 t 𝑏 b background is reasonable (a few percent in the main signal regions). However the large combinatorics and the reconstruction inefficiencies in such busy events decrease the efficiency in the high purity analysis regions, and the analyses are significantly affected by the large uncertainties in the modelling of this difficult 𝑡 t 𝑏 b background. Searches have been conducted by the ATLAS and CMS collaborations in the leptonic decay modes in the Run-1 and Run-2 data. Using the Run-1 dataset, the observed (expected) limits in the absence of signal were 3.4 (2.2) and 4.2 (3.3) times the Standard Model cross-section for ATLAS and CMS respectively [START_REF]Search for the Standard Model Higgs boson produced in association with top quarks and decaying into 𝑏 b in 𝑝𝑝 collisions at √𝑠 = 8 TeV with the ATLAS detector[END_REF][START_REF]Search for a standard model Higgs boson produced in association with a top-quark pair and decaying to bottom quarks using a matrix element method[END_REF]. The analysis of about 36 fb -1 of Run-2 data yielded observed (expected) significances of 1.4 (1.6) and 1.6 (2.2) standard deviations for ATLAS and CMS respectively [START_REF]Search for the standard model Higgs boson produced in association with top quarks and decaying into a 𝑏 b pair in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Search for 𝑡 t 𝐻 production in the 𝐻 → 𝑏 b decay channel with leptonic 𝑡 t decays in proton-proton collisions at √𝑠 = 13 TeV[END_REF]. A recent preliminary analysis of the complete Run-2 dataset by ATLAS led to an observed (expected) significance of 1.3 (3.0) standard deviations, and measured the first differential Higgs boson transverse momentum spectrum in this channel [START_REF]Measurement of the Higgs boson decaying to 𝑏-quarks produced in association with a top-quark pair in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF]. Searches were also conducted in the all-hadronic final state by the ATLAS collaboration using Run-1 data [START_REF]Search for the Standard Model Higgs boson decaying into 𝑏 b produced in association with top quarks decaying hadronically in 𝑝𝑝 collisions at √𝑠 = 8 TeV with the ATLAS detector[END_REF], and by the CMS collaboration in the data collected in 2016 [START_REF]Search for 𝑡 t 𝐻 production in the all-jet final state in proton-proton collisions at √𝑠 = 13 TeV[END_REF], but resulted in much lower sensitivities.

In the past few years, the possibility for an inclusive search of the 𝐻 → 𝑏 b decays was re-assessed in the very high momentum regime, where the Higgs boson is mostly recoiling against a jet from initial state radiation. A good trigger efficiency can be achieved at transverse momenta above several hundreds of GeV, where the Higgs boson decay products are all merged in a single large-R jet. The use of jet substructure techniques and the requirement of 2 𝑏-tags inside the large-R jet allow to reduce the multijet background down to a level where some sensitivity to the Higgs boson is achievable. This search has been first performed by the CMS collaboration in the 2016 data, with an observed (expected) significance of 1.5 (0.7) standard deviations [START_REF]Inclusive Search for a Highly Boosted Higgs Boson Decaying to a Bottom Quark-Antiquark Pair[END_REF]. Using 136 fb -1 of data, a similar search in ATLAS observes a signal strength compatible with the Standard Model predictions, both inclusively and in 𝑝 𝐻 T bins [START_REF]Study of Higgs-boson production with large transverse momentum using the 𝐻 → 𝑏𝑏 decay with the ATLAS detector[END_REF]. Even if the sensitivities are low, these searches probe a very unique momentum range for the Higgs boson (above ∼ 500 GeV) where the impact of new physics could be significant, as shown for instance in the combined Higgs boson differential cross-section measurements performed by CMS [START_REF]Measurement and interpretation of differential cross sections for Higgs boson production at √𝑠 = 13 TeV[END_REF].

In conclusion to this section, table 1.1 summarizes the results of the analyses performed on the Run-2 dataset described above. As it is usually the case, the sensitivities of the searches performed by the ATLAS and CMS collaborations are relatively close. 1.4 The 𝑉𝐻(𝑏 b ) process

Production and decay

The search for 𝐻 → 𝑏 b decays in associated production with a vector boson is performed by looking for leptonic decays of the vector boson, as the sensitivity to hadronic decays would be much lower (starting with very low trigger efficiency). The cross-section of the 𝑉𝐻 production with leptonic dedays has been computed at next-to-next-to-leading order (NNLO) accuracy in QCD, and next-toleading order (NLO) accuracy in EW [START_REF] Ciccolini | Electroweak radiative corrections to associated 𝑊 𝐻 and 𝑍 𝐻 production at hadron colliders[END_REF][START_REF] Oliver Brein | NNLO QCD corrections to the Higgsstrahlung processes at hadron colliders[END_REF][START_REF] Ferrera | Associated 𝑊 𝐻 production at hadron colliders: a fully exclusive QCD calculation at NNLO[END_REF][START_REF] Brein | Top-quark mediated effects in hadronic Higgs-Strahlung[END_REF][START_REF] Ferrera | Higher-order QCD effects for associated WH production and decay at the LHC[END_REF][START_REF] Ferrera | Associated ZH production at hadron colliders: the fully differential NNLO QCD calculation[END_REF][START_REF] Campbell | Associated production of a Higgs boson at NNLO[END_REF]. The NLO EW corrections have sizable effects both on the inclusive and on the differential cross-section, in particular at large transverse momentum, as shown on fig. 1.8. These NLO EW distributions have been computed with HAWK [START_REF] Denner | Electroweak corrections to Higgs-strahlung off W/Z bosons at the Tevatron and the LHC with Hawk[END_REF][START_REF] Denner | HAWK 2.0: A Monte Carlo program for Higgs production in vector-boson fusion and Higgs strahlung at hadron colliders[END_REF]. New types of diagrams with respect to the leading order Drell-Yan production open up at higher orders. A photon-induced contribution is responsible for an increase of the cross-section by about 5% for the 𝑊 𝐻 process and much lower for 𝑍 𝐻 [START_REF] De Favereau De Jeneret | High energy photon interactions at the LHC[END_REF]. Of greater importance is the loop-induced 𝑔𝑔 → 𝑍 𝐻 contribution to the 𝑍 𝐻 process. Figure 1.9 shows representative diagrams of these processes. Even if it appears only at NNLO in QCD, the 𝑔𝑔 → 𝑍 𝐻 contribution accounts for about 10% of the 𝑍 𝐻 cross-section thanks to the large gluon luminosity at the LHC. Furthermore, the Higgs boson transverse momentum distribution peaks at a much larger value (about 150 GeV) than the Drell-Yan contribution, as shown in fig. 1.10, because of the large scales appearing in these diagrams. Since most of the sensitivity of the 𝑉𝐻(𝑏 b ) analysis comes from such high transverse momentum regions, the contribution of the 𝑔𝑔 → 𝑍 𝐻 process in the analysis phase space is roughly 20%. Its cross-section has been calculated at NLO with next-to-leading log resummation (NLL) [START_REF] Altenkamp | Gluon-induced Higgs-strahlung at next-to-leading order QCD[END_REF][START_REF] Hespel | Higgs and Z boson associated production via gluon fusion in the SM and the 2HDM[END_REF][START_REF] Harlander | Soft gluon resummation for gluon-induced Higgs Strahlung[END_REF][START_REF] Harlander | Higgs Strahlung at the Large Hadron Collider in the 2-Higgs-doublet model[END_REF][START_REF] Brein | vh@nnlo -Higgs Strahlung at hadron colliders[END_REF].

Table 1.2 summarizes the state-of-the-art of the predicted cross-sections of the 𝑉𝐻 processes as well as their uncertainties [START_REF]Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables[END_REF][START_REF]Handbook of LHC Higgs Cross Sections: 2. Differential Distributions[END_REF][START_REF]Handbook of LHC Higgs Cross Sections: 3. Higgs Properties[END_REF][START_REF] Brein | vh@nnlo -Higgs Strahlung at hadron colliders[END_REF]. The uncertainties are quite small, at the level of a couple of percents, especially when compared to the uncertainties on the gluon-fusion production which are typically twice larger. This is of course due to the simplicity of the Higgstrahlung diagrams: indeed the only important exception is the scale uncertainties on the loop-induced 𝑔𝑔 → 𝑍 𝐻 process, which amount to over 20%. The branching fraction into 𝑏 b for a Higgs boson at a mass of 125 GeV is predicted to be 58.2% with a relative uncertainty of 1.7%, split almost evenly between higher order effects, uncertainties in the quark masses, and uncertainties in 𝛼 S .

The 𝑉𝐻(𝑏 b ) process has a relatively simple experimental topology, especially at large transverse momentum, with two 𝑏-jets recoiling against a leptonically-decaying vector boson. The latter can be reconstructed using a pair of charged leptons (𝑍 → ℓℓ decays), high missing transverse energy (𝑍 → 𝜈𝜈 decays), or a charged lepton and missing transverse energy (𝑊 → ℓ𝜈 decays). Additional jets may of course be present, that blur a bit this picture.

Considerations for differential measurements

As discussed in section 1.2, the exploration of the Higgs sector of the Standard Model beyond the measurement of inclusive production modes and branching fractions relies on differential measurements mostly performed in the STXS framework. For the 𝑉 𝐻 processes with leptonic decays of the vector bosons, the variable of interest chosen as a proxy to the 𝑄 2 of the interaction is the transverse momentum of the vector boson 𝑝 𝑉 T . This choice came naturally due to the good resolution on this variable (especially for 𝑍 → ℓℓ and 𝑊 → ℓ𝜈 decays) compared to the resolution on 𝑝 𝐻 T , and mostly because it is that variable that the ATLAS and CMS analyses are using to categorise their events.

The 𝑉𝐻(𝑏 b ) analysis drives the sensitivity to the 𝑉 𝐻 process compared to other decay channels such as 𝛾𝛾 and 𝑍 𝑍 * → 3ℓ, and has the bulk of its sensitivity at a relatively large transverse momentum, roughly between 150 GeV and 300 GeV. This justifies the definition of the STXS categories as presented on fig. 1.11. The main separation is along 𝑝 𝑉 T , with splits at 75, 150 and 250 GeV. There is a further split at 400 GeV, added as it can carry significant sensitivity to BSM effects, and as it is important to correctly estimate the signal uncertainties as will be discussed below. The number of additional jets in the events is obviously also a very important variable from an experimental perspective, and is taken into account in the STXS bins definition. In the simulation, these particle-level jets are built by clustering all generated stable particles (𝑐𝜏 > 10 mm) excluding the decay products of the Higgs boson as well as the neutrinos and charged leptons from the decays of the weak gauge boson, using the anti-𝑘 𝑡 clustering algorithm [START_REF] Cacciari | The anti-𝑘 𝑡 jet clustering algorithm[END_REF] with a radius parameter 𝑅 = 0.4. They are required to have a transverse momentum 𝑝 T > 30 GeV. Finally, the 𝑔𝑔 → 𝑍𝐻 process is separated from 𝑞𝑞 → 𝑍𝐻 as the diagrams and therefore the theory uncertainties are quite different. However, there is no good experimental handle between these two processes once they are measured differentially in 𝑝 𝑉 T and in number of additional jets. They will be therefore always merged together when performing the measurements. Not shown on the figure is a fiducial requirement |𝑦 𝐻 | ≤ 2.5 common to all production modes. Dashed boundaries indicate bins which should be split for an accurate estimation of the theory uncertainties in the predictions, but cannot be measured separately in the near future. Some of the bin separations, represented as dashed lines on the figure, are not meant to be measured separately in the near future, but are important for an accurate estimation of the residual theory uncertainties in the acceptances of the bins. Indeed, even if the STXS categories are defined in close relation to the experimental categorization performed in the ATLAS and CMS analyses in order to reduce the dependence of the cross-section measurements on theoretical uncertainties in the SM prediction, this dependence cannot be completely eliminated in practice.

It manifests itself whenever the experimental acceptance of an analysis varies significantly inside a STXS category, or when an extrapolation is necessary between the phase space of the measurement and the STXS category. Cases where the experimental sensitivity is not enough to perform accurate measurements at the defined STXS granularity, and where sums of categories are then measured together, also lead to sizable residual theory uncertainties in the measurement. This statement can be clarified by examining a simplified example of a single measurement performed over a sum of two STXS categories 1 and 2. One can write:

𝑁 obs = 𝜇(𝜖 1 𝜎 1 + 𝜖 2 𝜎 2 )ℒ, (1.5) 
where 𝑁 obs is the number of observed signal events, ℒ the luminosity, 𝜇 the signal strength, 𝜎 1,2 the predicted SM cross-sections in the categories 1 and 2, and 𝜖 1,2 the experimental acceptances, i.e the efficiencies for events from categories 1 or 2 to pass analysis selections. The measured cross-section for the sum of categories 1 and 2 is then obtained with:

𝜎 obs = 𝜇(𝜎 1 + 𝜎 2 ) = 𝑁 obs ℒ (𝜖 1 𝜎 1 𝜎 1 + 𝜎 2 + 𝜖 2 𝜎 2 𝜎 1 + 𝜎 2 ) -1 = 𝑁 obs ℒ (𝜖 1 + (𝜖 2 -𝜖 1 ) 𝜎 2 𝜎 1 + 𝜎 2 ) -1
.

(1.6)

The last form makes it clear that even without taking into account any extrapolation to a fiducial volume, as long as the experimental acceptances for the categories 1 and 2 are different (𝜖 2 -𝜖 1 ≠ 0) the cross-section measurement is sensitive to any theory uncertainty in the truth acceptances for the categories (

𝜎 2 𝜎 1 +𝜎 2 ).
This reasoning applies to several aspects of the measurements in the STXS framework in the 𝑉𝐻(𝑏 b ) analysis. As will be shown in chapter 2, experimental categories are defined with 0-jet and 1-jet for 𝑊 𝐻, and with 0-jet and ≥ 1-jet for 𝑍 𝐻. In the meantime, the experimental sensitivity allows to measure the cross-sections only inclusively in the number of jets. Therefore, the 𝑊 𝐻 measurement has to be extrapolated to the ≥ 2-jet events, and both measurements have experimental acceptances that are different for 0-jet, 1-jet and ≥ 2-jet (for 𝑍 𝐻) events. The uncertainties in the SM crosssections in the jet STXS categories thus do matter in the measurement of the cross-section inclusive in the number of jets and have to be evaluated. Along 𝑝 𝑉 T , the experimental selections at 75 GeV or 150 GeV match the STXS boundaries. However, the acceptances of the STXS categories in the experimental 𝑝 𝑉 T > 150 GeV region are quite different. In particular, 𝑏-jets from Higgs decays in signal events with 𝑝 𝑉 T >400 GeV tend to be very close-by (boosted topology), resulting in a decreased experimental acceptance as two resolved 𝑏-jets are required. In this case as well, it is crucial that theory uncertainties in the signal acceptances are well defined.

The evaluation of these uncertainties for the 𝑉 𝐻 process is described in detail in [START_REF]Evaluation of theoretical uncertainties for simplified template cross section measurements of 𝑉-associated production of the Higgs boson[END_REF]. In addition to the overall cross-section uncertainties that have been presented in table 1.2, uncertainties are defined on the STXS categories in the form of migration systematics, that change yields in categories while preserving the overall normalization. The evaluations are performed with a sample generated using the Powheg v2 generator with the MiNLO (Multiscale Improved NLO) procedure [START_REF] Luisoni | 𝐻 𝑊 ± /HZ + 0 and 1 jet at NLO with the POWHEG BOX interfaced to GoSam and their merging within MiNLO[END_REF], interfaced to the Pythia 8 MC generator [START_REF] Sjöstrand | An Introduction to PYTHIA 8.2[END_REF] applying the AZNLO tune [START_REF]Measurement of the 𝑍 /𝛾 * boson transverse momentum distribution in 𝑝𝑝 collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF] for the Drell-Yan processes. For the 𝑔𝑔 → 𝑍 𝐻 process, a sample generated using Powheg at LO in QCD and interfaced with Pythia 8 is used instead.

The parton distribution function (PDF) uncertainties have been evaluated following the PDF4LHC recommendations for LHC Run II [START_REF] Butterworth | PDF4LHC recommendations for LHC Run II[END_REF], using 30 PDF Hessian uncertainty variations and an 𝛼 𝑆 variation, present in the PDF4LHC15_30 PDF set. The impact of each variation is simply evaluated in each STXS category. Each variation is considered a well-defined uncertainty source, whose effect is correlated across the full phase space. These PDF uncertainties are quite small, with a sum in quadrature of their contributions ranging from 1% to 3% for the Drell-Yan processes, and ranging from 2% to 5% for the 𝑔𝑔 → 𝑍 𝐻 process.

Uncertainties from missing higher orders in the QCD calculations have been, as usual, evaluated using variations of the renormalization and factorization scales. However, contrary to the PDF uncertainties, the variations of the scales are not considered as well-defined uncertainty sources, and are mere proxys to estimate the QCD uncertainty. A procedure is then needed to correctly estimate the uncertainty in each exclusive STXS category, and to define reasonable correlations between the uncertainties across the STXS categories. They are implemented as uncertainties across the 𝑝 𝑉 T categories (estimated inclusively in the number of jets), and as uncertainties in the three jet bins 

[𝜇 𝑅 /𝜇 𝑛𝑜𝑚 𝑅 , 𝜇 𝐹 /𝜇 𝑛𝑜𝑚 𝐹 ] ∶ [1/2, 1][1, 1/2][2, 1][1, 2][1/2, 1/2][2, 2].
First, total relative uncertainties are computed in each inclusive 𝑝 𝑉 T or 𝑛 jet region as the maximum deviation obtained in the set of renormalization and factorization pairs: there is therefore an uncertainty for 𝑝 𝑉 T > 75 GeV, another one for 𝑝 𝑉 T > 150 GeV, etc... Absolute cross-section uncertainties are derived from this relative variations: Δ 75 , Δ 150 , Δ 250 and Δ 400 for the 𝑝 𝑉 T categories, Δ 1 and Δ 2 for the jet categories.

A migration uncertainty is then defined along each category boundary by an anticorrelated variation of Δ 𝑋 for 𝑝 𝑉 T > 𝑋 and -Δ 𝑋 for 𝑝 𝑉 T < 𝑋, and similarly for the jet categories. The variation Δ 𝑋 is distributed across the full spectrum above the boundary 𝑋 so that the relative uncertainty is the same in each exclusive category. The variation -Δ 𝑋 is applied to the category just below the boundary. This procedure follows the philosophy of the Stewart-Tackmann prescription for the treatment of scale uncertainties in exclusive categories [START_REF] Stewart | Theory uncertainties for Higgs and other searches using jet bins[END_REF]. Taking the category 75 GeV < 𝑝 𝑉 T < 150 GeV as an example: it will by affected by the Δ 75 uncertainty (estimated from 𝑝 𝑉 T > 75 GeV), and by the -Δ 150 uncertainty, and the effective total uncertainty is the sum in quadrature of these two terms. However, this procedure is quite conservative for the categories at high 𝑝 𝑉 T , which are by construction affected by all the uncertainties associated to each boundary below them. To mitigate this effect, the uncertainties Δ 150 , Δ 250 and Δ 400 are scaled by a factor 0.5, which was tuned by comparing the total uncertainty in inclusive regions, computed as the quadratic sum of the relevant Δ, to the maximum of the scale variations that was used as an input, and making sure the result is not too conservative. Figure 1.12 presents the relative QCD uncertainties related to the 𝑝 𝑉 T boundaries as computed by this procedure for the 𝑊 𝐻, 𝑞 q → 𝑍 𝐻 and 𝑔𝑔 → 𝑍 𝐻 processes, along with their quadratic sum. They amount to 3-4% for the Drell-Yan processes, but are as large as 40% for the 𝑔𝑔 → 𝑍 𝐻 production. Figure 1.13 shows similar information but for the QCD uncertainties related to the 𝑛 jet splitting, along with the total sum of QCD uncertainties. The Δ 1 and Δ 2 migration uncertainties have typically a larger impact than the 𝑝 𝑉 T ones, of the order of 7% in the 1-jet categories, and 10% in the ≥ 2-jet categories.

Finally, table 1.3 displays a summary of these uncertainties, inclusively in the number of jets, and in the 𝑝 𝑉 T categories that will be used for the measurement in the 𝑉𝐻(𝑏 b ) channel that will be presented in the next chapters. The cross-section in each category is shown as well for reference.

Constraining anomalous Higgs boson interactions with the 𝑉 𝐻, 𝐻 → 𝑏 b process

As explained in section 1.2 differential measurements of the Higgs boson processes can be interpreted in the context of effective field theories to probe the strength and tensor structure of the Higgs boson interactions. The formalism used in the 𝑉𝐻(𝑏 b ) analysis is that of the Strongly Interacting Little Higgs (SILH) [START_REF] Giudice | The Strongly-Interacting Light Higgs[END_REF][START_REF] Contino | Effective Lagrangian for a light Higgs-like scalar[END_REF] that is defined as the effective theory of a strongly interacting sector in which a light composite Higgs boson arises as a pseudo Goldstone boson and is responsible for EW symmetry breaking. Among the operators defined in this formulation, four directly affect the 𝑉 𝐻 production cross-sections as they introduce new terms in the interactions of the 

Figure 1.12: Relative QCD uncertainties related to the 𝑝 𝑉 T boundaries and overall uncertainty in the STXS categories for (a) 𝑊 𝐻, (b) 𝑞 q → 𝑍 𝐻, and (c) 𝑔𝑔 → 𝑍 𝐻. Δ 75 , Δ 150 , Δ 250 and Δ 400 are the four migration uncertainties, Δ 𝑦 is the overall scale uncertainty on the cross section described in section 1.4.1. The black line is the quadrature sum of all the represented scale uncertainties. The x-axis labeling indicates the 𝑝 𝑉 T boundaries in GeV, the njet multiplicity (0, 1 and ≥ 2 jets, as 0J, 1J and GE2J). The FWD bin includes all contributions from the forward Higgs region (|𝑦 𝐻 | > 2.5). T migration uncertainties (black) and the quadrature sum of all uncertainties in each STXS category (green) including overall cross section uncertainties, for (a) 𝑊 𝐻, (b) 𝑞 q → 𝑍 𝐻, and (c) 𝑔𝑔 → 𝑍 𝐻. The x-axis labeling indicates the 𝑝 𝑉 T boundaries in GeV, the njet multiplicity (0, 1 and ≥ 2 jets, as 0J, 1J and GE2J). The FWD bin includes all contributions from the forward Higgs region (|𝑦 𝐻 | > 2.5).

Table 1.3:

Cross-section predictions and uncertainties, estimated inclusively in the number of jets, and in the 𝑝 𝑉 T categorization that will be used for the 𝑉𝐻(𝑏 b ) analysis presented in the next chapters. The total uncertainty is the quadrature sum of the QCD and PDF+𝛼 𝑆 uncertainties. The cross-sections include the branching ratios for leptonic decays of the 𝑊 and for decays into charged leptons of the 𝑍. The 𝑍 𝐻 lines include both the Drell-Yan contribution and the 𝑔𝑔 → 𝑍 𝐻 process. 𝑊 and 𝐵 fields, and therefore with the 𝑊 and 𝑍 bosons:

Process

𝒪 𝐻 𝑊 = 𝑖 (𝐷 𝜇 𝐻) † 𝜎 𝑎 (𝐷 𝜈 𝐻) 𝑊 𝑎 𝜇𝜈 𝒪 𝐻 𝐵 = 𝑖 (𝐷 𝜇 𝐻) † (𝐷 𝜈 𝐻) 𝐵 𝜇𝜈 𝒪 𝑊 = 𝑖 2 (𝐻 † 𝜎 𝑎 ↔ 𝐷 𝜇 𝐻) 𝐷 𝜈 𝑊 𝑎 𝜇𝜈 𝒪 𝐵 = 𝑖 2 (𝐻 † ↔ 𝐷 𝜇 𝐻) 𝜕 𝜈 𝐵 𝜇𝜈
The corresponding 𝐶 𝑃-odd operators Õ 𝐻 𝑊 , Õ 𝐻 𝐵 , Õ 𝑊 , and Õ 𝐵 , are not considered. Because of the loops involved in this process, the anomalous contributions to the 𝑔𝑔 → 𝑍 𝐻 production appear in this formalism either through higher-dimension (𝐷 ≥ 8) operators, or through corrections that are formally at NNLO in QCD and were not available at the time the analysis was made [START_REF] Degrande | Automated one-loop computations in the SMEFT[END_REF]. The 𝑔𝑔 → 𝑍 𝐻 production cross-section is therefore fixed to the SM prediction in this interpretation.

The coupling between the Higgs boson and the down-type quarks is modified through the operator The Higgs Effective Lagrangian (HEL) implementation [START_REF] Alloul | Phenomenology of the Higgs effective Lagrangian via FeynRules[END_REF] of the SILH formalism is used to set constraints on the coefficients of the operators affecting the 𝑉𝐻(𝑏 b ) process as the relations between these coefficients and the cross-sections in the STXS framework have been computed [START_REF] Hays | Constraining EFT parameters using simplified template cross sections[END_REF], including both the interference and the BSM terms as defined in section 1.2. In the HEL implementation, the coefficients of interest are reparametrized into dimensionless ones: Chapter 2

𝒪 𝑑 = 𝑦 𝑑 |𝐻 | 2 Q L 𝐻 𝑑 R (
c 𝐻 𝑊 = 𝑚 2 𝑊 𝑔 𝑐 𝐻 𝑊 Λ 2 , c 𝐻 𝐵 = 𝑚 2 𝑊 𝑔 ′ 𝑐 𝐻 𝐵 Λ 2 , c 𝑊 = 𝑚 2 𝑊 𝑔 𝑐 𝑊 Λ 2 , c 𝐵 = 𝑚 2 𝑊 𝑔 ′ 𝑐 𝐵 Λ 2 , c 𝑑 = 𝑣 2 𝑐 𝑑 Λ 2 , (1.7 
Search for the Higgs boson in the 𝑉𝐻(𝑏 b ) channel using 80 fb -1 of 13 TeV data

The search for the Higgs boson in its decay to 𝑏-quarks and produced in association with a vector boson is a relatively complex analysis because of the large phase space studied, of the low signal-tobackground ratio and of the diversity of background processes to consider, which all contribute to make the impact of systematic uncertainties significant. This chapter reports in detail the analysis performed using 80 fb -1 of 13 TeV data collected during the first three years of the Run-2 of the LHC. Section 2.1 aims at providing a general overview of the analysis as well as justifying some important design choices. The dataset and the simulated samples used are described in section 2.2. In section 2.3 the selections applied to the physics objects are listed, then the event selections are described. The data-driven estimation of the multi-jet backgrounds is presented in section 2.4. The estimation of the many systematic uncertainties is reported in section 2.5. The statistical analysis is described in detail in section 2.6, and its results are presented in section 2.7.

Introduction to the analysis

The goal of the 𝑉𝐻(𝑏 b ) analysis is -obviously -to maximize the sensitivity to this process. As mentioned in section 1.4, the topology of the 𝑉𝐻(𝑏 b ) events is rather simple, with two 𝑏-jets coming from the Higgs boson decay, two leptons from the vector boson decay, and possible additional jets from initial or final state radiation.

Therefore three channels are considered, with 0, 1 or 2 charged leptons in the final state to target the 𝑍 → 𝜈𝜈, 𝑊 → ℓ𝜈 or 𝑍 → ℓℓ decays respectively. Among the charged leptons, only electrons and muons are considered: the much lower purity achieved in the hadronic 𝜏 reconstruction makes their use a high-effort, low-reward task.

Straightforward selections on the charged leptons and on the missing transverse energy allow to reduce significantly multi-jet backgrounds, so that in all channels the signal has to be discriminated against backgrounds involving 𝑊 or 𝑍 bosons. As the goal is to reconstruct the 𝐻 → 𝑏 b decay, two 𝑏-tagged jets are required in the events. This reduces the backgrounds further, but many different ones still have significant contributions: processes with vector bosons and heavy flavour jets (𝑉 + hf), QCD and electroweak production of top-quarks (both 𝑡 t pairs and single-top events), and diboson processes (𝑊 𝑍, 𝑍 𝑍).

It is worth pointing out how crucial a high-performance 𝑏-tagging algorithm is for this analysis, with a high efficiency for 𝑏-jet identification and a large rejection of both light and 𝑐-jets. Whenever the rejection is worsened, the composition of the 𝑉 + jets backgrounds change drastically, with a larger contamination from the higher cross-section 𝑉+light-flavour jets and 𝑉 + 𝑐 processes. That degrades the signal over background ratio of the analysis, and makes it more difficult to control precisely the uncertainties in the modelling of the 𝑉+jets process, which is a key aspect of the analysis.

The events kinematics are then used used to improve the discrimination between signal and backgrounds, the most useful variables being the dijet invariant mass, the transverse momentum of the vector boson (𝑝 𝑉 T ), and the number of additional jets. The application of specific techniques to improve the 𝑏-jet energy scale makes the signal invariant mass peak narrower and therefore increases further the importance of this variable. The harder 𝑝 𝑉 T spectrum for the signal and the differences in the number of additional jets are exploited by the creation of categories to classify the events according to them. The bulk of the sensitivity of the analysis therefore lies in the high-𝑝 T regime, broadly around 200 GeV. In the 0-and 1-lepton channels, the background composition (in particular the presence of semi-leptonic 𝑡 t decays) makes the categories without any additional jets much more sensitive than the ones with such jets. Three analyses are actually performed.

In the main analysis, a multivariate classifier is trained inside each analysis category to improve the separation between the signal and the backgrounds. The binned outputs of the classifiers are fitted simultaneously to extract the signal strength and perform the statistical analysis of the data.

A validation analysis is performed by extracting the signal strength of the diboson (𝑉 𝑍 , 𝑍 → 𝑏 b ) process using similar classifiers, but trained to discriminate the diboson from the rest of the backgrounds. This validation is actually done before the unblinding of the Higgs results, and is a powerful tool to validate the whole analysis given the proximity of the 𝑉 𝑍 and 𝑉 𝐻 processes.

Finally, the main result is cross-checked by a dijet-mass analysis, in which the dijet invariant mass is used in the statistical analysis instead of the multivariate classifier output. Additional selections on the angular separation between the 𝑏-tagged jets, optimized in each 𝑝 𝑉 T category, are applied to improve the sensitivity of this cross-check.

In all cases, systematic uncertainties have a significant impact on the results. Thus they need to be evaluated very carefully, in particular the ones concerning the modelling of the signal and of the backgrounds by the Monte Carlo generators. As all analysis categories are fitted together in a global profile likelihood, the large amount of data in some categories constrain some uncertainties, and the propagation of such constraints across the phase space must be well controlled to avoid biased or over-optimistic results. The validity of the uncertainties model implemented in the statistical analysis, and in particular that of the background uncertainties model, is one of the key and time-consuming aspects of the analysis.

Dataset, signal and backgrounds

Recorded data

The analysis uses data recorded in the first three years of the Run-2 of the LHC, i.e between 2015 and 2017. The events are selected for the analysis only if they were recorded when all ATLAS subdetectors have been in good operating conditions, and if they are of good quality. This basic data quality selection has an efficiency of about 94%, which corresponds to a useful integrated luminosity of 79.8 ± 1.6 fb -1 [START_REF]Luminosity determination in 𝑝𝑝 collisions at √𝑠 = 8 TeV using the ATLAS detector at the LHC[END_REF][START_REF]The new LUCID-2 detector for luminosity measurement and monitoring in ATLAS[END_REF]. The average number of inelastic interactions per bunch-crossing (pile-up) varied significantly between the data periods, from about 13 to 56, with an average of 32.

Simulated samples

The signal and SM background processes are simulated using events from Monte Carlo (MC) generators, with the exception of the multi-jet background which is estimated using data-driven techniques. The simulated datasets are normalised using the most accurate theoretical cross-sections available, and were generated with at least NLO accuracy (with one exception).

The 𝑞𝑞 → 𝑍 𝐻 and 𝑞𝑞 → 𝑊 𝐻 samples were generated in the Powheg-Box v2 framework [START_REF] Alioli | A general framework for implementing NLO calculations in shower Monte Carlo programs: the POWHEG BOX[END_REF] using the GoSam algorithm [START_REF] Cullen | Automated one-loop calculations with GoSam[END_REF] and the MiNLO procedure [START_REF] Luisoni | 𝐻 𝑊 ± /HZ + 0 and 1 jet at NLO with the POWHEG BOX interfaced to GoSam and their merging within MiNLO[END_REF][START_REF] Hamilton | Merging H/W/Z + 0 and 1 jet at NLO with no merging scale: a path to parton shower + NNLO matching[END_REF] for merging correctly the jet multiplicities. The loop-induced 𝑔𝑔 → 𝑍 𝐻 events were generated at LO using Powheg-Box v2. All signal samples were interfaced with Pythia 8.212 [START_REF] Sjöstrand | An Introduction to PYTHIA 8.2[END_REF] for parton showering and hadronization, and using the AZNLO tune [START_REF]Measurement of the 𝑍 /𝛾 * boson transverse momentum distribution in 𝑝𝑝 collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF] of the underlying event. They were generated using the first PDF in the NNPDF3.0NLO set [START_REF] Ball | Parton distributions for the LHC Run II[END_REF] and then reweighted to the PDF4LHC15NLO set [START_REF] Butterworth | PDF4LHC recommendations for LHC Run II[END_REF] using the algorithm implemented in Poweheg-Box v2. The lack of NLO EW corrections to the 𝑞𝑞 → 𝑉 𝐻 processes in the generators is partially accounted by a reweighting of the events as function of the transverse momentum of the vector boson according to the differential cross-section computed with HAWK [START_REF] Denner | Electroweak corrections to Higgs-strahlung off W/Z bosons at the Tevatron and the LHC with Hawk[END_REF][START_REF] Denner | HAWK 2.0: A Monte Carlo program for Higgs production in vector-boson fusion and Higgs strahlung at hadron colliders[END_REF]. The signal samples are normalised using the cross-section computations discussed in section 1.4.1.

The different production modes of top-quarks, through QCD and electroweak processes, were generated in Powheg-Box v2 [START_REF] Frixione | A Positive-weight next-to-leading-order Monte Carlo for heavy flavour hadroproduction[END_REF][START_REF] Alioli | NLO single-top production matched with shower in POWHEG: s-and t-channel contributions[END_REF][108], interfaced to Pythia 8.230 for parton showering and hadronization, and using the A14 tune [START_REF]ATLAS Pythia 8 tunes to 7 TeV data[END_REF]. They used the NNPDF3.0NLO set. The samples are normalised using cross-sections computed at NNLO+NNLL accuracy for the top-quark pair production [START_REF] Czakon | Top++: A Program for the Calculation of the Top-Pair Cross-Section at Hadron Colliders[END_REF], at NLO accuracy for the s-channel and t -channel processes [START_REF] Kidonakis | Next-to-next-to-leading-order collinear and soft gluon corrections for t-channel single top quark production[END_REF][START_REF] Kidonakis | NNLL resummation for s-channel single top quark production[END_REF] and at an approximate NNLO accuracy for the 𝑊 𝑡 process [START_REF] Kidonakis | Two-loop soft anomalous dimensions for single top quark associated production with a W-or H[END_REF].

The background samples of vector bosons with additional jets, 𝑊 → ℓ𝜈, 𝑍 /𝛾 * → ℓℓ and 𝑍 → 𝜈𝜈, were generated using Sherpa 2.2.1 [START_REF] Gleisberg | Event generation with SHERPA 1.1[END_REF][START_REF] Cascioli | Scattering Amplitudes with Open Loops[END_REF][START_REF] Gleisberg | Comix, a new matrix element generator[END_REF][START_REF] Schumann | A Parton shower algorithm based on Catani-Seymour dipole factorisation[END_REF][START_REF] Höche | QCD matrix elements + parton showers: The NLO case[END_REF] for both matrix-element and parton-shower, with the default Sherpa tune for the underlying event. The NNPDF3.0NNLO set was used. The cross-sections to which the samples are normalised are computed at NNLO accuracy [START_REF] Catani | Vector Boson Production at Hadron Colliders: A Fully Exclusive QCD Calculation at Nextto-Next-to-Leading Order[END_REF]. These 𝑉 + jets samples are a great example to show the importance of accurate, high-order MC simulations in a 𝑉𝐻(𝑏 b ) analysis where background modelling systematic uncertainties have a large impact. Figure 2.1a shows a distribution of the azimuthal angle between the jets in 𝑊 +2-jets events in the Run-1 𝑉𝐻(𝑏 b ) analysis, which relied on an earlier version of Sherpa where such events were simulated at LO accuracy. The significant disagreement with the data was treated with an ad-hoc correction, to which a sizable systematic uncertainty was then associated. Huge progress in Monte Carlo generators was achieved in the last 5-10 years, with the development of techniques such as MePs@Nlo that allows to generate 𝑊 + 2-jets at NLO accuracy thanks to a proper matching of the 𝑊 + 𝑛-partons matrix element calculations at higher orders with parton showers. This improves significantly the agreement with the data, as shown on fig. 2.1b, and in turns contributes to the reduction of the background modelling systematic uncertainties.

Diboson production (𝑊 𝑊, 𝑊 𝑍 and 𝑍 𝑍) was simulated using Sherpa 2.2.1 for matrix element and parton-shower, with the exception of the loop-induced 𝑔𝑔 → 𝑉 𝑉 processes which were made using Sherpa 2.2.2. The NNPDF3.0NNLO was used in all cases, and the samples were normalised to cross-sections computed at NLO accuracy. TeV data [START_REF]Study of jets produced in association with a 𝑊 boson in 𝑝𝑝 collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF] (black dots) with predictions using the MePs@Nlo matching technique as implemented in recent Sherpa versions such as 2.2.1 [START_REF] Höche | QCD matrix elements + parton showers: The NLO case[END_REF] (red line). The use of higher-order terms improves significantly the agreement with the data.

Table 2.1:

The generators used for the simulation of the signal and background processes. If not specified, the order of the cross-section calculation refers to the expansion in the strong coupling constant (𝛼 S ). The acronyms ME, PS and UE stand for matrix element, parton shower and underlying event, respectively. processes.

All generated events were passed through a full simulation of the ATLAS detector [START_REF]The ATLAS Simulation Infrastructure[END_REF] based on GEANT 4 [START_REF] Agostinelli | GEANT4: A Simulation toolkit[END_REF], then were reconstructed using the standard ATLAS software. The consequences of the multiple interactions in the same and nearby bunch-crossings (in-time and out-of-time pile-up) is accounted in the simulated events by overlaying additional minimum-bias events before running the reconstruction. This minimum-bias simulation is performed using the soft QCD processes of Pythia 8.186 with the A2 tune [START_REF]Summary of ATLAS Pythia 8 tunes[END_REF] and the MSTW2008LO [START_REF] Martin | Parton distributions for the LHC[END_REF] PDF set. The EvtGen v1.2.0 program [START_REF] Lange | The EvtGen particle decay simulation package[END_REF] was used to model the decays of bottom and charm hadrons of all samples of simulated events, except the ones generated using Sherpa where the internal routines were used instead.

Alternative samples of simulated events are used in the determination of the systematic uncertainties in the signal and background modelling. They are made either using different Monte Carlo generators, or using different settings of the nominal generator, and are described when needed in section 2.5.

Filters in datasets of simulated events

Disk space and CPU considerations limit the amount of Monte Carlo events that can be produced and used in the analysis, in particular for processes with large cross-sections such as 𝑡 t or 𝑉 + jets. Conversely, large datasets of simulated samples are required for a smooth modelling of the backgrounds in the analysis. Indeed, as will be showed in section 2.6, statistical uncertainties in the background templates have a relatively large impact on the total systematic uncertainty of the measurement.

To mitigate this effect, filters are used at various stages in the generation of the events so that the effective luminosity of the datasets is increased in the more relevant parts of the phase space. The ideal case would be that the generated events cover exactly the phase space of the analysis, with an acceptance close to 100%, and with enhanced statistics in the more sensitive regions. However, as datasets of very common processes such as 𝑡 t pair production or 𝑉 + jets productions are used by many analyses in the collaboration, the definitions of the filters is the result of a compromise. Studies were performed between each iteration of the 𝑉𝐻(𝑏 b ) analysis to optimise the filters or propose new ones, so that the amount of MC events in the analysis phase space scales at least as well as the integrated luminosity of the data.

Relevant examples for the 0-lepton channel are discussed in Charles Delporte's thesis [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF]. The studies were performed after the previous publication that used 36 fb -1 of 13 TeV data [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF], and looked at the backgrounds in the most sensitive bins of the multivariate discriminant output to understand which parts of their phase space were in most need of increased MC statistics.

The large Sherpa 𝑉 + jets samples are maybe the most commonly used in ATLAS, as these processes appear as background in almost every analysis that requires low multiplicity of charged leptons, or large missing transverse momentum. They are filtered on the flavour of the hadrons, i.e 𝑉 + 𝑏 and 𝑉 +𝑐 events end up in dedicated datasets. In order to increase the effective luminosity in phase space areas used by many searches or measurements, the generation is sliced in bins of max(𝐻 T , 𝑝 𝑉 T ), where 𝐻 T is the scalar sum of the transverse momenta of the jets: this allows to target both high-𝑝 𝑉 T events, and events with lower 𝑝 𝑉 T but large jet multiplicities. Delporte showed that this slicing strategy was quite inappropriate for the 𝑍 → 𝜈𝜈 samples, as many events with large jet multiplicity but low 𝑝 𝑉 T do not even pass the lowest unprescaled missing transverse momentum trigger available in ATLAS. Using a slicing strategy based on 𝑝 𝑉 T improves the MC statistical uncertainty by a factor two for the same number of generated events. Such a strategy was indeed used for some new 𝑍 → 𝜈𝜈 samples used in the analysis presented in this document.

The 𝑡 t background present in the 0-lepton channel represents a very peculiar part of the top-pair production phase space: with no charged lepton and 2 𝑏-tagged jets in the final state, it means that several of the 𝑡 t decay products are out of the acceptance or do not pass the analysis selections.

Object and event selection

Therefore it was shown that the use of 𝐸 miss T -filtered 𝑡 t events initially designed for SUSY searches allowed to increase significantly the statistics in the analysis phase space, when properly merged with the large dataset commonly used in ATLAS that contains all semi-leptonic and dileptonic decays generated inclusively.

Object and event selection

As mentioned in section 2.1, the selections applied in the analysis are relatively straightforward, with the main goal of selecting the typical topology of the 𝑉𝐻(𝑏 b ) events, and derive from a few guiding principles.

The first one is to have selections as consistent as possible between the three channels. As the main backgrounds are common between the channels (𝑍 (ℓℓ) + jets in 2-lepton vs 𝑍 (𝜈𝜈) + jets in 0-lepton channel, 𝑊 + jets in 0-and 1-lepton channels, 𝑡 t in all channels), and as the use of a simulatenous profile likelihood fit allows to constrain the important background modelling systematic uncertainties, keeping the selections close between the three channels allows to select very similar areas in phase space, and therefore limit the extrapolation uncertainties.

The second is to have lepton selections that keep the three channels orthogonal to each other, while optimising each channel according to its needs in terms of purity vs acceptance. This leads to the definition of two quality criteria for the leptons: a loose one and a tight one.

Object reconstruction

Interaction vertices are reconstructed from the tracks measured in the inner detector [START_REF]Reconstruction of primary vertices at the ATLAS experiment in Run 1 proton-proton collisions at the LHC[END_REF]. The primary vertex is selected from them as the one with the highest sum of transverse momenta of associated tracks.

Electrons are reconstructed using topological clusters of energy deposits in the calorimeter [START_REF]Electron and photon reconstruction and performance in ATLAS using a dynamical, topological cell clustering-based approach[END_REF] that are matched to a track in the inner detector. Their energy calibration is mainly based on a data sample of 𝑍 → 𝑒 + 𝑒 -events [START_REF]Jet Calibration and Systematic Uncertainties for Jets Reconstructed in the ATLAS Detector at √𝑠 = 13 TeV[END_REF]. Non-prompt and pile-up tracks are rejected by requiring small transverse (IP 𝑟𝜙 ) and longitudinal (IP 𝑧 ) impact parameters, defined with respect to the primary vertex positions. Tracks must have |IP 𝑟𝜙 |/𝜎 IP 𝑟𝜙 < 5 and |IP 𝑧 | < 0.5 mm, where 𝜎 IP 𝑟𝜙 is the uncertainty in the measurement of the transverse impact parameter. Loose electrons are required to have 𝑝 T > 7 GeV and |𝜂| < 2.47, to meet the 'LooseLH' likelihood-based quality criterion computed from shower shape and track quality variables [START_REF]Electron efficiency measurements with the ATLAS detector using 2012 LHC proton-proton collision data[END_REF], and to pass a loose track isolation requirement. The latter consists in a selection tuned for a constant efficiency of 99% as function of the electron 𝑝 T , asking for the electron track to be isolated from other tracks in a cone of variable size with Δ𝑅 max = 0.21 . Tight electrons are selected by requiring in addition that they pass the 'TightLH' quality criterion, and a calorimeter-based isolation specifically tuned to improve the rejection of the multi-jet background in the 1-lepton channel, with a signal efficiency of 95% and a rejection factor of the multi-jet events of about 10 [135].

Following [START_REF]Measurement of the muon reconstruction performance of the ATLAS detector using 2011 and 2012 LHC proton-proton collision data[END_REF][START_REF]Muon reconstruction performance of the ATLAS detector in protonproton collision data at √𝑠 = 13 TeV[END_REF], muons are reconstructed as tracks in the inner detector matched to tracks in the muon spectrometer up to |𝜂| = 2.5. The acceptance is increased up to |𝜂| = 2.7 by using the muon spectrometer alone, and in the region |𝜂| < 0.1 the limited coverage of muon chambers is worked around by using tracks in the inner detector matched to calorimeter energy deposits consistent with typical muon energy loss. Similar to the electron case, non-prompt and pile-up tracks are rejected by applying impact parameter requirements: |IP 𝑟𝜙 |/𝜎 IP 𝑟𝜙 < 3 and |IP 𝑧 | < 0.5 mm. Loose muons are required to have 𝑝 T > 7 GeV and |𝜂| < 2.7, to meet the 'loose' quality criterion defined in [START_REF]Muon reconstruction performance of the ATLAS detector in protonproton collision data at √𝑠 = 13 TeV[END_REF] and to pass a loose track isolation requirement. The latter is defined the same way as for electrons with a constant efficiency of 99%, but using an isolation cone with Δ𝑅 max = 0.3. In addition, tight muons need to fulfil the 'medium' quality criterion and a stricter track isolation, that was also optimised specifically for the 1-lepton channel and yields a rejection of the multi-jet background by a factor about 3 for a signal efficiency of 95% [START_REF] Ma | Observation of H→bb decays and VH production with the ATLAS detector[END_REF].

Hadronically decaying 𝜏-leptons are reconstructed as jets from noise-suppressed energy clusters, using the anti-𝑘 𝑡 algorithm with radius parameter 𝑅 = 0.4 [START_REF]Reconstruction of hadronic decay products of tau leptons with the ATLAS experiment[END_REF][START_REF]Measurement of the tau lepton reconstruction and identification performance in the ATLAS experiment using 𝑝𝑝 collisions at √𝑠 = 13 TeV[END_REF]. They are required to have exactly one or three matching tracks in the inner detector within a cone of size Δ𝑅 = 0.2 around the jet axis, to have 𝑝 T > 20 GeV and |𝜂| < 2.5, and to be outside the transition region between the barrel and endcap calorimeters (1.37 < |𝜂| < 1.52). A multivariate classifier relying on boosted decision trees is employed to reject jets being reconstructed and identified as 𝜏-leptons, using information from the calorimeters and from the tracking detectors. The 'medium' quality criterion defined in [START_REF]Measurement of the tau lepton reconstruction and identification performance in the ATLAS experiment using 𝑝𝑝 collisions at √𝑠 = 13 TeV[END_REF] is used. Hadronically decaying 𝜏-leptons are only used in the analysis in the overlap removal procedure described at the end of this section. This has an impact on the jet multiplicity in the events.

Jets are reconstructed from noise-suppressed topological energy clusters in the calorimeter [START_REF] Lampl | Calorimeter Clustering Algorithms: Description and Performance[END_REF] using the anti-𝑘 𝑡 algorithm [START_REF] Cacciari | The anti-𝑘 𝑡 jet clustering algorithm[END_REF] with radius parameter 𝑅 = 0.4. The energies of the jets are calibrated using a jet energy scale correction (JES) obtained from both simulation and in situ calibration using data [START_REF]Jet energy measurement and its systematic uncertainty in protonproton collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF][START_REF]Jet energy scale measurements and their systematic uncertainties in proton-proton collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF]. A jet vertex tagger [START_REF]Performance of pile-up mitigation techniques for jets in 𝑝𝑝 collisions at √𝑠 = 8 TeV using the ATLAS detector[END_REF] based on track and vertex information is used to remove jets associated with vertices other than the primary one, for jets with 𝑝 T < 60 GeV and |𝜂| < 2.4. Jets arising from non-collision backgrounds or noise in the calorimeters are identified using jet cleaning criteria [START_REF]Selection of jets produced in 13 TeV proton-proton collisions with the ATLAS detector[END_REF], and events containing such jets are vetoed. Jets in the central region of the detector (|𝜂| < 2.5) are required to have 𝑝 T > 20 GeV. Outside of the acceptance of the inner detector (2.5 < |𝜂| < 4.5), the requirement is raised to 𝑝 T > 30 GeV in order to reduce the contamination by pile-up jets.

In the central region, jets are tagged as containing 𝑏-hadrons using a multivariate discriminant (MV2) [START_REF]Optimisation and performance studies of the ATLAS 𝑏-tagging algorithms for the 2017-18 LHC run[END_REF], that combines information from several lower-level algorithms based on the impact parameters of the associated tracks, on the reconstruction of secondary vertices, and on a multivertex fitter that attempts to reconstruct the full 𝑏-to 𝑐-hadron decay chain. The chosen working point was tuned for a selection efficiency of 70% for 𝑏-jets in simulated 𝑡 t events, corresponding to light-flavour (𝑢-, 𝑑-, 𝑠-quark and gluon) and 𝑐-jet misidentification efficiencies of 0.3% and 12.5% respectively. The efficiencies in the simulation are corrected using calibrations computed from the analysis of 𝑡 t data for 𝑏-and 𝑐-jets [START_REF]ATLAS 𝑏-jet identification performance and efficiency measurement with 𝑡 t events in 𝑝𝑝 collisions at √𝑠 = 13 TeV[END_REF], and of multi-jet data for light-flavour jets [START_REF]Calibration of light-flavour 𝑏-jet mistagging rates using ATLAS protonproton collision data at √𝑠 = 13 TeV[END_REF]. Small efficiency differences observed in simulation between the samples generated using Sherpa and the other samples that use EvtGen for the decay of heavy flavour hadrons are corrected using additional 'MC-to-MC' scale-factors. The continuous and impressive evolution of the 𝑏-tagging algorithms over the past years has been one of the driving factors for the improvement of the 𝑉𝐻(𝑏 b ) analysis between its successive iterations, as it improves the signal-over-background ratio by removing events with signal-like kinematics but at least one 𝑐-or light-flavour jet in the Higgs candidate dijet pair. As a point of comparison, the misidentification efficiencies for the same 𝑏-jet efficiency of 70% were 0.5% and 12.5% for light-flavour and 𝑐-jets respectively in the previous analysis performed with 36 fb -1 of 13 TeV data [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF], and about 1% and 20% in the analysis of the Run-1 data [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF]. The difference between the Run-1 performance and the early Run-2 performance is estimated to come half from algorithmic improvements and half from the addition of the insertable B-layer detector at the heart of the ATLAS inner detector during the first long shutdown of the LHC [START_REF]ATLAS Insertable B-Layer Technical Design Report[END_REF][START_REF]Optimisation of the ATLAS 𝑏-tagging performance for the 2016 LHC Run[END_REF]. The further performance improvement between the early Run-2 analysis and the one discussed in this document is coming only from improved tuning and training of the algorithms. Simulated jets are labelled as 𝑏-, 𝑐-or light-flavour jets according to which hadrons with 𝑝 T > 5 GeV are found within a cone of size Δ𝑅 = 0.3 around their axis. If a 𝑏-hadron is present the jet is labelled as a 𝑏-jet. If not, but a 𝑐-hadron is found, then the jet is labelled as a 𝑐-jet. In the other cases the jet is labelled as a light jet. Simulated 𝑉 + jets events are categorised depending on the labels of the jets that form the Higgs boson candidate: 𝑉 + 𝑙𝑙 when they are both ligh-flavour jets, 𝑉 + 𝑐𝑙 when on of them is a 𝑐-jet and the other one is a light-flavour jet; the other cases (𝑉 + 𝑏𝑏, 𝑉 + 𝑏𝑙,...) are regrouped with the denomination 𝑉 + hf (heavy flavour).

As already mentioned, the statistical uncertainty in the datasets of simulated events is a sizable source of uncertainty in the measurement of 𝑉𝐻(𝑏 b ). Processes with large production cross-section and small selection efficiencies can be difficult to generate in large enough quantities to exceed significantly the integrated luminosity of the data. This is in particular the case of the 𝑉 +𝑙𝑙 and 𝑉 +𝑐𝑙 events, owing to the very large rejection of light-flavour jets achieved by the MV2 tagging discriminant. These events (as well as the 𝑊 𝑊 events) are therefore not subjected to the 𝑏-tagging requirement, but instead they are weighted by the probability for their Higgs candidate jets to be tagged as 𝑏-jets. The probabilities are computed per jet, depending on its flavour, and are parameterised as a function of the jet kinematics (𝑝 T and 𝜂). As the processes subjected to this treatment represent only a subpercent fraction of the total background, the assumption that the tagging probabilities of the jets in an event are independent from each other, which is not fully correct when the jets are close-by, is not causing any significant bias.

The JES correction applied as part of the jet calibration process is designed to obtain the correct response for the calorimeter energy deposits of an inclusive sample of jets [START_REF]Jet energy scale measurements and their systematic uncertainties in proton-proton collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF]. Additional corrections can be implemented to improve the energy scale and resolution of the 𝑏-jets specifically, in order to improve the dijet-mass resolution of the signal. The first one applied to 𝑏-tagged jets is called the muon-in-jet correction, and is applied when a medium quality muon with 𝑝 T > 5 GeV is found within Δ𝑅 = 0.4 of the jet, to better calibrate the jets with 𝑏-and 𝑐-hadron decays into muons which do not deposit their full energy in the calorimeter. Unlike in the lepton selection discussed previously, no isolation criteria are applied on the muons. When more than one muon is found, the one closest to the jet axis is chosen. The muon four-momentum is added to that of the jet. The small double-counting of the energy deposited by the muon in the calorimeter has a negligible effect. The 𝑏-jet response is further improved by a second correction, named PtReco, that is applied as function of the jet 𝑝 T . This correction is computed on simulated signal events, from the residual difference in scale between the reconstructed 𝑏-jets (with all other corrections applied) and the corresponding truth jets, formed by clustering the final-state particles in the Monte Carlo truth record, including muons and neutrinos. It increases the energy of the jets by only 1% for 𝑝 T > 100 GeV, but by up to 12% at 𝑝 T = 20 GeV. A larger correction is applied in case a muon or electron is identified within Δ𝑅 = 0.4 of the jet axis, to account for the missing neutrino energy.

In the 2-lepton channel, the full reconstruction of the 𝑍 → ℓℓ decays with high an excellent resolution allows to further improve the estimate of the 𝑏-jets energy. In the plane transverse to the beam axis, the vectorial sum of the momenta of the reconstructed objects must be zero (within the resolution given by the intrinsic 𝑘 T of the partons). Therefore in 𝑍 𝐻, 𝐻 → 𝑏 b events the 𝑝 𝑍 T is expected to balance the sum of the momenta of the jets. This constraint is implemented in a likelihood fit that includes the momenta of all jets and leptons as well as their estimated resolutions. The jet energy resolution being much worse than that of the leptons, the fit mostly corrects the energies of the jets. In the best case where there are no additional jets in the events, the application of this likelihood-based correction of the 𝑏-jet energies on simulated signal events moves the central value of the dijet mass distribution closer to its nominal value, and improves its resolution by up to about 40%. This improvement is shown in fig. 2.2, along with the effect of the other two corrections. In the 0-and 1-lepton channels, where the neutrinos in the vector boson decays prevent the use of the kinematic constraint, the application of the muon-in-jet and PtReco corrections still yield a sizable improvement of 15-20% of the dijet mass resolution. [START_REF] Bukin | Fitting function for asymmetric peaks[END_REF], and the values of the resolution are reported in the legend, along with the improvement with respect to the standard jet calibration.

The missing transverse momentum 𝐄 miss T is reconstructed as the negative vector sum of the transverse momenta of electrons, muons, hadronically decaying 𝜏-leptons and jets associated with the primary vertex, and of a 'soft term' that is built from well-reconstructed tracks matched to the primary vertex and not already matched to any of the physics objects [START_REF]Performance of missing transverse momentum reconstruction with the ATLAS detector using proton-proton collisions at √𝑠 = 13 TeV[END_REF].

As the object reconstruction and identification algorithms usually run independently from each other, an overlap removal procedure is applied to avoid any double counting between the reconstructed objects. Any hadronically decaying 𝜏-lepton reconstructed closer than Δ𝑅 = 0.2 to an electron or muon is removed, except in cases where the muon is of low quality. If a reconstructed muon shares a track in the inner detector with an electron, the latter is removed. Jets closer than Δ𝑅 = 0.2 to an electron are removed, since the energy deposits in the calorimeter of any electron are always clustered in a jet. Any electrons reconstructed within Δ𝑅 = min(0.4, 0.04 + 10 GeV/𝑝 𝑒 T ) of the axis of any surviving jet are removed, as they are likely to originate from semi-leptonic 𝑏-or 𝑐-hadron decays. If a jet is reconstructed within Δ𝑅 = 0.2 of a muon and the jet has fewer than three associated tracks or the muon energy constitutes most of the jet energy then the jet is removed. Muons reconstructed within a cone of size Δ𝑅 = min(0.4, 0.04 + 10 GeV/𝑝 𝜇 T ) around the jet axis of any surviving jet are removed. Finally, jets that are closer than Δ𝑅 = 0.2 to a hadronically decaying 𝜏-lepton are removed. This last requirement justifies the identification of hadronically decaying 𝜏-leptons in the analysis even though they are disregarded in the event selection, as it improves slightly the consistency of the background composition between the 0-and 1-lepton channels for some processes. As will be discussed below, the events are categorised according to the number of jets. As an example, let us consider how a 𝑊 (→ 𝜏𝜈) + 2-jets event where the 𝜏-lepton decays into hadrons may enter the 0-lepton channel selection. If the overlap removal procedure between reconstructed 𝜏-leptons and jets is not performed the event will be classifed in the 3-jet category, while it will be correctly classified in the 2-jet category when the procedure is applied. This improves the consistency with the 1-lepton channel, where a 𝑊 (→ 𝑒/𝜇𝜈)+2-jets event with similar kinematics will always be classified in the 2-jet category.

Event selection and categorisation

The orthogonality between the channels is ensured by the categorisation of the events into the 0-, 1and 2-lepton channels depending on the number of selected loose electrons and muons, to target the 𝑍 𝐻 → 𝜈𝜈𝑏 b , 𝑊 𝐻 → ℓ𝜈𝑏 b and 𝑍 𝐻 → ℓℓ𝑏 b signatures, respectively. In all channels, the events are required to have exactly two 𝑏-tagged jets, which form the Higgs boson candidate. At least one of those jets should have 𝑝 T > 45 GeV. Events are then categorised as being 2-jet or 3-jet depending on whether additional, untagged jets are present. In the 0-and 1-lepton channels, only one such additional jet is allowed: the 𝑡 t background becomes overwhelming in events with four jets or more since it is the typical final state for a semi-leptonic 𝑡 t decays. In the 2-lepton channel, where the typical final state for a dileptonic 𝑡 t decay is in the 2-jet category, the signal-to-background ratio does not degrade with additional jets, so any number of additional untagged jets is allowed.

It has been mentioned already that the transverse momentum of the vector boson 𝑝 𝑉

T is one of the key kinematic variables in the analysis. It is reconstructed as the 𝐸 miss T in the 0-lepton channel, as the vector sum of 𝐄 miss T and of the charged-lepton transverse momentum in the 1-lepton channel, and as the transverse momentum of the dilepton system in the 2-lepton channel. As shown on fig. 2.3, the signal-to-background ratio increases at large vector boson transverse momenta. This makes clear why the analysis is focused on a high-𝑝 𝑉 T region defined as 𝑝 𝑉 T > 150 GeV. In the 2-lepton channel, the sensitivity in the medium-𝑝 𝑉 T region 75 GeV < 𝑝 𝑉 T < 150 GeV is large enough to justify adding it to the analysis. In the 1-lepton channel, Yanhui Ma showed that the addition of this medium-𝑝 𝑉 T region could bring an extra 8% sensitivity [START_REF] Ma | Observation of H→bb decays and VH production with the ATLAS detector[END_REF], but at the cost of an increased complexity of the background uncertainty model in the profile likelihood fit to accommodate the presence of this very high statistics, low signal-to-background ratio region. Because of this additional effort required, it was decided not to include the medium-𝑝 𝑉 T region in the 1-lepton channel. In addition to the common event selections discussed above, specific selections are applied in each channel to improve the sensitivity of the analysis.

0-lepton channel

The online event selection uses 𝐸 miss T triggers, with thresholds that varied with the increase in instantaneous luminosity, starting at 70 GeV for the 2015 data-taking period, and up to [START_REF]Measurement of the 𝑍 /𝛾 * boson transverse momentum distribution in 𝑝𝑝 collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF] Their efficiency was measured in 𝑊 + jets, 𝑍 + jets and 𝑡 t events in data using single-muon triggers, resulting in correction factors applied in simulation ranging from 1.05 at 150 GeV, to 1 above 200 GeV. To remove a small part of the phase space where the trigger efficiency depends mildly on the jet multiplicity, a requirement on the scalar sum of the transverse momenta of the jets 𝐻 T is applied, with a threshold 𝐻 T > 120 GeV for 2-jet events, and 𝐻 T > 150 GeV for 3-jet events.

As expected from a 0-lepton channel, any event with a loose lepton is rejected. The use of loose leptons for the veto limits the contamination by 𝑊 + jets and 𝑡 t backgrounds. The majority of such events entering the 0-lepton selection are 𝑊 → 𝜏𝜈 decays, with either hadronic 𝜏-lepton decays, or leptonic decays where the daughter electron or muon does not pass the loose selection. This acceptance for 𝑊 → 𝜏𝜈 events also means that some 𝑊 𝐻 events pass the 0-lepton selection, accounting for about 20% of the signal in the 0-lepton channel. In an event topology with only jets and 𝐸 miss T sizable multi-jet contamination can be expected, coming from beam background, and mostly from mismeasured jets in the calorimeters. However, the kinematics of such events can be easily separated from that of the signal events: instead of the typical two 𝑏-tagged jets close to each other and balanced against the 𝐸 miss T , multi-jet events tend to have relatively back-to-back jets, with the 𝐸 miss T being aligned with one of them. This leads to the following selections, whose optimization is described in David Delgove's and Charles Delporte's theses [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF][START_REF] Delgove | Measurement of the Higgs boson properties with ATLAS experiment at the LHC[END_REF]:

• Δ𝜙(𝐄 miss T , 𝐩 miss T ) < 90 ∘ , • Δ𝜙(𝐛 1 , 𝐛 2 ) < 140 ∘ ,
• Δ𝜙(𝐄 miss T , 𝐛𝐛) > 120 ∘ , • min[Δ𝜙(𝐄 miss T , jets)] > 20 ∘ for 2-jet events, > 30 ∘ for 3-jet events.

In these expressions, 𝐛 1 and 𝐛 2 are the four-momenta of the two 𝑏-tagged jets forming the Higgs boson candidate's dijet system 𝐛𝐛, and 𝐩 miss T is the missing transverse momentum computed from the negative sum of the transverse momenta of the inner detector tracks matched to the primary vertex.

1-lepton channel

In the electron sub-channel, the online selection uses a logical OR of single-electron triggers with 𝑝 T thresholds starting at 24 GeV in 2015, and increased to [START_REF]Search for the Decay of the Higgs Boson to Charm Quarks with the ATLAS Experiment[END_REF] GeV in 2016 and 2017. The lowest-threshold triggers include identification and isolation criteria looser than those used in the offline analysis, and that are removed or relaxed for the higher-threshold triggers. In the muon sub-channel, the same 𝐸 miss T triggers and corrections factors as in the 0-lepton channel are used. Since muons are not included in the 𝐸 miss T calculation at trigger level, 𝐸 miss T triggers are effectively 𝑝 𝑉 T triggers in this subchannel. That allows an overall trigger efficiency of about 98% with respect to the offline selection, compared to about 80% efficiency if single-muon triggers were used, due to the limited coverage of the muon trigger chambers in the central region of the detector.

The offline selection consists in requiring exactly one tight lepton and no additional loose leptons, with 𝑝 T thresholds of 27 GeV for the electrons and 25 GeV for the muons. The more stringent identification and isolation requirements in the tight lepton selections, combined with an additional selection of 𝐸 miss T > 30 GeV in the electron sub-channel, allow to reduce significantly the multi-jet background which in this channel comes mostly from misidentified hadrons and from poorly isolated leptons from heavy flavour hadrons decays.

Events in the 1-lepton channel are categorised into the signal region (SR) or into a control region enriched in 𝑊 + hf events (𝑊 + hf CR). The control region is made of events passing the selection criteria 𝑚 𝑏𝑏 < 75 GeV and 𝑚 top > 225 GeV, where 𝑚 𝑏𝑏 is the invariant mass of the 𝑏-tagged jets, and 𝑚 top is the reconstructed mass of a leptonically-decaying top-quark candidate. The calculation of the latter requires the estimation of the four-momentum of the neutrino, achieved by the identification of its transverse component to the 𝐸 miss T , and by the determination of its longitudinal component by a constraint of the lepton-neutrino system to the 𝑊 mass. This estimation has usually two solutions, and 𝑚 top is then calculated as the invariant mass of the lepton, the reconstructed neutrino and the 𝑏-tagged jet that yields the lowest value among the four possibilities. The purity of the resulting 𝑊 + hf control region is around 75%.

2-lepton channel

The online selection in the electron sub-channel is the same as in the 1-lepton channel. In the muon sub-channel, a logical OR of single-muon triggers is used, with 𝑝 T thresholds for the lowest ones ranging from 20 GeV to 26 GeV depending on the data-taking periods. Similarly to the electron triggers, the lowest-threshold ones include an isolation requirement that is removed for the higherthresholds. The trigger efficiency with respect to the offline selection is close to 100% in the electron channel, while it is about 90% in the muon channel.

Events with exactly two loose leptons are selected. The lepton that triggered the event is required to have 𝑝 T > 27 GeV to ensure that the trigger efficiency reaches its plateau. In dimuon events, the two muons should have opposite-sign charge. This selection is not done in the electron sub-channel, where it would decrease a little the acceptance since the charge misidentification is not negligible. The dilepton invariant mass is required to be compatible with that of the 𝑍 boson: 81 GeV < 𝑚 ℓℓ < 101 GeV. This reduces significantly the backgrounds without a resonant lepton pair, such as top-quark and multi-jet productions.

Events in the 2-lepton channel are categorised into a signal region (SR) if the two leptons are of the same flavour, or into a control region if they have one electron and one muon (𝑒𝜇 CR). This defines a control region 99% pure in 𝑡 t and single-top-quark events, whose kinematics are identical to those in the signal region.

The event selection and categorisation in the three channels is summarised in table 2.2. The acceptances in the three channels after full selection, as well as predicted cross-sections times branching fractions for (𝑊 /𝑍 )𝐻 with 𝑊 → ℓ𝜈, 𝑍 → ℓℓ, 𝑍 → 𝜈𝜈 and 𝐻 → 𝑏 b are given in table 2.3. As already mentioned, the non-negligible acceptance for the 𝑞𝑞 → 𝑊 𝐻 process in the 0-lepton channel is mostly due to hadronically-decaying 𝜏-leptons produced in the 𝑊 decays. The larger, Chapter 2. Search for the Higgs boson in the 𝑉𝐻(𝑏 b ) channel using 80 fb -1 of 13 TeV data GeV selection in the 2-lepton or 0-lepton channel, respectively. The much larger acceptance in the 2-lepton channel compared to the other channels is due to the inclusion of the medium-𝑝 𝑉 T region.

Channels with tau leptons

Since hadronically decaying 𝜏-leptons are identified in the analysis as part of the objets selections, it may seem surprising that they are not used further in the event selection to gain sensitivity to 𝑊 𝐻 → 𝜏𝜈𝑏 b and 𝑍 𝐻 → 𝜏 + 𝜏 -𝑏 b decays. The different cases were studied and concluded that the expected sensitivity increase was not high enough to justify the added complexity to the analysis.

𝑊 𝐻 → 𝜏𝜈𝑏 b events

It can be deduced from table 2.3 that about 20% of the signal events in the 0-lepton channel come from 𝑊 𝐻 events, the vast majority of them with 𝜏-leptons. In his thesis, Charles Deporte [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF] attempted to classify these events seperately from the rest of the 0-lepton selection by using the selected hadronically-decaying 𝜏-leptons. Unfortunately the acceptance and efficiency of the 𝜏 reconstruction was not high enough for this classification to yield any sizable sensitivity improvement in this channel.

The 1-lepton channel selection has a sizable acceptance for leptonically-decaying 𝜏-leptons, although it is limited by the fact that the resulting muons or electrons are softer and may not pass the 1-lepton channel transverse momentum selection. An explicit selection of events with hadronicallydecaying 𝜏-leptons has been attempted by Yanhui Ma in his thesis [START_REF] Ma | Observation of H→bb decays and VH production with the ATLAS detector[END_REF]. As the 0-lepton channel has some acceptance to these events, the starting point is a selection of events containing a reconstructed hadronically-decaying 𝜏-lepton candidate, not passing the 0-lepton channel selection, and passing the lowest unprescaled triggers with the 𝐸 miss T , or 𝐸 miss T + 𝜏 ℎ𝑎𝑑 , or 𝜏 ℎ𝑎𝑑 signatures. Without any additional selection (that would be necessary to reduce the multi-jet contribution in this signature), the number of simulated signal events passing these trigger and 𝜏-lepton selections amount to only 4% of the number of signal events selected in the 1-electron or 1-muon subchannels. The small sensitivity improvement to be expected after this preliminary study did not justify the continuation of the work to create a dedicated 1-𝜏 subchannel.

Yanhui Ma also studied the possibility to veto events passing the 1-lepton selection when they have a reconstructed hadronically-decaying 𝜏-lepton in addition to the selected electron or muon. Such a veto results in a negligible efficiency loss for the signal and removes 20% of the 𝑡 t events in the 2-jet category, as it allows to veto topologies where one of the 𝑊 bosons decay into an electron or a muon, and the other 𝑊 boson decays into a 𝜏-lepton. However, upon studying the distribution of the multivariate discriminating variable used in the analysis for these events, it appeared they are mostly in the low-BDT score, low-sensitivity part. In the high-sensitivity part of the distribution, the 𝑡 t background was reduced by only a few percents. The gain in sensitivity was therefore negligible, and did not justify the complexity of this additional veto.

𝑍 𝐻 → 𝜏 + 𝜏 -𝑏 b events

The possibility to add selections dedicated to the 𝑍 𝐻 → 𝜏 + 𝜏 -𝑏 b events was studied by Tasneem Saleem in her thesis [START_REF] Saleem | Development of pixel detector for ATLAS Inner Tracker(ITK) upgrade at HL-LHC and Searching for the Standard Model Higgs boson decay into b-quark pair with ATLAS experiment[END_REF].

The case where both 𝜏-leptons decay hadronically was studied by selecting events with at least two reconstructed hadronically-decaying 𝜏-leptons and no other charged lepton. The events were considered if they did not already pass the 0-lepton selection, have 𝑝 𝑍 T > 150 GeV, and pass a combination of single-𝜏, di-𝜏 and 𝜏 + 𝐸 miss T triggers. Because of the much worse trigger performance, and of the worse 𝜏-lepton selection efficiency compared to the muon and electron efficiencies, the signal events thus selected amount to less than 1.5% of the yields in the electron and muon subchannels in the 𝑝 𝑍 T > 150 GeV region. The semi-leptonic case uses the same lepton selection as in the 1-lepton channel to look for the leptonically-decaying 𝜏-lepton, and requires at least one additional reconstructed hadronic 𝜏-lepton decay. A combination of single-lepton, single-𝜏, 𝜏 + 𝐸 miss T and 𝐸 miss T triggers is used. Events already entering the standard 1-lepton selection are vetoed. This results in expected signal yields of around 2% of those in the standard 2-lepton selection, in both the 75 GeV < 𝑝 𝑍 T < 150 GeV and the 𝑝 𝑍 T > 150 GeV regions.

The dileptonic case where both 𝜏-leptons decay into an electron or a muon has the smallest branching fraction (12.4%), with usually relatively soft leptons. Given the very low signal yields selected in the other cases despite their larger branching fraction, this dileptonic case was not investigated further.

Overall, the expected signal yields from dedicated 𝑍 𝐻 → 𝜏 + 𝜏 -𝑏 b selections are only a few percents of those in the standard 2-lepton selection. As channels with 𝜏-leptons tend to have significant background contributions from multi-jet events faking the 𝜏-leptons in addition to the 𝑍 boson and top backgrounds already present in the 2-lepton channel, the sensitivity increase to be expected from these selections can only be at the percent level. The preliminary studies discussed above were therefore not continued further.

Multivariate analysis

As mentioned previously, the main version of the analysis makes use of multivariate discriminants as final discriminating variables, in the form of boosted decision trees (BDTs). They are constructed, trained and evaluated in eight signal regions, corresponding to the two jet categories in the three lepton channels in the high-𝑝 𝑉 T region, in addition to the two jet categories in the 2-lepton medium-𝑝 𝑉 T region. Two sets of BDTs using the same input variables and parameters are constructed. The nominal one is designed to separate the Higgs boson events from the sum of expected background processes, and is referred to as BDT 𝑉 𝐻 . As mentioned previously, the second one is used to validate the analysis by separating the 𝑉 𝑍 , 𝑍 → 𝑏 b diboson process from the sum of all other expected background processes, including 𝑉 𝐻. It is referred to as BDT 𝑉 𝑍 .

The input variables used for the BDTs are chosen independently in each lepton channel, as the result of an optimization process to maximise the separation between the signal and backgrounds in the BDT 𝑉 𝐻 . Details of this optimization can for instance be found in Charles Delporte's thesis for the 0-lepton channel [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF]. Starting from the dijet mass (𝑚 𝑏𝑏 ), additional variables describing the event kinematics are tried one at a time by re-training the BDT in each case. The variable yielding the highest statistics-only significance is selected and added to the list. This procedure is iterated until the remaining variables yield only negligible increase of the sensitivity. As expected, the most useful variables for the signal discrimination in the 𝑉𝐻(𝑏 b ) topologies are the dijet mass 𝑚 𝑏𝑏 , the angular separation between the jets , and the transverse momentum of the vector boson. The most dramatic case is in the 0-lepton 2-jet category, where the very simple final state (two 𝑏-jets and missing transverse energy) leads to 95% of the full sensitivity being achieved by using only 𝑚 𝑏𝑏 and Δ𝑅(𝐛 1 , 𝐛 2 ).

The lists of variables selected in each lepton channel are displayed in table 2.4. Depending on the channels, eight to thirteen input variables are used. Among the 𝑏-tagged jets, the leading one is labelled 𝑏 1 and the subleading one is labelled 𝑏 2 . The separation in pseudorapidity between the 𝑏-tagged jets is |Δ𝜂(𝐛 𝟏 , 𝐛 𝟐 )|. The azimuthal angle and the separation in pseudorapidity between the reconstructed vector boson and the dijet system are noted Δ𝜙(𝐕, 𝐛𝐛) and |Δ𝜂(𝐕, 𝐛𝐛)|, respectively. In the 0-lepton channel, 𝑚 eff is defined as the scalar sum of the transverse momenta of all jets and 𝐸 miss T .

In the 1-lepton channel, min[Δ𝜙(ℓ, 𝐛)] is the angle between the lepton and the closest 𝑏-tagged jet, 𝑚 𝑊 T is the transverse mass of the reconstructed 𝑊 boson, 𝑚 top is the reconstructed mass of a leptonically-decaying top-quark candidate as described in section 2.3.2, and |Δ𝑌 (𝐕, 𝐛𝐛)| is the rapidity difference between the 𝑊 and Higgs boson candidates. The latter is calculated by using the same reconstruction of the 𝑊 boson candidate four-momentum as for 𝑚 top . In the 2-lepton channel, 𝑚 ℓℓ is the dilepton mass, and 𝑆 T is the scalar sum of transverse momenta of the charged leptons and jets in the event. In 3-jet events, the third jet is labelled jet 3 and the mass of the 3-jet system is noted 𝑚 𝑏𝑏𝑗 .

The technical implementation of the BDTs relies on the Tookit for Multivariate Data Analysis (TMVA) [START_REF] Hoecker | TMVA -Toolkit for Multivariate Data Analysis[END_REF]. The hyperparameters had been thoroughly optimized using scans in the analysis of the Run 1 data [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF], and their tuning was found still acceptable for the Run 2 analysis, where few values were changed [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF]. The performance and robustness of the BDTs is improved by the use of a 𝑘-folding technique with two folds. For each BDT, the simulated Monte Carlo events in the corresponding analysis region are split randomly into two halves, A and B. The performance of the BDT trained on sample A (B) is evaluated with sample B (A) in order to use independent events for the training and the evaluation, while still making use of all the available Monte Carlo statistics. When applying the BDTs to data events, the fold A or B is chosen randomly. The output distributions of the BDTs evaluated on samples B and A are then merged into a single distribution. The performance of the BDTs depends strongly on the availability of large datasets of MC events to perform the training, an issue quite common when using machine learning techniques. The amount of events available is increased by removing the 𝑏-tagging requirements in the training of the BDTs, and using instead for all events the jet weighting technique described in section 2.3.1 for backgrounds with only 𝑐-and light-jets. As the analysis uses a 𝑏-tagging operating point with 70% efficiency on 𝑏-jets, the number of events is therefore increased by at least a factor two for both signal and backgrounds. Variable 0-lepton 1-lepton 2-lepton

𝑝 𝑉 T ≡ 𝐸 miss T × × 𝐸 miss T × × 𝑝 𝑏 1 T × × × 𝑝 𝑏 2 T × × × 𝑚 𝑏𝑏 × × × Δ𝑅(𝐛 1 , 𝐛 2 ) × × × |Δ𝜂(𝐛 𝟏 , 𝐛 𝟐 )| × Δ𝜙(𝐕, 𝐛𝐛) × × × |Δ𝜂(𝐕, 𝐛𝐛)| × 𝑚 eff × min[Δ𝜙(ℓ, 𝐛)] × 𝑚 𝑊 T × 𝑚 top × |Δ𝑌 (𝐕, 𝐛𝐛)| × 𝑚 ℓℓ × 𝐸 miss T /√𝑆 T × Only in 3-jet events 𝑝 jet 3 T × × × 𝑚 𝑏𝑏𝑗 × × ×

Dijet-mass analysis

The main multivariate analysis is further cross-checked by using the invariant mass of the two 𝑏tagged jets as the discriminating variable. As the dijet mass is only one of the variables entering the BDTs, the sensitivity of this method is significantly improved by imposing additional selections, shown in table 2.5, on top of the ones used for the multivariate analysis. Details on their optimisation for the analysis of the Run 2 data can be found in David Delgove's and Yanhui Ma's theses [START_REF] Ma | Observation of H→bb decays and VH production with the ATLAS detector[END_REF][START_REF] Delgove | Measurement of the Higgs boson properties with ATLAS experiment at the LHC[END_REF].

In the 1-lepton channel, the fraction of the 𝑡 t background where both 𝑊 bosons decay into leptons is efficiently reduced using a selection on the transverse mass of the reconstructed 𝑊 boson candidate, since the presence of two neutrinos can yield a large value. In the 2-lepton channel, a selection is applied on 𝐸 miss T /√𝑆 T , which can be seen as an approximation of a significance of the 𝐸 miss T and therefore reduces the 𝑡 t background.

The main improvement in sensitivity for this cross-check comes from making use of the most discriminant kinematic variables besides 𝑚 𝑏𝑏 , by splitting the high-𝑝 𝑉 T region into two regions 150 GeV < 𝑝 𝑉 T < 200 GeV and 𝑝 𝑉 T > 200 GeV, and by applying a selection on the angular separation between the 𝑏-tagged jets optimised in each 𝑝 𝑉 T region. In the 1-lepton channel, the low mass range of the dijet mass distribution brings enough information to sufficiently constrain the 𝑊 + hf background, thus the categorisation of the events into the 𝑊 + hf CR is not applied and they are kept in the SR.

Table 2.5:

Summary of the event selection criteria in the 0-, 1-and 2-lepton channels for the dijet-mass analysis, applied in addition to those described in Table 2.2 for the multivariate analysis.

Channel

Selection 0-lepton 1-lepton 2-lepton 

𝑚 𝑊 T - < 120 

Estimation of the multi-jet background

The backgrounds simulated using MC samples and presented in section 2.2.2 all involve 𝑊 or 𝑍 bosons, and are referred to as electroweak (EW) backgrounds hereafter. But pure multi-jet backgrounds can also enter the analysis phase space, due to fake 𝐸 miss T , or misidentified or non-prompt leptons. Because of the large cross-section and large rejection factor of multi-jet processes, and because of the possible inaccuracies of the simulation of the fake 𝐸 miss T or misidentified leptons in the tails of multi-jet distributions, data-driven methods are used in each channel to estimate the contribution of this background.

Estimation in the 0-lepton channel

In the 0-lepton channel, the multi-jet background is mostly due to fake 𝐸 miss T arising from fluctuation in the energy deposition of a jet in the calorimeters. It is then expected that the resulting 𝐸 miss T is close to the direction of the jet. Indeed, the min[Δ𝜙(𝐄 miss T , jets)] variable introduced in section 2.3.2 is extremely effective at reducing this background contribution, as can be seen in fig. 2.4 where the selection on this variable is removed in the 3-jet category. The optimization of the selections aiming at reducing the multi-jet background is discussed in the theses of David Delgove [START_REF] Delgove | Measurement of the Higgs boson properties with ATLAS experiment at the LHC[END_REF] and Charles Delporte [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF]. The selection values were precisely tuned to reduce the multi-jet background down to negligible levels, at a minimal cost for the signal efficiency. In the 3-jet category, a fit to the min[Δ𝜙(𝐄 miss T , jets)] distribution is performed to extract the multi-jet contribution. The 𝑡 t and 𝑍 + jets distributions are taken from the Monte Carlo, with their normalisations allowed to float, while the multi-jet distribution is parameterised with a falling exponential, whose parameter and normalisation are determined in the fit. In the analysis of the first 36 fb -1 of Run-2 data [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF], the multijet was then estimated to be less than 0.2% of the total background, and around 10% of the signal contribution in the 80 GeV < 𝑚 𝑏𝑏 < 160 GeV mass window. The BDT distribution of the multi-jet was estimated by using the data at low min[Δ𝜙(𝐄 miss T , jets)], and found to have a shape similar to the one of the sum of the EW backgrounds. The small multi-jet contribution can therefore be absorbed in the floating normalisation factors of the EW backgrounds in the global likelihood fit. In the 2-jet category, the selections are even more efficient at reducing the multi-jet contribution. An estimation of its contribution similar to the fit in the 3-jet category could not be made, as the other anti-multijet selections reduce it down to very small levels even in the low part of the min[Δ𝜙(𝐄 miss T , jets)] distribution. Hence, the multi-jet production in the 0-lepton channel is small enough to be neglected in the global likelihood fit. T , jets)] in the 3-jet category of the 0-lepton channel, before any selection on this variable, on 36 fb -1 of Run-2 data [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF]. The pink distribution is obtained using a Pythia 8 MC sample, scaled to the yield resulting from a fit assuming an exponential shape for the multi-jet contribution. The quoted multi-jet fractions are from the results of the fit (see text).

Estimation in the 1-lepton channel

In the 1-lepton channel, the multi-jet background comes mostly from leptons produced in decays of heavy-flavour hadrons, with smaller contributions arising from photon conversions, from misidentified hadrons (in the electron channel) or from decays in flight of strange particles (in the muon channel). While leptons produced in these ways tend to be poorly isolated, a small fraction, in the tails of the distributions, can pass the lepton isolation requirements and therefore enter the signal region of the analysis.

The procedure to estimate the multi-jet contribution and to obtain templates of multi-jet distributions is presented in detail in the theses of Yanhui Ma [START_REF] Ma | Observation of H→bb decays and VH production with the ATLAS detector[END_REF] and Tasneem Saleem [START_REF] Saleem | Development of pixel detector for ATLAS Inner Tracker(ITK) upgrade at HL-LHC and Searching for the Standard Model Higgs boson decay into b-quark pair with ATLAS experiment[END_REF] for the multivariate and dijet mass analyses, respectively. The estimation is performed separately in the electron and muon sub-channels, and in the 2-and 3-jet categories. In each category, the multi-jet yield is obtained in a template fit to the transverse mass of the 𝑊 boson candidate, which was found to achieve the clearest discrimination between the multi-jet and the EW processes. While the templates for the EW backgrounds are obtained directly from the MC predictions, the template used for the multi-jet contribution has to be obtained from data, in a control region, after subtraction of the residual EW contribution. The control region has to be as pure as possible in multi-jet events, to be kinematically close to the signal region to avoid any significant bias, while being orthogonal to it. These criteria are met by inverting the isolation selection used in the tight lepton definition, while keeping all the rest of the nominal selection. However, the data statistics in this inverted isolation region are quite poor, therefore the number of required 𝑏-tagged jets is reduced from two to one to increase the precision on the template. All templates for multi-jet distributions, such as the shape of the BDT discriminant, or the transverse mass of the 𝑊 boson candidate, are obtained by subtracting the remaining EW contribution to the data in this 1-𝑏-tag, inverted isolation control region, whose purity in multi-jet ranges from 30% (muon sub-channel, 3-jet) to 70% (electron sub-channel, 2-jet). The 𝑚 𝑊 T distributions of the dominant 𝑊 + hf and 𝑡 t backgrounds have different shapes, since di-leptonic 𝑡 t decays create a larger tail. To limit any potential bias on the multi-jet yield, their normalisations are therefore floated independently, along with that of the multi-jet component. A better discrimination between the 𝑡 t and 𝑊 + hf backgrounds, and therefore more stable fit results, is achieved by a simultaneous fit of the 𝑚 𝑊 T distribution in the SR and of the yield in the 𝑊 + hf CR. The multi-jet is then found to amount to 1.9% (2.8%) of the total background in the electron (muon) sub-channel in the 2-jet category, while it is found to be 0.2% (0.4%) in the 3-jet category. These yields are used for the normalisation of the multi-jet component in all distributions. An illustration of the 𝑚 𝑊 T template fit is displayed in fig. 2.5, coming from the first analysis of 36 fb -1 of Run-2 data [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF] where a quite similar procedure was used (the extraction of the multi-jet template was slightly different). The separation of the multi-jet, the 𝑊 + hf and the 𝑡 t components offered by the use of the 𝑚 𝑊 T distribution is quite visible: the multi-jet contribution peaks at low 𝑚 𝑊 T values, and the 𝑡 t background has large tails due to its dileptonic component.

The same procedure is applied in the dijet-mass analysis, with a few modifications pertaining to the template fit that determines the multi-jet normalisation. Because the dijet-mass analysis does not separate a 𝑊 + hf control region, a first fit is performed on the Δ𝑅(𝐛 1 , 𝐛 2 ) distribution, neglecting the multi-jet contribution, to fix the relative normalisations of the 𝑊 + hf and 𝑡 t samples. Their relative normalisation is then fixed in the template fit, while their overall normalisation is adjusted along with that of the multi-jet template. As the dijet-mass analysis has additional selections compared to the main multivariate analysis, the distribution of the azimuthal separation between the charged lepton and the 𝐸 miss T (Δ𝜙(ℓ, 𝐸 miss T )) was found to yield a better-performing template fit than the 𝑚 𝑊 T distribution. The multi-jet estimates are subject to large systematic uncertainties, which are discussed in section 2.5.3.

Estimation in the 2-lepton channel

As expected from a topology with two isolated electrons or muons in the final state, the multi-jet background is very well suppressed in the 2-lepton channel. Its residual contribution was estimated in the analysis of the first 36 fb -1 of Run-2 data using a fit to the dilepton invariant mass distribution in a sample of events where the two lepton candidates have the same charge. The contribution from the EW backgrounds was taken from simulation, and the multi-jet distribution was assumed to have an exponential shape. The extrapolation of the result to the signal region assumed that the number of multi-jet events with same-charge and opposite-charge lepton candidates are equal. The multi-jet contribution to the total background was then estimated to be less than 0.2% in the electron channel, and much less than 0.1% in the muon channel. Similarly to the 0-lepton case, this background is therefore neglected in the global likelihood fit, where its small contribution is absorbed in the floating normalisations of the EW backgrounds.

Systematic uncertainties

As expected from an analysis with a quite low signal-to-background ratio, systematic uncertainties play a significant role in the 𝑉𝐻(𝑏 b ) analysis. They must therefore be evaluated as accurately as possible, in order to provide an appropriate coverage of the true precision of the model used for the measurement. The use of a global profile likelihood analysis over the three channels is in particular more demanding in terms of background modelling. This will be discussed in section 2.5.2 below. The other sources of systematic uncertainties can be broadly classified into experimental uncertainties, those related to the multi-jet background estimation, and those related to the Higgs boson signal simulation.

Experimental uncertainties

The uncertainties pertaining to the physics objects reconstruction are determined centrally in specific analyses and then used globally in the physics measurements within the ATLAS collaboration. Uncertainties in selection efficiencies, energy scales and energy resolutions are then propagated to the 𝑉𝐻(𝑏 b ) analysis phase space.

The dominant experimental uncertainties affecting the 𝑉𝐻(𝑏 b ) measurement originate from the 𝑏-tagging efficiency correction factors, from the jet energy scale corrections, and from the modelling of the jet energy resolution.

The 𝑏-tagging correction factors applied to the simulated events to match the efficiencies measured in data are determined using 𝑡 t events (for 𝑏-and 𝑐-jets) or multi-jet events (for light jets) [START_REF]Calibration of light-flavour 𝑏-jet mistagging rates using ATLAS protonproton collision data at √𝑠 = 13 TeV[END_REF][START_REF]Measurements of 𝑏-jet tagging efficiency with the ATLAS detector using 𝑡 t events at √𝑠 = 13 TeV[END_REF][START_REF]Measurement of 𝑏-tagging efficiency of 𝑐-jets in 𝑡 t events using a likelihood approach with the ATLAS detector[END_REF]. The measurement of the 𝑏-jet efficiencies is performed using dileptonic 𝑡 t decays, with a dilepton invariant mass selection that vetoes events in a window 80 GeV < 𝑚 ℓℓ < 100 GeV around the 𝑍 boson mass. This selection is therefore almost fully orthogonal to that of the 2-lepton channel. The 𝑏-tagging efficiency of 𝑐-jets is measured in fully reconstructed semi-leptonic 𝑡 t decays, meaning that there must be at least four jets in the final state. The phase space of this analysis is therefore orthogonal to that of the 1-lepton channel. The correction factors resulting from the calibration analyses depend on jet 𝑝 T and |𝜂|, and have uncertainties estimated from multiple sources. These uncertainties, which have various correlation patterns along 𝑝 T and |𝜂|, are grouped and decomposed into uncorrelated components that are then treated independently. The components with the largest impact on the efficiencies are retained, resulting in three uncertainties for 𝑏-jets, three for 𝑐-jets, and five for light-flavour jets. The approximate size of the combined uncertainty in the tagging efficeincy is 2% for 𝑏-jets, 10% for 𝑐-jets and 40% for light-flavour jets. Additional uncertainties, with negligible impact on the analysis, are considered in the extrapolation of the 𝑏-jet efficiency calibration to jets with 𝑝 T > 300 GeV, and in the misidentification of hadronically-decaying 𝜏-leptons as 𝑏-jets.

The uncertainties in the jet energy scale and resolution are estimated in their respective measurements [START_REF]Jet energy scale measurements and their systematic uncertainties in proton-proton collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Jet energy resolution in proton-proton collisions at √𝑠 = 7 TeV recorded in 2010 with the ATLAS detector[END_REF]. The many uncertainty sources considered in the correction of the jet energy scale are decomposed into 23 uncorrelated components that are treated as independent. In addition, a specific uncertainty in the energy calibration of 𝑏-and 𝑐-jets is considered. The different sources considered for the jet energy resolution are grouped in a single uncertainty component.

Uncertainties are considered in the energy scale and resolution of the electrons and muons, as well as in their reconstruction, identification, isolation and trigger efficiencies. They are all estimated using 13 TeV data [START_REF]Muon reconstruction performance of the ATLAS detector in protonproton collision data at √𝑠 = 13 TeV[END_REF][START_REF]Electron efficiency measurements with the ATLAS detector using the 2015 LHC proton-proton collision data[END_REF], and are found to have a small impact on the result. The uncertainties in the energy scale and resolution of the jets and the leptons are propagated to the calculation of the 𝐸 miss T , which also has additional uncertainties from the scale, resolution and reconstruction efficiency of the tracks used to compute the soft term [START_REF]Performance of missing transverse momentum reconstruction with the ATLAS detector using proton-proton collisions at √𝑠 = 13 TeV[END_REF], along with the modelling of the underlying event. Several sources of uncertainty are considered for the 𝐸 miss T trigger correction factors used in the 0-lepton and 1-muon channels, determined from the difference between the trigger efficiency in data and simulation: they account for the statistical uncertainty in the measured correction factors, and for differences between the correction factors determined from 𝑊 + jets, 𝑍 + jets and 𝑡 t events.

The uncertainty in the luminosity is 2.0% for the combined 2015-2017 data [START_REF]Luminosity determination in pp collisions at √𝑠 = 8 TeV using the ATLAS detector at the LHC[END_REF]. Based on the measurement of the visible cross-section in minimum-bias events [START_REF]Measurement of the Inelastic Proton-Proton Cross Section at √𝑠 = 13 TeV with the ATLAS Detector at the LHC[END_REF], the average number of interactions per bunch crossing is rescaled by 3% to improve the agreement between simulation and data. An uncertainty as large as the correction is assigned.

Simulated background uncertainties

Background modelling uncertainties have a critical impact on the analysis given the low signal-tobackground ratio over most of the phase space. Any insufficient coverage by the assigned uncertainties can lead to an artificially enhanced sensitivity, and biases in the measurement. Conversely, needlessly generous uncertainties may rapidly degrade the sensitivity. The difficulty to find an adequate set of uncertainties for the background model is further increased by the use of a global profile likelihood fit over the three channels. As the same background processes are present in the three channels, in similar but not quite the same phase spaces (𝑊 + jets in 0-and 1-lepton channels, 𝑍 + jets in 0-and 2-lepton channels, 𝑡 t in all channels...), the acceptance differences that affect the relative normalisations between analysis regions with a common normalisation need to be properly covered. Similarly, uncertainties must be assigned to the transfer of background normalisations in control regions to the signal regions. Failure in controlling these acceptance uncertainties can again result in biases in the measurement.

The uncertainties on the simulated background samples are therefore classified in three areas: normalisations, acceptance differences, and the shape of the differential distributions of the most important kinematic variables. The data in the phase space of the analysis are sufficiently precise that the normalisations of the main backgrounds are left unconstrained (floated) in the global likelihood fit. The uncertainties associated to the normalisations of the other backgrounds are taken from the currently most accurate calculations that are detailed in table 2.1. The systematic uncertainties in the acceptance differences or in the shapes of the kinematic variables are obtained either from particle-level comparisons between nominal and alternative simulated samples using the RIVET framework [START_REF] Buckley | Rivet user manual[END_REF], or from comparisons to data in control regions. Whenever possible, the particle-level simulations are cross-checked with detector-level simulations, and good agreement is found. The nominal and alternative simulated samples are always normalised to the same cross-section in order to estimate acceptance uncertainties. Shape uncertainties are derived in each of the analysis regions separately. All samples are normalised to a common value in that region, and when several alternative samples exist the uncertainty is taken from the one showing the largest shape deviation from the nominal sample. While the distributions of the BDT 𝑉 𝐻 discriminant may in principle be quite complex as the BDTs are built from many input variables, it was found in practice that assigning shape uncertainties to the main 𝑚 𝑏𝑏 and 𝑝 𝑉 T variables is sufficient to cover these BDT 𝑉 𝐻 shape variations.

𝑉 + jets production

The 𝑉 + jets events are labelled according to the jet flavour labels of the 𝑏-tagged jets. The resulting event types are designed as 𝑉 +𝑏𝑏, 𝑉 +𝑏𝑐, 𝑉 +𝑏𝑙, 𝑉 +𝑐𝑐, 𝑉 +𝑐𝑙, 𝑉 +𝑙𝑙. Given the high purity achieved by the 𝑏-tagging algorithm, the 𝑉 + 𝑏𝑏 contribution is by far the largest one in all categories of the analysis. Conversely, the 𝑉 + 𝑐𝑙 and 𝑉 + 𝑙𝑙 contributions constitute less than 1% of the background, and the relevant diagrams for these processes are quite different from those involved in the four other components. Therefore only simple uncertainties in the normalisation of these two backgrounds are included. The main contributions (𝑉 + 𝑏𝑏, 𝑉 + 𝑏𝑐, 𝑉 + 𝑏𝑙 and 𝑉 + 𝑐𝑐) are jointly called the 𝑉 + hf background, and have their overall normalisation freely adjusted in the global likelihood fit, separately in the 2-jet and 3-jet categories. Uncertainties are assigned in the composition of this 𝑉 + hf background, in the form of an uncertainty in the yield of 𝑉 +𝑏𝑐, 𝑉 +𝑏𝑙 or 𝑉 +𝑐𝑐 with respect to the yield of 𝑉 + 𝑏𝑏. They are estimated separately in each lepton channel. Acceptance uncertainties are also estimated in the relative normalisations of the 𝑉 + hf background in different regions that share a common normalisation parameter. In the case of the 𝑍 + hf background, this applies to the relative normalisation in the 0-lepton channel with respect to that in the 2-lepton channel. For the 𝑊 + hf background, this includes both the relative normalisation in the 0-lepton channel with respect to that in the 1-lepton channel, and the ratio of the event yield in the 𝑊 + hf control region to that in the signal region in the 1-lepton channel. Finally, uncertainties are also assigned to the shapes of the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions. With the exception of the shape uncertainties in the 𝑍 + hf background, which are evaluated from comparisons with data in 𝑚 𝑏𝑏 sidebands, all uncertainties in the 𝑉 + jets processes are estimated from comparisons of different Monte-Carlo generators setups. The nominal Sherpa 2.2.1 sample is therefore compared to systematic variations of itself, which differ by: • The renormlisation scale, changed by factors of 0.5 and 2,

• the factorisation scale, changed by factors 0.5 and 2,

• the CKKW merging scale, from 30 GeV to 15 GeV,

• the parton-shower and resummation scale, changed by factors of 0.5 and 2.

In addition, an alternative sample is produced using Madgraph5_aMC@NLO v2.2.2 [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], with up to four partons at LO, and interfaced to Pythia 8.212, using the A14 tune together with the NNPDF2.3LO PDF set. All normalisation and acceptance uncertainties are calculated by adding in quadrature the differences between the nominal sample and the systematic variations, including the difference with the Madgraph5 sample. For shape uncertainties, the largest of the differences is taken. As scale variations are found to have a minor effect on the shapes of the distributions, the evaluation of the shape uncertainties relies in practice on the comparison with the nominal Sherpa and the Madgraph5_aMC@NLO sample.

The values of the uncertainties for the 𝑍 + jets and 𝑊 + jets backgrounds are listed in table 2.6. Among these values, the 7% assigned to the relative normalisation uncertainty of 𝑍 + hf between the 0-lepton and the 2-lepton channels may seem a bit large, since a priori the uncertainty in the ratio 𝑍 → ℓℓ to 𝑍 → 𝜈𝜈 is tiny. The causes are found in a detailed investigation of the differences in the phase state selected in these two channels, which is presented in Charles Delporte's thesis. The main contribution actually coming from the 𝑝 𝑉 T selection, as the 0-lepton channel is limited to 𝑝 𝑉 T > 150 GeV while the 2-lepton channel selects 𝑝 𝑉 T > 75 GeV. But more subtle effects also contribute. The acceptance for the jets is different, as the overlap removal with the leptons (see section 2.3.1) is present only in the 2-lepton channel. The acceptance for 𝑏-tagged jets is also not exactly the same, as the fit for the primary vertex is much more accurate in the 2-lepton channel due to the presence of the two high-quality tracks from the leptons. Finally, the acceptance for the charged leptons is constrained within |𝜂| < 2.5 or |𝜂| < 2.7, while there is no such angular selection for neutrinos.

𝑡 t production

The 𝑡 t background is significantly present in the three lepton channels, but the regions of the phase space probed are different enough, that the 𝑡 t background in the 2-lepton channel is considered independently from that in the 0-and 1-lepton channels (referred to as 0+1-lepton channel). Indeed in the 2-lepton channel the selection of two leptons and two 𝑏-tagged jets probes the bulk of the phase space for dileptonic 𝑡 t decays (the 𝑚 ℓℓ selection set aside), while in the 0+1-lepton channels a mix of dileptonic and semileptonic 𝑡 t decays are probed, where one to several jets and possibly leptons are unreconstructed (the leptons being either electrons or muons out of the acceptance, or hadronically-decaying 𝜏-leptons). An examination of the distributions of the transverse momenta of the top-quarks and of the top-quark pair at particle-level confirms that the regions of the phase space probed in the 0-and 1-lepton channels are very similar, while that probed in the 2-lepton channel is quite different.

In the 2-lepton channel, the overall 𝑡 t normalisation is floated independently in the 2-jet and in the 3-jet categories, and is effectively determined in the respective 𝑒𝜇 regions. In the 0+1-lepton channels, a different setup is used, with an overall free normalisation floated in the global likelihood fit, and an acceptance uncertainty in the relative normalisations of the 2-jet and 3-jet categories. In addition, similar acceptance uncertainties are considered in the normalisation ratios of the 0lepton channel to the 1-lepton channel, and of the 𝑊 + hf control region to the 1-lepton signal region. Uncertainties in the shapes of the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions are also estimated separately in the 0+1and 2-lepton channels.

These uncertainties are estimated from comparisons of the nominal sample generated using Powheg-Box with alternative samples: one with a different parton-shower algorithm (using Herwig 7 [START_REF] Bahr | Herwig++ Physics and Manual[END_REF][START_REF] Bellm | Herwig 7.0/Herwig++ 3.0 release note[END_REF] instead of Pythia 8), and another with a different matrix-element generation (using Madgraph5_aMC@NLO instead of Powheg-Box). The uncertainties in the acceptance are estimated by adding the difference between the nominal and the alternative generators in quadrature. For the shape uncertainties, the largest difference is used. A summary of the uncertainties considered and the values of the acceptance uncertainties are given in table 2.6.

Single top-quark production

As mentioned in section 2.2.2, the single top-quark samples are normalised to the most accurate cross-sections predictions. Uncertainties associated to these predictions are used, that take into account variations of the renormalisation and factorisation scales, of 𝛼 𝑆 and of the PDFs. No other uncertainties are considered for the 𝑠-channel, whose contribution is negligible in all analysis regions. In the 𝑡-and 𝑊 𝑡-channels, acceptance uncertainties are estimated, separately in the 2-jet and 3-jet categories. Shape uncertainties are also considered in the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions. In the 𝑊 𝑡channel, the phase space probed when the two 𝑏-tagged jets are 𝑏-jets (a case named 𝑊 𝑡(𝑏𝑏)) is very different from the case named 𝑊 𝑡(other) where one of the 𝑏-tagged jets is not a 𝑏-jet (and therefore comes most probably from a 𝑊 boson decay). Therefore both acceptance and shape uncertainties are estimated separately in the 𝑊 𝑡(𝑏𝑏) and 𝑊 𝑡(other) cases.

The estimation of these uncertainties is performed in a similar way to that of the 𝑡 t process, using alternative samples characterised by the use of another parton-shower generation algorithm ( Herwig instead of Pythia) or of another matrix-element generation ( Madgraph5_aMC@NLO instead of Powheg-Box). In addition, in the 𝑊 𝑡-channel the uncertainty related to the interference between the 𝑊 𝑡 and the 𝑡 t production processes is assessed by using a diagram subtraction scheme instead of the nominal diagram removal scheme [108,[START_REF] Frixione | Singletop hadroproduction in association with a W boson[END_REF]. This uncertainty in the interference effect is particularly important in the 𝑊 𝑡(𝑏𝑏) case. The values of the single top-quark uncertainties are shown in table 2.6.

Diboson production

The diboson background is composed of three distinct processes: 𝑊 𝑍, 𝑊 𝑊 and 𝑍 𝑍 production. The requirement of two 𝑏-tagged jets almost completely eliminates the 𝑊 𝑊 events (< 0.1% of the total background), therefore only a normalisation uncertainty is assigned to this process. The uncertainties in the normalisation, acceptance and shape of distributions for the sizable 𝑊 𝑍 and 𝑍 𝑍 backgrounds are estimated using alternative samples. Systematic variations of the nominal Sherpa samples are used, with varied factorisation, renormalisation and resummation scales. Samples generated using Powheg, with either Pythia 8 (with several tunes of the shower parameters) or Herwig++ as parton-shower generators, are also considered.

Normalisation uncertainties are the result of the scale variations on the generated cross-section. The scale variations are also used to estimate acceptance uncertainties in the different jet categories using the Stewart-Tackmann method [START_REF] Stewart | Theory uncertainties for Higgs and other searches using jet bins[END_REF], resulting in an uncertainty that applies to ≥ 2-jet events, another one that applies to ≥ 3-jet events, and an additional one associated to the 4-jet events in the 0-and 1-lepton channels. The samples differing by their parton-shower generator or in their parton-shower tune are employed to estimate other acceptance uncertainties, one inclusive, and a second one restricted to the 3-jet category. Both scale variations and parton-shower differences are considered to estimate a relative acceptance uncertainty in the yields in the 0-lepton channel with respect to those of the 1-lepton channel (for the 𝑊 𝑍 process) and of the 2-lepton channel (for the 𝑍 𝑍 process). Separate uncertainties in the shape of the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions are estimated from the scale variations, from the comparison of parton-shower generators, and from the comparison of the Sherpa and Powheg matrix-element generators. The latter is the dominant shape effect in most of the analysis regions, with changes of the order 10 -20% to the shape of the 𝑚 𝑏𝑏 distribution for values in the range 100 -130 GeV. A summary of the uncertainties in the diboson backgrounds and the values of the normalisation and acceptance uncertainties are listed in table 2.7.

Multi-jet background uncertainties

The data-driven estimate of the multi-jet background in the 1-lepton channel is subject to large systematic uncertainties, which are studied in details in Yanhui Ma's and Tasneem Saleem's theses. The uncertainties aim to cover all assumptions that go into the multi-jet estimate, and result in Floating (2-jet, 3-jet) 𝑊 + 𝑏𝑙-to-𝑊 + 𝑏𝑏 ratio 26% (0-lepton) and 23% (1-lepton) 𝑊 + 𝑏𝑐-to-𝑊 + 𝑏𝑏 ratio 15% (0-lepton) and 30% (1-lepton) 𝑊 + 𝑐𝑐-to-𝑊 + 𝑏𝑏 ratio 10% (0-lepton) and 30% (1-lepton) 0-to-1 lepton ratio 5% 𝑊 + hf CR to SR ratio 10% (1-lepton) 𝑚 𝑏𝑏 , 𝑝 𝑉 T S 𝑡 t (all are uncorrelated between the 0+1-and 2-lepton channels)

𝑡 t normalisation

Floating (0+1-lepton, 2-lepton 2-jet, 2-lepton 3-jet) 0-to-1 lepton ratio 8% 

S (𝑡-channel, 𝑊 𝑡(𝑏𝑏), 𝑊 𝑡(other))

Table 2.7: Summary of the systematic uncertainties in the background modelling for diboson production, and for the multi-jet estimation. An 'S' symbol is used when only a shape uncertainty is assessed and 'PS/UE' indicates parton shower/underlying event. When extracting the (𝑊 /𝑍 )𝑍 diboson production signal yield, as the normalisations are unconstrained, the normalisation uncertainties are removed. Where the size of an acceptance systematic uncertainty varies between regions, a range is displayed. either changes to the 𝑚 𝑊 T distributions used in the multi-jet template fits, therefore impacting the extracted multi-jet normalisations, or changes to the multi-jet BDT distributions used in the global likelihood fit. Variations of the multi-jet templates are obtained by changing the definition of the multi-jet control region, either by tuning the isolation requirements to keep the most isolated half of the events (i.e keeping the events which are closest to the isolated signal region), or in the electron sub-channel by using a different single-electron trigger to probe potential trigger biases in the isolation requirements. Variations of the normalisation of the contamination from the top and 𝑊 + jets processes in the multi-jet control region are also considered, that affect the multi-jet templates through the subtraction procedure. In addition, uncertainties affecting only the multi-jet normalisation are estimated. The distribution of the azimuthal separation between the charged lepton and the vectorial sum of the momenta of the selected jets is used in the template fit instead of the 𝑚 𝑊 T distribution. In the electron sub-channel, the 𝐸 miss T < 30 GeV region is included, that significantly enhances the multi-jet contribution in the template fit. The respective effects of all these uncertainty sources on the extracted multi-jet normalisation are added in quadrature to yield the multi-jet normalisation uncertainty, separately for the electron and muon sub-channels and for the 2-jet and 3-jet categories. The variations that yield changes to the multi-jet templates are considered as separate shape uncertainties. The effects are taken as uncorrelated between the electron and muon sub-channels, and between the 2-jet and 3-jet categories. A summary of the multi-jet uncertainties is shown in table 2.7.

𝑍 𝑍

Normalisation

Signal uncertainties

The uncertainties in the calculations of the 𝑉 𝐻 production cross-sections and of the 𝐻 → 𝑏 b branching fraction are those described in section 1.4.1. The NLO EW effects have a sizable impact in the differential 𝑝 𝑉 T distribution, therefore a dedicated shape uncertainty is assigned. The methods used to estimate the impact of scale variations on the acceptance at particle-level in the STXS categories that are described in section 1.4.2 are also applied to the estimation of these scale variations effects on the overall acceptance of the analysis, including the experimental (detector-level) acceptance effect. The Stewart-Tackmann procedure is used to properly estimate this impact in the jet categories. The uncertainties resulting from scale variations in the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions are also considered. Small uncertainties in the analysis acceptance and in the shapes of the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions also result from variations of the PDFs and of 𝛼 𝑆 .

Uncertainties due to the parton-shower and underlying-event models are also evaluated by considering the difference between the nominal Powheg+MiNLO+Pythia 8 sample and an alternative sample using instead Herwig 7 as the parton-shower generator. While this difference yielded negligible effects in the particle-level distributions in the STXS categories discussed in section 1.4.2 since their definition depends mostly on the kinematics of the leptonic vector boson decay, it has a significant impact in the analysis acceptance and in the shapes of the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions once the analysis selections are taken into account. A summary of the signal systematic uncertainties is displayed in table 2.8.

Table 2.8:

Summary of the systematic uncertainties in the signal modelling. An 'S' symbol is used when only a shape uncertainty is assessed and 'PS/UE' indicates parton shower / underlying event. Where the size of an acceptance systematic uncertainty varies between regions, a range is displayed.

Signal

Cross-section (scale) 0.7% (𝑞𝑞), 27% (𝑔𝑔) Cross-section (PDF)

1.9% (𝑞𝑞 → 𝑊 𝐻), 1.6% (𝑞𝑞 → 𝑍 𝐻), 5% (𝑔𝑔) 𝐻 → 𝑏 b branching fraction 1.7% Acceptance from scale variations 2.5 -8.8% Acceptance from PS/UE variations for 2 or more jets 2.9 -6.2% (depending on lepton channel) Acceptance from PS/UE variations for [START_REF]Measurements of 𝑊 𝐻 and 𝑍 𝐻 production in the 𝐻 → 𝑏 b decay channel in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector[END_REF] 

Statistical analysis

The statistical analysis of the data selected is based on a likelihood function ℒ(𝜇, 𝜽), constructed as the product of Poisson probability terms over the bins of the input distributions, and built using the HistFactory tool included in RooStats [START_REF] Cranmer | Hist-Factory: A tool for creating statistical models for use with RooFit and RooStats[END_REF][START_REF] Moneta | The RooStats Project[END_REF]. The likelihood function takes the form:

ℒ(𝜇, 𝜽) = ∏ 𝑖∈bins Pois (𝑛 𝑖 |𝜇𝑠 𝑖 (𝜽) + 𝑏 𝑖 (𝜽)) ∏ 𝜃∈𝜽 𝒞(𝜃). (2.1) 
In eq. (2.1), 𝜇 is the signal strength that multiplies the SM Higgs boson production cross-section times the branching fraction into 𝑏 b and is the parameter of interest to be extracted by maximising the likelihood. The signals and backgrounds yields in each bin of the input distributions are referred to as 𝑠 𝑖 and 𝑏 𝑖 , respectively. Both depend on the nuisance parameters (NP), 𝜽, which encode the effects of the systematic uncertainties in the likelihood, and are classified in three main types that differ in their constraint terms 𝒞.

As mentioned in section 2.5.2, the normalisations of the largest backgrounds 𝑡 t , 𝑍 + hf and 𝑊 + hf can be reliably determined in the fit and are therefore left unconstrained in the likelihood (𝒞(𝜃) = 1).

All the other systematic uncertainties discussed in section 2.5 are constrained using Gaussian probability density functions, which in the frequentist language must be thought as auxiliary measurements of the nuisance parameter considered: 𝒞(𝜃) = Gaus(0|𝜃, 1). The systematic uncertainty estimates consist in normalisation or shape variations which are assumed to represent the ±1𝜎 variations under the constraint, and therefore correspond to the parameter values 𝜃 = ±1. There is some freedom in the interpolation between the nominal and the varied templates for -1 < 𝜃 < 1, and in the extrapolation beyond the varied templates for |𝜃| > 1. The default setting of HistFactory is employed, which uses a linear interpolation for the shape components, and a polynomial interpolation with an exponential extrapolation for the normalisation components. The latter approach has two advantages: it avoids a possible kink (discontinuous derivatives) at 𝜃 = 0 which appears with a linear interpolation when the positive and negative uncertainties are different, and which can sometimes cause difficulties in the minimisation by Minuit ; paired with the Gaussian constraint it acts as a log-normal constraint for |𝜃| > 1, which ensures that the normalisation never becomes negative.

The uncertainties due to the limited number of events in the simulated samples used for the background predictions are also included in the likelihood, using the Barlow-Beeston technique [START_REF] Barlow | Fitting using finite Monte Carlo samples[END_REF] where one multiplicative nuisance parameter is assigned to each bin, with a Poisson constraint term whose parameter is the effective number of events corresponding to the relative statistical uncertainty of the background template in that bin: 𝒞(𝜃) = Pois(𝑚 𝑖 |𝜃𝜏 𝑖 ). As 𝜃 is then a multiplicative factor on 𝑏 𝑖 chosen to be centered around 1, then 𝑚 𝑖 = 𝜏 𝑖 = (𝑏 𝑖 /𝛿 𝑏𝑖 ) 2 , with 𝛿 𝑏𝑖 being the statistical uncertainty in the background template in the bin 𝑖. It must be understood that 𝜏 𝑖 is the parameter of the Poisson distribution and therefore a constant, while 𝑚 𝑖 is the number of effective simulated events, and would fluctuate around 𝜃𝜏 𝑖 if we were to generate pseudo-experiments.

The probability that the background-only hypothesis is compatible with the observed data is determined using the 𝑞 0 test statistic constructed from the profile-likelihood ratio with the asymptotic approximation [START_REF] Cowan | Asymptotic formulae for likelihoodbased tests of new physics[END_REF]:

𝑞 0 = -2 log Λ 0 = -2 log ℒ(0, ̂θ 0 ) ℒ( μ , θ ) . (2.2)
In eq. ( 2.2), μ and θ are the values of the parameter of interest of the nuisance parameters that unconditionally maximise the likelihood, while ̂θ 0 represents the values of the nuisance parameters that maximise the likelihood for 𝜇 = 0.

Working with complex profile likelihood analyses

The likelihood function used in the 𝑉𝐻(𝑏 b ) analysis includes about 15 analysis regions, resulting in over 120 bins, that each contain from 10 to 15 templates for the different signal and background contributions. Over 100 sources of experimental and modelling uncertainties are considered, plus one uncertainty due to the statistical uncertainty of the background templates for each bin. The product of these numbers concur to make the likelihood function a complex object, that has to be thoroughly studied and checked for the maximisation procedure to yield meaningful results.

Checks of the likelihood function

Beyond simple checks of the likelihood contents to ensure that all templates and all uncertainties are included as intended, a lot of insight on the likelihood function can be gained by performing simple fits either to the Asimov dataset (as defined in [START_REF] Cowan | Asymptotic formulae for likelihoodbased tests of new physics[END_REF]) or to the analysis data and inspecting the post-fit values and uncertainties of the fit parameters. These can indeed point towards pathologies in the likelihood, or towards deficiencies in the background uncertainty model. It is important that these checks are performed prior to the unblinding of the results. This can be achieved either by simply blinding the post-fit value of the signal strength, or by fixing it to 1 (which in the case of an analysis with low signal-to-background ratio does not bias significantly the post-fit values of the nuisance parameters).

A post-fit value of a constrained nuisance parameter significantly different from 0 (usually called a pull) indicates that the data is significantly better fitted by a template varied according to the effect of a systematic uncertainty. A post-fit uncertainty < 1 for a nuisance parameter indicates that the data is sufficiently precise to provide a higher constraint on the allowed variation than the one provided by the auxiliary measurement. Nuisance parameters with an estimated uncertainty > 1 (underconstraint) often point to an underlying problem such as incorrect normalisation or nonconvergence. They can also indicate cases where the +1𝜎 and -1𝜎 variations are on the same side with respect to the nominal template, which should not happen except in very specific circumstances.

The aim of the investigations of the likelihood is to understand, among the significant pulls and constraints of nuisance parameters, which indicate likelihood pathologies or an improper background model, and which are a legitimate, reasonable use of the data, in particular of the control regions, in order to improve upon the estimated background modelling uncertainties. In general, significant pulls or constraints on the nuisance parameters of the experimental systematic uncertainties are not expected, as the analysis is not supposed to measure them with a precision matching that of their dedicated calibration analyses. A frequent cause for unexpected behaviour of these nuisance parameters are pathological uncertainty templates, which are discussed below in section 2.6.1.

Background model nuisance parameters with large pulls or significant post-fit constraints are investigated individually. To help selecting the cases which should be studied in depth, it is useful to introduce the concept of significance of a pull. In the following, the example of parameters with a Normal constraint is used for simplicity, but the same concept can be applied to the Poisson constraint of the nuisance parameters on the statistics of the simulated samples. The argument is that a given post-fit value for a nuisance parameter may reflect very different situations. If the post-fit uncertainty on the parameter is very small, it means that the data have sufficient statistical power to measure this nuisance parameter much more precisely than the auxiliary measurement. A large deviation of the post-fit value from 0 can happen in this case without necessarily meaning that the data and the auxiliary measurement are in tension. Conversely, if the post-fit uncertainty is not much smaller than 1 and the post-fit value is large, it means that the data is trying to pull the parameter very far away from 0 without having the power to overcome the Gaussian constraint from the auxiliary measurement. Such a case then indicates possibly a more serious mismodelling of the data by the likelihood model, which needs further attention. This reasoning can be formalized by quantifying the probability of compatibility of the post-fit value of the nuisance parameter with the value of its auxiliary measurement (i.e 0). Under the assumption of Wald's approximation [START_REF] Wald | Tests of Statistical Hypotheses Concerning Several Parameters When the Number of Observations is Large[END_REF] for the profile likelihood over the parameter 𝜃 when the corresponding constraint term is removed, i.e that if 𝜃 is considered as an unconstrained parameter then the profile likelihood can be approximated by a Gaussian distribution around its best-fit value, then the significance of the compatibility of the post-fit value of the parameter with 0 is:

𝑍 𝜃 = θ √ 1 -𝜎 2 𝜃 , (2.3) 
where 𝜎 𝜃 is the post-fit uncertainty on θ . The demonstration of this result is given in appendix A.1. The usefulness of using this quantity when assessing the validity of the likelihood function is to raise the attention on nuisance parameters whose pull is not large enough to pass the subjective threshold one uses to trigger deeper investigations, compared to other parameters more pulled but also more constrained. The values of 𝑍 𝜃 should in any case be taken cum grano salis, as they become sensitive to the limited numerical precision on θ and 𝜎 𝜃 when 𝜎 𝜃 ∼ 1 which can yield spurious large significances.

The validity of the significant pulls and constraints of the nuisance parameters related to background modelling can be assessed by combining several tools: Comparisons of analyses. The fit results of the main multivariate analysis can be compared to that of the validation diboson analysis, and to that of the cross-check dijet-mass analysis, that both differ in the choice of the fitted distributions, and (in the case of the dijet-mass analysis) by slightly different analysis selections. A post-fit nuisance parameter value consistent between the three cases is more likely to originate from a real feature in the data that is picked up in the minimization. As an example, the floated normalizations of the 𝑡 t and 𝑉 + jets backgrounds are very similar in the three cases. Similarly, fits to single lepton channels are compared together and with the combined fit.

Comparisons of likelihood configurations. The assumptions on the correlation (or absence of correlation) of background uncertainties over parts of the analysis phase space are among the most important hypotheses that are built in the likelihood function. While they are based on physics judgement on a case-by-case basis, as discussed in section 2.5.2, they can be checked to some extent by comparing the nominal fit results with specific fits where the nuisance parameter under investigation is uncorrelated in all analysis regions. Tensions in the pulls in different regions may indicate that the assumption on the correlation of the nuisance parameter is incorrect, or that some other effect is not properly covered in the background model and may call for additional uncertainties.

Post-fit distributions. Post-fit plots of distributions different from the fitted ones can be made by propagating the post-fit values of the nuisance parameters. This is especially useful for 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions, as a good post-fit agreement with the data helps to gain confidence in the pulls of the related 𝑚 𝑏𝑏 and 𝑝 𝑉 T shape uncertainties.

The use of the methods described above does not lead to clear-cut answers in all cases, in particular as post-fit correlations appear between all nuisance parameters. Furthermore the absence of any pull or constraint is not a proof that the chosen set of uncertainties for the background model provides adequate coverage of the true uncertainty. The combination of all checks described is nonetheless very effective to gain confidence in the appropriateness of the background model.

Smoothing of systematic uncertainties

In the absence of a way to provide uncertainty on the uncertainties2 , an assumption built in the likelihood function is that the templates provided for the systematic uncertainties represent the true ±1𝜎 variations of the uncertainty. However, the estimation of some of the uncertainties relies on different simulated events being selected in the systematic template than in the nominal template.

There is therefore a statistical uncertainty in the varied template which can result in incorrect fit results, in particular spurious over-or underconstraints of the nuisance parameter, for instance through bins where the +1𝜎 and -1𝜎 variations are on the same side with respect to the nominal template. Several techniques are used to obtain smooth systematic templates (with respect to the nominal one) in the different cases.

Shape uncertainties of the signal and background models. As discussed in section 2.5, the shape uncertainties in the 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions of the signal and of several background processes are obtained by comparing the distributions from different generators, or from different configurations of a generator. In most of the cases, different simulated events are then present in the nominal template and in the variation. The ratio between the varied template and the nominal one is fitted by a simple polynomial or exponential function. For a given event in the nominal template (and therefore given values of 𝑚 𝑏𝑏 and 𝑝 𝑉 T ), the value of the fitted function is then used as an event weight to yield the varied template. This procedure gives by construction a smooth variation for the systematic uncertainty in all distributions.

Energy scale and energy resolution systematic uncertainties. These uncertainties are evaluated by applying the analysis selections to the simulated events after shifting or smearing the energy of the reconstructed objects. The difference between the nominal and the varied cases comes from events migrating in or out of the acceptance, and from events migrating between analysis bins. The ratios of the varied templates to the nominal template have complex statistical uncertainties, because of the partial overlap of events between them. The strategy to obtain smooth ratios is to rebin them until the variation is statistically significant in each bin. Because of the complex statistical correlations of the events, a mathematically correct evaluation of statistically significant variations can only be achieved through techniques such as bootstrapping [START_REF] Efron | Bootstrap Methods: Another Look at the Jackknife[END_REF][START_REF] Efron | An Introduction to the Bootstrap[END_REF], which are impractical to use due to the very large number of templates to smooth. Heuristic algorithms are employed instead to rebin the ratios with an accuracy deemed good enough to retain the correct shape effects while smoothing the statistical fluctuations. A study of such algorithms was conducted as part of the analysis of the Run-1 data [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF], where their performance was evaluated on an ensemble of low statistics toy datasets sampled from a high statistics sample of simulated 𝑡 t events. The selected algorithm merges bins in a ratio between a varied and a nominal template based on the constraints that the statistical uncertainty in each bin (evaluated on the nominal template) should be less than 5%, and that the shape of the ratio remain physical: monotonous for a BDT 𝑉 𝐻 or BDT 𝑉 𝑍 discriminant, and with at most one local extremum for a dijet mass. It runs iteratively from the initial ratio, and removes local extrema one at a time until the monotonicity criteria is met, chosing the one that preserves the most shape similarity with the initial ratio, as evaluated by a simple 𝜒 2 test. The relevance of this algorithm in the analysis of the Run-2 data was checked by comparing the varied templates before and after this smoothing procedure is applied.

Pruning of systematic uncertainties

The large number of uncertainty components included in the likelihood function resulting from the multiplication of the number of signal and background templates by the number of analysis regions and by the number of uncertainty sources, results in long likelihood maximisation times. This can be detrimental for the quality of the analysis as it slows down the process of likelihood checks described above. A pruning procedure is therefore employed to remove uncertainty components (region by region and template by template) that have a negligible impact on the final results. A normalisation (shape) uncertainty is dropped if the associated template variation is below 0.5% (below 0.5% in all bins). Looser pruning criteria are applied to small backgrounds (less than 1% of the total background), where the impact of the template variation is compared to the signal template in signal regions, and to the total background in control regions. Finally, for systematic uncertainties where opposite-sign variations are expected, the shape uncertainties are dropped when the up-and down-varied shapes are more similar to each other than to the nominal template (as quantified by a 𝜒 2 ). This procedure allows to reduce the computation time significantly, and its validity is checked by comparing the fit results before and after its use.

Multivariate analysis

Following the analysis selections discussed in section 2.3.2, the likelihood function contains eight signal regions, and 6 control regions. The signal regions are the 2-and 3-jet categories in the high-𝑝 𝑉 T region in the three channels, and the medium-𝑝 𝑉 T region in the 2-lepton channel. The BDT 𝑉 𝐻 distribution is fitted in these regions. The control regions are the two 𝑊 + hf CR in the 1-lepton channel, in which the yields are used in the fit, and the four 𝑒𝜇 regions in the 2-lepton channel, where the 𝑚 𝑏𝑏 distributions are used, except for the 2-jet category of the high-𝑝 𝑉 T region, where the event yield is used because of the relatively low statistics. Figure 2.6 shows a representation of the fit setup, with the categorisation of the regions and the distributions used in the fit.

While simple 50 GeV-wide bins are used in the 𝑚 𝑏𝑏 distributions of the 𝑒𝜇 regions, the binning employed in the BDT 𝑉 𝐻 distributions is the result of an optimization. Since the numerical values of the output of the BDTs trained using TMVA do not have any specific meaning, the distribution can be freely remapped. Several rebinning algorithms were studied in the context of the analysis of the Run-1 data [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF] and are discussed in details in the thesis of Daniel Büscher [START_REF] Buscher | Search for Higgs bosons with b-jets in the final state in proton-proton collisions with the ATLAS experiment[END_REF]. Their triple goal is to keep a sufficiently fine binning in the high signal-to-background ratio region to maximise the signal sensitivity, albeit not too fine in order to avoid any bias (similar to an overtraining effect); in the low sensitivity part of the distribution, coarser bins are sufficient, as the goal is to keep just enough information to improve the background separation and possibly constrain some background modelling nuisance parameters. Starting from a finely binned BDT 𝑉 𝐻 output, the algorithm chosen for the analysis of the Run-2 data uses the following quantity:

𝑍 (𝑘, 𝑙) = 𝑧 𝑠 𝑆 𝑙 ∑ 𝑖=𝑘 𝑠 𝑖 + 𝑧 𝑏 𝐵 𝑙 ∑ 𝑖=𝑘 𝑏 𝑖 , (2.4) 
where 𝑛 𝑖 and 𝑏 𝑖 are the signal and background yields in the bin 𝑖, 𝑆 and 𝐵 the total signal and background yields, and 𝑧 𝑠 and 𝑧 𝑏 two parameters. The algorithm runs iteratively. Starting with 𝑘 = 𝑙 = last bin, 𝑘 is decreased until 𝑍 (𝑘, 𝑙) ≥ 1. The bins between 𝑘 and 𝑙 are then merged into a single one, 𝑙 is set to 𝑘 -1, and the procedure is repeated. After application of the algorithm, the high-sensitivity bins (for which 𝑏 𝑖 is small) contain a fraction of about 1/𝑧 𝑠 of the total signal each, while the low sensitivity bins contain a fraction of about 1/𝑧 𝑏 of the total background each. The The post-fit normalisation factors of the unconstrained backgrounds in the global likelihood fit are shown in table 2.9. They are all close to 1, except for the normalisations of the 𝑉 + hf backgrounds in the 2-jet regions, which are all found to be significantly larger than 1. This feature is present in the three lepton channels.

The effects of systematics uncertainties on the measurement of the signal strength are quantified using complementary methods. Figure 2.7 presents the impact of individual nuisance parameters: for each parameter 𝜃 it is evaluated as the change in the fitted signal strength when profiling the likelihood at the values corresponding to the parameter' +1𝜎 and -1𝜎 post-fit values. In practice it means evaluating ̂μ 𝜃 -μ when solving -2 log ℒ( ̂μ 𝜃 , 𝜃, ̂θ 𝜃 ) = -2 log ℒ( μ , θ , θ ) + 1. The systematic uncertainties listed in fig. 2.7 are ranked in decreasing order of their impact on the signal strength, so that only 15 most significant ones are shown. The post-fit values of these parameters and their fitted uncertainties are also shown. Background modelling uncertainties have the largest impact on the signal strength, in particular those related to the 𝑚 𝑏𝑏 and 𝑝 𝑉 T shapes of all backgrounds. Signal modelling uncertainties are also important. Among the experimental uncertainties, the ones related to 𝑏-tagging are the most significant. The constraints observed on the nuisance parameters controlling the 𝑡 t 𝑚 𝑏𝑏 shapes are explained by the large data sample and high purity in the 1-lepton 3-jet region (for the 0+1-lepton parameter) and in the 𝑒𝜇 control regions (for the 2-lepton parameter). The signifiant pull and constraint on the 𝑍 + hf 𝑚 𝑏𝑏 shape parameter is coming from both the 0-and 2-lepton channels, and corrects a mismodelling observed in the sidebands of the 𝑚 𝑏𝑏 distribution. The events in those sidebands end up in bins in the low sensitivity part of the BDT 𝑉 𝐻 distributions, therefore the information on this mismodelling is preserved in the multivariate analysis.

An alternative method is used to evaluate the combined impact of groups of nuisance parameters. As all parameters are correlated by the fit, there is no single unambiguous definition for such a combined impact, and various procedures will account for the correlations in different ways and lead to different results. In the 𝑉𝐻(𝑏 b ) analysis, the impact of a category of systematic uncertainties is defined as the difference in quadrature between the uncertainty in 𝜇 when all nuisance parameters are fitted, and when the parameters in the category are fixed to their best-fit values. The total statistical uncertainty is defined as the uncertainty in 𝜇 when all the nuisance parameters are fixed to their best-fit values. The total systematic uncertainty is then defined as the difference in quadrature between the total uncertainty in 𝜇 and the total statistical uncertainty. The results of this evaluation are shown in table 2.10 and confirm the conclusions drawn from fig. The filled circles, referring to the bottom 𝑥-axis, show the deviations of the fitted nuisance parameters θ from their nominal values 𝜃 0 , expressed in terms of standard deviations with respect to their nominal uncertainties Δ𝜃. The associated error bars show the fitted uncertainties of the nuisance parameters, relative to their nominal uncertainties. As the 𝑏-tagging uncertainties are decomposed into uncorrelated components, the labels 0 and 1 refer to the leading and second-leading components. in the modelling of the signal and of the backgrounds have the largest impact in the measurement of the signal strength, followed by the 𝑏-tagging uncertainty of both 𝑏-and 𝑐-jets. In addition, it shows that the uncertainty due to the limited size of the simulated samples plays a significant role as well. Because of the correlations between the parameters induced by the fit the total systematic uncertainty is different from the sum in quadrature of the uncertainties from the breakdown in categories. This procedure to estimate a combined impact has the undesirable property of yielding very asymmetric results for the uncertainties in the modelling of the signal, therefore symmetrized results are presented in table 2.10. A proof of this effect is given in appendix A.2, along with a discussion on the comparison between the two methods used to quantify the impact of nuisance parameters.

As explained in section 2.3.5, the dijet-mass analysis has a finer categorisation of the signal regions, with an additional split at 𝑝 𝑉 T = 200 GeV, while the 𝑊 + hf control regions are merged into the correponding 1-lepton signal regions. This results in 14 signal regions and 4 control regions in which the 𝑚 𝑏𝑏 distributions are input to the fit, with the exception of the two 𝑒𝜇 control regions in the 2-jet category, where the event yield is used.

Diboson analysis

The diboson analysis aims at validating the model embedded in the likelihood function by measuring the signal strength of the 𝑊 𝑍 and 𝑍 𝑍 processes instead of that of 𝑉 𝐻. Therefore the main difference with the main analysis is the use of the BDT 𝑉 𝑍 distributions in the signal regions instead of the BDT 𝑉 𝐻 ones as inputs to the likelihood function. Because of the smaller samples of simulated diboson events compared to the Higgs boson samples, the binning of the BDT 𝑉 𝑍 distributions cannot be as fine as that of the BDT 𝑉 𝐻 distributions. Adequate parameters for the binning algorithm are found to be 𝑧 𝑠 = 5 and 𝑧 𝑏 = 5. The parameter of interest 𝜇 𝑉 𝑍 is the signal strength of the combined 𝑊 𝑍 and 𝑍 𝑍 processes. The small contribution from 𝑊 𝑊 production is treated as a background and constrained within its uncertainty. The overall normalisation uncertainties in the 𝑊 𝑍 and 𝑍 𝑍 processes are removed, while all the other systematic uncertainties are kept identical to those in the main analysis. The SM Higgs boson processes are included as backgrounds with an additional uncertainty in the cross-section of 50%, which conservatively comprises the previous measurement and its uncertainty [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF]. The BDTs provide sufficient separation between the 𝑉 𝑍 and the 𝑉 𝐻 processes that the 𝑉 𝐻 normalisation has a negligible impact on the diboson signal strength measurement.

Results

Distributions and yields

The BDT 𝑉 𝐻 output distributions in the signal regions are shown in fig. 2.8 for the 0-and 1-lepton channels, and in fig. 2.9 for the 2-lepton channel. The yields and the 𝑚 𝑏𝑏 distributions in the 𝑊 + hf and 𝑒𝜇 control regions are presented in appendix as fig. B.2. The post-fit distributions are obtained by normalising the signal and backgrounds and setting the nuisance parameters to the result of the maximum likelihood fit. The post-fit yields of the signal and backgrounds are shown in table 2.11 and table B.1 (in appendix) for the signal and control regions, respectively.

An excellent agreement is achieved between the post-fit predictions and the data in all BDT 𝑉 𝐻 distributions and in the control regions. This agreement extends to all distributions of the kinematic variables that are used as inputs to the BDTs. A graphical summary of the sensitivity of the analysis is shown in fig. 2.11, where the bins of BDT 𝑉 𝐻 distributions in all regions are combined into bins of log(𝑆/𝐵), 𝑆 and 𝐵 being the fitted signal and background yields in each analysis bin, respectively. This figure provides some insights of the origin of the sensitivity of the analysis: even without accounting for the systematic uncertainties, it shows that the majority of the sensitivity is in the analysis bins with relatively good 𝑆/𝐵 (over 0.1) despite the lower statistics available. The signal and background yields are normalised to the results of the global likelihood fit. All systematic uncertainties are included in the indicated uncertainties. An entry of "-" indicates that a specific background component is negligible in a certain region, or that no simulated events are left after the analysis selection. 

0-lepton 1-lepton 2-lepton 𝑝 𝑉 T > 150 GeV, 2-𝑏-tag 𝑝 𝑉 T > 150 GeV, 2-𝑏-tag 75 GeV < 𝑝 𝑉 T < 150 GeV, 2-𝑏-tag 𝑝 𝑉 T > 150 GeV, 2-𝑏-tag Process 2-jet 3-jet 2-jet 3-jet 2-jet ≥3-jet 2 

Signal strengths and significances

The combined analysis of the three lepton channels leads, for a Higgs boson mass of 125 GeV, to a probability 𝑝 0 of obtaining a signal at least as strong as the one observed in data from background alone of 5.3 ⋅ 10 -7 , for an expected value of 7.3 ⋅ 10 -6 . The observed probability corresponds to an excess with a significance of 4.9 standard deviations (s.d.), to be compared with an expectation of 4.3 standard deviations. The measured value of the signal strength is:

𝜇 𝑏𝑏 𝑉 𝐻 = 1.16 +0.27 -0.25 = 1.16 ± 0.16(stat.) +0.21 -0.19 (syst.).

The results from the combined fit are compared to those of a fit where the lepton channels have each their own signal strength. The signal strengths, 𝑝 0 -values and significances of the two fits are shown in table 2.12. The highest expected sensitivity comes from the 0-lepton channel (3.1 s.d.) , followed by the 2-lepton channel (2.6 s.d.) and the 1-lepton channel (2.4 s.d.). The signal strengths measured in the three channels are found compatible with each other, with a slightly larger value measured in the 2-lepton channel. This compatibility can be evaluated quantitatively: in the asymptotic regime, a result from Wilks [START_REF] Wilks | The Large-Sample Distribution of the Likelihood Ratio for Testing Composite Hypotheses[END_REF] implies that the difference between the minima of the negative log-likelihoods of two fits differing only in their number of parameters of interest follows a 𝜒 2 distribution with a number of degrees of freedom equal to the difference between the numbers of parameters of interest. The probability of compatibility of the signal strengths measured in the three lepton channels is then found to be 80%. Table 2.12: Measured signal strengths with their combined statistical and systematic uncertainties, expected and observed 𝑝 0 and significance values (in standard deviations) from the combined fit with a single signal strength, and from a combined fit where each of the lepton channels has its own signal strength, using 13 TeV data.

Signal strength

Signal strength 𝑝 0 Significance Exp. Obs. Exp. Obs. Another combined fit is performed, where separate signal strengths are attached to the 𝑊 𝐻 and 𝑍 𝐻 production processes. The measured signal strengths are shown in fig. 2.12. The probability of their compatibility is found to be 84%. The observed (expected) significances of the 𝑊 𝐻 and 𝑍 𝐻 production modes are 2.5 (2.3) and 4.0 (3.5) standard deviations, respectively. The linear correlation between the two signal strengths is very small, -1%.

Results of the dijet-mass analysis

The post-fit 𝑚 𝑏𝑏 distributions in the signal regions of the dijet-mass analysis (displayed in appendix B.2) show a good agreement of the post-fit predictions with the data in all regions. The measured value of the signal strength is:

𝜇 𝑏𝑏 𝑉 𝐻 = 1.06 +0.36 -0.33 = 1.06 ± 0.20(stat.) +0.30 -0.26 (syst.).
The measurement is in good agreement with that of the multivariate analysis, with an uncertainty larger by about 35%. Consequently, the observed excess has a lower significance of 3.6 s.d., compared to an expectation of 3.5 s.d. The values of the signal strengths in the individual channels are also in good agreement with those from the multivariate analysis, as shown in fig. B.6 (in appendix).

The sensitivity of the dijet-mass analysis is represented in fig. 2.13 in the form of an 𝑚 𝑏𝑏 distribution summed over all channels and regions, weighted by their respective values of the ratio of fitted Higgs signal and background yields and after subtraction of all backgrounds except for the 𝑉 𝑍 diboson processes. The result is a clear 𝑍 → 𝑏 b peak with a significant shoulder around 𝑚 𝑏𝑏 = 125 GeV that matches well the Higgs boson prediction scaled by 𝜇 𝑏𝑏 𝑉 𝐻 = 1.06. 

Results of the diboson analysis

The post-fit 𝑚 𝑏𝑏 distributions in the signal regions of the diboson analysis (displayed in appendix B.3) show equally a good agreement of the post-fit predictions with the data in all regions. The measured value of the 𝑉 𝑍 signal strength is: This result, used as a validation of the analysis and therefore obtained before the unblinding of the Higgs boson results, is in good agreement with the Standard Model prediction. This good agreement is still observed when fitting separate signal strengths for the 𝑊 𝑍 and 𝑍 𝑍 production modes (with a probability of compatibility with the combined signal strength of 47%), or for the three lepton channels (with a probability of compatibility of 64%), as shown in fig. 2.14. A limit to the usefulness of this validation analysis is the low sensitivity achieved in the 1-lepton channel, which comes from an accumulation of factors. First, despite a much larger inclusive production cross-section (by over an order of magnitude) for the 𝑊 𝑍 and 𝑍 𝑍 processes compared to the 𝑊 𝐻 and 𝑍 𝐻 processes, the lower branching fraction for 𝑍 → 𝑏 b compared to 𝐻 → 𝑏 b and the softer 𝑝 𝑉 T spectrum for the diboson processes result in yields of events selected in the high-𝑝 𝑉 T signal regions (as shown in table 2.11) not much larger for the diboson processes than for the Higgs boson signal. The yields of 𝑍 𝑍 events are increased relatively to the 𝑊 𝑍 yields because of the symmetry in the final state. Finally, there is a much larger 𝑊 + hf background under the 𝑊 𝑍 process than under the 𝑊 𝐻 process in the 1-lepton channel. Because of the large systematic uncertainties in the 𝑊 + hf background, its contribution to the total systematic uncertainty is much larger in the measurement of the 𝑊 𝑍 signal strength than in that of the 𝑊 𝐻 signal strength. 𝑉 𝑍 values for the (𝑊 /𝑍 )𝑍 processes (0-, 1-and 2-lepton channels) are obtained from a simultaneous fit with the signal strengths for each of the 𝑊 𝑍 and 𝑍 𝑍 processes (0-, 1-and 2-lepton channels) floating independently.

𝜇 𝑏𝑏 𝑉 𝑍 = 1.20

Chapter 3

Combinations and differential cross-section measurements

The analysis of 80 fb -1 of Run-2 data leads to a very strong evidence for the 𝑉 𝐻, 𝐻 → 𝑏 b signal with 4.9 standard deviations and an uncertainty in 𝜇 𝑏𝑏 𝑉 𝐻 of 0.26. While the standard of 5.0 standard deviations to claim an observation is purely conventional, and is probably not well justified when it comes to observing a new production process or a new decay mode predicted by the Standard model for an already observed particle, it is still interesting to try to push the sensitivity as high as possible to get a more precise measurement of the process. This is achieved through the statistical combination of this result with related ones, by multiplying their likelihood functions with a proper treatment of the constraint terms to account for correlations. Three measurements are performed. The best precision on the 𝑉 𝐻, 𝐻 → 𝑏 b process is achieved through the combination with the result of the analysis of the 7 TeV and 8 TeV data. Further knowledge on the 𝐻 → 𝑏 b decays is obtained by combining with the searches performed in the vector boson fusion and in the top-quark associated production modes. Finally the highest sensitivity on the 𝑉 𝐻 production process is obtained through a combination with the 𝐻 → 𝛾𝛾 and 𝐻 → 𝑍 𝑍 * → 4ℓ analyses. These different combinations are described in section 3.1, and their results are presented in section 3.2.

The uncertainty of 0.26 achieved in 𝜇 𝑏𝑏 𝑉 𝐻 by the analysis of the Run-2 data is low enough that the measurement of first differential cross-sections in this channel is possible with decent uncertainty in each measured bin. This measurement is performed in the kinematic fiducial volumes defined in the STXS framework, which as shown in section 1.4.2 categorises the events first as function of the vector boson transverse momentum, then as function of the number of additional jets. This measurement is described in section 3.3, and its results are presented in section 3.4. These results are then interpreted in the context of an effective field theory lagrangian in section 3.5.

Combinations

Combination of 𝑉𝐻(𝑏 b ) results

The results of the analysis of the 13 TeV data are statistically combined with that of the Run-1 search using 7 TeV and 8 TeV data [START_REF]Search for the 𝑏 b decay of the Standard Model Higgs boson in associated (𝑊 /𝑍 )𝐻 production with the ATLAS detector[END_REF]. Studies were performed in the context of the previous analysis of the Run-2 data with 36 fb -1 [START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF] to estimate the impact of the choices of correlations of nuisance 3.1. Combinations parameters between the two analysis on the combined result, and the same resulting correlation scheme is adopted for this combination. Indeed, while a correct treatment of the correlations is needed in order not to bias the results, it is often difficult to fully justify the choices made, so specific studies are conducted to estimate the potential biases for the dominant uncertainty sources.

The only simple case is that of the Higgs boson signal theory uncertainties, some of which were treated consistently between the Run-1 and Run-2 analysis and are thus correlated: it concerns the uncertainties in the overall cross-section, in the 𝐻 → 𝑏 b branching fraction and in the 𝑝 𝑉 T -dependent NLO EW corrections. The significant uncertainties in the parton shower and underlying event are not correlated as different Monte Carlo generators were used in the two analyses.

The leading experimental uncertainties are those on the 𝑏-tagging efficiencies. The modifications of the ATLAS detector (with the inclusion of the insertable B-layer detector), the large improvement in the tagging discriminant variable, and in the 𝑏-tagging calibration analyses support the choice of neglecting the correlations affecting the 𝑏-tagging uncertainties across the two analyses. Correlation tests were nevertheless conducted and found an effect of less than 5% on the central value, with a negligible impact on the combined uncertainty. The jet energy calibration analyses were performed consistently between Run-1 and Run-2, and consequently well-defined correlations hypotheses can be made between the corresponding sets of nuisance parameters. Different schemes were tested, without any significant impact on the combined result. The chosen solution only correlates the 𝑏-jet-specific jet energy scale uncertainty across the two analyses.

While the background modelling uncertainties have a significant impact on the result, studying the effect of potential correlations is difficult due to the changes in centre-of-mass energy, Monte Carlo generators, ATLAS simulation and reconstuction, and object and event selections. It is however expected that the potential impact of underestimating correlations may not be large, as each uncertainty constitutes a small fraction of the total uncertainty. An estimation of the potential effect of correlations is obtained by performing a 𝜒 2 -combination of the two measurements of the signal strength. This combination uses the breakdown of the total uncertainty in each measurement in categories as shown in table 2.10 and neglects the correlations between the categories. This allows to introduce simple linear correlations for a given category between the two analyses. The linear correlations coefficients for the 𝑡 t , 𝑍 + hf and 𝑊 + hf uncertainties are varied from 0 (no correlation) to 1 (full correlation), with an impact on the combined signal strength always smaller than 1% and an effect on the signal strength uncertainty smaller than 4%.

Combination of 𝐻 → 𝑏 b results

The previous result is further combined with the results of the latest searches for the 𝐻 → 𝑏 b decays available at the time of the publication in the 𝑡 t 𝐻 [START_REF]Search for the Standard Model Higgs boson produced in association with top quarks and decaying into 𝑏 b in 𝑝𝑝 collisions at √𝑠 = 8 TeV with the ATLAS detector[END_REF][START_REF]Search for the standard model Higgs boson produced in association with top quarks and decaying into a 𝑏 b pair in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF] and in the VBF [START_REF]Search for the Standard Model Higgs boson produced by vector-boson fusion and decaying to bottom quarks in √𝑠 = 8 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF][START_REF]Search for Higgs bosons produced via vector-boson fusion and decaying into bottom quark pairs in √𝑠 = 13 TeV 𝑝𝑝 collisions with the ATLAS detector[END_REF] production modes, using Run-1 and Run-2 data. The analysis targetting the VBF production mode has a sizable contribution from gluon fusion events and is therefore referred to as the VBF+ggF analysis in the following. The combination assumes the cross-sections of the production modes to be as predicted by the SM to measure the ratio of the branching fraction of the Higgs boson into 𝑏-quarks to the SM prediction.

The uncertainty in the 𝐻 → 𝑏 b branching fraction that affects the SM prediction is correlated across the six analyses. The other correlations of nuisance parameters across analyses follow the studies conducted for the 𝑉𝐻(𝑏 b ) combination discussed above, for the combination of Run-1 results [START_REF]Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis of the LHC 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV[END_REF], that of Run-2 results [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] and that of analyses of the 𝑡 t 𝐻 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].

Combination of 𝑉𝐻 results

The sensitivity to the 𝑉𝐻 measurement is maximised by combining the results of the Run-2 𝑉𝐻(𝑏 b ) analysis with those from analyses of the Higgs boson decaying into two photons or into four charged leptons (via 𝑍 𝑍 * ). The Run-1 analyses are not used in this case due to the additional work required to perform a correct combination in the 𝛾𝛾 and in the 4ℓ channels. Both analyses are preliminary results [START_REF]Measurement of Higgs boson properties in the diphoton decay channel using 80 fb -1 of 𝑝𝑝 collision data at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Measurements of the Higgs boson production, fiducial and differential cross sections in the 4ℓ decay channel at √𝑠 = 13 TeV with the ATLAS detector[END_REF] that extend to the 80 fb -1 dataset the measurements previously published using 36 fb -1 of 13 TeV data [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of 𝑝𝑝 collision data at √𝑠 = 13 TeV with the ATLAS detector[END_REF][START_REF]Measurement of the Higgs boson coupling properties in the 𝐻 → 𝑍 𝑍 * → 4ℓ decay channel at √𝑠 = 13 TeV with the ATLAS detector[END_REF]. The combination with the 𝑉𝐻(𝑏 b ) analysis assumes the branching fractions to be as predicted by the SM to measure the signal strength of the 𝑉𝐻 production mode, following the methodology and correlation schemes developed for the ATLAS-wide combination of Higgs boson results [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]. Both analyses in the di-photon and four-leptons final states having sensitivities to all Higgs boson production modes, the signal strengths for the non-𝑉 𝐻 modes are left floating in the combined fit.

Results of combinations

Run-1 and Run-2 combination for 𝑉 𝐻, 𝐻 → 𝑏 b

The signal strength measured in this combination is:

𝜇 𝑏𝑏 𝑉 𝐻 = 0.98 +0.22 -0.21 = 0.98 ± 0.14(stat.) +0.17 -0.16 (syst.).

An excess over the background-only hypothesis is observed with a 𝑝 0 value of 5.5 ⋅ 10 -7 , corresponding to 4.9 standard deviations, to be compared with an expectation of 5.1 standard deviations. A simultaneous fit to the 𝑍 𝐻 and 𝑊 𝐻 signal strengths yields the values shown on fig. 3.1a, with a probability of compatibility between the two values of 72%. The linear correlation between them is very small, as evidenced by the likelihood contour of fig. 3 

Observations of 𝐻 → 𝑏 b decays

The combination of the 𝑉𝐻(𝑏 b ) results with those from the searches in the VBF and in the 𝑡 t 𝐻 production modes leads to an observed significance of the 𝐻 → 𝑏 b decay of 5.4 standard deviations compared to an expectation of 5.5 standard deviations, for a Higgs boson mass of 125 GeV and assuming the relative production cross-sections are those predicted by the SM. With the additional assumption that the absolute production cross-sections are those predicted by the SM, the measured signal strength is that of the branching fraction into 𝑏-quark pairs:

𝜇 𝐻 →𝑏𝑏 = 1.01 ± 0.20 = 1.01 ± 0.12(stat.) +0. 16 -0.15 (syst.).

The significance values for the VBF+ggF, 𝑡 t 𝐻 and 𝑉𝐻 channels and their combination are shown in table 3.1. The search in the 𝑉𝐻 production mode is dominating the sensitivity, with a measurable contribution from the 𝑡 t 𝐻 analysis, and a smaller one from the VBF+ggF analysis. The individual signal strengths for the production modes obtained from a fit where they are measured simultaneously are displayed in fig. 3.2. The values are compatible with each other, with a probability evaluated at 83%. A fit where the signal strengths are measured independently for each of the production modes in both Run-1 and Run-2 shows a probability of compatibility of the six measurements of 54%.

Table 3.1:

Expected and observed significance values (in standard deviations) for the 𝐻 → 𝑏 b channels fitted independently and their combination using the 7 TeV, 8 TeV and 13 TeV data.

Channel Significance

Exp. Obs. VBF+ggF 0.9 1.5 𝑡 t 𝐻 1.9 1.9 𝑉 𝐻 5.1 4.9

𝐻 → 𝑏 b combination 5.5 5.4

Observation of 𝑉 𝐻 production

The combination of the Run-2 𝑉 𝐻, 𝐻 → 𝑏 b result with those from the Run-2 analyses in the diphoton and four-leptons final states leads to an observed significance for 𝑉𝐻 production of 5.3 standard deviations, to be compared to an expectation of 4.8 standard deviations, for a Higgs boson mass of 125 GeV and assuming the relative branching fractions of the three decay modes are as predicted by the SM. With the additional assumption that the absolute branching fractions are those predicted by the SM, the measured signal strength is that of the 𝑉𝐻 production:

𝜇 𝑉 𝐻 = 1.13 +0.24 -0.23 = 1.13 ± 0.15(stat.) +0.18 -0.17 (syst.).

The significance values in the 𝐻 → 𝑏 b , 𝐻 → 𝛾𝛾 and 𝐻 → 𝑍 𝑍 * → 4ℓ decay modes and their combination are shown in table 3.2. The search in the 𝑏 b final state is dominating the sensitivity, with a measurable contribution from the di-photon final state, and a smaller one from the analysis in the four-lepton channel. The individual signal strengths for the decay modes obtained from a fit where they are measured simultaneously are displayed in fig. 3 

Measurement of 𝑉 𝐻, 𝐻 → 𝑏 b as function of the vector-boson transverse momentum

As explained in section 1.2, the framework of simplified template cross-sections has been introduced to probe the kinematic properties of Higgs boson production, to reduce the impact of theoretical uncertainties on the measurements and to make the measurements easier to compare with future updated calculations. In the case of 𝑉𝐻 production, the exclusive fiducial regions (also called STXS bins) in which the measurements are made have been selected to map the kinematic properties of the Higgs boson production with criteria close to those used in the analysis in order to reduce the extrapolation: as shown in section 1.4.2 each production mode is binned across the transverse momentum of the associated vector boson, and in the number of additional particle-level jets with 𝑝 T > 30 GeV.

As the sensitivity of the 𝑉𝐻(𝑏 b ) analysis is not sufficient to measure simultaneously the crosssections in all STXS bins, the fiducial regions are combined together so that the uncertainty in the measurements stay near or below 100%. As there is little discrimination between the 𝑔𝑔 → 𝑍 𝐻 and 𝑞𝑞 → 𝑍 𝐻 processes kinematics in a given STXS (𝑝 𝑉 T , 𝑁 jet ) bin, the corresponding regions in these two production processes are merged together. The STXS bins differing only by their number of particle-jets are also merged together, as the categorisation across 𝑝 𝑉 T carries more information to constrain possible new physics than the number of additional jets. Two sets of regions reflecting the sensitive phase-space of the 𝑉𝐻(𝑏 b ) analysis are considered. The first one is referred to as the 5-POI (parameters of interest) scheme and simultaneously measures three cross-sections for 𝑍 𝐻 production (75 GeV < 𝑝 𝑍 T < 150 GeV, 150 GeV < 𝑝 𝑍 T < 250 GeV and 𝑝 𝑍 T > 250 GeV) and two for 𝑊 𝐻 production (150 GeV < 𝑝 𝑊 T < 250 GeV and 𝑝 𝑊 T > 250 GeV). The other one is referred to as the 3-POI scheme and simultaneously measures two cross-sections for 𝑍 𝐻 production (75 GeV < 𝑝 𝑍 T < 150 GeV and 𝑝 𝑉 T > 150 GeV) and one for 𝑊 𝐻 production (𝑝 𝑊 T > 150 GeV). These definitions of STXS regions are recalled in table 3.3, which relates them to the corresponding most sensitive analysis regions. To avoid any confusion between the particle-level 𝑝 𝑉 T quantity used in the definition of the STXS bins, and the reconstructed quantity used in the analysis selections and region definitions, the latter will be referred to as 𝑝 𝑉 ,r T hereafter. The measurements in the 5-POI scheme have by construction larger uncertainties than those in the 3-POI scheme, but are more sensitive to potential high-𝑝 𝑉 T anomalous contributions to the interaction vertex between the Higgs boson and the weak gauge bosons.

Table 3.3:

The 3-POI and 5-POI sets of merged regions used for the measurements, the corresponding kinematic regions of the 𝑉 𝐻 simplified template cross-sections, and the reconstructed-event categories that are most sensitive in each merged region. The regions 𝑊 𝐻, 𝑝 𝑊 T < 150 GeV, 𝑞 q → 𝑍 𝐻, 𝑝 𝑍 T < 75 GeV and 𝑔𝑔 → 𝑍 𝐻, 𝑝 𝑍 T < 75 GeV, in which the current analysis is not sensitive and whose corresponding cross-sections are fixed to the SM prediction in the fit, are not shown. 

< 250 GeV, 0-jet 𝑞 q → 𝑍 𝐻, 150 < 𝑝 𝑍 T < 250 GeV, ≥ 1-jet 0 > 150 GeV 2, 3 𝑔𝑔 → 𝑍 𝐻, 150 < 𝑝 𝑍 T < 250 GeV, ≥ 1-jet 2 > 150 GeV 2, ≥3 𝑍 𝐻, 𝑝 𝑍 T > 250 GeV 𝑞 q → 𝑍 𝐻, 𝑝 𝑍 T > 250 GeV 𝑔𝑔 → 𝑍 𝐻, 𝑝 𝑍 T > 250 GeV
While the analysis regions in the three lepton channels are defined inclusively for 𝑝 𝑉 ,r T > 150 GeV, some discrimination between the STXS bins 150 GeV < 𝑝 𝑉 T < 250 GeV and 𝑝 𝑉 T > 250 GeV is provided by the BDT 𝑉 𝐻 distributions. Indeed, since 𝑝 𝑉 ,r T is one of the most important variables in the training of the BDTs along with 𝑚 𝑏𝑏 and the angular separation between the 𝑏-jets, it is largely correlated with the BDT 𝑉 𝐻 output. This is shown in fig. 3.4 for the 2-lepton channel, where the BDT 𝑉 𝐻 distribution for the 𝑝 𝑍 T > 250 GeV STXS bin peaks at the highest values, while that of the 150 GeV < 𝑝 𝑍 T < 250 GeV category has a broader distribution between -0.3 and 0.8. The same pattern appears in the 0-and 1-lepton channels.

The likelihood function used in the inclusive 𝑉𝐻(𝑏 b ) analysis is only slightly modified to allow for these cross-section measurements in the STXS framework. In particular the backgrounds and the associated uncertainties are the same. Only the signal treatment is modified. Instead of using a single signal template in each analysis region, one template is introduced for each STXS region under study, with a corresponding parameter of interest. The overall theoretical cross-section and branching fraction uncertainties which affect the signal strength measurements are not included. Consequently the parameters of interest are ratios of the measured cross-sections to the corresponding SM prediction.

The acceptance for signal events from the five considered STXS categories in each analysis region are shown in fig. 3.5a, while the fraction of signal events in each analysis region originating from the different STXS bins is shown in fig. 3.5b. The relatively low acceptance values are explained by the product of the 𝑏-tagging efficiency (around 50% for two 𝑏-tagged jets), the low acceptance to 𝜏-lepton decays of the vector bosons, the veto of events with > 3 jets in the 0-and 1-lepton channels, and the selection efficiencies of charged leptons and jets. The low acceptance for the STXS bins with 𝑝 𝑉 T < 150 GeV in the analysis regions with 𝑝 𝑉 ,r T > 150 GeV is expected to yield low correlations between the parameters of interest corresponding to the bins below or above 150 GeV, a benefit coming from the alignment of the STXS bin definitions and the analysis categorisation. As expected from the experimental resolution on 𝑝 𝑉 ,r T coming from the resolutions of the energy measurement of charged leptons and of missing transverse energy, a better purity is achieved in the 2-lepton channel than in the 0-lepton or in the 1-lepton channels. Conversely, since the separation between the STXS bins below or above 250 GeV comes only from the BDT 𝑉 𝐻 distributions sizable anti-correlations between their measurements is expected. As the acceptance to 𝑊 𝐻 events with 𝑝 𝑊 T < 150 GeV and to 𝑍 𝐻 events with 𝑝 𝑍 T < 75 GeV is below 0.1% in each region, the analysis is not sensitive to them, and their cross-section is therefore constrained in the fit to the SM prediction within the theoretical uncertainties. This assumption has a negligible impact on the final results: setting them to 70% of the prediction (about seven times the nominal uncertainty) changes the measured cross-sections of the STXS bins of interest by less than 1%.

While the theoretical cross-section uncertainties do not affect by construction the cross-section measurements and are only included in the theoretical predictions when they are compared to the measured values, the uncertainties affecting the acceptance and shape of the kinematic distributions have to be included. The estimations of the theoretical uncertainties discussed in section 1.4.2 are therefore used and merged appropriately to correspond to the 3-POI and 5-POI schemes. The total uncertainties due to missing higher-order terms are about 4% for the 𝑞𝑞 → 𝑉 𝐻 processes and about 40% for the 𝑔𝑔 → 𝑍 𝐻 process, while the uncertainties due to 𝛼 𝑆 and to the PDF amount to 2% to 3% depending on the STXS category.

Results of the differential cross-section measurements

The measured cross-sections in the STXS bins multiplied by the 𝐻 → 𝑏 b branching fraction in both the 3-POI and the 5-POI schemes are shown in table 3.4 along with the SM predictions and their uncertainties. The breakdown of the uncertainties in the measurements is obtained with the same procedure as in the inclusive case. Therefore the total systematic uncertainty differs from the sum for 𝑉 𝐻, 𝑉 → leptons, 𝐻 → 𝑏 b events of each analysis region (𝑦-axis) for each STXS signal bin (𝑥-axis), in percent; (b) the fraction of signal (in percent) from each STXS bin (𝑥-axis) in every analysis region (𝑦-axis). Entries with acceptance times efficiency below 0.01% or signal fractions below 0.1% are not shown. in quadrature of the uncertainties in the modelling of the signal process, of those in the modelling of the background processes and of those of experimental nature because of correlations. The measurements in the 5-POI scheme are also displayed in fig. 3.6. In both cases, the measurements agree with the SM predictions.

< 15 0 G eV W T W H , p < 25 0 G eV W T W H , 15 0 < p > 25 0 G eV W T W H , p < 75 G eV Z T Z H , p < 15 0 G eV Z T Z H , 75 < p < 25 0 G eV Z T Z H , 15 0 < p > 25 0 G eV Z T Z H , p >150 GeV,SR V,r T 1-lep,2-jet,p >150 GeV,SR V,r T 1-lep,3-jet,p <150 GeV,SR V,r T 2-lep,2-jet,75<p <150 GeV,SR V,r T 3-jet,75<p ≥ 2-lep, >150 GeV,SR V,r T 2-lep,2-jet,p >150 GeV,SR V,r T 3-jet,p ≥ 2-lep, >150 GeV,SR V,r T 0-lep,2-jet,p >150 GeV,SR V,r
The uncertainties in the measurements vary between 50% and 125% in the 5-POI scheme, and between 29% and 56% in the 3-POI scheme. Statistical uncertainties dominate, except for the 𝑊 𝐻 cross-sections with 𝑝 𝑊 T > 150 GeV in the 3-POI case and with 150 GeV < 𝑝 𝑊 T < 250 GeV in the 5-POI case. The dominant systematic uncertainties are due to the modelling of the background processes and to the limited size of the simulated samples. The uncertainties due to the modelling of the signal processes are smaller, with an impact between 6% and 12%. The uncertainties in the SM predictions are 2-3 times larger for 𝑍 𝐻 than for 𝑊 𝐻 because of the large uncertainties from missing higher-order corrections in the 𝑔𝑔 → 𝑍 𝐻 process. The observed correlations between the measured cross-sections are shown in fig. 3.7 for both the 3-POI and 5-POI schemes. As expected from the inspection of the signal acceptances and purities, a large anti-correlation of the order of 40%-60% is observed between the cross-sections in the ranges 150 GeV < 𝑝 𝑉 T < 250 GeV and 𝑝 𝑉 T > 250 GeV, while the correlation between the ranges 𝑝 𝑉 T < 150 GeV and 𝑝 𝑉 T > 150 GeV is very small. The anti-correlation between the 𝑊 𝐻 and 𝑍 𝐻 cross-sections in a given 𝑝 𝑉 T range comes from the sizable acceptance to 𝑊 𝐻 events in the 0-lepton channel.

Constraints on effective field theory operators

The measurement of the differential cross-sections in the STXS framework is modified to set constraints on effective Lagrangian operators in the SILH basis following the methodology developed in section 1.4.3. The relations between the simplififed template cross-sections and the dimensionless coefficients [START_REF] Hays | Constraining EFT parameters using simplified template cross sections[END_REF] are implemented in the likelihood function with an appropriate weighting of the STXS bins merged into the measured regions, so that the coefficients c 𝐻 𝑊 , c 𝐻 𝐵 , c 𝑊 -c 𝐵 and c 𝑑 can be directly measured in the maximum likelihood fit. The effect of the SILH operators on the predicted cross-sections in the five measured STXS regions are shown in fig. 3.8 for the values of the corresponding coefficients that are expected to be excluded at 95% confidence level. While the effect of 𝒪 𝑑 is the same in all regions since it modifies only the branching fraction of the Higgs boson into 𝑏-quark pairs, the sensitivity to the other anomalous couplings depends strongly on 𝑝 𝑉 T and becomes quite signifiant in the regions with 𝑝 𝑉 T > 250 GeV compared to the regions 150 GeV < 𝑝 𝑉 T < 250 GeV. Therefore the constraints are much tighter (by about a factor two) when using the 5-POI scheme rather than the 3-POI scheme. The constraints are set on each coefficient one at a time, by assuming all others are zero and inferring the 68% and 95% confidence level (CL) intervals for the coefficient under study. Figure 3.9 shows the observed and expected negative-log-likelihood profiles, and the 68% and 95% CL intervals are summarised in table 3.5. The parameters c 𝐻 𝑊 and c 𝑊 -c 𝐵 are constrained at 95% CL to be no more than a few percent, while the constraint on c

𝐻 𝐵 is about five times worse, and the constraint on c 𝑑 is of order unity. Comparing to the measurements in the di-photon channel [START_REF]Measurements of Higgs boson properties in the diphoton decay channel with 36 fb -1 of 𝑝𝑝 collision data at √𝑠 = 13 TeV with the ATLAS detector[END_REF] that were also performed in the HEL implementation of the SILH basis, the 𝑉𝐻(𝑏 b ) analysis has unique sensitivity to c 𝑑 through the 𝐻 → 𝑏 b decays and to c 𝐻 𝐵 and c 𝑊 -c 𝐵 through 𝑍 𝐻 production. The sensitivity on c 𝐻 𝑊 which is also measured in the di-photon channel is very competitive (better than 1-2% compared to 5%). Table 3.5 also shows for comparison the 68% and the 95% CL intervals for the dimensionless coefficients when only the interference term (as defined in eq. (1.4)) is considered and the BSM term is neglected. The resulting constraints are typically 50% stronger. A comparison of the observed negative-log-likelihood profiles for two of the coefficients is shown in fig. 3.10. The large impact of the BSM contribution on the likelihood and on the resulting limits questions the assumption that the dimension-8 operators (which are of the same perturbative order 1/Λ 4 ) can be neglected. Recent progress in the predictions of effective field theories, in particular with the GeoSMEFT approach [START_REF] Helset | The Geometric Standard Model Effective Field Theory[END_REF], may allow to test this assumption in the future. 𝑑 when the other coefficients are assumed to vanish. Each row is composed of two sub-rows: the first one uses the interference between SM and non-SM amplitudes and the BSM contributions, while the second sub-row uses only the interference term.

Coefficient

Expected interval Observed interval

Results at 68% confidence level c

𝐻 𝑊

This document is centered around the search for the Standard Model Higgs boson decaying into a 𝑏 b pair and produced in association with a 𝑊 or 𝑍 boson, performed using 80 fb -1 of data collected at a center-of-mass energy of 13 TeV in the first three years of the Run-2 of the LHC by the ATLAS experiment. This search is performed in three channels targetting the leptonic decays of the vector boson, with 0, 1 or 2 charged leptons in the final state, and at least two 𝑏-tagged jets to reconstruct a Higgs boson candidate. While the backgrounds such as 𝑉 + hf or 𝑡 t are much larger than the expected signal, the analysis leverages various techniques to improve the sensitivity of the analysis. The events are split into categories that differ in background composition and signal-to-background ratio. Multivariate techniques are employed to maximally exploit the difference in kinematics between signal and background events. Finally, a lot of attention is put on the systematic uncertainties in the modelling of the background processes in order to estimate them as precisely as possible. At all stages of the analysis, the possible extensions of its phase space (such as the inclusion of channels with 𝜏-leptons) or other potential improvements are critically reviewed to weigh the expected benefits with the induced increased complexity, as managing this complexity is an important element in the timely delivery of the analysis results. The statistical analysis of the data is a critical point in this regard, as the time devoted to the detailed scrutiny of the profile likelihood fit can grow exponentially if overly optimistic decisions are made in the design of the analysis.

An excess over the background is observed in the analysis, with a significance of 4.9 standard deviations compared to an expectation of 4.3, corresponding to a signal strength relative to the SM prediction measured at 𝜇 𝑏𝑏 𝑉 𝐻 = 1.16 ± 0.16(stat.) +0.21 -0.19 (syst.). This result is then combined, first with previous results based on the Run-1 dataset, yielding an excess observed with a significance of 4.9 standard deviations for an expectation of 5.1. A further combination with the results for the SM Higgs boson decaying into a pair of 𝑏-quarks in the 𝑡 t 𝐻 and in the VBF+ggF production modes is performed, assuming the relative production cross-sections of the processes to be as predicted by the SM. The observed excess over the predicted SM background has a significance of 5.4 standard deviations compared to an expectation of 5.5, which constitutes the first observation of the 𝐻 → 𝑏 b decays. The measured signal strength is 𝜇 𝐻 →𝑏𝑏 = 1.01 ± 0.12(stat.) +0. 16 -0.15 (syst.), perfectly consistent with the value of the Yukawa coupling to bottom quarks in the SM. Finally, a combination of the Run-2 𝑉𝐻(𝑏 b ) result is performed with the results of other Run-2 searches in the 𝑉 𝐻 production mode, in either four leptons or diphoton decays. Assuming the relative branching fractions of the three decay modes to be as predicted by the SM, an excess is observed with a significance of 5.3 standard deviations, compared to an expectation of 4.8. This provides the first observation of the associated production of the Higgs boson with a vector boson.

The long search for the Higgs boson decays into 𝑏-quark pairs found therefore its conclusion in Summer 2018, and this observation was one of the highlights of the ICHEP 2018 conference [START_REF] Carli | High-lights of the ATLAS and ALICE experiments[END_REF]. A month later, the CMS collaboration presented a very similar observation [START_REF]Observation of Higgs Boson Decay to Bottom Quarks[END_REF]: the search in the 𝑉 𝐻, 𝐻 → 𝑏 b channel alone showed an excess of events with a significance of 4.8 standard deviations, and only the combination with the search for 𝐻 → 𝑏 b in other production modes allowed to perform an observation with a significance of 5.6 standard deviations, and a measured signal strength 1.04±0.20. Once again, the ATLAS and CMS experiments obtain very similar performance for a Higgs analysis, despite being two completely different detectors and using different analysis techniques (in particular the event categorisation and the Higgs boson mass reconstruction in this case).

Beyond this observation, the sensitivity of the 𝑉𝐻(𝑏 b ) analysis enables the first measurements of the Higgs boson cross-section in its associated production with a vector boson, as function of the vector boson transverse momentum. The cross-sections are measured in the Simplified Template Cross-Section framework in a fiducial volume |𝑦 𝐻 | < 2.5, in coarse 𝑝 𝑉 T intervals that lead to relative uncertainties between 30% and 125%. The results are in good agreement with the SM predictions, and are used to set limits on four linear combinations of coefficients of effective Lagrangian operators affecting the Higgs boson couplings to the electroweak bosons and to down-type quarks.

If the results shown in this document are definitely landmarks for the study of the Higgs boson in its decays into 𝑏-quark pairs and of the 𝑉 𝐻 production, they can still be improved upon, beyond the simple luminosity increase brought by the full Run-2 dataset. The need for continuous improvements is understood when looking again at table 2.10: the impacts of statistical and systematic uncertainties are of the same order of magnitude, and within systematic uncertainties many sources contribute significantly. The time devoted to the preparation of the publication using the full Run-2 luminosity [START_REF]Measurements of 𝑊 𝐻 and 𝑍 𝐻 production in the 𝐻 → 𝑏 b decay channel in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector[END_REF] was therefore spent to improve upon several aspects of the analysis.

An interesting observation about the 𝑡 t background in the 0-and 1-lepton channels is that, as shown for instance in Charles Delporte's thesis [START_REF] Delporte | Study of the Higgs boson decay into b-quarks with the ATLAS experimentrun 2[END_REF], the most signal-like events have the Higgs boson candidate reconstructed from a 𝑏-quark (coming from a top-quark) and a 𝑐-quark coming from the hadronic 𝑊 decay. Any improvement in the 𝑐-jet rejection of the 𝑏-tagging algorithm therefore directly impacts the sensitivity of the analysis in these two channels. In addition, furher gain is achieved by adding the 𝑏-tagging discriminant scores of the tagged jets as inputs of the analysis multivariate discriminant. This improvement was used in the analysis of the Run-1 data, but could only be reintroduced for the analysis of the full Run-2 dataset given the difficulty to properly calibrate the full 𝑏-tagging discriminant distribution for 𝑏, 𝑐 and light-flavour jets.

As the uncertainties in the results decrease in consecutive iterations of the analysis, the background modelling uncertainties need to be set more and more precisely. In particular, the shape effects parametrised in variations of 𝑝 𝑉 T and 𝑚 𝑏𝑏 may not capture the full shape differences between the samples produced with the nominal and alternative generators. Improvements have been obtained by training boosted decision trees to separate between generators, and parametrising variations in the resulting discriminant variable. The end result are smooth background modelling systematic uncertainties that reproduce shape effects on all kinematic variables. The work leading to this improvement is for instance described in Konie Al Khoury's PhD thesis [START_REF] Konie | Measurements of the Higgs boson produced in association with a vector boson and decaying to a pair of b-quarks with the ATLAS detector[END_REF].

Overall, the efforts put into the analysis of the complete Run-2 data allowed to decrease the systematic uncertainties in the measurements sufficiently to keep statistical uncertainties (which have decreased with the larger integrated luminosity) and systematic uncertainties at a similar level. The 𝑍 𝐻 process has been observed at the 5.3𝜎 level, while a strong evidence for 𝑊 𝐻 has been established at the 4.0𝜎 level. The differential cross-sections have been measured in the five STXS categories with about 30% uncertainty in the higher-𝑝 T categories and with low correlations between the measurements.

In addition to bringing more sensitvity to the bulk of the phase space, the larger statistics of the full Run-2 dataset open the possibilities for measurement at higher energies. However the analysis acceptance start to decrease for 𝑝 𝑉 T > 400 GeV, as the two 𝑏-jets tend to merge into a single large-𝑅 jet. A new analysis was therefore set up to look at these boosted topologies with a large-𝑅 jet to which two 𝑏-tags can be associated. A first exploratory analysis, not orthogonal in selections to the standard 𝑉𝐻(𝑏 b ) analysis, was published [START_REF]Measurement of the associated production of a Higgs boson decaying into 𝑏-quarks with a vector boson at high transverse momentum in 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS detector[END_REF]. Although its inclusive performance is much worse, the 2-𝜎 sensitivity achieved for 𝑝 𝑉 T > 400 GeV is extremely interesting for the differential measurements of the 𝑉 𝐻 production mode, and for the subsequent constraints on operators in effective Lagrangians. A proper combined analysis taking the best of both the resolved and boosted topologies without any overlap in the phase space is therefore an important goal for the next years.

As the amount of available data will not increase significantly before a few years it is crucial to extract as much information from the Run-2 dataset as possible, building upon the work already performed for these first papers published using the full luminosity. After years of work into this channel, there do not seem to be any low hanging fruits left, so the path forward for the 𝑉𝐻(𝑏 b ) analysis lies along the three directions mentioned in the previous paragraphs: inclusion of small improvements to squeeze a little bit of sensitivity, work on all sources of systematic uncertainties to try reducing them, and inclusion of the boosted topologies to extend the sensitivity at higher energies. New measurements, such as that of the CP structure of the 𝐻 𝑉 𝑉 vertex, can also be attempted. In all cases, it will be important to keep in mind that the statistical analysis and more precisely the quality of the likelihood function should remain under control, as adding complexity in an already complex analysis with low signal-to-background ratio can easily lead to significant issues.

On a more personal note, keeping such a long-standing focus on a single analysis brought a lot of satisfaction as I have been able to participate (directly or through the supervision of students) in all aspects of the analysis, and I therefore take some pride in the significant progress that has been achieved in the past years. Maintaining my physics analysis activity on a single topic also allowed me to develop new skills, with an increasing involvement in the ATLAS liquid-argon calorimeter (LAr) electronics upgrade. The whole readout electronics of the calorimeter have to be replaced as part of the Phase-II upgrade of ATLAS for the high-luminosity LHC. My involvement began with the physics requirements for the calorimeter, under the assumptions of 200 pile-up events per bunch-crossing and up to 4000fb -1 of integrated luminosity. This led me to set the main specifications for the readout electronics, in particular for the large-dynamic-range low-noise frontend preamplifier/shaper chip. I have then taken in charge the project of this preamplifier/shaper ASIC for the LAr Phase-II upgrade, with the coordination of the R&Ds taking place at BNL and at OMEGA (IN2P3's micro-electronics laboratory), and the direct supervision of the latter. The fact that I now spend half of my research time on this project comes from its necessity for the ATLAS collaboration, but also from a true interest in hardware activities that has grown in the past years, as I enjoy working with engineers to create our future detectors. The balance between physics analysis and detector activities is a key aspect for my interest in keeping working in particle physics at accelerators in the next years. where t unc is the value of 𝑡 at the maximum of ℒ unc . In that case, the combination of the auxiliary measurement with the unconstrained likelihood appears as a simple averaging of two gaussian measurements, and the post-fit value and uncertainty in 𝑡 in the full likelihood are therefore: An approximate quantification of the compatibility between the two measurements can then be achieved by comparing the value t unc -𝑡 0 to the square root of its variance Var( t unc -𝑡 0 ), or equivalently by comparing t -𝑡 0 to the square root of its variance Var( t -𝑡 0 ). It is worth emphasizing the importance of explicitely writing 𝑡 0 in these expressions, even though 𝑡 0 = 0. The fact that this value of 0 is always used is a conventionnal choice, that reflects that the likelihood has been calibrated to the value of the auxiliary measurement. If we were to do a pseudo-experiment, in which the 𝑛 𝑖 , 𝑡 0 and 𝜽 0 would take new values, then we would use the fact that formally 𝒢(𝑡 0 |𝑡, 𝜎 0 ) = 𝒢(0|𝑡 -𝑡 0 , 𝜎 0 ) to define 𝑡 ′ = 𝑡 -𝑡 0 and use it instead of 𝑡 as the nuisance parameter, which corresponds to a recalibration of the distributions of the 𝑠 𝑖 and 𝑏 𝑖 in the likelihood.

𝜎 2 𝑡 = 1 1 𝜎 2 0 + 1 𝜎 2 unc (A.
The calculation then easily concludes by using equation A Therefore the compatibility of the auxiliary measurement with the data for the parameter 𝑡 can be approximately quantified using the significance of the post-fit value of 𝑡, in number of standard deviations:

𝑍 𝑡 = t √ 1 -𝜎 2 𝑡 . (A.8)
The accurateness of this evaluation has been checked using pseudo-experiments on a non-final version of the likelihood used in the 𝑉𝐻(𝑏 b ) analysis. For the vast majority of nuisance parameters, Wald's approximation works well, and as a result eq. (A.8) is an accurate quantification of the likeliness of a pull. This equation can also apply to nuisance parameters related to the limited statistics in the simulated samples with a few simple modifications, at least when the number of simulated events is enough that the Poisson distribution can be approximated by a gaussian one. Deviations from a gaussian behaviour, sometimes significant, appear in several cases. They seem to occur for nuisance parameters associated to very large uncertainties, or to cases where the interpolation and extrapolation strategies of HistFactory discussed in section 2.6 do matter. Another cause of deviations from a gaussian distribution is the limited numerical precision in the likelihood maximisation, which can lead to issues for nuisance parameters with 𝜎 2 𝑡 ∼ 1. In practice, the nuisance parameters mostly concerned by these numerical flucutations are the ones on energy scales and resolutions, that as discussed in section 2.6.1 need dedicated treatment due to the statistical uncertainties in their evaluation.

The abovementioned caveats somewhat limit the usefulness of the quantity 𝑍 𝑡 : if all nuisance parameters had a gaussian behaviour, the distribution of 𝑍 𝑡 built from the post-fit values of all nuisance parameters would be expected to be Normal, and a deviation from the normal distribution in the fit to data would be an indication of bad fit quality (a feature known from combination codes working only with gaussian uncertainties such as [START_REF] Glazov | Averaging of DIS Cross Section Data[END_REF]). In practice, the few nuisance parameters with non-gaussian behaviour are enough to always create tails in the distribution of 𝑍 𝑡 . Consequently the computation of 𝑍 𝑡 for nuisance parameters is preferably used as a qualitative tool only, where nuisance parameters with a large significance of their post-fit value are brought to attention and further investigated.

A.2 Properties of the methods used to quantify the impact of systematic uncertainties

In section 2.6.2 the influence of the systematic uncertainties in the measurement of the signal strength of the multivariate analysis has been performed using two alternative methods: one is appropriate to quantify the impact of single nuisance parameters, the other one is used to assess the impact of groups of systematic uncertainties. The first method consists in evaluated the change in the fitted signal strength when profiling the likelihood at values corresponding to the parameter' +1𝜎 and -1𝜎 post-fit values. The second method defines the uncertainty of a group of nuisance parameters as the difference in quadrature between the total uncertainty in the signal strength when the are profiled and this same total uncertainty when they are fixed to their best-fit values.

It has been argued that because of the correlations between nuisance parameters induced by the profile likelihood fit, there is no single unambiguous way to define the impact of a group of systematics. In this section the behaviour of the two methods is investigated in simplified cases and for single nuisance parameters, in order to compare their results between themselves and with what one expects a priori. The cases of systematic uncertainties affecting the signal expectation and those affecting the backgroudn expectation differ significantly and are therefore studied separately.

A.2.1 Systematic uncertainty in the background expectation

Simplified setup and naive expectation

As the goal is to study the impact of a nuisance parameter affecting only the background expectation, it is sufficient to setup a counting experiment, with a relative uncertainty 𝛿 in the background. The expected number of events is: 𝜈(𝜇, 𝜃) = 𝜇𝑠 + 𝑏(1 + 𝛿𝜃),

where 𝑠 and 𝑏 are the nominal expected signal and background yields, respectively, 𝜇 is the signal strength, and 𝜃 is the nuisance parameter related to the uncertainty in question. Naively, a 1𝜎-change in the background yield 𝑏𝛿 has to be compensated by a change in 𝜇 of 𝑏𝛿/𝑠, thus the expected impact of the nuisance parameter is 𝑏𝛿/𝑠.

In the gaussian regime, the profile likelihood function can be replaced by a simpler 𝜒 
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 11 Figure 1.1: Main branching fractions for a Higgs boson at a mass of 125 GeV.
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 12 Figure 1.2: Illustrative leading-order diagrams for the main Higgs boson production modes at the LHC. (a) gluon fusion. (b) vector boson fusion. (c) Higgstrahlung. (d) top-or bottom-associated production.
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 213 Figure 1.3: Cross-sections of the Higgs boson production processes at the LHC as function of the center-ofmass energy [10].
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 15 Figure 1.5: Reduced coupling-strength modifiers 𝜅 𝐹 𝑚 𝐹 /𝑣 for fermions (𝐹 = 𝑡, 𝑏, 𝜏, 𝜇) and √ 𝜅 𝑉 𝑚 𝑉 /𝑣 for weak gauge bosons (𝑉 = 𝑊 , 𝑍) as a function of their masses 𝑚 𝐹 and 𝑚 𝑉 , respectively, and the vacuum expectation value of the Higgs field 𝑣 = 246 GeV. For 𝜅 𝜇 the light error bars indicate the 95% CL interval. The coupling modifiers 𝜅 𝐹 and 𝜅 𝑉 are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop processes such as 𝑔𝑔 → 𝐻, 𝐻 → 𝛾𝛾 and 𝐻 → 𝑔𝑔 [30].

+ 0. 16 -Figure 1 . 6 :

 1616 Figure 1.6:The observed signal strengths and uncertainties for different Higgs boson decay channels and their combination (a), and best-fit values for the coupling modifiers under the assumption that only SM particles are considered in loops and no invisible or undetected Higgs boson decays are allowed (b), as measured in the Run-1 dataset[START_REF]Measurements of the Higgs boson production and decay rates and coupling strengths using 𝑝𝑝 collision data at √𝑠 = 7 and 8 TeV in the ATLAS experiment[END_REF]. The weight of the partial width to 𝑏-quarks in the total Higgs width and the low signal strength measured for 𝐻 → 𝑏 b explain why, from signal strengths all above 1 for 𝐻 → 𝛾𝛾, 𝐻 → 𝑊 𝑊 * , 𝐻 → 𝑍 𝑍 * and 𝐻 → 𝜏𝜏, the coupling modifers to 𝑊, 𝑍, 𝑡 and 𝜏 all end up being lower than 1.
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 18 Figure 1.8: Differential cross-section of the Higgs boson transverse momentum (top) and contribution from the NLO EW corrections (bottom). The distributions are calculated for the Tevatron but their shapes are very similar at the LHC [77].
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 419 Figure 1.9: Leading-order diagram for the associated production with a vector boson in the quark-initiated Drell-Yan case (a), photon-induced contribution of 𝑊 𝐻 (b), and leading diagrams for the gluon-gluon initial state that opens at higher order in QCD (NNLO) for the 𝑍 𝐻 production only (c) and (d).
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 110 Figure 1.10: Higgs boson transverse momentum distribution for the different 𝑍 𝐻 production mechanisms [85].

Figure 1 . 11 :

 111 Figure 1.11: Definition of the STXS bins for the 𝑉 𝐻 processes with leptonic decays of the vector bosons.

1. 4 .

 4 The 𝑉𝐻(𝑏 b ) process (estimated inclusively in 𝑝 𝑉 T ). Six pairs of renormalization and factorization pairs are considered, varying by factors of 2 around their nominal value:

FWD

  

Figure 1 . 13 :

 113 Figure 1.13: Relative QCD uncertainties related to the 𝑛 jet splitting (Δ 1 and Δ 2 ), along with the total impact of 𝑝 𝑉T migration uncertainties (black) and the quadrature sum of all uncertainties in each STXS category (green) including overall cross section uncertainties, for (a) 𝑊 𝐻, (b) 𝑞 q → 𝑍 𝐻, and (c) 𝑔𝑔 → 𝑍 𝐻. The x-axis labeling indicates the 𝑝 𝑉 T boundaries in GeV, the njet multiplicity (0, 1 and ≥ 2 jets, as 0J, 1J and GE2J). The FWD bin includes all contributions from the forward Higgs region (|𝑦 𝐻 | > 2.5).

  plus Hermitian conjugate) with Yukawa coupling strength 𝑦 𝑑 . The partial width Γ 𝑏𝑏 𝐻 and the total width Γ 𝐻 are therefore affected, inducing a variation in the 𝐻 → 𝑏 b branching fraction.

Figure 2 . 1 :

 21 Figure 2.1: (a) Distribution of the azimuthal angle between the jets in 𝑊 + 2-jets events in the 1-lepton, 0-tag, 2-jet category of the Run-1 𝑉𝐻(𝑏 b ) analysis [51]. A clear shape difference between the data (black dots) and the simulation made using Sherpa 1.4.1 (green colors) is observed. (b) Same distribution, comparing unfolded ATLAS 7 TeV data[START_REF]Study of jets produced in association with a 𝑊 boson in 𝑝𝑝 collisions at √𝑠 = 7 TeV with the ATLAS detector[END_REF] (black dots) with predictions using the MePs@Nlo matching technique as implemented in recent Sherpa versions such as 2.2.1[START_REF] Höche | QCD matrix elements + parton showers: The NLO case[END_REF] (red line). The use of higher-order terms improves significantly the agreement with the data.

  GeV then 110 GeV for 2016 and 2017 data-taking. Compared to an offline 𝐸 miss T threshold at 150 GeV, the 𝐸 miss T triggers are fully efficient for𝐸 miss T > 180 GeV, and have an efficiency of 85 -90% at 𝐸 miss T = 150 GeV.
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 23 Figure 2.3: Reconstructed vector boson transverse momentum distribution in the 2-lepton channel, 2-jet category, after the profile likelihood fit to the data. The fitted signal multiplied by a factor of 80 is displayed as a red line, and has a harder spectrum than the backgrounds shown as solid colours.
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 24 Figure 2.4: Distribution of min[Δ𝜙(𝐄 miss
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 25 Figure 2.5: Distribution of the transverse masse of the 𝑊 boson candidate in the electron (a) and muon (b)sub-channels of the 1-lepton, 2-jet category, in the analysis of the first 36 fb -1 of Run-2 data[START_REF]Evidence for the 𝐻 → 𝑏 b decay with the ATLAS detector[END_REF].
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 2627 Figure 2.6: Representation of the setup of the global likelihood fit of the multivariate analysis, with signal and control regions included, and fitted distributions.

Figure 2 .

 2 10 shows 𝑚 𝑏𝑏 and 𝑝 𝑉 T distributions as examples, while further cases are presented in appendix as fig. B.1.
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 28 Figure 2.8: The BDT 𝑉 𝐻 output post-fit distributions in the 0-lepton (top) and 1-lepton (bottom) channels for 2-𝑏-tag events, in the 2-jet (left) and 3-jet (right) categories. The background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal (𝑚 𝐻 = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from data (𝜇 = 1.16), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total pre-fit background. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is indicated by the hatched band. The ratio of the data to the sum of the fitted signal (𝜇 = 1.16) and background is shown in the lower panel. The BDT 𝑉 𝐻 output distributions are shown with the binning used in the global likelihood fit.
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 29 Figure 2.9: The BDT 𝑉 𝐻 output post-fit distributions in the 2-lepton channel, in the high-𝑝 𝑉 T (top) and medium-𝑝 𝑉 T (bottom) regions, in the 2-jet (left) and ≥3-jet (right) categories. The background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal (𝑚 𝐻 = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from data (𝜇 = 1.16), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total pre-fit background. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is indicated by the hatched band. The ratio of the data to the sum of the fitted signal (𝜇 = 1.16) and background is shown in the lower panel. The BDT 𝑉 𝐻 output distributions are shown with the binning used in the global likelihood fit.

Figure 2 . 10 :

 210 Figure 2.10: The post-fit distributions for 𝑝 𝑉 T (left) and 𝑚 𝑏𝑏 (right) in the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for 2-jet, 2-𝑏-tag events in the high 𝑝 𝑉 T region (except for the 𝑝 𝑉 T distribution in the 2-lepton channel that spans both the medium-𝑝 𝑉 T and the high-𝑝 𝑉 T regions). The background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal (𝑚 𝐻 = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from data (𝜇 = 1.16), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The entries in overflow are included in the last bin. The dashed histogram shows the total pre-fit background. The size of the combined statistical and systematic uncertainty for the sum of the fitted signal and background is indicated by the hatched band. The ratio of the data to the sum of the fitted signal and background is shown in the lower panel.
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 2112 Figure 2.11: Event yields as a function of log 10 (𝑆/𝐵) for data, background and a Higgs boson signal with𝑚 𝐻 = 125 GeV. Final-discriminant bins in all regions are combined into bins of log 10 (𝑆/𝐵), with 𝑆 being the fitted signal and 𝐵 the fitted background yields. The Higgs boson signal contribution is shown after rescaling the SM cross-section according to the value of the signal strength extracted from data (𝜇 = 1.16). In the lower panel, the pull of the data relative to the background (the statistical significance of the difference between data and fitted background) is shown with statistical uncertainties only. The full line indicates the pull expected from the sum of fitted signal and background relative to the fitted background.
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 212 Figure 2.12: The fitted values of the Higgs boson signal strength 𝜇 𝑏𝑏 𝑉 𝐻 for 𝑚 𝐻 = 125 GeV for the 𝑊 𝐻 and 𝑍 𝐻 processes and their combination.
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 213 Figure 2.13: The distribution of 𝑚 𝑏𝑏 in data after subtraction of all backgrounds except for the 𝑊 𝑍 and 𝑍 𝑍 diboson processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, 𝑝 𝑉 T regions and number-of-jets categories are summed and weighted by their respective 𝑆/𝐵, with 𝑆 being the total fitted signal and 𝐵 the total fitted background in each region. The expected contribution of the associated 𝑊 𝐻 and 𝑍 𝐻 production of a SM Higgs boson with 𝑚 𝐻 = 125 GeV is shown scaled by the measured signal strength (𝜇 = 1.06). The size of the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.
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 214 Figure 2.14: The fitted values of the 𝑉 𝑍 signal strength 𝜇 𝑏𝑏 𝑉 𝑍 (a) for the 𝑊 𝑍 and 𝑍 𝑍 processes and their combination and (b) for the 0-, 1-and 2-lepton channels and for their combination. The individual 𝜇 𝑏𝑏𝑉 𝑍 values for the (𝑊 /𝑍 )𝑍 processes (0-, 1-and 2-lepton channels) are obtained from a simultaneous fit with the signal strengths for each of the 𝑊 𝑍 and 𝑍 𝑍 processes (0-, 1-and 2-lepton channels) floating independently.
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 31 Figure 3.1: (a) The fitted values of the Higgs boson signal strength 𝜇 𝑏𝑏 𝑉 𝐻 for 𝑚 𝐻 = 125 GeV for the 𝑊 𝐻 and 𝑍 𝐻 processes and their combination in the joint analysis of the 7 TeV, 8 TeV and 13 TeV data. (b) Likelihood contours for the Higgs boson signal strengths 𝜇 𝑏𝑏 𝑊 𝐻 and 𝜇 𝑏𝑏 𝑍 𝐻 , for the 𝑊 𝐻 and 𝑍 𝐻 processes respectively.The best-fit result (+) and the SM expectation (*) are also indicated.
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 32 Figure 3.2: The fitted values of the Higgs boson signal strength 𝜇 𝐻 →𝑏𝑏 for 𝑚 𝐻 = 125 GeV separately for the 𝑉 𝐻, 𝑡 t 𝐻 and VBF+ggF analyses along with their combination, using the 7 TeV, 8 TeV and 13 TeV data. The individual 𝜇 𝐻 →𝑏𝑏 values for the different production modes are obtained from a simultaneous fit with the signal strengths for each of the processes floating independently.
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 33 Figure 3.3: The fitted values of the Higgs boson signal strength 𝜇 𝑉 𝐻 for 𝑚 𝐻 = 125 GeV separately for the 𝐻 → 𝑏 b , 𝐻 → 𝛾𝛾 and 𝐻 → 𝑍 𝑍 * → 4ℓ decay modes, along with their combination. The individual 𝜇 𝑉 𝐻 values for the different decay modes are obtained from a simultaneous fit with the signal strengths for each of the processes floating independently.
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 434 Figure 3.4: BDT 𝑉 𝐻 distributions for different 𝑝 𝑉 T STXS regions in the 2-lepton, 𝑝 𝑉 ,rT > 150 GeV 2-jet (a) and 3-jet (b) analysis regions. Only STXS bins contributing at least 10% of the expected signal yield in the analysis region are displayed. The distributions of the total signal and background are also shown. The BDT 𝑉 𝐻 distributions are scaled to the same (unit) area to highlight the shape differences.

Figure 3 . 5 :

 35 Figure 3.5: In the 5-POI scheme, (a) the acceptance (including the efficiency of the experimental selection)
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 3637 Figure 3.6: Measured 𝑉 𝐻, 𝑉 → leptons simplified template cross-sections times the 𝐻 → 𝑏 b branching fraction.
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 38 Figure 3.8: Impact on the five simplified template cross sections of the effective Lagrangian operators 𝒪 𝐻 𝑊 , 𝒪 𝐻 𝐵 , 𝒪 𝑊 , 𝒪 𝐵 and 𝒪 𝑑 for the values of the coefficients c 𝐻 𝑊 , c 𝐻 𝐵 , c 𝑊 -c 𝐵 and c 𝑑 that are expected to be excluded at 95% confidence level.
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 39310 Figure 3.9: The observed (solid) and expected (dotted) profiled negative-log-likelihood functions for the one-dimensional fits to constrain the coefficients (a) c 𝐻 𝑊 , (b) c 𝐻 𝐵 , (c) c 𝑊 -c 𝐵 and (d) c 𝑑 of the HEL, when the other coefficients are assumed to vanish.

ℒ

  unc (𝜇, 𝑡, 𝜽) ∼ 𝒢( t unc |𝑡, 𝜎 unc ), (A.4)

. 6 :

 6 Var( t -𝑡 0 ) = Var( t ) + Var(𝑡 0 ) -2Cov( t , 𝑡 0 )

Figure B. 1 :

 1 Figure B.1: The post-fit distributions for 𝑚 𝑊 T in the 1-lepton channel (top left), 𝑚 ℓℓ in the 2-lepton channel (top right), 𝑝 𝑉 T in the 𝑊 + hf control region (botton left) and 𝑝 𝑉 T in the 𝑒𝜇 control region (bottom right) for 2-jet, 2-𝑏-tag events. The background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal (𝑚 𝐻 = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from data (𝜇 = 1.16).

Figure B. 5 :

 5 Figure B.5: Distributions of 𝑚 𝑏𝑏 used as input to the global likelihood fit of the dijet-mass analysis. The distributions refer to the signal regions of the 2-lepton channel. Shown are the data (points with error bars) and expectation (histograms). The background contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal (𝑚 𝐻 = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from data (𝜇 = 1.06), and unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total pre-fit background. The entries in overflow are included in the last bin. The size of the combined statistical and systematic uncertainty for the sum of the signal and fitted background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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 11 Summary of the observed and expected sensitivities (in standard deviations) and measured signal strengths of the searches of 𝐻 → 𝑏 b decays performed using Run-2 data. References are listed in the text.

	Channel Experiment Luminosity Observed	Expected	Signal strength
			(fb -1 )	signif. (s.d) signif. (s.d)	
	𝑉𝐻	ATLAS CMS	80 77	4.9 4.4	4.3 4.2	1.16 +0.27 -0.15 1.06 ± 0.26
	VBF	ATLAS	126	2.9	2.9	0.99 +0.36 -0.34
	ttH	ATLAS CMS	139 36	1.3 1.6	3.0 2.2	0.43 +0.36 -0.33 0.72 ± 0.45
	𝐻 + 𝑗	ATLAS CMS	136 36	-1.5	-0.7	1.1 ± 3.6 2.3 +1.8 -1.6

Table 1 . 2 :

 12 Predicted cross-sections for the leptonic 𝑉𝐻 processes and their uncertainties at √𝑠 = 13 TeV, for a Higgs boson mass of 125 GeV. The 𝑍 → ℓℓ and 𝑊 → ℓ𝜈 cross-sections are per lepton flavour, while the 𝑍 → 𝜈𝜈 cross-section stands for all neutrino flavours. The 𝑔𝑔 → 𝑍 𝐻 process is included in the 𝑝𝑝 → 𝑍 𝐻 calculations, but is also shown separately for reference as it dominates the scale uncertainties of the 𝑍 𝐻 process.

	Process	𝜎 [fb]	Uncertainties [%]
			QCD Scale PDF 𝛼 𝑆
	𝑝𝑝 → 𝑊 + 𝐻 → ℓ + 𝜈𝐻 𝑝𝑝 → 𝑊 -𝐻 → ℓ -𝜈𝐻	94.3 59.8	+0.5 -0.7 +0.4 -0.7	1.6 0.9 1.8 0.8
	𝑝𝑝 → 𝑍 𝐻 → 𝜈𝜈𝐻 𝑔𝑔 → 𝑍 𝐻 → 𝜈𝜈𝐻	178 24.6	+3.8 -3.1 +25.1 -18.9	1.3 0.9 1.8 1.6
	𝑝𝑝 → 𝑍 𝐻 → ℓ + ℓ -𝐻 𝑔𝑔 → 𝑍 𝐻 → ℓ + ℓ -𝐻	29.8 4.1	+3.8 -3.1 +25.1 -18.9	1.3 0.9 1.8 1.6

  Higgs boson with the electroweak

	Relative QCD uncertainty	0 0.02 0.04 0.06 0.08 0.1	y 75 150 250 400 total ∆ ∆ ∆ ∆ ∆ Uncertainty components: Correlation scheme-2 √s = 13 TeV, qq → WH ATLAS Simulation Preliminary	
	0.02 -														
		FWD	0-75 GeV0J	0-75 GeV1J	0-75 GeVGE2J	75-150 GeV0J	75-150 GeV1J	75-150 GeVGE2J	150-250 GeV0J	150-250 GeV1J	150-250 GeVGE2J	250-400 GeV0J	250-400 GeV1J	250-400 GeVGE2J	>400 GeV0J	>400 GeV1J	>400 GeVGE2J
								(a)								
	Relative QCD uncertainty	0 0.02 0.04 0.06 0.08 0.1	Uncertainty components: y ∆ 75 ∆ 150 ∆ 250 ∆ 400 ∆ total Correlation scheme-2 ATLAS Simulation Preliminary √s = 13 TeV, qq → ZH	
	0.02 -														
		FWD	0-75 GeV0J	0-75 GeV1J	0-75 GeVGE2J	75-150 GeV0J	75-150 GeV1J	75-150 GeVGE2J	150-250 GeV0J	150-250 GeV1J	150-250 GeVGE2J	250-400 GeV0J	250-400 GeV1J	250-400 GeVGE2J	>400 GeV0J	>400 GeV1J	>400 GeVGE2J
								(b)								
	Relative QCD uncertainty	0.5 -0 0.5 1 1.5 2	Uncertainty components: y ∆ 75 ∆ 150 ∆ 250 ∆ 400 ∆ total Correlation scheme-2 ATLAS Simulation Preliminary √s = 13 TeV, gg → ZH	
		1 -														
		FWD	0-75 GeV0J	0-75 GeV1J	0-75 GeVGE2J	75-150 GeV0J	75-150 GeV1J	75-150 GeVGE2J	150-250 GeV0J	150-250 GeV1J	150-250 GeVGE2J	250-400 GeV0J	250-400 GeV1J	250-400 GeVGE2J	>400 GeV0J	>400 GeV1J	>400 GeVGE2J

  )where 𝑔 and 𝑔 ′ are the 𝑆𝑈(2) and 𝑈(1) SM gauge couplings and 𝑣 is the vacuum expectation value of the Higgs boson field. The sum c 𝑊 + c 𝐵 is strongly constrained by precision EW data[START_REF] Ellis | Updated Global SMEFT Fit to Higgs, Diboson and Electroweak Data[END_REF] as it is directly related to the oblique parameter Δ𝑆[START_REF] Kennedy | Electroweak radiative corrections with an effective lagrangian: Four-fermions processes[END_REF] by 𝛼Δ𝑆 = 4 sin 2 𝜃 𝑊 ( c 𝑊 + c 𝐵 ). It can thus assumed to be zero, so that the measurements in the 𝑉𝐻(𝑏 b ) channel are used to set constraints on c

	𝐻 𝑊 , c 𝐻 𝐵 ,
	c 𝑊 -c 𝐵 and c 𝑑 .

Table 2 .

 2 1 summarises the generators used for the simulation of the signal and background

Table 2 . 2 :

 22 Summary of the event selection and categorisation in the 0-, 1-and 2-lepton channels.

	Selection	0-lepton	1-lepton 𝑒 sub-channel 𝜇 sub-channel	2-lepton
	Trigger	𝐸 miss T	Single lepton	𝐸 miss T	Single lepton
	Leptons 𝐸 miss T	0 loose leptons with 𝑝 T > 7 GeV > 150 GeV	1 tight electron 𝑝 T > 27 GeV > 30 GeV	1 tight muon 𝑝 T > 25 GeV -	2 loose leptons with 𝑝 T > 7 GeV ≥ 1 lepton with 𝑝 T > 27 GeV -
	𝑚 ℓℓ	-	-		81 GeV < 𝑚 ℓℓ < 101 GeV
	Jets	Exactly 2 / Exactly 3 jets		Exactly 2 / ≥ 3 jets
	Jet 𝑝 T		> 20 GeV for |𝜂| < 2.5 > 30 GeV for 2.5 < |𝜂| < 4.5	
	𝑏-jets		Exactly 2 𝑏-tagged jets	
	Leading 𝑏-tagged jet 𝑝 T		> 45 GeV	
	𝐻 T min[Δ𝜙(𝐄 miss T , jets)] Δ𝜙(𝐄 miss T , 𝐛𝐛) Δ𝜙(𝐛 1 , 𝐛 2 ) Δ𝜙(𝐄 miss T , 𝐩 miss T )	> 120 GeV (2 jets), >150 GeV (3 jets) > 20 ∘ (2 jets), > 30 ∘ (3 jets) > 120 ∘ < 140 ∘ < 90 ∘	-----		-----
	𝑝 𝑉 T regions	> 150 GeV		75 GeV < 𝑝 𝑉 T < 150 GeV, > 150 GeV
	Signal regions	-	𝑚 𝑏𝑏 ≥ 75 GeV or 𝑚 top ≤ 225 GeV	Same-flavour leptons Opposite-sign charges (𝜇𝜇 sub-channel)
	Control regions	-	𝑚 𝑏𝑏 < 75 GeV and 𝑚 top > 225 GeV	Different-flavour leptons Opposite-sign charges

Table 2 . 3 :

 23 The cross-section (𝜎) times branching fraction (ℬ) and acceptance for the three channels at √𝑠 = 13 TeV. The 𝑞𝑞-and 𝑔𝑔-initiated 𝑍 𝐻 processes are shown separately. The branching fractions are calculated considering only decays into muons and electrons for 𝑍 → ℓℓ, decays into all three lepton flavours for 𝑊 → ℓ𝜈 and decays into all neutrino flavours for 𝑍 → 𝜈𝜈. The acceptance is calculated as the fraction of events remaining in the combined signal and control regions after the full event selection.

	Process	𝜎 × ℬ [fb]		Acceptance [%]	
			0-lepton 1-lepton 2-lepton
	𝑞𝑞 → 𝑍 𝐻 → ℓℓ𝑏 b	29.9	<0.1	0.1	6.0
	𝑔𝑔 → 𝑍 𝐻 → ℓℓ𝑏 b	4.8	<0.1	0.2	13.5
	𝑞𝑞 → 𝑊 𝐻 → ℓ𝜈𝑏 b	269.0	0.2	1.0	-
	𝑞𝑞 → 𝑍 𝐻 → 𝜈𝜈𝑏 b	89.1	1.9	-	-
	𝑔𝑔 → 𝑍 𝐻 → 𝜈𝜈𝑏 b	14.3	3.5	-	-

almost double acceptance for 𝑔𝑔 → 𝑍 𝐻 events compared to the 𝑞𝑞 → 𝑍 𝐻 process is due to the harder 𝑝 𝑉 T spectrum combined with the 𝑝 𝑉 T > 75 GeV or 𝑝 𝑉 T > 150

Table 2 . 4 :

 24 Variables used for the multivariate discriminant in each of the categories.

Table 2 . 6 :

 26 Summary of the systematic uncertainties in the background modelling for 𝑍 + jets, 𝑊 + jets, 𝑡 t , and single top-quark. An 'S' symbol is used when only a shape uncertainty is assessed. The regions for which the normalisations float independently are listed in brackets. Where the size of an acceptance systematic uncertainty varies between regions, a range is displayed.

		𝑍 + jets
	𝑍 + 𝑙𝑙 normalisation	18%
	𝑍 + 𝑐𝑙 normalisation	23%
	𝑍 + hf normalisation	Floating (2-jet, 3-jet)
	𝑍 + 𝑏𝑙-to-𝑍 + 𝑏𝑏 ratio	20 -25%
	𝑍 + 𝑏𝑐-to-𝑍 + 𝑏𝑏 ratio	30 -40%
	𝑍 + 𝑐𝑐-to-𝑍 + 𝑏𝑏 ratio	13 -15%
	0-to-2 lepton ratio	7%
	𝑚 𝑏𝑏 , 𝑝 𝑉 T	S
		𝑊 + jets
	𝑊 + 𝑙𝑙 normalisation	32%
	𝑊 + 𝑐𝑙 normalisation	37%
	𝑊 + hf normalisation	

Table 2 . 9 :

 29 Factors applied to the nominal normalisations of the 𝑡 t , 𝑊 + hf and 𝑍 + hf backgrounds, as obtained from the global likelihood fit to the 13 TeV data for the nominal multivariate analysis, used to extract the Higgs boson signal. The errors represent the combined statistical and systematic uncertainties.

	Process	Normalisation factor
	𝑡 t 0-and 1-lepton	0.98 ± 0.08
	𝑡 t 2-lepton 2-jet	1.06 ± 0.09
	𝑡 t 2-lepton 3-jet	0.95 ± 0.06
	𝑊 + hf 2-jet	1.19 ± 0.12
	𝑊 + hf 3-jet	1.05 ± 0.12
	𝑍 + hf 2-jet	1.37 ± 0.11
	𝑍 + hf 3-jet	1.09 ± 0.09
	values 𝑧	

𝑠 = 10 and 𝑧 𝑏 = 5 are found to be a good compromise for the analysis sensitivity, resulting in output distributions with 15 bins.
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 210 Breakdown of the contributions to the uncertainty in 𝜇. The sum in quadrature of the systematic uncertainties attached to the categories differs from the total systematic uncertainty due to correlations.

	Source of uncertainty	𝜎 𝜇
	Total		0.259
	Statistical		0.161
	Systematic		0.203
	Experimental uncertainties	
	Jets		0.035
	𝐸 miss T		0.014
	Leptons		0.009
		𝑏-jets	0.061
	𝑏-tagging	𝑐-jets	0.042
		light-flavour jets 0.009
		extrapolation	0.008
	Pile-up		0.007
	Luminosity		0.023
	Theoretical and modelling uncertainties
	Signal		0.094
	Floating normalisations	0.035
	𝑍 + jets		0.055
	𝑊 + jets		0.060
	𝑡 t		0.050
	Single top quark	0.028
	Diboson		0.054
	Multi-jet		0.005
	MC statistical		0.070

Table 2 . 11 :

 211 The Higgs boson signal, background and data yields for each signal region category in each channel after the full selection of the multivariate analysis.

  .1b.

	WH	1.08	0.35 -+0.38		0.23 -+0.24	,	0.27 -+0.29	
	ZH	0.92	0.27 -+0.28	(	0.20 -+0.21	,	0.17 -+0.19	)
	Comb.	0.98	0.21 -+0.22	(	0.14 -+0.14	,	0.16 -+0.17	)
		bb VH 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 µ

  .[START_REF]Measurements of 𝑊 𝐻 and 𝑍 𝐻 production in the 𝐻 → 𝑏 b decay channel in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector[END_REF]. The values are compatible with each other, with a probability evaluated at 96%.

		Total ATLAS		Stat. b b → H	Tot. ( Stat., Syst. ) = 7 TeV, 8 TeV, and 13 TeV s -1 , and 24.5-79.8 fb -1 , 20.3 fb -1 4.7 fb
	VBF+ggF				1.68	1.12 -+1.16	(	1.00 -+1.01	,	0.51 -+0.57	)
	ttH				1.00	0.54 -+0.56	(	0.27 -+0.28	,	0.46 -+0.48	)
	VH				0.98	0.21 -+0.22	(	0.14 -+0.14	,	0.16 -+0.17	)
	Comb.				1.01	0.20 -+0.20	(	0.12 -+0.12	,	0.15 -+0.16	)
	0	1	2	3	4	5		6	µ	→ H	bb 7

Table 3 . 2 :

 32 Expected and observed significance values (in standard deviations) for the 𝑉 𝐻 production channels from the combined fit and from a combined fit where each of the lepton channels has its own signal strength, using 13 TeV data.

	Channel	Significance
		Exp. Obs.
	𝐻 → 𝑍 𝑍 * → 4ℓ 1.1	1.1
	𝐻 → 𝛾𝛾	1.9	1.9
	𝐻 → 𝑏 b	4.3	4.9
	VH combined	4.8	5.3

5.86 60.95 31.33 0.15 1.11 0.59 8.34 59.02 29.67 0.34 1.67 0.91

  

	1.37	11.64	6.77	7.06	52.54 20.57
	1.08	11.39	7.25	5.70	52.56 22.01
				1.62	73.42 24.87
				1.90	75.62 22.44
			0.98	96.69	2.17
			1.04	97.04	1.86
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 34 Best-fit values and uncertainties for the 𝑉 𝐻, 𝑉 → leptons simplified template cross-sections times the 𝐻 → 𝑏 b branching fraction, in the 5-POI (top five rows) and 3-POI (bottom three rows) schemes. The SM predictions for each region are also shown. The contributions to the total uncertainty in the measurements from statistical (Stat. unc.) or systematic uncertainties (Syst. unc.) in the signal modelling (Th. sig.), background modelling (Th. bkg.), and in experimental performance (Exp.) are given separately. All leptonic decays of the weak gauge bosons (including those to 𝜏-leptons, ℓ = 𝑒, 𝜇, 𝜏) are considered.

	Measurement region	SM prediction	Result	Stat. unc.	Syst. unc. [fb]
	(|𝑦 𝐻 | < 2.5, 𝐻 → 𝑏 b )	[fb]	[fb]	[fb]		Th. sig. Th. bkg.	Exp.
		5-POI scheme			
	𝑊 → ℓ𝜈; 150 < 𝑝 𝑉 T < 250 GeV 𝑊 → ℓ𝜈; 𝑝 𝑉 T > 250 GeV 𝑍 → ℓℓ, 𝜈𝜈; 75 < 𝑝 𝑉 T < 150 GeV 𝑍 → ℓℓ, 𝜈𝜈; 150 < 𝑝 𝑉 T < 250 GeV 18.8 ± 2.4 24.0 ± 1.1 7.1 ± 0.3 50.6 ± 4.1 𝑍 → ℓℓ, 𝜈𝜈; 𝑝 𝑉 T > 250 GeV 4.9 ± 0.5	20 ± 25 ± 8.8 ± 5.2 ± 81 ± 45 ± 14 ± 13 ± 8.5 ± 4.0 ±	17 ± 4.4 ± 0.5 ± 2.5 ± 0.9 2 ± 13 ± 9 35 ± 10 ± 21 ± 19 11 ± 1 ± 6 ± 3 3.7 ± 0.8 ± 1.2 ± 0.6
		3-POI scheme			
	𝑊 → ℓ𝜈; 𝑝 𝑉 T > 150 GeV 𝑍 → ℓℓ, 𝜈𝜈; 75 < 𝑝 𝑉 T < 150 GeV 𝑍 → ℓℓ, 𝜈𝜈; 𝑝 𝑉 T > 150 GeV	31.1 ± 1.4 50.6 ± 4.1 23.7 ± 3.0 28.4 ± 8.1 ± 35 ± 14 ± 81 ± 45 ±	9 ± 35 ± 10 ± 2 ± 6.4 ± 2.4 ± 3.6 ± 2.3 9 ± 4 21 ± 19

Table 3 . 5 :

 35 The expected and observed 68% CL (four top rows) and 95% CL (four bottom rows) intervals for

	the effective Lagrangian coefficients c 𝐻 𝑊 , c 𝐻 𝐵 , c 𝑊 -c 𝐵 and c

-10 3 -10 2 -

↑It is not as model-independent as a dedicated differential measurement as there are some phase-space extrapolations in the unfolding to the truth-level regions, that may be sizable for some analysis categories.

↑The standard definition in hadron collider physics Δ𝑅

= Δ𝜂 2 + Δ𝜙 2 is used.

↑Although a model introducing parameters to account for the uncertainty in the systematic errors has been developed[START_REF] Cowan | Statistical Models with Uncertain Error Parameters[END_REF], its general application to the cases discussed below would be far from practical.
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Appendix A

Proofs of statistics results

A.1 Significance of pulls

It has been argued in section 2.6.1 that the post-fit value of a nuisance parameter with a Normal constraint term is not a measure in itself of the compatibility between the data and the constraint (which in frequentist terms is an auxiliary measurement of the parameter). Indeed, it is more likely for the post-fit value of the parameter to fluctuate around the value of the auxiliary measurement (which is conventionnally taken as 0) when the data is significantly sensitive to it than when the likelihood (constraint term excluded) shows very little dependence to this parameter. A consequence of the data having sensitivity to a parameter, is that the post-fit uncertainty in this parameter is constrained to a value lower than 1. Therefore, a quantification of the compatibility between the data and the auxiliary measurement is expected to depend at least on the post-fit value of the parameter (the farther from 0, the lower the compatibility) and on the post-fit uncertainty (the smaller the uncertainty, the larger the compatibility).

Starting from the expression of the likelihood function: a given nuisance parameter 𝑡 with a Normal constraint can be explicitely taken out of the vector 𝜽, and its constraint term can be singled out:

= ℒ unc (𝜇, 𝑡, 𝜽) × 𝒢(𝑡 0 = 0|𝑡, 𝜎 0 = 1).

(A.

3)

The last form makes it clear that the post-fit value that is taken by the parameter 𝑡 is the result of the combination of the auxiliary measurement 𝒢(𝑡 0 = 0|𝑡, 𝜎 0 = 1) with the measurement in data without the constraint, which is labelled as the unconstrained likelihood ℒ unc (𝜇, 𝑡, 𝜽). The expression of the constraint as 𝒢(𝑡 0 = 0|𝑡, 𝜎 0 = 1) makes it clear that 𝑡 is a parameter of the gaussian probability density, along with the width 𝜎 0 , while the measurement is 𝑡 0 = 0. Assuming Wald's approximation holds for 𝑡 around the maximum of the unconstrained likelihood, then this likelihood can be approximated by a gaussian distribution: that makes analytic calculations possible:

where 𝜎 𝑠 represents the uncertainty in the number of signal events (𝜇𝑠) in the absence of any background uncertainty. The expected impact of the nuisance parameter is computed in the Asimov dataset, for which 𝑛 = 𝑠 + 𝑏. In this case μ = 1 and θ = 0.

Impact on the signal strength through profiling

The first step is to compute the post-fit uncertainty in 𝜃. In this simple model the signal strength can always compensate any change in the nuisance parameter, i.e the term 𝑛 -𝜈(𝜇, 𝜃) can always be 0 for any value of 𝜃. Therefore 𝜃 is not constrained at all by the fit, and 𝜎 𝜃 = 1.

The profiled likelihood values of the signal strength ̂μ (𝜃 = ±1) for 𝜃 = ±1 are then found by solving for:

and the impact of the systematic uncertainty is finally:

The result matches the naive expectation.

Impact on the signal strength through subtraction in quadrature

The total positive (resp. negative) uncertainty in 𝜇 is defined as the difference between μ and the value larger than (resp. lower than) μ for which the profiled 𝜒 2 value is 1. The first step is therefore to compute the profiled value of the nuisance parameter ̂θ (𝜇), by solving for

This leads to:

The total uncertainty in 𝜇 is finally found by computing

The total uncertainty in 𝜇 when the nuisance parameter 𝜃 is fixed to its post-fit value 0 is by construction ±𝜎 𝑠 /𝑠.

The difference in quadrature between the two uncertainties is therefore:

For uncertainties affecting the background estimation, both methods to evaluate the impact of systematic uncertainties thus yield the same result (equations A.10 and A.12), that furthermore matches the natural expectation.

A.2.2 Systematic uncertainty in the signal expectation

Simplified setup and naive expectation

In the case of a systematic uncertainty affecting the signal yield, the setup can be simplified further, and the impact of the background in the measurement can be absorbed in the definition of the total uncertainty in the number of signal events (before the addition of the signal systematic uncertainty):

When adding a relative uncertainty 𝛿 in the signal yield with a corresponding nuisance parameter, this becomes:

The Asimov dataset corresponds to 𝑛 = 𝑠, and therefore μ = 1 and θ = 0.

In this case, the naive expectation is that the impact of the systematic uncertainty on the signal strength is simply 𝛿.

Impact on the signal strength through profiling

Similarly to the case of a systematic uncertainty in the background yield, the signal strength can compensate for any change in the signal yield from the systematic uncertainty, so that the nuisance parameter 𝜃 is not constrained post-fit. The profiled values ̂μ (𝜃 = ±1) are then easily found, and yield:

This result is a bit different from the naive expectation and shows some asymmetry between the positive and negative impacts, with a correction of the order 𝛿 2 . This is easily explained as the result of setting 𝜃 to ±1 changing the number of signal events by a given number, which has to be compensated by the multiplicative parameter 𝜇. The average of the up and down variations is:

(A.15)

Impact on the signal strength through subtraction in quadrature

As in the case of the systematic uncertainty in the background yield, the total uncertainty in 𝜇 when the nuisance parameter is fixed to its post-fit value of 0 is by construction ±𝜎 𝑠 /𝑠. The total uncertainty in the presence of the nuisance parameter requires the calculation of the profiled value ̂θ (𝜇):

The resulting profiled 𝜒 2 is displayed on fig. A.1 using example values of 𝛿 = 0.2 and 𝜎 𝑠 /𝑠 = 0.5. It can be observed that the addition of a (symmetric) relative uncertainty 𝛿 on the expected signal yield, on top of the symmetric uncertainty 𝜎 𝑠 , yields a very asymmetric 𝜒 2 profile. This can be understood by noticing that the first term in the 𝜒 2 of eq. (A.13) increases according to a difference in numbers of events, while it can be dampened by pulling 𝜃, that changes the number of events by a given fraction. Therefore pulling 𝜃 is more efficient at reducing the 𝜒 2 when 𝜇 ∼ 1 + 𝜎 𝑠 /𝑠 than when 𝜇 ∼ 1 -𝜎 𝑠 /𝑠. Solving for the total uncertainty in 𝜇 then gives: As the impact of the uncertainty is defined as the difference in quadrature between the two curves displayed on fig. A.1, it exhibits a very strong asymmetry:

(A.17)

The impact therefore appears as the evaluation of the uncertainty 𝛿 at the ±1𝜎 positions of 𝜇. The asymmetry is thus stronger both for larger values of 𝜎 𝑠 /𝑠 and for larger values of 𝛿. Although the asymmetry is real and is explained by the reasons discussed above, it can be seen as a mere artifact of the method used to estimate the impact of this systematic uncertainty. It conveys a somewhat misleading message on the real effect of the uncertainty, since the original signal uncertainty 𝛿 introduced in the 𝜒 2 is fully symmetric. Fortunately, the average of the up and down effects is:

This value is equal to the one computed from the profiling method in eq. (A.15), and very close to the naive expectation 𝛿. It seems therefore more appropriate to report the average value of the up and down effects at least for signal uncertainties, when providing the breakdown of the systematic uncertainties as in table 2.10.

Although the calculations performed in this section are based on very simplified models, the resulting analytic formulas match quite accurately the results of the evaluations on complete likelihoods such as that of the 𝑉𝐻(𝑏 b ) analysis. 

Appendix B. Additional post-fit figures and tables

Table B.1:

The fitted signal and background yields for each control region category in each channel (𝑊 + hf in the 1-lepton channel, 𝑒𝜇 events in the 2-lepton channel), corresponding to the selection applied to the control regions for the multivariate analysis. The yields are normalised by the results of the global likelihood fit. All systematic uncertainties are included in the indicated uncertainties. An entry of "-" indicates that a specific background component is negligible in a certain region, or that no simulated events are left after the analysis selection. 

B.2 Results of the dijet-mass analysis

Figure B.6:

The fitted values of the Higgs boson signal strength 𝜇 𝑏𝑏 𝑉 𝐻 for 𝑚 𝐻 = 125 GeV for the 0-, 1-and 2-lepton channels and their combination, using the 13 TeV data. The results are shown both for the nominal multivariate analysis (MVA) and for the di-jet mass analysis (DMA). The individual 𝜇 𝑏𝑏 𝑉 𝐻 values for the lepton channels are obtained from a simultaneous fit with the signal strength for each of the lepton channels floating independently. 

B.3 Results of the diboson analysis

ATLAS