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Abstract

This thesis firstly describes a measurement of the b-jet tagging efficiency with a tag-and-probe
method using data recorded by the ATLAS detector in 2015 and 2016. The efficiency mea-
surement method, the object selection, the event and probe jet selection, the evaluation of the
statistical and systematic uncertainties, and the final results are discussed. The b-tagging effi-
ciencies have been measured as a function of the jet transverse momentum, pseudorapidity and
of the average number of pile-up collisions. The efficiencies measured in data have been com-
pared to those predicted from simulation, and simulation-to-data efficiency scale factors have
been determined. The efficiency scale factors are close to unity, with total uncertainty ranging
between 2% and 12%.

The second part of this thesis focuses on the search for the decays of the Standard Model (SM)
Higgs boson to bottom quarks in the associated production mode with vector bosons. Two
measurements have been performed and are described here: the first one is based on 36.1 fb~*
of 13 TeV pp collisions recorded by ATLAS during the LHC Run-2 until 2016; the second one
includes the additional 44 fb~! of 13 TeV pp collisions recorded in 2017.

For the study based on 36 fb~! of data, the object reconstruction, event selection and classifica-
tion, the techniques to discriminate the signal from the background, the main background and
their modelling, the signal properties and the interpretation of results are discussed. For the
study based on 80 fb~! data, the main difference from the previous study are highlighted.
Both results provide a strong evidence of the VH, H — bb process, with statistical signifi-
cances of 3.5 and 4.9 standard deviations, respectively. The signal strength, defined as the
ratio between the measured cross section times branching ratio and the SM prediction, is mea-
sured with the 2015-2017 dataset to be pf%, = 1.1670:27 = 1.16 +0.16 (stat.)" )35 (syst.), in-
dicating good agreement with the SM. The combination of the VH, H — bb results based
on 80 fb~! of 13 TeV collisions with the results of the same analysis performed on data col-
lected at lower (7 and 8 TeV) centre-of-mass energies in 2011 and 2012, and witht those of
the searches of H — bb decays in other Higgs boson production modes (vector-boson fusion,
associated production with a top-quark pair) have led to the observation of the H — bb decay
with a significance of 5.4 standard deviations, and to a measurement of the signal strength
pb? =1.0140.20 = 1.01 +0.12 (stat.)fgz%g (syst.). A combination of the results of the VH,
H — bb results based on 80 fb~! of 13 TeV collisions with the results of searches for the same
production mode on the same amount of data in the diphoton and ZZ* — 4¢ Higgs boson final
states has led to the observation of V H production with a significance of 5.3 standard deviations,
and to a measurement of the signal strength ' = 1.137922 = 1.13+0.15 (stat.)fgzig (syst.),
in good agreement with the SM.

Keywords: LHC; ATLAS experiment; Higgs boson; V H associated production; simplified
template cross sections; bottom-quark; b-tagging



“I mean all the things that we really venerate and honor in our country and are patriotic
about. It has nothing to do directly with defending our country except to help make it worth
defending.”

— Robert R. Wilson, answering Congress’ question on how

the new accelerator will affect the nation’s security.
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Chapter 1

Introduction

The Higgs boson [1, 2, 3, 4] is the only elementary scalar particle of the Standard Model
(SM) [5, 6, 7, 8, 9] of particle physics and their interactions. It arises as a consequence of
spontaneous electroweak symmetry breaking, due to the non trivial structure of a scalar field
potential — the Higgs potential. Such scalar field permeates the universe and its interactions with
the elementary particles originates their masses. In the past decades, many experimental tests
— including the discovery of the W and Z bosons and of the heaviest quarks — have confirmed
the predictions of the SM, which dates back from the sixties of the last century. However, the
Higgs boson, while being sought for a long time, has escaped detection until very recently.

Only in Juy 2012, six years ago, the Higgs boson was finally discovered. The discovery
took place at the Large Hadron Collider (LHC) at CERN, a proton-proton (pp) accelerator
and collider in which protons collide at energies never produced by previous accelerators and
at the highest instantanteous luminosity achieved so far in hadron colliders. The Higgs boson
was discovered through the analysis of the proton-proton collisions collected at center-of mass
energies of 7 and 8 TeV in the LHC Run 1 up to June 2012 by the two LHC multi-purpose
experiments, ATLAS [10] and CMS [11]. These experiments are devoted to both the precise test
of SM predictions (in electroweak, top quark and bottom quark physics) and to the search for
signatures of physics processes beyond the Standard Model (BSM).

Since the Higgs boson is an unstable particle that decays very quickly, before interacting
with the detector material, the Higgs boson was observed by reconstructing and identifying the
products of its disintegrations in the decay modes with the cleanest signatures, for the most
abundant of its production modes, which are gluon or vector boson fusion: the disintegrations
to pairs of photons or of electroweak vector gauge bosons [12, 13]. The particle that was observed
decaying to such final states had a mass around 125 GeV and decay rates consistent with the
SM predictions for a Higgs boson with that mass.

After the discovery, the properties of the discovered particle have been measured using the
full LHC Run 1 dataset, and were found to be in agreement with those predicted by the SM
within uncertainties, typically of the order of + 20% [14, 15, 16, 17].

The observation of the Higgs boson decays to electroweak vector bosons permits measure-
ments of the couplings between the Higgs boson and such bosons, showing good agreement with
the SM prediction, in which such interactions — as well as the W and Z mass terms — arise
from the kinetic term of the Higgs part of the lagrangian after spontaneous symmetry breaking.
However, fermion masses and interactions between fermions and the Higgs boson originate from
a separate term of the SM lagrangian, the one describing the Yukawa interactions between the
fermion fields and the Higgs field. Observing Higgs boson decays to fermions and determining
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the couplings between the Higgs boson and the fermions, is thus crucial to further probe the
properties of the Higgs sector.

The H — bb decay, which in the Standard Model is expected to have the largest branching
ratio — of around 58% when Higgs mass is 125 GeV, allows a direct measurement of the Higgs
boson coupling to bottom quarks. In addition, since in the SM the Higgs boson width is
dominated by the partial width of H — bb, measuring the rate of such decay is important in
order to extract information about the width of such particle, which is not measurable in a
model-independent way at the LHC.

Observation of the H — bb decay at a hadronic collider, however, is complicated, as demon-
strated by the many years of searches performed at the Tevatron collider that only with the
full data and the combination of the data of both Tevatron experiments, DO and CDF, lead to
a marginal evidence of such decay. Indeed, in July 2012, DO and CDF [18] published the first
evidence of H — bb decays, based on the analysis of the data collected in the full Run 2 Tevatron
data taking. A maximum local significance of 3.3 standard deviations for a Higgs boson mass
of 135 GeV was obtained, corresponding to a global significance of 3.1 standard deviations.

The difficulty in isolating the Higgs boson decays to bb in hadron collisions stems from the
fact that the main production modes of a Higgs boson with mass of 125 GeV, gluon-gluon fusion
and vector boson fusion, which together correspond to about 94% of the total production cross
section at the LHC, would produce — when followed by a H — bb decay — a fully hadronic final
state which is “drowned” in an overwhelmingly larger background from multi-jet QCD processes.
To isolate H — bb decays with reasonable signal-to-background ratio one has thus to look for
production modes with much smaller cross sections but signatures — such as leptons with high
transverse momentum — that are easier to identify and discriminate from QCD background.
Such is the case of the production of a Higgs boson in association with a W or Z boson, when
the boson decays to leptons.

With the full LHC Run 1 data, ATLAS and CMS, using about 25 fb~! of pp collisions,
reported mild excesses of events with respect to the SM (without Higgs boson) in the search
for VH (V =W, Z), H — bb production, with local significances of about 1.4 and 2.1 standard
deviations [19, 20], respectively, yielding a combined observed significance of about 2.6 standard
deviations. Searches were also performed in the VBF and ttH production modes, but with
smaller sensitivities.

Providing a definite and solid answer about the nature of Higgs coupling to bottom-quarks
is one of the main goals of the LHC Run 2. In this thesis I describe the search for the V H (bb)
process with the 13 TeV pp collisions collected by the ATLAS detector during the first three
years (2015-2017) of the LHC Run 2, which has lead to the observation of H — bb. The same
dataset has been used to perform a measurement of the V H production cross section with finer
granularity, in exclusive fiducial regions of the phase space of Higgs boson production. This
is also illustrated in this manuscript. I also provide some perspectives for these measurements
with the 3000 fb~—! of 14 TeV pp collisions expected to be collected at the high-luminosity LHC
by an upgraded ATLAS detector in the years 2026-2035.

Experimentally, one of the crucial ingredients of the V. H, H — bb search is the identification
of b-jets (jets containing b-hadrons) , in order to reject the large background from vector boson
production in association with jets from light-flavoured quarks. A b-jet “tagging” algorithm
has been developed in ATLAS [21], to identify b-jets with high efficiency and suppress jets from
charm and light-flavour quark with large rejection factors. To properly measure the VH, H — bb
cross-section and the H — bb branching ratio with high precision, a measurement of the b-tagging
identification efficiency of b-jet is mandatory. The b-tagging efficiency calibration of b-jets is the
other topic to which I have devoted the research activity of my Ph.D. thesis.
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Structure of the thesis and personal contributions

The thesis consists of eight chapters. After this short introduction, Chapter 2 gives an
overview of the Standard Model and in particular of the Higgs boson sector, from both the
theoretical and experimental viewpoints. Despite all its successes in describing the observed
phenomena, the Standard Model has also some limitations, that call for a more fundamental
theory, as briefly discussed in the last section of that Chapter.

Chapter 3 describes the LHC accelerator complex, its design and actual performance, and
the ATLAS detector, with its main sub-systems. A short outline of the data taking performance,
together with the ATLAS trigger system, is provided at the end of this chapter.

The reconstruction in ATLAS of “high-level” objects, such as particle trajectories and mo-
menta, as well as particle identification, from “low-level” electrical signals, and the performance
of those algorithms, are reported in Chapter 4.

Given the relevance of b-jet identification in the context of this thesis, the algorithms used
in ATLAS to identify b-jets and their performance are described separately, in Chapter 5. Also
described in detail is how the b-jet efficiency of the tagging algorithm has been determined from
a tt data control sample using a tag-and-probe technique. In this method, a sample of “probe”
jets enriched in b-jets from tt — WbWb — evuvbb events is obtained by isolating a final state
with an electron, a muon, large transverse momentum imbalance from the undetected neutrinos,
and two jets of which one is identified as a b-jet and is referred to as the “tag” , while the other
is not subject to any requirement. This method is different from the PDF method, based
on a combinatorial likelihood approach, used in ATLAS in Run 1 for the b-tagging efficiency
calibration. I have worked on that since I joined the ATLAS collaboration in 2015, developing the
technique and implementing it in the ATLAS software framework. I have optimised the selection,
including a multivariate discriminant to further enhance the b-jet purity of the selected probe jet
sample, and performed the calibration, which includes also a full identification of all the sources
of systematic uncertainties and the estimation of their impact on the measurement. The results
of my work, performed on the ATLAS data collected in 2015 and 2016, have been described in
a recent publication [22]. They are in good agreement, with similar or smaller uncertainties,
with those of the PDF method — applied to the same data — used already in Run 1. From these
measurements, data-over-simulation efficiency scale factors were determined and propagated to
all simulated samples of processes with b-jets used by ATLAS analyses, including the search
of VH, H — bb decays with the same (i.e. 2015-2016) dataset. More recently, I have worked
on the calibration of the b-jet tagging efficiency of the algorithm that has been retuned for the
analysis of the ATLAS data collected between 2015 and 2017, which has been reconstructed
with a newer release of the ATLAS software that uses new algorithms. The final calibration is
in progress, including in particular further studies on the optimisation of the selection to further
reduce the uncertainty on the meaured efficiency; a preliminary version was used, together with
the results of the PDF method on the same data, for the the VH, H — bb search based on the
2015-2017 data.

The search for the associated production of a Higgs boson with a vector boson, V H, followed
by a decay of the Higgs boson to a b-quark pair, H — bb, with the 13 TeV pp collisions collected
by ATLAS in Run 2 is described in Chapters 6 and 7. Two analyses are described. The first
one, extensively described in Chapter 6, is based on 36 fb~! of data collected in 2015 and 2016,
and was published in Ref. [23]. Such analysis led to a large evidence for VH, H — bb, with an
observed significance of 3.5 standard deviations. A second analysis, very similar to the previous
one but with the addition of 44 fb~! of data collected in 2017, was recently published in Ref. [24].
Such analysis led to an evidence for VH, H — bb close to the conventional “50” threshold for
claiming a discovery, with an observed significance of 4.9 standard deviations; in combination
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with other H — bb ATLAS searches, it led to an observation of this decay. In Chapter 7 only
the differences of this analysis with respect to the previous analysis and the updated results are
highlighted. The results of a similar search by the CMS experiment [25] are also detailed. During
my Ph.D. thesis, and in the year before it started, as a master student, I have been working
on the VH, H — bb search with ATLAS Run 2 data since its beginning. For the analysis of
the 2015 and 2016 data I contributed to the development and validation with early Run 2 data
— particularly on the “O-lepton” channel of the analysis framework, and was one of the main
developers of the full statistical analysis of the selected sample, including the implementation of
the final fit to the various signal and control regions of the analysis, the fit to the diboson control
sample to determine the diboson signal strength and calibrate the analysis with a SM “candle”
such as the VZ, Z — bb process, and all the studies of the fit pulls and covariance matrices
to understand the solidity of the results, in both the fit of the nominal analysis and of that of
the so-called “dijet-mass” analysis, used to cross-check the nominal one with a fit to a simpler
and more intuitive discriminant variable (the two b-jet invariant mass instead of a multivariate
discriminant combining together information from several correlated quantities). I also gave an
important contribution by calibrating the b-tagging b-jet efficiency, whose uncertainty in Run 2
is quite reduced compared to Run 1. For the analysis including data collected in 2017, I was
mainly involved in further development and validation of the analysis framework (based on a
new ATLAS software release) with data/simulation early comparisons based on 2017 data and
helped younger fellow students in ATLAS to perform the statistical interpretation of the selected
data sample. I also performed a preliminary calibration of the b-tagging algorithm redefined for
the analysis of 2015-2017 data in the new ATLAS software released, as mentioned before when
discussing the content of Chapter 5.

Chapter 7 also discusses two further studies that followed the observation of the H — bb
decay. The first study is the measurement of simplified template cross section (STXS) for the
V H production mode using H — bb decays. Simplified template cross sections are measurements
of the V H cross section in a simplified fiducial volume with a finer granularity than the inclusive
measurement presented in the previous chapter. They are defined based on production properties
such as the V boson transverse momentum or the number of jets produced in association with
the Higgs boson and the vector boson. The more detailed information provided by this extra
granularity makes the measurements more useful to test SM predictions and more sensitive to
BSM effects, which might “hide” themselves in scarcely populated high-vector-boson transverse
momentum bins. The use of fiducial volumes also make the measurements less sensitive to theory
prediction uncertainties, unlike the case of the “signal strength”, i.e. the ratio between the total
observed and expected VH, H — bb cross sections, measured in Ref. [24]. T was one of the leading
contributors to this measurement. First, I made the STXS information (fiducial region, truth-
level vector boson transverse momentum and number of jets) available in the simulated signal
samples produced centrally by ATLAS and used for this analysis. Then, I extended the analysis
framework of the V.H, H — bb analysis to retrieve such information, and used it to compute the
expected number of events, acceptance, expected distribution of the discriminant variable used
in the final fit, for each STXS region. I also discussed and worked with ATLAS colleagues and
with theorists of the LHC Higgs cross section working group to properly estimate the residual
impact of the QCD scale and PDF-+qa; theoretical uncertainties on the STXS measurement.
Finally I extended the VH, H — bb statistical analysis code to incorporate such additional
uncertainties and to accommodate a fit with the cross sections in the STXS regions as multiple
parameters of interest.

The second study described in Chapter 7 is a perspective study of the V.H, H — bb analysis
with 3000 fb~! of 14 TeV pp collisions expected to be collected at the high-luminosity LHC
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by an upgraded ATLAS detector in the years 2026-2035. The work builds upon the results of
Ref. [24], which are extrapolated to the high-luminosity regime by taking into account the larger
integrated luminosity, the higher cross sections for both signal and background production, the
expected improvements in detector performance and the foreseen progresses in the theoretical
modelling of the signal and of the background processes. I have performed the study, based on
assumptions on the theoretical and experimental performance centrally provided by the ATLAS
Collaboration, in the broader context of the “Yellow report” under preparation for the 2019
update of the European particle physics strategy.

Finally, Chapter 8 summarises the work presented in the thesis, with some personal remarks
on its limitations and its future perspectives.
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Chapter 2

Theoretical and Experimental
Overview of the Higgs Boson

2.1 The Standard Model of Particle Physics

2.1.1 The Standard Model particles and interactions

The Standard Model (SM) of elementary particles and of their fundamental interactions [5, 6,
7,8, 9] is a quantum field theory, formulated in the sixties and the seventies of the twentieth cen-
tury, that describes with excellent accuracy three (strong, weak, and electromagnetic) of the four,
known interactions between the known particles. Only the gravitational force, described instead
by Einstein’s general relativity and for which a complete and consistent quantum-mechanical
formulation is not available, is not described by the Standard Model. Until today, all phenomena
involving the known particles (except gravitational ones) are perfectly described by the Stan-
dard Model; however, as it will be mentioned later, some observations call for an extension of
the SM to a more complete theory, of which the Standard Model would only be a low-energy
approximation.

In the Standard Model, the elementary constituents of matter are fermions of spin 1/2. They
are organised in multiplets, according to the way their wave function behaves under local gauge
transformations. The fundamental interactions between such particles are mediated by bosonic
fields of spin 1. Such fields arise naturally, in the mathematical formulation of the theory, when
requiring that the lagrangian is invariant under some local gauge group: for each generator
of the group there is a corresponding massless vector boson that appears into the theory and
that couples to fields whose wave functions do not transform trivially under the gauge group.
The elementary particles and fundamental force fields described by the Standard Model are
illustrated in Figures 2.1 and 2.2, respectively.

The observed pattern of charges and interactions can be reproduced by postulating that the
Standard Model lagrangian is invariant under the local gauge group SU(3)c @ SU(2),®@U(1)y,
where the SU(3). group corresponds to the strong interactions, with 8 massless generators (the
gluons), while SU(2), and U(1)y are the weak isospin and the weak hypercharge, corresponding
(after the process of “spontaneous electroweak symmetry breaking” described later) to the weak
and electromagnetic forces.

All observed particles can be described in terms of elementary quarks and leptons. Quarks
exist in six flavours, up (u), down (d), charm (c), strange (s), top (t), bottom (b), with fractional
charge @ (+2/3 for up, charm and top, and —1/3 for the others, in units of the positron charge),
together with their antiparticles. Quarks carry a “color charge”, which comes in three flavours,

7



Theoretical and Experimental Overview of the Higgs Boson

Standard Model of Elementary Particles
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Figure 2.1 — The Standard Model of elementary particles, with the three generations of matter,
gauge bosons in the fourth column, and the Higgs boson in the fifth (source: wikipedia).

leptons

photon

Higgs boson

weak bosons

Figure 2.2 — The fundamental interactions between elementary particles described by the Stan-
dard Model (source: wikipedia).



2.1 The Standard Model of Particle Physics

red (r), green (g) and blue (b); the quark fields belong to SU(3)¢ triplets and as a consequence
quarks interact with each other by means of gluon exchange. Due to the non-abelian structure of
the SU(3)¢ group, gluons themselves are colored and can interact with each other. The theory
describing the strong interactions between quarks is called Quantum Chromodynamics (QCD).

Leptons do not carry a color charge, their wave functions are color singlet and thus they
are not subject to strong interactions. Hadrons (particles like the proton, the neutron or the
pions) are strongly interacting particles (of which there are several hundreds!) which nowadays
are explained as bound states of quarks, kept together mainly by strong interactions among the
constituent quarks. The strong interactions among hadrons are the “remnant” of the interactions
between their quarks. Hadrons could be classified as: baryons, made of three quarks (or three
antiquarks), with half-integral spin (thus fermions), and mesons, made of quark-antiquark pairs,
with integral spin (thus bosons) and other category.

According to the principles of QCD, and in particular to “color confinement”, bound states of
quarks are color-neutral. The most probable combinations that satisfy this constraint are indeed
the three-quark and quark-antiquark combinations. Two-quark pairs are forbidden, but more
exotic states (like “tetraquark” states, formed by two quark and two antiquarks, or “pentaquark”
states, formed by three quarks plus a quark-antiquark pair) are allowed and recently a few of
them started to be observed. Color confinement means that separating quarks to an infinite
distance requires an infinite amount of energy, and, as a consequence, free quarks cannot exist.
When a quark is pulled away from a hadron in a hard scattering process, the potential energy
increase due to the separation between these quarks and its former partners leads to the creation
of new quark-antiquark pairs and gluons (“fragmentation”), and the process can lead to a cascade
of similar events that end up when the quarks and gluons rapidly form new bound states. This
process is called “hadronisation”.

With respect to weak and electromagnetic interactions, or to the SU(2), ® U(1)y part of the
gauge symmetry group of the SM lagrangian, both leptons and quarks are arranged - according
to their chirality - in left-handed doublets and right-handed singlets. The doublets are formed
by particles with the same value of the weak hypercharge Y but different values of the third
component T3 of the weak isospin (£1/2), and their charges differ by one unit: two such doublets
are formed by the up (u) and down (d) quarks, and by the electron-neutrino (v, ) and the electron
(e). The six quarks and the six leptons (e, u, 7 and corresponding neutrinos) form three families
(or generations) which replicate the same gauge structure but differ in the masses of the particles.
To summarise, with respect to SU(3)c ® SU(2)r, the quarks and leptons form three families
whose wave functions transform according to the representations 3 x 2, 3 x 1 (left-handed or
right-handed quarks) and 1 x 2, 1x 1 (left-handed or right-handed leptons). Neutrinos are
massless and purely left-handed.

Mixing among different families, or couplings between different flavours, is induced in the
quark sector by the Cabibbo-Kobayashi-Maskawa (CKM) matrix and in the neutrino sector by
the Pontecorvo-Maki-Nakagava-Sakato (PMNS) matrix. Irreducible complex phases in these
two matrices induce violation of the C'P symmetry, one of the necessary conditions to explain
the matter-antimatter asymmetry of the universe.

2.1.2 The Standard Model lagrangian

The Standard Model lagrangian can be derived as a lagrangian that satisfies the Lorentz
invariance, the SU(3)c ® SU(2)r, ® U(1)y local gauge invariance, and that is renormalisable.
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The QCD part of the lagrangian is given by

I - - ara 1 a v
Lacp =3 v (w#(auaij —igsGOTS) — m¢5ij) vy = GGl (2.1)
P

where 1) are the Dirac spinors of the quark fields, i =, g, b is the color index, GZ (a=1..8) are the
8 gluon fields, T} are the generators of SU(3) (the Gell-Mann matrices), Gf,, = 0,G}, —9,G}, +
Js fabCGZGf, are the gluon field strength tensors (f2P¢ are the SU(3) scructure constants), and
gs is the strong coupling constant.

The electroweak (EW) part of the lagrangian is

T . ]- ]- a a 1 a v ]' v
Lew = ZWY“ (lau _QI§YBM _QQTLWy> Y- EWWW# - ZBWBM ) (2'2)
P

where Y is the weak hypercharge (U(1)y generator), 7¢ (a = 1..3) are the three SU(2)y, gen-
erators (Pauli matrices, acting only on left-handed chiral fermions), B, and W, are the U (Dy
and SU(2)r, gauge fields, B, and W, are the corresponding field strength tensors, and g and
g are their coupling constants.

2.1.3 The Higgs mechanism

The problem with the lagrangian written so far is that fermion mass terms of the form
maptp are not invariant under SU(2) ® U(1), nor are the boson mass terms. As a consequence,
all elementary particles and force carriers are expected to be massless. Moreover, it is not
possible to identify the interactions described by the electroweak lagrangian with the familiar
electromagnetic and weak forces, as the U(1) hypercharge field couples for instance also to
neutrinos, unlike the electromagnetic force which only couples to charged particles.

The common solution to these two apparently unrelated problems was found in 1964 through
the so-called BEH mechanism of spontaneous electroweak symmetry breaking [1, 2, 4, 3]. The
solution consists in introducing an additional doublet (under SU(2)r) of complex scalar fields,
the Higgs field, with weak hypercharge equal to 1:

o= ;5 (‘ZZ) : (2.3)

In addition to the kinetic term and the couplings to the SU(2) and U(1) bosons, the Higgs field
also has a potential V(¢) with a “mexican-hat” shape. The Higgs lagrangian is:

Lu=0' (8,5 (9 Bt gri W) ) (04 S (Y B 4 griWi) Jo-V(e), (24)

with the potential V' having the form:
V(9) = 1*pl o+ Ao'¢)*. (2:5)
The introduction of the Higgs field makes it possible to add to the lagrangian extra terms

that are gauge invariant and renormalisable, representing the “Yukawa” interactions between
the Higgs field and the fermions:

Lyvukawa = yéﬁf/algH+ygﬁQaD5H+ygﬁQaUgﬁ+hermitian conjugate (2.6)
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2.1 The Standard Model of Particle Physics

Here y,p5 are 3 x 3 Yukawa matrices of couplings between generations o and /3, and H=1inH".

For 1% < 0, the Higgs boson potential has an infinite set of equivalent (under the gauge group
symmetry) minima, corresponding to the solution

2
91" =<5 (2.7)

Spontaneous symmetry breaking occurs because the minimum of the potential realised in na-
ture is one of such solutions, breaking the initial symmetry of the system. The mathematical
equations of the system then need to be expanded around such minimum, to find the actual be-
haviour of the particles and the fields. Choosing the most convenient basis (“unitarity gauge”),
one can assume that the minimum of the Higgs potential is of the form

1 ({0
=" () , (28)

where

v=1{] —— (2.9)

is the “vacuum expectation value” (vev) of the Higgs field, and that the Higgs field itself is given

by
1 0
7 <U+H(x)> . (2.10)

where v is thus a real constant and H(x) a real scalar field, which in the following will be called
the Higgs boson field.

The expansion of the previous equations around the minimum (Eq. 2.8) leads to several
important consequences:

o first, the bosonic part of the electroweak and the Higgs lagrangians become:

1 A
3 OnHO"H + prH? — \H? — ZH4

2.2 2, 2),2
g-v I 1(g +g )v
T WWHy 2 2 7 T
SR e e
2 2 2
1
+ 'g;}WJWNH+2(g+2g)UZMZ#H

2 2 12
9" -2, L9 g
ZWHWFH? 4+ =
o Ty

Z,Z"H?. (2.11)

The first line describes the kinetic term, the mass term, and the trilinear and quartic self
couplings of the Higgs boson scalar field. The mass is given by

myg =1/ —2p? = V22, (2.12)
the trilinear self-coupling is

2
AgH:)\v:%, (2.13)
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and the quartic self-coupling is
A omy
MH=—7="25%

= . 2.14
4 8v? ( )

The second line introduces mass terms for the W+ and Z bosons, and the last two lines
describe the coupling between the Higgs boson field and the W* and Z bosons. The
kinetic and tensor terms of the spin-1 fields have been omitted. The W and W~ bosons
here are linear combinations of the first two components of the W field,

1
WiE=—
V2

The Z boson appears, together with another spin-1 field A, which can be identified with
the photon as shown later (by looking at the interaction part of the electroweak lagrangian),
as a linear combination of the W3 and B fields:

A\ [ cosOw  sinfy ij
(ZM>_<—sin9W COSHW> (B“ (2.16)

The “Weinberg angle” Oy is given by

(W FiW}) (2.15)

92

_ 2.17
92 _|_g/2 ( )

cos? Oy =

According to the second line of Eq. 2.11, the masses of the W and Z bosons are given by:

gu

my = (2.18)
/42 12
2 cos Oy

while no mass term arises for the photon field A. From the measured values of the W and
Z boson masses one can infer the value of the Weinberg angle, sin? 6y = 0.222. The third
line implies that the couplings between the Higgs boson and the W and Z bosons (also
denoted V bosons in the following) are proportional to their masses squared, being equal

to

m2

gHVV = TV (220)

e second, the Yukawa lagrangian containing the interactions between the Higgs field and
the fermions becomes, together with the free fermion kinetic terms of the QCD and EW
lagrangians:

Z;@i (W“@u—mi—w> b, (2.21)

where one can recognise the kinetic and mass terms of the fermions, as well as the couplings

between the fermions and the Higgs boson field such Yukawa couplings are flavor diagonal

and are proportional to the fermion masses, being equal to
my  gmy

9Hff = "~

= . 2.22
v 2mw ( )
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2.2 Higgs Boson Phenomenology at the LHC

o third, the interaction part of the electroweak lagrangian, expressed in terms of the physical
bosons W+, Z, A, becomes:

— e Qi
i

- Q\gﬁ%:i/_)ﬂ”(l —'}/5)(7'+VV“+ +7 W, )

g - i ; 5
- 2(:()3914/%;%7“(‘(]%/_9%7 )%’Zu- (2.23)

In the first line, e = gsin Ay and Q; is equal to T3+ %, which leads to the Dirac interaction
lagrangian between the photon field A, and the elementary fermions if e is identified with
the positron charge and with the proper assignment of the hypercharge to the fermions
(Y =1/3 for left-handed quarks, 4/3 and —2/3 for right-handed up-type or down-type
quarks, —1 for left-handed leptons, and —2 for right-handed charged leptons).

The second line, where 7% are defined as %(7‘1 +i72), describe the charged-current weak
interactions, with the typical V — A structure given by the v#(1 —~%) term, which implies
that the W boson only couples to left-handed quarks and leptons. For leptons, the charged-
current interaction is flavour-diagonal, as written in the previous expression; for quarks, the
interaction actually “mixes” quarks of different flavours, with mixings given by the elements
of the CKM matrix. This is a consequence of the fact that the quark mass eigenstates
and the weak interaction eigentstates are not the same. When expressing the weak mass
eigenstates in terms of the quark mass eigenstates, such non-diagonal interactions arise,
and the quark interaction lagrangian actually becomes:

(ﬂi’y“(l - 75)Vi]C-KMdj> W: + hermitian conjugate, (2.24)

__9_
2\6%:

where VZ?KM is the CKM matrix, a 3 x 3 unitary matrix. The charged-current weak
interaction is responsible for instance for the muon decay; measurements of the muon
lifetime can be directly translated into determinations of the Higgs field vev, leading to a
value of v around 246 GeV.

The third line corresponds to the neutral-current weak interactions, and the vector and
axial-vector couplings are given by gi, = T35 —20Q); sin? Oy, ¢4 = T4.

2.2 Higgs Boson Phenomenology at the LHC

The Higgs boson is the scalar particle associated to the Higgs boson field. In the Standard
Model, the Higgs boson is predicted to be a neutral, C'P-even scalar (J©¢ = 0%F). Its mass,
mp, and thus also the self-coupling A, is a free parameter of the theory. However, when the
mass of the Higgs boson is fixed, given that its couplings are all known, the production rates
and the partial widths of the Higgs boson can be calculated.
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2.2.1 Higgs boson production

At the LHC, the Higgs boson is produced as a consequence of the hard scattering between
quarks and gluons inside the colliding protons. The quarks and gluons carry a fraction x of the
momentum of the incoming protons; the probability distributions of the momentum fraction z
are called the proton parton distribution functions (PDF) and are determined from global fits
to several observables measured in collider experiments. Such distributions for two values of the
momentum transfer, as obtained from the global fit performed by the NNPDF Collaboration,
are illustrated in Fig. 2.3. The pp — H + X cross section is thus the convolution over = of the
elementary qq — H or gg — X cross sections and the quark and gluon distribution functions.

1

T T T T T |||||||: 1_

NNPDF3.1 (NNLO)
xf(x,u2=10 GeV?)
0.8 . 0.8f

g/10

0.9 3 0.9F
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0.7 _E 0.75
0.6 E 0.6f
05 E 0.5}
04 _E 0.43
0.3 —i 0.3;
0.2 _f 0.23
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Lol L1 11 1[7

O ¢
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X X
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Figure 2.3 — The NNPDF3.1 NNLO proton PDFs, evaluated at pu? =10 GeV? (left) and pu? =
10* GeV? (right).

Different gq and gg scattering processes can lead to the production of the Higgs boson. Since
the coupling of the Higgs bosons to the gluons is null and the couplings of the Higgs boson to the
most abundant quarks in the proton, the light ones, are vanishingly small, the Higgs boson is not
produced directly in a ggH or qqH vertex, but passes through the production of intermediate
heavier vector bosons or quarks.

The main Higgs boson production modes at the LHC are illustrated in Fig. 2.4, and their
predicted cross sections as a function of the Higgs boson mass for a pp center-of-mass energy of
13 TeV are shown in Fig. 2.5. All figures and numbers relating to the theoretical Higgs production
cross sections and branching ratios in this document are taken from the LHC Higgs cross section
working group [26, 27, 28, 29], which compiles regularly the most-updated list of predictions.
The process with the largest cross section, except at very high values of the Higgs boson mass,
is gluon-gluon fusion (ggF), mediated by a top-quark loop. The process with the second largest
cross section, for my greater than about 100 GeV and which becomes the dominant one for my;
above approximately 1 TeV, is vector-boson fusion (VBF), i.e. the “fusion” into a Higgs boson
of two vector bosons emitted by two colliding quarks, which are then scattered close to the
initial proton direction, leading to a typical signature of a Higgs boson in the central part of the
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detector and two “jets” of hadrons from the quarks in the forward region, with large separation
in polar angle. Processes with smaller cross sections are the associated production with a W or
Z boson (VH,V =W, Z), also called Higgsstrahlung, in which a quark and an antiquark give
rise to a vector boson which then radiates a Higgs boson, and the associated production with
a tt pair (ttH), in which two colliding gluons emit ¢t pairs and one top from one gluon and
an anti-top from the other combine into a Higgs boson. ZH also has a contribution from the
two-gluon initial final state, through a quark loop-mediated Feynman diagram. In the associated
production modes, the signature of the signal is quite clean, with either a heavy vector boson
decaying either to a lepton or quark pair, or with a pair of heavy top quarks that decay to two
bottom quarks and two W bosons, with the W bosons further decaying to lepton or quark pairs.
On the other hand the associated production with a bb pair, bbH, has similar cross section to
ttH but it is hardly distinguishable from ggF plus jet emission, which is about two order of
magnitudes more probable.

q q
g
H H
R = w/Z S, —
q q
g
a) b)

c) d)

Figure 2.4 — Some of the Feynman diagrams for the main Higgs boson production modes in pp
collisions at the LHC: (a) gluon-gluon fusion, (b) vector-boson fusion, (c) associated production
with a vector boson, (d) associated production with #t.

The production cross sections decrease with the Higgs boson mass, as shown in Fig. 2.5, but
increase with the pp center-of-mass energy, as shown in Fig. 2.6, since the fraction of quarks
and gluons with sufficient momentum inside the proton to produce the Higgs boson (plus the
additional objects like a tt pair in ttH production) increases. For instance, between a pp center-
of-mass energy of 7 TeV, as in the initial data-taking of the LHC in 2010 and 2011, and the
current value of 13 TeV, the gluon-gluon fusion cross section approximately doubles, while the
ttH cross section is around a factor four larger.

The production cross sections predicted by the SM for a 125 GeV Higgs bosons are listed in
Table 2.1.
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Figure 2.5 — Higgs boson production cross sections in 13 TeV pp collisions as predicted by the
Standard Model, as a function of the Higgs boson mass, for (a) mpy between 10 GeV and 2 TeV,
and (b) mpy between 120 and 130 GeV.
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Figure 2.6 — Higgs boson production cross sections in pp collisions as predicted by the Standard
Model, as a function of the pp center-of-mass energy, for a Higgs boson mass of 125 GeV.
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Table 2.1 — Production cross sections for the main production modes of a Higgs boson with a
mass of 125 GeV, for various pp center-of-mass energies.

Production mode o7 1ev [Pb] 08 Tev [Pb] 013 Tev [PD]

goF (pp — H) 16.85 21.42 4858
VBF (pp — qqH) 1.241 1.601 3.782
WH (pp — WH) 0.577 0.703 1.373
ZH (pp — ZH) 0.339 0.421 0.884
ttH (pp — ttH) 0.089 0.133 0.507
bbH (pp — bbH ) 0.155 0.202 0.488
Total 19.25 24.28 55.61

2.2.2 Higgs boson decays

Once the mass of the Higgs boson is known, the partial widths for their decay to various
final states can be computed, and thus the total width, which is simply the sum of the partial
widths, and the branching ratio (BR) of a certain decay, which is the ratio between its partial
width and the total width. The total width as a function of the Higgs boson mass, as predicted
by the Standard Model, is shown in Fig. 2.7, while the branching ratios of various decays are
shown in Fig. 2.8.

For Higgs boson masses below about twice the W boson mass, i.e. around 160 GeV, the
decays to massive final state particles like W and Z bosons or top quarks are suppressed by the
kinematic thresholds and since the bosons would be off-shell. The dominant decays are those
to final state particles with small couplings to the Higgs boson, leading to a small total width,
below 10 MeV, and the Higgs boson is thus a particle of rather narrow natural width (but its
lifetime is anyway sufficiently short that it disintegrates immediately after production). For mpy
above 160 GeV, the WW channel is fully “open”, and above 184 GeV (twice the Z boson mass)
this is the case also for the ZZ channel. The width rapidly increases by two order of magnitudes,
to 1 GeV, and then keeps increasing with the Higgs boson mass. For my around 600 GeV the
total width is about 100 GeV, and the Higgs boson becomes a particle of rather broad natural
width.

The favoured decay modes of the Higgs boson depend on its mass, given that — as said before
— final states with heavy particles can be only produced abundantly if the Higgs boson mass
is above the kinematic threshold for their production. As shown in Fig. 2.8, a heavy Higgs
boson (mpg > 160 GeV) decays preferentially to WW and then to ZZ. Above the top kinematic
threshold 2 m; (mpg > 350 GeV) the Higgs to tt decays has also a large branching ratio. For
a very light Higgs boson, with mass below approximately 100 GeV, the decays to WW and
Z 7 are heavily suppressed, and the Higgs boson decays to fermions lighter than the top, with
branching ratios that scale with the square of the masses of the fermions: in decreasing order of
BR, bb, then 77, then c¢¢ and so on. The Higgs boson decays with quite large BR also to gluon
pairs; as for ggF, the decay is mediated by top-quark loops, since the Hgg coupling is zero.
Loop amplitudes, mediated by either W bosons or top quarks, also induced non-zero effective
couplings to photons, leading to BR at the per mil level for the H — v+ decay. For a light Higgs
boson with mass in the range between around 100 and 160 GeV, both the fermionic final states
(except tt due to the kinematic threshold and g, ¢ = u,d,s due to the very small couplings)
and the bosonic ones are accessible, and the Higgs boson can thus be reconstructed in several
different ways.
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Figure 2.7 — Higgs boson width as predicted by the Standard Model, as a function of the Higgs
boson mass, for my between 80 GeV and 1 TeV.
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Figure 2.8 — Higgs boson branching ratios to various final states as predicted by the Standard
Model, as a function of the Higgs boson mass, for (a) my between 80 GeV and 1 TeV, and (b)
my between 120 and 130 GeV.
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The decay branching ratios predicted by the SM for a 125 GeV Higgs boson are listed in
Table 2.2.

Table 2.2 — Branching ratios of the decays to various final states of and total width of a Higgs
boson with a mass of 125 GeV.

Decay mode BR

bb 58.24%
cc 2.89%
Trr— 6.27%
whtp~ 0.02%
qgg 8.19%
vy 0.23%
Zy 0.15%
Ww 21.37%
Z7 2.62%

Total Width 4.1 MeV

2.3 Higgs Boson Measurements at the LHC

2.3.1 Higgs boson discovery

In July 2012 the ATLAS and CMS Collaborations discovered a new particle, with a mass
near 125 GeV, produced in the pp collisions of the LHC, and decaying to pairs of photons, Z
bosons or W bosons [12, 13]. The analysis was based on about 5 fb~! of data collected at a
pp center-of-mass energy of 7 TeV and 5 fb~! of data collected at 8 TeV, during the first data
taking period of the LHC (Run 1).

The observation of the Higgs boson signal proceeeds in the following way: an event selection
is performed to identify candidate events with a final state consistent with the production of
a signal under study; the backgrounds are from Standard Model processes are studied and
estimated, with the help of control samples in data and of simulations; the yield of events in
data, in excess with respect to the estimated background, is considered as due to the signal.
The significance of such a signal is estimated by computing the “p-value”, i.e. the probability
that a background fluctuation would lead to an excess as significant as the one observed in
the data. The signal yield is then corrected for acceptance and efficiency effects, determined
from simulated signal samples, and for the integrated luminosity of the selected data sample, to
measure the product of the signal cross section times branching ratio to the final state under
study and then compare it to the predictions from the theory. The p-value as a function of the
Higgs boson mass of the “discovery” ATLAS and CMS publications are shown in Figure 2.9.

The estimation of the background and signal yields in the selected data sample is usually
performed by means of a maximum likelihood fit to a discriminant variable, whose distribution
differs between signal and background events. Typically such variable is the invariant mass of
the decay products of the Higgs boson, such as the diphoton invariant mass in the case of the
H — ~7 decay, since the distribution for such variable is smooth for background, non-resonant,
events, while for the signal it is peaked around the true Higgs boson mass, with a width driven
by the experimental photon energy resolution (since the intrinsic width of the Higgs boson
for mpy = 125 GeV is negligible compared to the resolution). For more complex final states,
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Figure 2.9 — The observed local p-value for 10 fb~! of 7 TeV and 8 TeV data, from the combined
analysis of Higgs boson decays to vy, ZZ and WW by (a) ATLAS and (b) CMS. The dashed
line shows the expected local p-values for a SM Higgs boson with a mass my;.

to increase the separation between signal and background, a multi-dimensional fit to several
discriminating variables, or a one-dimensional fit to a multi-variate discriminant combining
several separating variables into a single output, are performed.

As can be seen from Table 2.2, the bosonic final states WW, ZZ and v in which the Higgs
boson has been discovered are not the ones with the largest branching ratios — especially when
considering that in order to reduce multi-jet background the final states in which the WIW and
ZZ were reconstructed are the leptonic ones, WW — evur (with different flavour leptons to
suppress tt background; BR ~2%) and ZZ — 4¢ ({ = e, ) (BR =~ 0.4%). They are on the other
hand the ones with the best compromise in terms of acceptance times efficiency, and signal-
to-background ratio. The relatively good S/B of such modes (about 1 for ZZ — 4l, 15% for
WW — evuv, and 3% for ~v) allowed the Higgs boson to be discovered in 2012 with only a few
hundreds of candidates reconstructed (about 200 in the 7 channel, 100 in the W channel
and 5 in the ZZ channel) out of the approximately 220 thousand Higgs bosons produced in the
pp collisions that were analysed. An excess with a local p-value corresponding to a significance
of 5.90 was observed by ATLAS, with — after taking into account the trial factor, also called
look-elsewhere-effect — a global significance of 5.10. The excess in the ATLAS data pointed to
a boson with a Higgs boson mass around 126 GeV, and an overall yield slightly larger — but in
good agreement with — the Standard Model: the “signal strength” p, i.e. the ratio between the
observed and predicted cross-section times branching ratio in the hypothesis that all production
and decay modes scale with the same factor, was u=1.44+0.3.

2.3.2 Higgs boson characterisation: bosonic decays

After the discovery, the two collaborations have analysed larger datasets: first the full Run 1
sample, corresponding to about 5 fb~! of 7 TeV pp collisions and 20 fb~! of 8 TeV pp collisions;
then the data collected in Run 2, at a center-of-mass energy of 13 TeV: 36 fb~! in 2015 and 2016,
and 44 fb~! in 2017. Data taking in 2018 started in May and is still ongoing; no analysis of the
2018 dataset has been publicly released yet. The study of larger and larger dataset allowed the
two collaborations to probe the SM predictions with better and better precision, and to search

20



2.3 Higgs Boson Measurements at the LHC

for decay modes and production processes that are either rarer (with smaller branching ratios
or production cross sections) or have worse signal-to-background ratio.

With the additional Run 1 data, the decays of the Higgs boson to diboson pairs (yy, ZZ,
WW) have been each well established with a significance greater than 50 by both the ATLAS
and CMS Collaborations (see Ref. [17] and references therein). With the larger sample of 13 TeV
pp collisions in Run 2 they are now the subject of precision measurements [30, 31, 32, 33, 34,
35, 36, 37, 38, 39], like those of fiducial differential cross sections. The diboson invariant mass
spectra (or transverse invariant mass spectrum for the case of WW) from the latest public
ATLAS analyses of 13 TeV data are shown in Figure 2.10.

The Z~ decay channel on the other hand is not established yet. For mpy = 125 GeV it is
expected to have a branching ratio which is about 2/3 of the diphoton one and thus small but
not negligible. However, due to trigger bandwith limitations, only events with leptonic decays
(Z — £0) of the Z boson are selected, keeping only about 6.7% of the initial H — Z~ candidates.
Moreover, the photons and leptons that are produced tend to have a rather soft pp spectrum,
and reconstruction efficiencies which are correspondingly not very high. In the end, only a few
tens of signal events are selected, over a much larger background of Z+~ and Z+jet events, and
no significant signal has yet been observed. The most recent results, using 36 fb~! Run 2 data,
are given in Refs. [40, 41]: upper limits in the range 3.9-6.6 times the Standard Model prediction
are set on the pp — H production cross section times the branching ratio BR(H — Z~).

2.3.3 Higgs boson characterisation: mass

The high-resolution channels, vy and ZZ — 4¢, have been used to measure the Higgs boson
mass with a precision of 0.2%, thanks to the excellent calibration of the lepton and photon
momentum and energy scale, from the position of the peak due to the signal in the diphoton
and four-lepton invariant mass distributions. Combining their Run 1 datasets, the ATLAS and
CMS Collaborations measured the mass of the Higgs boson to be 125.09+0.24 GeV [42]. With
36 fb~! of Run 2 data, using the four-lepton channel, the CMS Collaboration measured the
Higgs boson mass to be 125.26+0.21 GeV! [36]. Using a similar dataset and both diphoton and
four-lepton decays, and then combining the results with those based on Run 1 data, ATLAS
measured the Higgs boson mass to be 124.97+£0.24 GeV [43].

2.3.4 Higgs boson characterisation: spin and parity

The bosonic channels, vy, ZZ — 4¢ and WW — fvlv, have also been used to study the
spin and parity of the Higgs boson [44, 45]. Such measurements are based on Run 1 data and
on the fact that different J* hypotheses lead to different angular distributions and correlations
of the final state decay products and allow thus discriminating between the Standard Model
hypothesis, J” = 0T, and various alternative hypotheses, including non-SM spin-0 and various
spin-2 models (the spin-1 hypothesis is excluded due to the observation to two photons, which is
forbidden for a J =1 boson, and it is not possible to exclude the spin-2 hypothesis). All tested
alternative models have been excluded in favour of the SM Higgs boson hypothesis at more than
99.9% confidence level.

Lthe expected uncertainty is 0.26 GeV
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Figure 2.10 — (a) Weighted diphoton invariant mass spectrum in 80 fb~! of 13 TeV ATLAS data.
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(b) Four-lepton invariant mass distributions of the H — ZZ — 4/ candidates selected in 80 fb~!
of 13 TeV ATLAS data. (c) Transverse mass distribution of H — WW — evuv candidates in
36 tb~! of 13 TeV ATLAS data.
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2.3.5 Higgs boson characterisation: fermionic decays

Concerning the decays to fermions, those to 7 pairs were first established at the 5.50 level
by a combination of the ATLAS and CMS Run 1 analyses [17], and then observed with a > 50
significance by each Collaboration [46, 47] using 36 fb~! of 13 TeV data.

The decays to bottom quark pairs are the subject of this thesis and the analysis of the
13 TeV ATLAS data to search for such decays in the VH production mode, leading to the
observation of this decay mode, will be described in the following sections. The combination of
the ATLAS and CMS Run 1 results lead to a small hint of such decays, with a local significance
of 2.60. A search for H — bb decays was also performed by the Tevatron experiments, CDF
and DO, in the V H associated production mode. The search was conducted for a Higgs boson
with mass between 100 and 150 GeV and the results were published in August 2012 [18]. An
excess of events in the di-jet invariant mass region between 120 and 135 GeV was observed in the
data compared with the background predictions. The largest local significance is 3.3 standard
deviations, corresponding to a global significance of 3.1 standard deviations, providing a first,
despite weak, evidence of such decays.

Decays to muon pairs have been searched for but no significant signal has been observed yet,
due to the small signal yield (from the small dimuon branching ratio) and the very large Drell-
Yan background (pp — Z+ X, Z — pp). Upper limits in the range 2.1-2.9 times the Standard
Model prediction have been set on the pp — H production cross section times the branching
ratio BR(H — uu) by the ATLAS and CMS Collaborations using between 36 and 80 fb=* of 13
TeV pp collisions [48, 49].

2.3.6 Higgs boson characterisation: production modes

Higgs boson decays to a certain final state are identified by searching for the particles pro-
duced in a certain Higgs boson decay. On the other hand, the different Higgs boson production
modes are identified by looking at the properties of the other particles in the events, exploiting
the different kinematic properties of the various production mechanisms. VBF events produce
two jets, from the scattering quarks, in opposite directions and close to the beamline. V H events
either give rise to two jets with invariant mass close to that of a W or Z boson in the case of
a hadronic decay of the V boson, to two charged leptons with invariant mass close to the Z
boson mass for Z — £/, or to zero or one charged leptons and transverse momentum imbalance
from neutrinos in the case of Z — vv and W — fv decays. In ttH events the Higgs boson decay
products are accompanied by two b-jets and two W bosons decaying to lepton or quark pairs,
arising from the ¢t — Wb decays. Searches for a particular production mode can be performed
using several decay channels and then combined together to maximise the sensitivity.

Gluon fusion has the less distinctive signature but it has the largest cross section, as shown
in Table 2.1, and was the first production mode to be unequivocally observed by both ATLAS
and CMS with their Run 1 data. VBF, which has the second-largest cross section, was observed
at the 5.40 level combining the ATLAS and CMS Run 1 analyses, and then was established
separately by each Collaboration using Run 2 data [50, 51]. Evidence for associated production
mode with a vector boson, V H, was found by the combined ATLAS and CMS analysis of Run 1
data, at the 3.50 level. The largest sensitivity to this production mode, which has a rather small
cross section, is provided by the H — bb decay, due to its large branching ratio leading to the
best compromise between the signal yield and signal-to-background ratio. The observation of
the V H production mode with the ATLAS Run 2 data, mostly based on the H — bb analysis,
will be described in later sections. Similarly to V H, evidence for ttH production was found
by the combined ATLAS and CMS analysis of Run 1 data (at the 4.40 level). The increase
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of center-of-mass energy and the corresponding increase by a factor four of the ¢ttH production
cross section, together with a reoptimisation of the analyses, allowed both the ATLAS and
CMS Collaborations to observe this production mode with a significance larger than 50 [52, 53].
Most of the sensitivity to this production mode is provided by the so-called “multi-lepton”
analysis, in which a final state with 2 same-sign leptons or three or more leptons (vetoing
final states consistent with H — ZZ — 4¢ decays) is searched for. Such final state receives
contributions from H - WW, H — 77 and H — ZZ — qqf{ decays. The H — v decay, despite
its lower signal yield, also contributes significantly to the observed signal, thanks to its smaller
systematic uncertainty (unlike the multi-lepton and the bb final states, the ttH, H — ~ analysis
is statistically limited). The observation of the ttH process, together with that of the H — 77
and H — bb decays, establishes the coupling of the Higgs boson to the elementary fermions of
the third generation (except to v;).

2.3.7 Higgs boson characterisation: overall picture

All the production mode cross sections and branching ratios that are measured are in good
agreement with the Standard Model predictions. This is illustrated for instance in Figure 2.11.
The global signal strength measured by ATLAS with 13 TeV data is p = 1.13J_r8:8§. The signal
strength for each production mode is in agreement with the SM prediction of 1, as well as the
ratios of the cross sections of various production modes and of the ratios of branching ratios to
different decay modes. Expressing the production cross sections and branching ratios in terms
of the couplings, the couplings themselves are measured and found in good agreement with the
SM predictions described in Section 2.1.3.

More fiducial measurements, as well as differential measurements [54] as for instance those
shown in Figure 2.12; also exhibit good agreement with the SM predictions for a Higgs boson
with a mass of 125 GeV.

2.4 Drawbacks of the Standard Model

The Standard Model can be augmented with small extensions that are still consistent with its
principles, like the existence of additional generations of fermions, the presence of right-handed
neutrinos, and non negligible neutrino masses.

However, the Standard Model exhibits some problems when extrapolated to very high en-
ergies, which might indicate that a new theory, of which the SM would be the low-energy
approximation, should replace it [55]. They are listed below for completeness, even though this
thesis focuses on the study of the Higgs boson and not on searches for beyond-Standard Model
(BSM) signatures. Hints of BSM physics could anyway be found even through Higgs boson stud-
ies by observing deviations between the observed Higgs boson properties and the corresponding
SM predictions.

The high-energy problems of the Standard Model are the following:

o the U(1) coupling and the Higgs self-coupling tend to infinity at finite energies. It should
be noted, however, that this happens at energies higher than the Planck mass (10 GeV),
where anyway, quantum gravity effects might be relevant.

« radiative corrections might lead at high energies (above about 10'! GeV) to negative
values of the Higgs boson self-coupling, which would imply that the electroweak vacuum
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Figure 2.11 — Results of the combined analysis of several ATLAS analyses using 13 TeV pp
collisions (80 tb~! for H — vy, H — ZZ — 4¢ and H — py, and 36 tb=! for H - WW, H — 77,
H — bb and ttH, H —multi-leptons. (a) Cross-sections for ggF, VBF, WH, ZH and ttH nor-
malized to their SM predictions, measured with the assumption of SM branching fractions. The
black error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncer-
tainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions. (b) Results of a simultaneous fit to several quantities of interest,
including ratios of production cross sections and of decay branching ratios. The fit results are
normalized to the SM predictions. The black error bars, blue boxes and yellow boxes show
the total, systematic, and statistical uncertainties in the measurements, respectively. The grey
bands show the theory uncertainties in the predictions. (¢) Reduced coupling strength modifiers
krpmp/v for fermions (F' =t,b,7,u) and \/kymy /v) for weak gauge bosons (V =W, Z) as a
function of their masses mpr and my, respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The
couplings modifiers kr and ky are multipliers of the SM Yukawa couplings and are measured
assuming no beyond-Standard Model (BSM) contributions to the Higgs boson decays, and the
SM structure of loop processes such as ggF, H — vy and H — gg.
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Figure 2.12 — Differential cross sections in the full phase space measured with the H — ~~
(red upward triangle) and H — ZZ — 4¢ (blue downward triangle) decay channels, as well as
the combined measurement (black circle) for (a) Higgs boson transverse momentum pZ , and (b)
number of jets Njets with pr > 30 GeV, using 36 fb=1 of 13 TeV pp collisions collected by ATLAS.
Different SM ggF' predictions are overlaid, their bands indicating the PDF uncertainties as well
as uncertainties due to missing higher-order corrections. Predictions for the other production
processes X H are added to the ggF' predictions, and also shown separately as a shaded area.
The panel on the bottom shows the ratio of the predictions to the combined measurement. The
total uncertainties of the combined measurement are indicated by the black error bars.
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is unstable or metastable. This however depends on the exact value of the top mass
and on the order of accuracy of the perturbative calculation, and the energy where A
becomes negative could reach the Planck scale with more accurate calculations and new
determinations of the top mass that favour lower values than current measurements.

o the Higgs boson mass seems to be “unnaturally” small with respect to its bare mass. The
Higgs boson mass is the result of the addition of a bare mass term mg and of radiative
corrections induced by the couplings of the Higgs boson to the other particles. Considering
the dominat terms:

6G 1 1 1
2 _ 2 F 2 2 2 2 | A2
my = mo_\/§7r2 (mt—2mw—4mz—4mH>A (2.25)
2 of AV
= — (115 GeV _— 2.26
i~ (115 GeV) (400 GeV) ’ (2.26)

where A is the energy scale that limits the SM validity. If the SM is valid up to the
Planck scale, then the bare mass and the radiative correction terms would need to cancel
to a level of 1073, pointing to an extremely large fine tuning of the bare mass. This
problem can disappear if there is some new physics at an energy scale A much lower than
the Planck scale, or if there are extra particles (as in Supersymmetry) that introduced
radiative corrections that counterbalance, at least to some extent, those from the SM
particles.

The Standard Model also raises some fundamental questions that are left with no answer:
o why is its symmetry group SU(3)® SU(2)®@U(1)?

e why are there 3 generations of fermions?

e is there a reason for the quark-lepton symmetry?

e why left-handed and right-handed fermions behave so differently?

e why do charged-current weak interactions have a V' — A structure?

e are baryon and lepton numbers conserved by accident or is there some symmetry that
preserves them from being violated?

Other questions with unclear answers include how neutrinos get masses, how confinement works,
how to explain the observed level of matter-antimatter asymmetry in the Universe, and what is
dark matter.

The solutions explored by theoretical physicists proceed in four directions: extending the
symmetry group of the Standard Model, extending its particle content, extending the number
of spatial dimentions, or replacing the SM with a non-local theory like string theory. So far
there are no clear indications whether one of these approaches is the correct one, and more
experimental data are needed to guide the investigations.
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Chapter 3

The ATLAS Experiment at the LHC

ATLAS (A Toroidal LHC Apparatus) [10] is a multipurpose high-energy physics experiment
designed and built to study the results of the collisions between protons or heavy ion bunches
accelerated by the Large Hadron Collider (LHC) [56]. In the following sections, a description of
the LHC and of the ATLAS detector are given.

3.1 The Large Hadron Collider

The Large Hadron Collider is a proton and heavy ion collider at CERN. It is located in the
26.7 km long, 100 m deep tunnel previously used by the LEP e*e™ collider. Proton beams were
chosen for the LHC instead of electrons as at LEP in order to reach higher energies (nominally
7 TeV per beam instead of a maximum of 104.5 GeV as at LEP) while limiting synchrotron
radiation.

3.1.1 Proton acceleration in the LHC

Proton bunches are injected into the LHC after having passed through a chain composed
of four other accelerators, as shown in Figure 3.1: a linear accelerator (LINAC), the “proton
synchrotron booster” (PSB), the “proton synchotron” (PS), and the “super proton synchroton”
(SPS), which raise gradually the proton energy to 50 MeV, 1.4 GeV, 25 GeV and 450 GeV,
respectively.

The bunches are injected in opposite directions in the LHC and accelerated by the ra-
diofrequency cavities to the final nominal energy /s/2. So far the best achieved beam energy
value, limited by the operational stability of the bending dipole magnets described below, is
V/8/2=06.5 TeV. The cavities are superconducting and operate at a temperature of 4.5 K.

To keep the protons along their trajectory, 1232 bending dipole magnets, 14.3 meters long
each, are installed along the LHC. The dipoles are made of superconducting niobium-titanium
coils operating at a temperature of 1.9 K. In order to keep constant the radius of curvature of
the proton trajectory, the dipole magnetic field is increased proportionally to the proton energy,
from 0.5 T at 450 GeV to 7.7 T at 6.5 TeV (and 8.3 T when the protons will be accelerated to
the design value of 7 TeV).

Several quadrupole magnets are also installed along the beam pipe, focusing the beams
alternatively in the horizontal and in the vertical plane, depending on their polarity.
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3.1.2 Proton collisions in the LHC

Protons circulates in opposite directions in two separate beam pipes, which cross in a few
“interaction points” (IP), where the bunches collide, and around which the LHC experiments
were built. They are:

o ATLAS and CMS (Compact Muon Solenoid), two general purpose detectors that study
the high-intensity, high-energy proton and heavy-ion collisions;

e LHCb, a detector focusing on precision measurements of the flavor and C'P sector of the
Standard Model and on new physics searches with rare B meson decays;

o ALICE, a detector for the study of strong interactions and of quark-gluon plasma produced
in heavy ion collisions.

Tow additional detectors, TOTEM and LHCf, dedicated to the study of soft proton collisions
yielding scattered particles in the forward direction close to the beam pipe, were installed near
the CMS and ATLAS detectors, respectively. A third small detector, MoEDAL, was installed in
the LHCDb cavern and is designed to search for highly ionizing particles predicted by new physics
scenarios such as magnetic monopoles.

In the interaction region the two beam pipes merge into a single vacuum chamber. The
proton beams do not collide head-on to avoid significant long-range electromagnetic interactions
between the bunches far away from the nominal interaction point. A small crossing angle of
about two hundred microradians is used instead. To recover some (around 5%) of the total
potential luminosity that gets lost since the beams do not collide head-on, the crossing angle
is progressively reduced during a run, as the number of protons in each bunch decrease due to
their collisions.

The protons are injected in the LHC and accelerated in bunches. Each bunch is about
9 cm long and contains around 100 billion protons. The bunches are kept separated by about
7.5 m, meaning — given that the proton speed is close to the speed of light! — that the collisions
take place every 25 ns. The length of the LHC tunnel (26659 m) could thus accommodate
3554 bunches; however, some of these so-called “buckets” are kept empty to create an “abort
gap” which is needed for safe beam dumps. This is due to the significant time to switch on
the magnets which divert the beam from the LHC into the dump. The (maximum) number of
occupied buckets in the LHC is thus 2808, while the maximum number of bunches injected in
the LHC so far is 2544, limited by small technical issues in the injection from the SPS that will
be fixed for the LHC Run 3.

The LHC operates in “physics fills”. In a fill, protons are accelerated by the chain upstream
of the LHC and then injected in the LHC, where they are focused and brought to the final
collision energy. This process takes about twenty minutes. The proton orbits are then adjusted
to make the proton beam collide, and data taking in the LHC experiments starts. As the protons
in the bunches collide and are removed from the beams, the instantaneous luminosity

N2nbfr Y
r—2% v g 3.1
4dre, 5* (3.1)

LAt their designed energy of 7 TeV, the particles in the LHC will travel at 0.999999991 the speed of light
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decreases. In the previous formula,

e NN; is the number of protons in each bunch ;

e 13 is the number of bunches;

e frev is the bunch revolution frequency (¢/2mR = 11.245 kHz);
e 7, is the Lorentz boost factor;

e ¢, is the normalised transverse beam emittance, which characterises the average spread of
the beam in the position-and-momentum phase space;

o [* is the value of the beta function (which quantifies the transverse beam size) at the
collision point;

F' is a geometric luminosity reduction factor due to the beam crossing angle.

Collisions among protons take place at a rate —% = Lotot, Where oior &~ 100 mb is the total

pp cross section. As a consequence, and taking into account the number k = 4 of interaction
points, the luminosity decreases with time as

L(t=0
(= £0=0) o
(1+7)
The beam lifetime 7 is N 0
__ Nyt =0) (3.3)

E(t = O)O’totk‘

which, for Ny(t =0) = 10! and the design luminosity £(t = 0) = 103*cm=2s7!, is equal to about
20 hours. Other processes, like inelastic scattering of the protons on the residual gas molecules
of the beam pipe “vacuum”, reduce the beam lifetime. After several hours form the start of the
fill, when the instantaneous luminosity becomes too small, the beams are dumped, and a new fill
takes place. To increase the instantaneous luminosity, as already mentioned, the crossing angle
between the proton beams is gradually reduced. A second expedient that is used to maximise
the integrated luminosity (i.e. the integral over time of the instantaneous luminosity) is the
increase of the focusing of the beams (3*) when the end of the fill approaches.?

3.1.3 History of the LHC and evolution of the beam parameters

The LHC was approved by the CERN Council in December 1994 and built in the following
15 years. It started operations in 2009. The design values of the main parameters of the LHC,
as well as the values obtained so far, are summarised in Table 3.1.

Zthe gain in integrated luminosity from this trick is quite marginal in Run 2 but it provides the proof-of-concept
of a technique that will be more important in Run 3 and later on.
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Table 3.1 — Typical beam conditions at the LHC during pp collisions from 2010 to 2017, together
with the design parameters.

Machine parameter Design 2010 2011 2012 2015 2016 2017
Beam energy [TeV] 7.0 3.5 3.5 4.0 6.5 6.5 6.5
Ny [10 p] 1.15 1.0 1.3 1.5 1.0 1.1 1.2
np 2808 368 1380 1380 2244 2200 2544
Bunch spacing [ns] 25 150 50 50 25 25 25
frev [kHz] 11.245 11.245 11.245 11.245 11.245 11.245 11.245
€p [pm] 3.75 2.6 2.4 2.4 3.5 2.2 2.3
B* [m] 0.55 3.5 1.0-15 0.6 0.8 0.4 0.3
Max. peak luminosity [10%* cm =2 s71] 1.0 0.021 0.36  0.77 047 1.45 1.7

The first LHC pp collisions took place at the end of 2009, first at a center of mass energy
/s =900 GeV, and later at /s = 2.36 TeV. This short “commissioning” run was followed in
2010-2012 by the first high-intensity “physics” run, known as the LHC Run 1.

In 2010 and 2011, protons were accelerated to an energy of 3.5 TeV per beam (/s =7 TeV).
In 2012, the beam energy was increased to 4 TeV (y/s =8 TeV).

In 2013 and 2014, the LHC was shut-down to allow for consolidation activities to improve
the accelerator reliability, including the replacement of a few dipole magnets, and improvements
of the quench protection system, of the connections between the dipoles, of the cryogenics and of
the vacuum inside the beam pipe. This made it possible to operate the radio-frequency cavities
at higher voltages, allowing the protons to be accelerated to 6.5 TeV in the LHC Run 2, that
started in 2015 and is still ongoing.

Over the years the instantaneous peak luminosity has been steadily increasing, as seen in
Figure 3.2a. In 2010, the luminosity was rapidly increased from about 10?” cm™2s~! to 2 x
1032 cm~2s~ !, limited by the small number of bunches (368) and the quite large 5* (3.5 m). In
2011, thanks to a 30% larger number of protons in the bunches, almost four times more bunches
in the beams (1380 bunches separated by 50 ns), and better focusing of the beams (8* =1 m),
the peak instantaneous luminosity was 3.65 x 1033 cm™2s71. In 2012, further increase (+15%)
in the number of protons per bunches and squeeze of the beams (* = 0.6 m) led to a peak
luminosity of 7.7 x 1033 ecm~2s~!'. In Run 2, the doubling of the proton bunches, separated in
time by the design value of 25 ns, and a further reduction of 5* (0.4 m in 2016) made it possible
to exceed the LHC design luminosity value, reaching peak luminosities of 1.4 x 103 em™2s~! in
2016, 1.7 x 10%* cm=2s7! in 2017, and 2.1 x 103* cm™2s~! in 2018.

The total integrated luminosity delivered to ATLAS (Figure 3.2b) was about 5.6 fb=! at
Vs =T TeV in 2010-2011, and 23.3 fb~! at \/s =8 TeV in 2012. In Run 2, at /s = 13 TeV, the
luminosity delivered to ATLAS was 4.2 fb~! in 2015, 38.5 fb~—! in 2016, 50.2 fb~! in 2017, and
61.2 fb~! in 2018.

3.2 The ATLAS detector

The ATLAS detector is built around one of the four LHC interaction points. It has a
cylindrical shape, with its axis coinciding with the beam pipe. It is the largest of the LHC
detectors, having a radius of 12 m and a length of 44 m. Its weight is around 7000 tons. To
cover a large fraction of the solid angle, ATLAS is composed of a central “barrel” section that
detects particles produced at large angles with respect to the beam direction, and two “end-
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Figure 3.2 — (a) Peak luminosity delivered to CMS (and similarly to ATLAS) and (b) integrated
luminosity delivered to ATLAS during stable beams for pp collisions.
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cap” sections that detect particles produced more closely to the beams. A sketch of the ATLAS
detector is given in Figure 3.3.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.3 — Overview of the ATLAS detector.

To reconstruct the different particles produced in the pp and heavy-ion collisions, ATLAS
uses three nested subsystems, based on different detection principles and technologies:

o the Inner Detector (ID) measures the trajectory and the momentum of charged particle
tracks and reconstructs interaction vertices;

o the calorimeter, composed of an inner electromagnetic (EM) section and an outer hadronic
(HAD) compartment, absorbs electrons, photons and hadrons, and measures their energy
deposition and direction;

o the Muon Spectrometer (MS) reconstructs tracks from muons that pass through the
calorimeter and provides a second measurement, which is useful for muon with high pr,
of their momenta in addition to the one from the ID.

The momentum measurement in the ID and in the MS relies on the presence of a magnetic
field generated by a system of magnets:

e a superconducting solenoid, 5.8 m long and with radius 1.23 < R < 1.28 m, generates a
2 T axial magnetic field in which the Inner Detector is immersed. A current of 8 kA flows
in the coil of the solenoid, which is operated at a temperature of 4.5 K.
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e three superconducting air-core toroids, two in the end-caps and one in the barrel, each
with eight coils, generate a magnetic toroidal field. The barrel toroid, with a current of
20 kA, is 25.3 m long and has inner and outer diameters of 9.4 m and 20.1 m, respectively.
It generates a magnetic field of about 0.5 T. The end-cap toroids are 5.0 m long and have
inner and outer diameters of 1.7 m and 10.7 m, respectively. They produce a magnetic
field around 1 T.

3.2.1 The ATLAS coordinate system
ATLAS uses a right-handed coordinate system:

The origin is the nominal interaction point (IP) in the center of the detector.
e The z-axis coincides with the beam pipe.
e The z-axis points from the IP to the center of the LHC ring.

The y-axis points upward.

In the transverse (i.e. z—y) plane cylindrical coordinates (r,¢) are used, where ¢ is the
azimuthal angle around the beam pipe. The pseudorapidity 7 is related to the polar angle 6:

n=—Intan(6/2). (3.4)

The transverse momentum pr is defined as the transverse component of the three-dimensional
momentum vector. For particles reconstructed in the calorimeter, for which a measurement of
their energy FE is available, the transverse energy ET is also sometimes used, and is defined as
Etr = FEsinf = E/coshn.

The three-dimensional angular distance between two vectors with pseudorapidity and az-
imuthal separation An and A¢ is defined as

AR = /(An)?+ (A¢)*. (3.5)

3.2.2 The Inner Detector

The Inner Detector, illustrated in Figure 3.4, is the closest of the ATLAS sub-detectors
to the beam pipe. It reconstructs the trajectories and measures the momenta of the charged
particles that are bent by the 2 T axial magnetic field produced by the central solenoid. It also
reconstructs primary (collision) and secondary (decay) vertices. The ID has a barrel and two
end-caps section, with full acceptance in ¢ and pseudorapidity coverage up to |n| = 2.5.

Three sub-systems compose the ID. Given the high density of tracks per event, high gran-
ularity silicon detectors are used in the innermost part. More cost-effective gaseous detectors
with worse granularity but low mass and large number of samplings are used in the outer part
of the ID. Going from the innermost one to the outermost one the three ID sub-systems are the
following.
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Figure 3.4 — Illustration of the ATLAS Run-1 Inner Detector.

o The silicon pixel detector covers the pseudorapidity region || < 2.5. In the barrel, the
silicon pixel sensors are arranged in four cylindrical layers at radial distances of 31 mm,
50.5 mm, 88.5 mm and 122.5 mm from the z axis. In the end-caps the sensors are arranged
in three disks, located at radial distances of 49.5 mm, 58.0 mm and 65.0 mm. The pixel
detector typically provides four three-dimensional hit information for charged particles
that traverse it.

The innermost barrel layer, called “insertable b-layer” (IBL), is installed in ATLAS during
the shutdown between Run 1 and Run 2 [57]. The IBL was located between a new, smaller,
beam pipe (radius of 27 mm insteaf of 30 mm as in Run 1) and the first layer of the Run 1
pixel detector. The addition of an extra layer of silicon pixels, closer to the interaction
point, has led to an improvement of the tracking and secondary vertex reconstruction effi-
ciency, which has more than compensated the degradation of performance from radiation
damage and small hardware failures.

The pixel sensors have a cell size of 50 x 250 pum? in the IBL and 50 x 400 um? elsewhere,
providing an intrinsic hit position resolution of about 12 pm in the coordinate along the
short side of the pixel and of about 72 pum or 115 um for the other coordinate (respectively
for the IBL and for the other layers). In the barrel, the long side of the pixel is oriented
along the z axis.

o The silicon strip detector (SCT) is located at radial distances between 275 mm and 560 mm
from the z axis and covers the pseudorapidity region |n| < 2.5. Single-sided silicon mi-
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crostrip sensors are used to form eight cilindrical layers in the barrel region and nine layers
in the end-caps. Each layer provides a two-dimensional position information.

The barrel layers are grouped in four pairs of cylinders with the two layers glued back-to-
back and having slightly different orientations (40 mrad stereo angle) in order to provide
three-dimensional hit reconstruction. The four barrel cylinders are located at radii of 30,
37, 44 and 51 cm from the z axis.

The strip pitch of 80 pum and the stereo angle provide intrinsic spatial resolutions of about
16 pm and 580 pm on the two coordinates being measured (r — ¢ and z in the barrel).

o the transition-radiation gaseous tracker (TRT) is located at radial distances between
563 mm and 1066 mm from the z axis and covers the pseudorapidity region |n| < 2.0.
It uses straw tubes filled with a xenon (Xe) gas mixture (about 70% Xe, 27% COz and 3%
Og2). The tubes have a diameter of 4 mm and lengths up to 150 cm. The barrel section
is composed of 73 layers of straw tubes, parallel to the beam line and interleaved with
polypropylene fibers. The end-caps are composed of 160 layers each of straw tubes along
the radial direction and interleaved with polypropylene foils.

The position information for charged particles is provided by the electric signals induced
from the ionisation of the gas. The TRT only provides r — ¢ information in the barrel and
z — ¢ information in the end-caps. The intrinsic, single-hit spatial resolution is 130 um.
However, the longer path length and the larger number of hits (typically 32) for charged
particle tracks in the TRT compared to the silicon devices lead to a momentum resolution
which is competitive with that of the silicon pixel and strip detectors.

Due to the different dielectric constant between the straw tubes and the interleaved fibers
or foils, highly relativistic (v > 10%) particles emit transition X-rays when they traverse
the boundaries between the tubes and the material in the gaps. The X-ray photons thus
produced are absorbed by the gas inside the straw tube and lead to a larger signal, which
can be used to discriminate electrons from pions up to momenta of about 100 GeV. The
choice of xenon as the gas for the straw tubes was motivated by the large absorption
cross section of X-ray photons. Starting in 2012 a gradually increasing number of Xe
leaks has started to develop in the TRT. Some modules have then been filled with a
significantly cheaper argon (Ar) based gas mixture. Argon, however, has a ten times lower
X-ray absorption cross section than xenon, leading to a slight decrease of the electron/pion
discriminating power of the TRT.

3.2.3 The calorimeter

The ATLAS calorimeter system includes an electromagnetic calorimeter and a hadronic
calorimeter. An illustration of the calorimeter system is shown in Figure 3.5. The two sections
of the calorimeter are described in the following subsections.

3.2.3.1 The electromagnetic calorimeter

The energy and the position of the electromagnetic showers induced by photons and elec-
trons® with || < 3.2 are measured by a high-granularity lead /liquid-argon (LAr) sampling elec-

3in the following we do not distinguish between electrons and positrons unless stated otherwise
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Figure 3.5 — Illustration of the ATLAS calorimeter system.

tromagnetic calorimeter with lateral and longitudinal segmentations. The EM calorimeter is
composed of a barrel section (|n| < 1.475) and of two end-cap sections (1.375 < |n| < 3.2). The
barrel section is 6.4 m long, with inner and outer radii of 1.4 m and 2 m, respectively. The end-cap
sections are 63 cm thick wheels, with internal and external radii of 330 mm and 2098 mm, respec-
tively. Each end-cap wheel consists itself of two co-axial wheels, an inner one (2.5 < |n| < 3.2)
and an outer one (1.375 < |n| < 2.5).

The EM calorimeter has three longitudinal sampling layers for |n| < 2.5 and two layers for
2.5 < |n| < 3.2. The first layer has a thickness of up to 6 radiation lengths (Xj), including about
1.6 Xy of dead matter upstream of the active part of the calorimeter. In the pseudorapidity
regions |n| < 1.4 and 1.5 < |n| < 2.4 it is segmented into high-granularity “strips”. The strip size is
0.1 along ¢ and between 0.003 and 0.006 along 1. The narrow width in ) permits to discriminate
between single photon EM showers and two overlapping EM showers from a 7% — v+ decay. The
second layer has a thickness of about 17 Xy and thus collects most of the energy deposited by
electrons and photons with momenta up to 50 GeV. The cell granularity in 7 x ¢ is 0.025 x 0.025.
The third layer has a thickness varying between 4 and 15 Xy and a cell granularity in n x ¢ of
0.050 x 0.025. It collects the tails of the electromagnetic shower, allowing an estimate of the
energy leaking in the hadronic calorimeter, and provides an additional point to reconstruct the
shower barycenter.

An illustration of a barrel module of the ATLAS electromagnetic calorimeter is given in
Figure 3.6. The absorbers and the electrodes have an accordion geometry to provide full coverage
in ¢. The absorbers are made of lead plates, with thickness between 1.13 mm and 2.2 mm
depending on |n|. The readout electrodes are placed in the gaps between the absorbers. They
are made of three layers of copper, separated by insulating polyimide sheets. A nominal high
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Figure 3.6 — Illustration of a barrel module of the ATLAS electromagnetic calorimeter.

voltage potential (typically around 2 kV) is applied to the two outer layers, and the signal
induced on the inner layer at ground potential is read out.

The region |n| < 1.8 is instrumented with an additional thin (11 mm) liquid argon layer
used as a presampler, installed inside the solenoid, upstream of the accordion calorimeter. The
read-out granularity of the presampler is 0.025 x 0.1 in 7 X ¢.

The total active thickness of the electromagnetic calorimeter ranges between 22 X and 33 X
in the barrel and between 24 X and 38 X in the end-caps, and the longitudinal leakage (i.e. the
fraction of shower energy that is lost) beyond the end of the active detector of electromagnetic
showers initiated by photons and electrons with transverse momentum below 300 GeV is < 1%.

3.2.4 The hadronic calorimeter

The EM calorimeter is surrounded by the hadronic calorimeter, which measures hadronic
showers using either steel-scintillator tiles in the central region (|n| < 1.7) or LAr sampling
calorimeters in the end-caps (1.5 < |n| < 3.2, copper absorber) and forward (3.1 < |n| < 4.9,
copper-tungsten absorber) regions.

The tile calorimeter is a sampling calorimeter using steel as the absorber and a polystyrene
scintillator as the active medium. It is composed of a 5.8 m-long central barrel and of two 2.6 m-
long extended barrels. The inner radius is 2.28 m and the outer radius is 4.25 m, leading to a
thickness of approximately 7.4 interaction lengths (\). The scintillating tiles are 3 mm thick.
Wavelength-shifting fibers on the tile edges are used to extract the scintillation light which is
then read out with photomultiplier tubes. The readout granularity is An x A¢ =0.1x 0.1 in the
first two longitudinal layers (5.6 A) and 0.2 x 0.1 in the third last layer (1.8 X).

The hadronic end-cap calorimeter (HEC) is a sampling calorimeter using copper as absorber
and LAr as the active medium. It consists of two wheels in each end-cap, a front wheel and a
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rear wheel. The modules of the front wheels are made of 24 copper plates, each 25 mm thick,
plus a 12.5 mm thick front plate. The modules of the rear wheels are made of 16 copper plates,
each 50 mm thick, plus a 25 mm thick front plate. The gap between the plates is 8.5 mm thick
and houses four separate LAr drift zones of 1.8 mm width each, separated by three electrodes.
The granularity of the HEC cells is An x A¢ =0.1x 0.1 or 0.2 x 0.2 depending on 7.

The forward calorimeter (FCal) is a sampling calorimeter using copper or tungsten as ab-
sorber and LAr as the active medium. It covers the pseudorapidity region 3.1 < |n| < 4.9 and is
composed of two end-cap sections located in the same cryostats as the HEC. The FCal has three
longitudinal layers, an “electromagnetic” layer (FCall) with copper absorbers (28 Xy, 2.7 \),
and two “hadronic” layers (FCal2, FCal3) with tungsten absorbers (180 Xy, 7.3 A). The elec-
trodes are co-axial copper rods and copper tubes separated by a LAr gap, with width varying
between 0.27 and 0.51 mm depending on the layer. The LAr gap width is smaller than in the
electromagnetic calorimeter to produce faster signals and to avoid ion build-up problems due to
the high particle fluxes at large 1. The electrodes are located in holes drilled inside stacks of
absorber plates.

3.2.5 The muon spectrometer

The muon spectrometer (Figure 3.7) exploits the bending of the muon trajectories by the
magnetic field generated by the toroidal magnets to measure the momenta of muons passing
through the upstream subdetectors. Muon tracks are reconstructed by a system of precision
tracking chambers over the pseudorapidity region |n| < 2.7. Monitored drift tube (MDT) cham-
bers are used, except for the innermost end-cap layer, where cathode-strip chambers (CSC) are
used for 2.0 < |n| < 2.7 due to their higher rate capability and time resolution. In addition, for
triggering purposes, resistive plate chambers (|n| < 1.05) or thin-gap chambers (1.05 < |n| < 2.4)
with time resolution better than 4 ns are also installed.

Thin-gap chambers (TGC)
] Cathode strip chambers (CSC)

chambers (RPC)
End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7 — Illustration of the ATLAS muon spectrometer.
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The MS is composed by a barrel section and two end-cap sections. The precision-tracking
chambers in the barrel region are located between and on the eight coils of the superconducting
barrel toroid magnet. They are arranged in three coaxial cylinders at radial distances of about
5 m, 7.5 m, and 10 m from the beam axis. The end-cap chambers are in front and behind the
two end-cap toroid magnets. They are arranged in large wheels, perpendicular to the z axis
and located at distances of |z| ~ 7.4 m, 10.8 m, 14 m, and 21.5 m from the nominal interaction
point. In the center of the detector (|| < 0.1) there is a small gap to let the services of the inner
components of ATLAS to pass through.

The readout pitch and geometrical orientation of the precision tracking chambers lead to a
spatial resolution of about 35 —40 pgm on the coordinate of the muon track in the bending plane
and about 5 mm in the transverse plane.

3.2.6 The ATLAS data taking and the ATLAS trigger system

When the beams in the LHC reach the nominal energy and stable collisions are achieved,

the detector sub-systems start collecting data.

For an instantaneous luminosity L = 10%* cm™2s~! and a proton-proton cross section of

about oj,e] = 85 mb for inelastic processes that lead to the breaking up of the colliding protons
and the production of high-pt particles, the interaction rate is R = Lojne = 8.5 x 10% s71. At
the nominal collision frequency of 40 MHz, collision take place every 25 ns. This means that
in every bunch crossing there are about 21 collision events producing high-pr particles. The
exact number of collisions per bunch crossing will vary according to a Poisson distribution whose
mean value depends on the bunch instantaneous intensity and focusing. Due to the length of
the bunches, the longitudinal position of the collisions is spread around the nominal interaction
point, according to a Gaussian distribution with a width of about 50 cm.

Given that the cross sections for the production of events that are relevant to the physics
programme of ATLAS are much lower, typically only one out of these “minimum bias” events,
and in only a fraction of all the bunch crossings, will produce the physical process under study.
For instance, the production cross section of a Higgs boson in pp collisions as predicted by the
Standard Model, for a Higgs boson mass of 125 GeV and at /s = 14 TeV, is o = 63 pb. This
leads to a Higgs boson production rate of 0.6 Hz, i.e. only one bunch crossing out of more
than 600 millions will produce a Higgs boson. The other inelastic pp collisions in the same
bunch crossing as the process of interest are called “pile-up” events and are typically soft QCD
processes producing quarks and gluons that hadronise and produce “jets” of particles leading to
signals in the tracking systems and in the calorimeters.

The “pile-up profiles” of the Run 1 and Run 2 data taking periods, i.e. the distributions of
the average number p of interactions per bunch crossing, are shown in Figure 3.8. The average
value of p was 9 in 2010-2011, 21 in 2012, 13 in 2015, 25 in 2016, and 38 in 2017 and 2018.

The very large collision rate and the large number of electronic channels to be read out and
of information to be stored on disk for a collision event make it impossible to collect and save
the signals from each sub-detector in every bunch crossing. A trigger system is thus active to
rapidly identify which are the bunch crossings that most likely contain the small fraction of
events are relevant to the ATLAS physics programme. Only for such events the full detector is
read out and the information is stored on disk.

The ATLAS trigger system in Run 2 is a two-level system. Its goal is to reduce the event
rate from the initial bunch crossing rate of 40 MHz down to about 1 kHz, which is the maximum
rate at which full detector information can be extracted and recorded.
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Figure 3.8 — Luminosity-weighted distribution of the mean number of interactions per proton
bunch crossing for (a) Run 1 and (b) Run 2.

The Level-one trigger (L1) is a hardware trigger implemented in custom-built electronics. It
processes coarse-granularity information from the calorimeters and the MS to reduce the event
rate to about 100 kHz. It has an overall latency below 2.5 us. The L1 trigger searches for high
transverse-momentum muon electron, photon and jet candidates, or for events with large total
energy or large imbalance in the total transverse momentum. For each event, the L1 trigger
defines one or more Regions-of-Interest (Rol); these are the regions of the detector where the
selection process has identified interesting features.

The High-Level Trigger (HLT) is a computer farm running offline-like software algorithms.
It processes, within a nominal latency of 4 s, the information from all the ATLAS sub-detectors
for events passing the L1 trigger, and decides whether an event should be kept for offline analysis
or not. The HLT output rate is approximately 1 kHz. For the HLT decision only the detector
sectors corresponding to the Rols identified by the L1 trigger are read out, using the full detector
granularity.

When temporary problems in one or more of the ATLAS sub-detectors or with the bending
magnets appear, the trigger system might not be able to accept events from the LHC collisions,
and the corresponding data would not be recorded. Dedicated crew of shifters and detector
experts monitor constantly the status of each ATLAS sub-system to ensure that the data taking
efficiency is as high as possible. The average data taking efficiency in ATLAS is around 93%.

Finally, to be usable for offline analysis, the data being recorded must be of good quality.
Temporary problems like configuration issues with the data-taking settings of some detector,
non-nominal high-voltage settings, and so on, would not stop data taking but would lead to
data with poor quality. A team of “data quality” shifters and experts uses information from
each sub-detector, based on low-level hardware information but also on comparison of high-level
reconstruction performance with respect to some reference data-taking period, to declare which
data “blocks” are useful for analysis. The fraction of data with good quality for analysis varies
between 90% and 93% depending on the years, are shown in Figure 3.9.
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Figure 3.9 — Cumulative luminosity versus time delivered to (green), recorded by ATLAS (yel-
low), and certified to be good quality data (blue) during stable beams and for pp collisions in
(a) Run 1 and (b) Run 2.
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Chapter 4

Object Reconstruction and
Performance

The reconstruction of the various particle trajectories and momenta combines the comple-
mentary information provided by the ATLAS sub-detectors, as illustrated in Figure 4.1. Charged
tracks induce signals in the ID; electrons are then absorbed by the EM calorimeter, while charged
hadrons are absorbed by the hadronic calorimeter, and muons pass through both calorimeters
and leave signals in the MS. Neutral particles do not produce hits in the tracking devices (the ID
nor the MS); photons either convert in the material upstream of the EM calorimeter to electron
pairs, or are absorbed by the EM calorimeter itself; neutral hadrons deposit small amounts of
energy in the EM calorimeter and are then absorbed by the hadronic calorimeter; neutrinos in-
teract weakly with all the detectors and most likely escape the ATLAS detector without leaving
any sign of their passage.

In the following the reconstruction of the different type of particles in ATLAS is described,
as well as the main performance in terms of efficiency and/or resolution.

4.1 Charged particle track reconstruction

Charged-particle tracks are reconstructed from the signals that they induce in the ID [58, 59].
Due to the ID geometry, efficient track reconstruction is provided for pr > 0.5 GeV and |n| < 2.5.

Two complementary track-finding algorithms start from space points in the silicon detectors
and hits in the TRT and return estimates of the charged particle trajectories and momenta.

The default algorithm searches for track seeds in the pixel detector and then looks for SCT
and TRT hits sufficiently close to the extrapolated track. Quality criteria on the track-hit
association and on the minimum number of hits in the silicon detectors are applied, and a final
refit of the track with the full information of all the three detectors is performed.

“Secondary” tracks from photon conversions or decays of long-lived particles might not pro-
duce enough hits in the pixel detector to form a track seed. The efficiency for such tracks is
recovered by using a second, back-tracking, algorithm that searches for unused track segments
in the TRT and then looks for hits in the silicon detectors that are sufficiently close to the
extrapolation of the track towards the center of the detector. Again, a full refit of the track
is performed combining the information from all the three detectors. If no hits in the silicon
detectors are found by the back-tracking algorithm, a “TRT-only” track is formed.

Finally, the track collections from the two algorithms are combined into a single one after
removing ambiguites and double counting.
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Figure 4.1 — Overview of the passage of some particles through the different sub-systems of
the ATLAS detector. Dashed lines correspond to no detectable interactions with the detector
material.
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4.1 Charged particle track reconstruction

The tracking efficiency depends on the particle type, momentum and pseudorapidity, due to
multiple scattering, bremsstrahlung (for electrons) and hadronic interactions with the material
of the inner detector. The efficiency at pp =5 GeV is larger than 99% for muons, while for
electrons it varies between 75% and 95%, and for pions it ranges between 80% and 95% as a
function of |n|. The efficiency is independent of p (mean number of interactions per crossing)
within 1-2%.

The transverse momentum resolution achieved by the ID is

Opr _ 0.05%pr

1%; 4.1
ey VA A (4.1)
The typical resolution for the track direction is
45 GeV
og ~ 80 urad (1 @ © ) , (4.2)
pr
7.5 GeV
Teorg =1 %1073 (1 o e) . (4.3)
pr

In Run 1, the transverse impact parameter resolution for central tracks (|n| < 0.2) varies
from 250 pum for pt =400 MeV to 20 um for pr > 10 GeV; the longitudinal impact parameter
resolution for the same tracks and the same transverse momentum range varies from 410 ym to
120 pm.

In Run 2, the addition of the IBL, closer to the interaction point than the other ID modules,
has led to an improvement in the zg resolution of about 2 (1.5) for tracks with pr of 1 (100) GeV
and to an improvement in the dp resolution of about a factor 2 (1) for tracks with pp of 1
(>10) GeV [60], as shown in Figure 4.2.
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Figure 4.2 — (a) longitudinal and (b) transverse impact parameter resolution measured from
data in 2015,,/s = 13 TeV, with the Inner Detector including the IBL, as a function of pr, for
values of 0.0 <7 < 0.2, compared to that measured from data in 2012, /s =8 TeV.
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4.2 Primary vertex reconstruction

Primary vertices, i.e. the points where pp interactions take place in a bunch crossing, are
reconstructed by looking for tracks with a common origin [61]. Only tracks with good quality,
i.e. with no missing hit in the pixel detector and with a minimum number of hits in the silicon
detectors, small transverse impact parameter (|dp| < 4 mm), well measured impact parameters
(o(dg) <5 mm and o(z9) < 10 mm) and pp > 400 MeV are used. These requirements are
tighter than the standard ATLAS track selection criteria in order to maintain a low rate of fake
tracks from a random combination of hits even at large pile-up values. The impact parameter
requirements reduce the contamination due to tracks produced in secondary interactions.

A two-step procedure is performed: first, a vertex-finding algorithm groups together the
tracks belonging to a common origin; then, a vertex-fitting stage reconstructs of the actual
vertex position and its covariance matrix.

All vertices with at least two associated tracks are considered as primary vertex candidates.
The reconstruction efficiency of hard-scatter primary vertices that produce reconstructed tracks
is larger than 99%.

In the case of a small number of tracks, the primary vertex transverse position resolution
may exceed 100 um. The application of the beam-spot constraint significantly improves the
transverse position resolution. The final transverse position resolution is better than 20 pym in
all cases.

The resolution on the longitudinal (z) position of the primary vertices is determined by
the intrinsic resolution of the tracks. It is about 30 pum for events with a large number of
reconstructed tracks (see Figure 4.3(a)).

Among the reconstructed primary vertices, the one with the highest sum of the squared
transverse momenta of its tracks (3 p#%) is considered as the hard-scatter primary vertex. This
choice is motivated by the fact that the charged particles produced in hard-scatter pp collisions
have on average a larger transverse momentum than those from pile-up interactions. The ef-
ficiency of such selection is shown in Figure 4.3(b). In simulated ¢t events, which produce a
large number of tracks, this criterion has a selection efficiency — defined as the fraction of events
in which the highest 3 pgf vertex is closest to the simulated hard-scatter vertex — greater than
99% even for large pile-up. For simulated Z — pp events, with fewer number of tracks, the
efficiency is still very high if both muons are in the acceptance of the ID, but decreases slightly
with pile-up, reaching a value of 98% for u = 40.

4.3 Electron and photon reconstruction

Electron and photon reconstruction exploits information from the electromagnetic calorime-
ter, where the energy from electrons and photons is converted to an electromagnetic shower and
partially turned into a ionisation signal of the liquid argon, and from the inner detector [62].
Electrons are expected to leave a track in the ID that, when extrapolated to the EM calorimeter,
is close to a “cluster” of adjacent cells with significant energy, and with a good agreement be-
tween the momentum of the track measured by the ID and the energy of the EM shower detected
by the calorimeter. Calorimeter cell clusters that are not matched to an ID track are considered
as unconverted photon candidates, 7.e. photons that did not convert to electron-positron pairs
within the ID volume. Calorimeter cell cluster matched to two tracks originating from a common
space point or to one track with the signature of an electron but without hits in the innermost
pixel layer, are considered as converted photon candidates, i.e. photons that converted to eTe™
pairs in the ID.
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Figure 4.3 — (a) longitudinal position resolution of the reconstructed primary vertices as a
function of the number of associated tracks. (b) efficiency as a function of the number of
inelastic pp collisions per bunch crossing of the algorithm to identify the hard-scattering vertex
by choosing the reconstructed primary vertex with largest > p% of the associated tracks.

The reconstruction algorithm proceeds in this order:

o it first selects clusters of calorimeter energy cells;

e it then considers the tracks in the inner detector, and

— searches for conversion vertex candidates, 7.e. track pairs with a common origin or
single tracks with an electron signature and no hit in the innermost pixel layer;

— searches for matches between the candidate clusters and the ID tracks or the conver-
sion vertex candidates;

e builds the final “supercluster” of calorimeter cells, from which the energy and position is
computed;

e finally, an ambiguity resolution removes the overlaps between candidates reconstructed
both as an electron and as a photon.

The first step of the electron and photon reconstruction is the identification of three-dimensional
topological clusters (also called topo-clusters in the following) of neighbouring cells with suffi-
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cient energy [63]. The (EM and hadronic calorimeter) cells are grouped together in topo-clusters
by a growing-volume algorithm based on the significance of their energy, defined as the ratio
between the absolute value of the cell energy and the expected noise.

The reconstruction algorithm uses a “4-2-0” pattern:

o “seed cells”, i.e. cells with energy significance greater than four are searched for and used
to define the initial proto-clusters;

« cells contiguous to the seed cluster with energy significance greater than two or zero are
added to the proto-cluster;

« if a neighbouring cell has significance greater than two, then also its neighbours are included
in the proto-cluster;

o if a neighbour is another seed cell with significance greater than four, the two proto-clusters
are merged;

o if two proto-clusters share a cell with significance greater than two, they are merged.

This procedure is performed iteratively until a final set of neighbouring cells with energy signif-
icance between zero and two is added to the proto-cluster.

Finally, proto-clusters with two or more local maxima are split between the correspond-
ing signal peaks. Local maxima are defined as cells of the second and third layer of the EM
calorimeter or of the first layer of the forward calorimeter with energy above 500 MeV, at least
four neighbours, and none of the neighbours has higher energy. The clusters obtained from
the previous procedure and whose EM energy fraction, defined as the ratio between the energy
deposited in the cells of the three layers of the EM calorimeter and the total cluster energy, is
larger than 0.5, are considered as clusters having originated from electromagnetic showers. The
hadronic calorimeter cells are then removed from such clusters. EM clusters with Er > 400 MeV
are the “seed clusters” retained for e/+ reconstruction.

The second step of the electron and photon reconstruction is the matching between tracks
and the seed clusters. The ID tracks that are within regions of interest defined by the position of
the seed clusters that pass loose requirements on the shower shape are refitted with a modified
pattern reconstruction algorithm and using a Gaussian Sum Filter in order to allow for up to
30% energy loss at each material intersection and bremsstrahlung. The refitted tracks are then
matched to the seed clusters, based on tight requirement on the distance between the track and
the cluster barycenter in in 7 and ¢. If multiple tracks are matched to a cluster, the “best-
quality” track is used to form an electron candidate. The quality of the track is based on the
number of hits in the pixel detector, on the number of hits in the SCT, and on the AR distance
between the track and the cluster barycenter.

The track-cluster matching step also takes care of identifying tracks from candidate photon
conversions. The refitted tracks that have a high probability to be electron tracks as determined
by the TRT are used. Pairs of tracks from a common space point and consistent with originating
from a massless particle are considered as two-track conversion vertices. Tracks without hits in
the innermost silicon layer are considered as single-track conversions. Conversion vertices are
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then matched to clusters based on a AR geometric requirement. If multiple conversion vertices
are matched to the same cluster, the “best-quality” vertex is chosen. The quality of the vertex is
based on the number of reconstructed tracks (one or two), whether the tracks are reconstructed
or not in the silicon detectors, and the radial position of the conversion vertex.

The third step of the electron and photon reconstruction is the building of the final cluster of
cells belonging to the electron or photon candidates. The algorithm starts from the initial seed
clusters, which are processed sequentially in descending Er order, and tries to add “satellite”
clusters to the seed cluster to form a so-called “supercluster”. Clusters that are added as satellites
of higher- 1 seed clusters are removed from the initial list of seed clusters.

Electromagnetic clusters with Et > 1 GeV matched to a track with at least four hits in the
silicon tracker are considered as seed clusters for electrons. EM clusters with Er > 1.5 GeV and
no matched tracks or matched to a conversion vertex are considered as initial photon candidates.
The e/~ reconstruction algorithm then adds to the seed cluster all “satellite” clusters with lower
Er inside a window An x A¢ = 0.075 x 0.125 centered on the seed cluster barycentre. Such
satellite clusters are usually originated by secondary EM showers from the same initial electron
or photon.

For electrons, to recover hard bremsstrahlung, extra satellite clusters in a larger window of
An x A¢p =0.125 x 0.3 around the seed cluster barycenter are added to the supercluster if they
are matched to at least one track and the best-matched track of the seed and satellite clusters
is the same. For converted photons, to recover the cluster from the second track in case of
asymmetric conversions, clusters are considered as satellites and added to the supercluster if
they are either matched to a track from the conversion vertex associated to the seed cluster, or
if they are matched to the same conversion vertex as the seed cluster.

The seed cluster reconstruction efficiency is expected from simulation to be close to 100% for
electrons and photons in the EM calorimeter acceptance, excluding the barrel-endcap transition
region (1.37 < |n| < 1.52), and having pt > 20 GeV. The final reconstruction efficiency is around
98% due to the small inefficiency of track-cluster matching or the presence of fake tracks that
induce migrations at reconstruction level between electrons and photons.

The cells of the supercluster are used to determine the cluster barycenter, direction and
energy. For each layer of the EM calorimeter the n and ¢ positions are first calculated as the
energy-weighted barycenters of the cluster cells in that layer, with some small corrections to
account for some systematic biases due to the detector geometry. The cluster position and di-
rection are then determined from the measurements in each layer. For electrons and converted
photons, tracking information is also used to determine the direction of the reconstructed par-
ticle. For photons, once the hard-scatter primary vertex has been identified, the direction is
recomputed using the reconstructed primary vertex position, assuming they are originated in
the hard scattering.

The energy of electrons and photons is determined through a multivariate (MVA) technique.
A regression boosted decision tree (BDT) is trained on simulated samples of electrons, converted
photons, and unconverted photons to correct the uncalibrated energies of electron and photon
candidates. The simulation is based on Geant4 and includes a detailed description of the detector
geometry and material. The calibration algorithm exploits the correlation between the true
energy and a set of input variables which include the raw energy measured in the various layers
of the EM calorimeter, the cluster barycenter, the position of the cells, and tracking information
in the case of converted photons.

In data, in-situ corrections determined using Z — ee decays are applied as a final step of
the calibration procedure. A comparison of the di-electron invariant mass peak position in
data and simulation, as a function of the electron pseudorapidity, is used to determine small
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pseudorapidity-dependent calibration constants a(n), defined as Eieco = Etrue(l + ). Photons
from Z — 00~y events and lower-energy electrons from .J/¢ — ee decays are used to check the
energy calibration of photons and the linearity of the calorimeter energy response. Other cross-
checks of the energy calibration are obtained by comparing the electron energy measured by
the calorimeter and the momentum of the electron track measured by the ID for electrons from
W — ev. The typical size of the energy scale correction factors is of 1 —2%, with an uncertainty
between 0.01% and 0.1%.

The photon energy resolution depends on the photon energy E (in GeV) as:

op_ @ g b
= \/E@E@C‘ (4.4)

The sampling term a/ VE, arising from statistical fluctuaions in the shower development and
in the collection of the energy, is estimated from test-beam data and with J/1¢ — ee decays
in pp collisions. It is around 10%/+v/E in the EM calorimeter barrel and 17%/+/E in the EM
calorimeter end-cap. The noise term b/E, arising from electronic noise in the readout of the
cells of the cluster and from pile-up contributions to the cell energy, is around 500 MeV/E and
is thus negligible for electrons and photons of several GeV. It is determined from dedicated
pedestal runs (electronic noise) and from the root-mean-square (RMS) of the Erp distribution
of random clusters as a function of the number of pile-up events in pp collisions (pile-up noise).
The constant term c arises from detector non-uniformities and is the limiting factor to the energy
resolution at high energy. The expected value of the constant term from test-beams performed
before the installation of the ATLAS detector is 0.7%. The observed value, determined from
a comparison between the widths, in data and in the simulation, of the di-electron invariant
mass distribution in selected Z — ee candidate events, is slightly larger, varying between 0.7%
and 2% for |n| < 2.4, with an uncertainty of 0.1% — 0.2%. The simulation is thus corrected to
reproduce the data, by smearing the energy of the reconstructed electrons and photons by an
extra constant term corresponding to the difference in quadrature between the observed one and
the expected one.

To discriminate between signal prompt photons, i.e. photons not from hadron decays, and
background photons from hadronic jets, reconstructed photon candidates are required to satisfy
a set of orthogonal requirements on the energy in the hadronic calorimeter cells along the
photon direction and on the transverse shower profile measured with the first two layers of
the EM calorimeter. Three working points with different efficiency and hadronic jet rejection
are defined: loose, medium and tight. The loose and medium working points only exploit a
subset of the information and apply loose cuts to maintain a very high efficiency even at low
pr and are used for triggering or to collect background photon-enriched control samples. As
an example, the loose selection has a photon efficiency rising from 97% at 20 GeV to above
99% above 40 GeV for reconstructed prompt photons and a rejection factor of about 1000 for
reconstructed background photons. The tight working point uses more shower shape variables
and applies tighter requirements than the loose and medium working point. The efficiency
increases from 45-60% at 10 GeV to 95-98% above 100 GeV. It has a nominal rejection factor
of about 5000 for background photons with pr > 40 GeV. The photon identification efficiency of
the tight working point is measured with three control samples: photons from radiative decays
of the Z boson, Z — £f~; electrons from Z — ee decays, after correcting the electron shower
shapes for the small expected differences between electrons and photons; an inclusive sample of
high-pt prompt photons in which the residual background is estimated with a matrix method
and subtracted. An example is provided in Figure 4.4(a).
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Prompt electrons are discriminated from background electrons by means of a likelihood-based
selection. The inputs for the calculation of the likelihood are the longitudinal and transverse
shower profiles in the EM calorimeter, the quality of the track reconstruction and of the track-
cluster matching quality, and the transition radiation detected in the TRT. Four working points
with different efficiency and rejection are defined: wvery loose, loose, medium, tight. The very
loose working point is mainly provided to select control samples which are relatively enriched
in fake electron candidates with respect to samples in which one of the tighter criteria has been
selected. The efficiency of the loose, medium and tight working points is measured in data with
a control sample of electrons from Z — ee decays using a tag-and-probe technique, as shown in
Figure 4.4(b).
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Figure 4.4 — The identification efficiency of (a) converted photons with |n| < 0.6 passing the tight
working point [64], and (b) electrons, for various working points, [65].

Background electrons and photons from hadronic jets are further suppressed by requiring
that there is low activity around the electron and photon direction in both the calorimeter and
in the inner detector. A selection is applied on two quantities, the calorimeter isolation and the
track isolation of the reconstructed candidates.

The calorimeter isolation, EX°, is defined as the transverse energy deposited in the calorime-
ter cells in a cone of a certain radius AR (either fixed, typically between 0.2 and 0.4, or variable
with the candidate pr) around the e/~ direction. The contribution from the electron and pho-
ton itself is removed by excluding from the sum a rectangular core of cells (of size 5 X7 n X ¢
layer-2 cells) around the cluster barycenter. Leakage from the electron or photon outside the
rectangular core is subtracted by applying a small correction (typically 2-5% depending on 7)
proportional to the candidate transverse momentum. Contribution from pile-up and underlying
event is also estimated and subtracted by means of a jet area subtraction technique. The pile-up
and underlying event energy density is evaluated as the the median of the distribution of the
transverse jet energies (see next section) divided by the jet area (in 7 x ¢), using all jets (without
any lower pr threshold) reconstructed with anti-k; algorithm [66] with a radius parameter of
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0.5. The product of the area of the isolation cone times the pile-up and underlying event energy
density is subtracted from EX°.

The track isolation, piTSO, is defined as the scalar sum of the transverse momenta of the ID
tracks with pr > 1 GeV that are within a cone of a radius AR =0.2 around the e/~ direction. The
electron track or the photon conversion tracks are excluded from the sum. Pile-up contribution
is minimised by requiring the tracks to have small impact parameter with respect to the hard-

scatter primary vertex.

4.4 Jet reconstruction

Due to color confinement, quarks and gluons hadronise immediately after their production,
leading to the production of “sprays” of hadrons, called “jets”, with a direction more or less close
to that of the initial parton. Such jets of hadrons interact with the material of the calorimeter,
either through electromagnetic (for photons from e.g. 7° — vy decays) or hadronic interactions.
Typically all of the initial parton energy is absorbed by the calorimeter, and part of it is detected
by its active, sampling regions.

Hadronic jets are reconstructed in the ATLAS detector by the anti-k; algorithm [66] with a
radius parameter of 0.4. The algorithm uses as inputs three-dimensional topological clusters of
noise-suppressed calorimeter cells. The clusters are obtained by grouping together neighbouring
cells that have significant energies compared to the expected noise.

The four momentum of a reconstructed jet is determined from the sum of the four momenta
of the cells of its constituents, assuming that each one is massless [67]. The response of the
calorimeter is calibrated using pr and 7 dependent factors obtained from the simulation, to
account for instrumental effects such as inactive material and non-compensation. A correction,
dependent on the jet area, is also applied to subtract the additional energy from pile-up. Fi-
nally, an in situ jet energy scale (JES) correction is applied in data to account for residual
differences between data and simulation. Such correction is determined from control samples
of jets recoiling against well-calibrated particles (Figure 4.5). For central jets (|n| < 0.8) with
20 < pr < 950 GeV, well-balanced (in ¢ and pr) Z+jet and ~+jet events are used, and the
jet momentum is constrained by the well measured photon or Z boson energies. At higher pr
(up to few TeV) or in more forward pseudorapidity regions, multi-jet events in which the jet to
calibrate recoils against a certain number of well-calibrated lower pr, central jets are used.

Quality criteria are applied on the jet timing information and on the fraction of jet energy
in the electromagnetic and hadronic calorimeters, as well as on the scalar sum of the transverse
momenta of the ID tracks matched to the jet, to suppress fake jets from calorimeter noise,
cosmic rays and beam-related backgrounds. In addition, a requirement on the “jet-vertex-
fraction” (JVF) [68] is applied to suppress jets from hadrons produced in the “in-time” pile-up
pp interactions overlaid with the pp collision of interest in the same bunch crossing. The JVF is
defined as the sum of the scalar transverse momentum of the tracks that are associated with the
jet and originated from the hard-scatter vertex, divided by the scalar pr sum of all the tracks
associated to the jet:

JVF =

ZiPtTrki (PVo)
trk]- trkj
2ipr T (PVo)+ 20120 (PVa)
Here PVy is the chosen event primary vertex and PV,, n > 1 are all the other primary vertex

candidates from the pile-up interactions in the same bunch crossing. Further reduction of pile-
up jets is obtained by using a selection based on a multivariate discriminant, called “jet-vertex-

(4.5)
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Figure 4.5 — (a) Ratio of the jet energy response in data to that in the nominal simulation as a
function of jet pr for Z+jet, v+jet, and multijet in situ calibrations, using 2015 data. The final
derived correction (black line) and its statistical (dark blue) and total (light green) uncertainty
bands are also shown. (b) Combined uncertainty in the energy scale of fully calibrated jets as a
function of jet pr at n=0.

tagger” (JVT), combining the information from JVF with the number Ny of reconstructed
primary vertices. The typical performance of the JVF and JVT selections is illustrated in
Figure 4.6.
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Figure 4.6 — Ny dependence of the pile-up jet fake rate when imposing cuts on JVT (blue) and
JVF (violet) such that the inclusive hard-scatter jet efficiency is 90%.
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4.5 Muon reconstruction

Muon tracks are reconstructed independently by the ID (|n| < 2.5) and the MS (|n| < 2.7,
with a gap around |n| < 0.1). Muons also ionise the calorimeter active material, depositing
there small amounts of energy that can be reconstructed. The information from the ID, the MS
and the calorimeter are combined in order to maximise the efficiency, purity and momentum
resolution of the reconstructed muons.

Four categories of reconstructed muon candidates are defined as follows:

Combined (CB) muons have tracks reconstructed both by the ID and the MS, and a global
refit of the track using the hits from both sub-detectors is performed.

o Segmented-tagged (ST) muons are ID tracks that, once extrapolated to the MS, can be
matched to at least one local track segment in the MDT or CSC chambers.

o Calorimeter-tagged (CT) muons are tracks in the ID with |n| < 0.1 that can be matched to
an energy deposit in the calorimeter compatible with that of a minimum-ionizing particle.

o Extrapolated (ME) muons are MS tracks outside the ID acceptance (2.5 < |n| < 2.7),
whose impact parameters are loosely consistent with those of a track originating from the
interaction point.

If multiple muon candidates are reconstructed from the same ID track, preference is given to
CB candidates, then to ST ones, and finally to CT ones. Among ME muons sharing muon
spectrometer hits, the candidate with the highest fit quality and number of hits is retained.
To ensure a good reconstruction, a minimum number of hits in the ID and/or in the MS is
requested.

Fake muon candidates arise from various sources: real muons from heavy flavour or pion/kaon
semileptonic decays, or from cosmic rays; “punch-through” jets not fully contained in the
calorimeters. Here “fake” muons mean that the reconstructed candidates do not originate from
true, prompt muons produced in the primary pp collision. Muon candidates from cosmic rays are
suppressed by requirements on their impact parameters with respect to the event primary vertex.
Candidates from punch-through jets and decays of hadrons inside jets are suppressed by means
of “isolation” criteria on the energy deposited in the calorimeter and on the pr of the tracks
in the ID near the muon track. Finally, muons from in-flight decays of (relatively) long-lived
pions and kaons are characterised by trajectories with a “kink” in the pion or kaon decay point.
The ID and MS parts of the track have thus significantly different directions and transverse
momenta, and the combined track has a poor fit quality. A muon identification algorithm is
based on such quantities. Four “working points” (“medium”, “loose”, “tight”, and “high-pt”) of
such algorithm apply different selections on the input quantities and provide muon samples with
different balance between efficiency and purity in order to satisfy the needs of measurements of
processes with muons in the final state that are characterised by different signal-to-background
ratios.

The muon efficiency and momentum scale and resolution is determined in data with control
samples of Z, T and J/1 decays to dimuons. The muon reconstruction efficiency is estimated
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from events to be around 99%. The efficiency of the medium working point is shown in Fig-
ure 4.7(a). The muon momentum resolution o, /pr grows from about 3% for pr =20 GeV to
approximately 10% at 1 TeV. The muon momentum scale, determined from the position of the
reconstructed Z — ppu invariant mass peak (Figure 4.7(b)), is known to better than 0.1%.
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Figure 4.7 — Muon performance illustrative plots [69]. (a) Reconstruction efficiency for the
Medium muon selection as a function of the pp of the muon, in the region 0.1 < |n| < 2.5 as
obtained with Z — uu and J/¢ — pp events. The error bars on the efficiencies indicate the
statistical uncertainty. The panel at the bottom shows the ratio of the measured to predicted
efficiencies, with statistical and systematic uncertainties. (b) Dimuon invariant mass distribution
of Z — pp candidate events reconstructed with CB muons. The upper panels show the invariant
mass distribution for data and for the signal simulation plus the background estimate. The
lower panels show the data to MC ratios.

4.6 Tau lepton reconstruction

Leptonically decaying 7-leptons are identified by means of the lighter charged leptons (elec-
trons and photons) produced in their decay, as well as from the presence of neutrinos inducing
transverse momentum imbalance (see next section).

Hadronically decaying 7-leptons are reconstructed from the interactions of their decay prod-
ucts with the calorimeter, using the anti-k; jet algorithm also used for hadronic jets from quarks
and gluons. They are reconstructed for |n| < 2.5, excluding the EM calorimeter barrel-endcap
transition region (1.37 < |n| < 1.52), using all clusters of calorimeter cells within AR = 0.2 of the
jet axis [70]. Similarly to hadronic jets, events with 7-lepton candidates arising from calorimeter
noise or beam-related background are rejected. The hadronically decaying 7 lepton candidates
are required to be matched to either one or three ID tracks, with a total net charge of +1,
corresponding to 1-prong and 3-prong decays. The energy of the reconstructed 7 leptons is
calibrated with a boosted regression tree.
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Jets from quarks and gluons are discriminated from those induced by 7 leptons by means of
a boosted decision tree discriminant, exploiting the shape of the shower in the calorimeter and
the properties of the ID tracks matched to the calorimeter clusters [70, 71]. Different working
points are defined (loose, medium, tight) by applying different thresholds on the output of the
BDT. The loose (medium) working point provides identification efficiencies of 60% (55%) for
one-prong decays and 50% (40%) for three-prong decays (see Figure 4.8). Requirements on the
electron likelihood of the 7 track are applied to suppress electrons misidentified as one-track
hadronic 7 decays. The electron veto has an efficiency of around 95% for 7 leptons, and an
electron rejection factor between 30 and 150.
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Figure 4.8 — Tau-lepton performance illustrative plots. (a) Efficiency for hadronic 7 identification
(open symbols) and combined reconstruction and identification efficiency (full symbols) as a
function of the reconstructed pr, for 1-track candidates. (b) Inverse of the efficiency for mis-
tagging QCD jets as a function of the identification efficiency for hadronic 7 candidates. The two
lines refer to 1-track and 3-track candidates. The Loose, Medium and Tight working points are
shown on these lines. The working points do not stay exactly on the line because this curve is
derived for constant BDT threshold requirements, while the working points implement variable
cuts to achieve a reduced pr-dependence of the efficiency.

4.7 Missing transverse energy reconstruction

To identify the presence of final state particles that interact only weakly or do not interact
with the detector, like neutrinos or long-lived particles of BSM theories, the principle of con-
servation of momentum is exploited. While along the z direction the fraction of momentum
carried by the scattering partons is unknown, in the plane transverse to the beam direction
the scattering partons have negligible momentum. Any transverse momentum imbalance of
the reconstructed final state particles must therefore be due, aside from detector inefficiency or
miscalibration, to the presence of such weakly interacting particles.
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4.7 Missing transverse energy reconstruction

The transverse momentum imbalance is quantified by the missing transverse energy E%iss,

which is the modulus of the transverse momentum vector, defined as the negative vector sum
of the transverse momenta of the reconstructed particles [72]. The z, y components of the
transverse momentum vector are thus calculated as:

miss __ yomiss,e miss, @ miss,T miss,y miss,jets miss,soft
Ex7y - Ex?y ’ + Ex7y ’ + Ez?y ' —I_ Ex7y ’ + Ex7y ’ + Ez?y ’ ) (4'6)

and EXSS s given by

ErIII‘liSS — \/(Eéniss)Q + (Eylniss)2 (47)

The electron, muon, tau-lepton, photon, and jet terms are determined from the negative
vector sum of the transverse momenta of the corresponding calibrated candidates, with typical
pr thresholds between 10 and 25 GeV to ensure a good calibration. The soft term E;I";ss’s‘)ft
accounts for low-momentum particles that have not been reconstructed as one of the previous
object type, and is computed from the vector sum of the transverse momenta of all ID tracks
with pp above 400 MeV, |n| < 2.5, not matched to any of the objects used for the calculation
of the other E%‘iss terms. To suppress contribution from pile-up, only tracks with small impact
parameters with respect to the hard-scattering vertex candidate are used.

An additional variable used to quantify the transverse momentum imbalance is the track-
based missing transverse momentum p%liss, which differs from E%liss only in the use of tracks in
place of jets. The pss resolution is lower than that of EX since it is largely independent of
pile-up, but its response is low as all neutral particles for |n| < 2.5 and all particles with |n| > 2.5

do not contribute to ps. A comparison of the resolution between ERSS pRiss and a missing

. iss,calo . .
transverse momentum variable E7 " in which the soft term is based on unmatched energy

deposits in the calorimeter rather than on tracks is shown in Figure 4.9.
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Chapter 5

b-jet identification in the ATLAS
experiment: algorithms and
performance

In this chapter, the algorithms used by the ATLAS experiment in the second period (2015—
2018) of the LHC data taking (“Run2” in the following) to identify (“tag”) jets containing b
hadrons are described. The method used to measure their performance for b-jets and its results
are also described in detail; this was the subject of my service task to qualify as an ATLAS
author.

The identification of jets containing b hadrons, with high efficiency, and with high rejection
of jets containing c and light hadrons but not b hadrons, is a fundamental tool in precision mea-
surements in the top quark sector and in searches of Higgs boson decays and new phenomena
producing b quarks in the final state. To measure the production cross section of such processes,
or to estimate accurately the normalisation of backgrounds from processes with similar kinemat-
ics but with charm and light quarks or gluons replacing b quarks in the final state, the efficiency
of b-tagging a b-jet or a charm or light one needs to be determined with data control samples
with the highest possible precision.

During the LHC Run2, ATLAS used two different releases of its reconstruction software,
called ATHENA. Initially, ATHENA version 20.7 was used for the reconstruction and analysis of the
data collected in 2015 and 2016. The publications based only on that partial subset of the Run2
data, like the one on the evidence of the Higgs boson decays to b-quark pairs described in the
next chapter [23], are based on the 20.7 ATHENA release. In 2017, a new version (release 21) of
the ATLAS reconstruction software was deployed. Data taken in 2017 and 2018 is reconstructed
with this new release, which was also used to reprocess the data collected in 2015 and 2016, so
as to have a uniform dataset. Such release of the reconstruction software was used for the recent
publication on the observation of the Higgs boson decays to b-quark pairs also described in the
next chapter [24].

In the following, the b-tagging algorithms used for the analysis of the ATLAS Run2 data,
and the measurement in situ of the b-jet tagging efficiency (also called “efficiency calibration”
in the following), are described. Section 5.1 summarises the algorithms used in ATHENA release
20.7, and their b-jet efficiency performance measured with 2015-2016 data, with an integrated
luminosity of 36.1 fb~! at a pp center-of-mass energy of 13 TeV, is given in section 5.2. Such
results, which allowed me to qualify as an ATLAS author, have been recently published [22].
The results of the efficiency calibration of the algorithms used in ATHENA release 21 with 2015—
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2017 data (about 80 fb~1 of pp collisions at a center-of-mass energy of 13 TeV), to which I also
contributed, are not described here.

5.1 Ob-tagging algorithms in ATHENA release 20.7

The b-tagging algorithms used by ATLAS in ATHENA release 20.7 [73] are based on the
charged particle tracks produced in the b quark decay and hadronisation and reconstructed in
the inner detector, and exploit the long lifetime, high mass and decay multiplicity of b hadrons
(see Figure 5.1).

——3 tracks b jet

—————— impact
parameter

28 secondary
/ vertex

do ,"

‘ 7 - rlmary vertex

Figure 5.1 — Common principle of identification of jets initiated by b-hadron decays. The
transverse impact parameter, dy, is the distance of closest approach of the track to the primary
vetex point, in the r-¢ projection. The tracks from b-hadron decay products tend to have large
impact parameters which can be distinguished from tracks stemming from the primary vertex.

The tracks used in the b-tagging algorithms are associated to jets reconstructed in the
calorimeter by using the angular separation AR between the track and the jet axis. The AR
requirement is loose (large AR) for low jet pp (AR = 0.45 for 20 GeV) and tightens (smaller
AR) at higher pr (0.25 at 150 GeV). Further track selection depends on the specific algorithm
as described below.

The lifetime (of the order of 1.5 ps) of b quarks implies that b hadrons with a transverse
momentum of a few tens of GeV travel on average a few mm in the transverse plane before
decaying, thus leading to topologies with at least one “secondary” vertex separated from the
“primary” vertex where the primary proton—proton collision took place. Decay chains of the type
b— ¢ — [ (where [ is a light quark) can even lead, due to the finite (but small) lifetime of ¢ quarks,
to topologies with a “tertiary” vertex from the charm quark decay. The tracks originating from
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these secondary and tertiary vertices will have typically larger impact parameters, with respect
to the primary vertex, than tracks from light and charm quarks or gluons produced directly in
the hard collision taking place in the primary vertex. In addition, due to the relatively heavy
mass (around 4 GeV) of the b quark, such tracks will have on average larger invariant mass and
larger multiplicity than those from light quarks or gluons.

A few “low-level” b-tagging algorithms are exploited to discriminate, on a statistical basis,
b-jets from charm and light ones. The output of these b-tagging algorithms are later combined
in a multivariate discriminant to obtain the best separation between the different jet flavours.
The three low-level b-tagging algorithms used in ATHENA release 20.7 are the following:

e IP3D is an impact parameter-based algorithm, derived as a likelihood-ratio algorithm
based on the transverse and longitudinal impact parameter significance of the reconstructed
track with respect to the selected primary vertex.

Tracks from the hadronisation of light quarks, with negligible lifetime, are expected to
have impact parameters consistent with zero within their uncertainties (resolution). Tracks
from the hadronisation of a b quark are expected to have impact parameters significantly
different from zero. Additional discrimination is provided by the sign of the transverse
impact parameter, dy. This exploits the fact that the decay point of the b hadron must lie
along its flight path, as shown in Figure 5.1. The sign of a track’s dy is defined as positive
if the track intersects the candidate b-jet axis beyond the primary vertex, and as negative
if the intersection lies upstream of the primary vertex, where beyond and upstream are
defined based on the jet direction. The jet axis coincides with jet direction; however, if an
inclusive secondary vertex is found in the jet, the jet direction is replaced by the direction
of the line joining the primary and the secondary vertices. The experimental resolution
generates a random sign for the tracks originating from the primary vertex, while tracks
from the b-/c-hadron decay normally have a positive sign. Decays of e.g. K2 and A°
as well as interactions in the detector material also produce tracks with positively signed
impact parameters, giving rise to a non-negligible probability of identifying light-flavour
jets as b-quark jets.

IP3D is a powerful algorithm relying on both the transverse and longitudinal impact pa-
rameters, as well as on their correlations. It is based on a log-likelihood ratio (LLR)
method in which for each track the measurement S = (do/04,,20/02,) is compared to
pre-determined two-dimensional probability density functions (PDFs) obtained from sim-
ulation for both the b- and light-flavour-jet hypotheses. The ratio of the b and light-jet
probabilities py/p,, is defined as the track weight. The jet LLR weight is the sum of the
logarithms of the individual track weights. The weights computed from the b/c probability
ratios and ¢/l ones are also used. The LLR formalism allows track categories to be used
by defining different dedicated PDFs for each of them. Two exclusive categories are used:
the tracks that share a hit in the pixel detector or more than one hit in the silicon strip
detector with another track, and those that do not. The track selection applied by IP3D
is the following:

— track pr above 1 GeV;

— |do| <1 mm, |zpsinf| < 1.5 mm;
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— seven or more hits in the silicon detectors, with at most two missing hits where
expected, at most one of which in the pixel detector.

Tracks consistent with the hypothesis of originating from photon conversions, A or Kg
decays, or material interactions, as identified by the SV algorithm described later, are
ignored.

e SV is a likelihood-ratio algorithm based on a few properties of the reconstructed inclusive
secondary vertices within the jet. It tests all the track pairs in a jet for a two-track vertex
hypothesis and removes vertices consistent with originating from conversions, A or Kg
decays (based at the two-track invariant mass), or interactions with the detector material.
Two-track vertices with invariant mass greater than 6 GeV are also removed as those are
not likely to be from b or ¢ hadron decays. If there is at least a two-track vertex remaining,
a new vertex is fitted adding all the tracks from the other remaining two-track vertices
that are compatible with (good x? of the vertex fit) the vertex. The track selection applied
by SV is the following:

— seven or more hits in the silicon detectors, with at most one hit shared with other
tracks;

— %2 per degree of freedom of the track fit less than 3;

— tracks with |do/oq4,| < 2 and |z9/0,,| > 6 are removed as they most likely originate
from pile-up interactions;

For the final vertex fit, at most 25 tracks are used. Since the average charged particle
multiplicity from b-hadron decays is about 5, this selection is sufficiently inclusive to keep
all reconstructed tracks, but avoids using the many tracks produced in the fragmentation
of very energetic (pr > 300 GeV) jets.

The properties of the secondary vertex used by SV to classify a jet as a b-jet or a charm
or light one are the following:

the invariant mass of the tracks forming the vertex, assuming they are pions;

— the fraction of charged jet energy in the secondary vertex;

the number of tracks in the secondary vertex;

— the number of two-track vertex candidates used in the vertex fit;

the distances, in the transverse plane and in space, between the primary and sec-
ondary vertices;
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— the three-dimensional distance between the primary and secondary vertices, divided
by its uncertainty;

— the AR separation between the jet axis and the line connecting the primary and
secondary vertices.

o JetFitter is an artificial neural network based on a larger set of properties of secondary
and eventual tertiary vertices identified with a Kalman filter fit. The Kalman filter fit
is used to find a common line passing through the primary vertex and the bottom and
charm vertices (from a b — ¢ — X decay chain), approximating the b-hadron flight path.
With this approach it is possible to resolve the - and c-hadron decay vertices, if they are
sufficiently separated with respect to the detector resolution, even in the case of a single
track reconstructed from each one of the two vertices.

The quantities used as inputs for the JetFitter classification are the following:

— the number of 2-track vertex candidates before the decay chain fit;
— the invariant mass of the tracks from displaced vertices assuming they are pions;

— the significance of the average distance between the primary and the displaced ver-
tices;

— the fraction of the charged jet energy in the secondary vertices;
— the number of displaced vertices with one track, or with more than one track;
— the number of tracks from displaced vertices with at least two tracks;

— the AR separation between the jet axis and the vectorial sum of the momenta of all
the tracks from the displaced vertices

The same low-level algorithms were used in Runl. Their selection criteria and the way they
are combined in a single multivariate discriminant were revisited prior to the start of the Run2
data taking in 2015. The reoptimisation of the b-tagging criteria was done to take into account
two main changes that took place between Runl and Run2:

o the installation of a fourth pixel layer (the IBL), at smaller radius than the three other
pixel layers of the ATLAS inner detector. The position closer to the beam and the finer
granularity along the z direction of the IBL significantly improve the impact parameter
resolution of the reconstructed tracks with respect to Runl
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e the track reconstruction algorithms were revisited to improve the treatment of pixel hits
shared between multiple tracks inside high pt jets, using a neural network pixel hit clus-
tering.

The identification of jets originating from a b quark is performed by the MV2cl0 algo-
rithm [21]. It is a boosted decision tree (BDT) which uses as inputs the same input variables
used by the low-level discriminants previously described (IP3D, SV, JetFitter), as well as the
jet pr and 7, to exploit the correlations between the kinematic variables and the outputs of the
low-level algorithms.

The MV2c10 BDT is trained on samples of b-jets and ¢- and light-jets in a simulated Monte
Carlo (MC) sample of t¢ events in which at least one of the two W bosons from ¢ — Wb decays
hadronically. The MC sample is produced by generating events with the POWHEG program,
interfaced with PYTHIA 6 [74] for the modelling of the parton shower, hadronisation and under-
lying event, to a GEANT4 [75] based detailed simulation of the ATLAS detector response [76].
In the training, jets reconstructed from the hadronisation of b quarks are treated as signal, while
jets reconstructed from the hadronisation of ¢ and light quarks (in a 7%:93% proportion) are
treated as background; the b-jets pr and 7 spectra are reweighted to match the corresponding
spectra of the ¢- and light-jet mixture used as background. The true flavour of a reconstructed
jet in the simulation is determined in the following way: if the cone of size AR = 0.3 around the
jet axis contains a b-hadron with pt > 5 GeV, then the jet is labelled as a b-jet; otherwise, and
if the cone contains a c-hadron with pt > 5 GeV, the jet is considered a c-jet; otherwise the jet
is a light (1) jet.

The output of the MV2c¢10 algorithm spans values from —1 to 1, with b-flavour (light-flavour)
jets yields values closer to 1 (—1). The expected MV2c10 output for b-, ¢- and light-flavoured
calorimeter jets produced in t¢ events is shown in Figure 5.2(a), while Figure 5.2(b) shows the
charm and light-jet rejection (i.e the inverse of the efficiency) as the function of the b-jet tagging
efficiency.

Different selections on the MV2¢10 discriminant correspond to different nominal efficiency
(“working points”, WP, also called “operating points”, OP) for b jets produced in tt events.
Operating points are defined by sets of selection criteria imposed upon the output of the b-
tagging algorithm designed to provide a certain efficiency. Four operating points are used in
ATLAS, corresponding to 60%, 70%, 77% and 85% b-jet tagging efficiencies in simulated tt
events. The thresholds are different for calorimeter-jets and for track-jets. For each target
efficiency there are actually two sets of operating points with the same average efficiency: a
single-cut or a flat-efficiency operating point. The single-cut operating point corresponds to a
constant requirement on the MV2cl0 output, giving an efficiency that varies with jet pr and
n and that is equal to the target value only when averaged over the transverse momentum
distribution of b-jets in simulated ¢t events. On the other hand, the flat-efficiency operating
point applies different MV2c10 selections as a function of the jet pr and 7, ensuring a constant
value of the efficiency as a function of these two kinematic variables. As an example, the charm
and light-jet rejection as a function of jet pr for the 70% single-cut and flat-efficiency OPs are
shown in Figures 5.3(a) and (b).
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Figure 5.2 — (a) The MV2c10 output for b (solid line), ¢ (dashed line) and light calorimeter jets
(dotted line) in simulated tt events. (b) The light-flavour jet (dashed line) and c-jet rejection
factors (solid line) as a function of the b-jet tagging efficiency of the MV2c¢10 b-tagging algorithm.
The performance was evaluated on tt events simulated using POWHEG interfaced to PYTHIA 6.
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Figure 5.3 — The light-flavour calorimeter jet (squares) and ¢ calorimeter jet rejection factors
(triangles) at a b-tagging efficiency of 70% corresponding to (a) the single-cut OP and (b) the
flat-efficiency OP as a function of the jet pr for the MV2c10 b-tagging algorithms in t¢ events
simulated using POWHEG interfaced to PYTHIA 6.
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5.2 b-jet efficiency calibration with ATHENA release 20.7 and 2015—
2016 data

A measurement of the efficiency of the b-tagging MV2c10 algorithm with 36.1 fb~! of pp
collisions at a centre of mass energy of 13 TeV collected by the ATLAS detector in 2015 and 2016
has been performed. The measurement has been performed for calorimeter-jets with pp > 20 GeV
and for track-jets with pr > 10 GeV; in both cases, the jet axes are required to be in the ID
acceptance, || < 2.5. The measured efficiencies are then compared to the predictions of Monte
Carlo (MC) simulations of b-jets produced in ¢t events, and data-to-MC efficiency scale factors
are extracted, in order to correct the b-tagging efficiency of b-jets in all ATLAS simulated
samples. The measurements have been performed for all the operating points and for both the
single-cut and fixed-efficiency versions; in the following only the results for the most-used 70%,
single-cut working point are shown.

The method works in this way:

e a sample of jet “probes” highly enriched in b-jets from ¢t events (due to the t — Wb
branching fraction being close to 100%) is obtained with a certain selection which does
not make any requirements on the b-tagging variables;

e the fraction of the probes that pass the b-tagging requirements is used to estimate the
b-tagging efficiency;

o the effects due to background contamination from non-tt events and from light flavor jets
in tt events are corrected for using MC simulations. Systematic uncertainties originating
from uncertainty of the simulations are evaluated.

The “tag-and-probe” technique is used to select events consistent with the final state of the
process tt — WbWb — evbuvb, by requiring the presence of an opposite-sign electron-muon pair,
large missing transverse energy, and exactly two jets. At least one of the two jets is required
to be b-tagged, and is (together with the leptons and the EX) the “tag”; the other jet is
considered as a “probe” for the b-tagging efficiency measurement. If both jets in the event are
b-tagged, they are both considered as probes. With these requirements, more than 90% of the
selected candidates originate from ¢t events. The background comes from single top, Z+jets and
di-boson processes, as well as from non-b-jets in ¢ events; their contributions are estimated with
MC simulations. Requiring a dileptonic ¢t decay strongly reduces the number of non-b jets in
the event, and thus combinatorial background, as well as the background from non-tt processes.
Choosing different-flavour leptons further suppresses the background from Z+jet events.

5.2.1 Data and simulated event samples

The calibration is performed using 36.141.2 fb~! of pp collisions collected in 2015 and 2016
at a centre-of-mass energy /s =13 TeV. Only good-quality data taken when all the subdetectors
were fully functional are used.

To optimise the selection or to subtract contamination due to non-b jets or non-tt events in
the selected probe jet sample, samples of simulated Monte Carlo events are used. All samples
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are produced with some event generator and then passed through a detailed simulation of the
ATLAS detector based on GEANT4.

Events from ¢t production are generated at next-to-leading-order (NLO) accuracy in QCD
using the POWHEG-BoOX v2 [77, 78, 79, 80] generator and the CT10 PDF set [81]. The generator,
which only produces the kinematic distribution of the partons and leptons from the matrix
element, is interfaced to PYTHIA 6.428 with the Perugia 2012 set [82] of tuned parameters
(tune) to model the parton shower, fragmentation and the underlying event. The top quark
mass is set to my = 172.5 GeV. Following previous ATLAS data-vs-simulation comparisons of
the pp spectrum of the t¢ system as a function of the hgamp parameter, which controls the pp
of the first additional emission beyond the Born configuration, hgamp is set equal to the value
giving the best agreement, which is hAgamp = m;. To simulate only events with a non-negligible
probability of passing the selection, one of the two W bosons from the ¢t — Wb decay is forced
to decay to leptons.

The dominant background source apart from combinatorial jets in t¢ events is single top-
quark (or antiquark) production in association with a W boson, denoted here as Wt. A minor
contribution to the selected candidates originates from Z+jets and diboson production. The
event generators used to produce the nominal samples for all these processes, as well as the
generators or the settings used to produce alternative samples needed to estimate the systematic
uncertainties associated with the MC-based inputs to the measurement, are summarised in
Table 5.1.

In all simulated samples, except those produced with SHERPA [92], the EVTGEN [93] program
is used to model the decays of bottom and charm hadrons. To simulate the effect of pile-up,
additional pp inelastic collisions generated with PyTHIA 8 [94] are overlaid on all simulated
samples. All simulated samples are then passed through the ATLAS reconstruction software.

Weights typically close to one are applied to the generated events to account for differences
between data and MC simulations in the trigger and offline selection efficiencies of leptons and
jets as well as for differences between data and MC simulations in the distribution of the number
of pile-up collisions. Simulated events are also corrected so that the lepton and jet energy scales
and energy resolutions match those determined from data control samples at /s = 13 TeV.

5.2.2 Efficiency measurement method

The b-tagging efficiency for b-jet is measured as the fraction of probe jets in data before
(Ndata) that pass (Nies) the b-tagging requirement. To take into account the presence of light
and charm-jets in the selected probe samples and the contamination from non-tt events, two
MC-based corrections are applied:

1. First, the number of probes from non-t¢ events predicted by the simulation is subtracted
from the data probe yields, thus obtaining the so-called “uncorrected efficiency”:

pass _ nrpass

Uncorr data non—tt
€data — (5' 1)
Naata — Nnonftf

Here, NP* - is the number of probe jets not from tt events which pass the b-tagging
requirement, while N, . _ is the total number of probe jets not from t¢ events. This
efficiency is called “uncorrected” because it is slightly biased due to the small fraction of

probe jets that arise from charm and light jets in ¢t events.
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Table 5.1 — Summary of the Monte Carlo event generators used to generate various physics
processes, together with their basic parameter settings and the corresponding order in QCD of
the perturbative calculation of the cross-section (at /s =13 TeV) used to normalise the samples.

Process Matrix element PDF Set, Tune Hadronisation/ Order in
generator Fragmentation pQCD of
Inclusive o
Nominal Generators
tt POWHEG-BOX CT10, PyTHIA 6.428 | NNLO+NNLL [83]
v2 PERUGIA2012
Single top PowHEG-Box CT10, PYTHIA 6.428 NNLO [84]
(W) vl PERUGIA2012
Z + jets MG5_AMCQNLOQ NNPDF23LO [86], PyTHIA 8.186 NNLO [88]
2.2.2 [85] A14 [87]
Diboson SHERPA 2.1.1 CT10 SHERPA 2.1.1 NLO
Alternative Generators
tt PowHEG-Box CT10, PyTHIA 6.428 | NNLO+NNLL
V2 PERUGIA2012
RADLO [89]
tt POWHEG-BoOX CT10, PYTHIA 6.428 | NNLO+NNLL
v2 PERUGIA2012
RADHI [89]
tt PowHEG-Box CT10, UE-EE-5 HErwIGH+ NNLO-+NNLL
v2 2.7.1 [90]
tt MG5__AMC@NL( CT10, HERWIGH+ NNLO+NNLL
2.2.2 UE-EE-5 [87] 2.7.1
Single top PowHEG-Box CT10, PyTHIA 6.428 NNLO
vl PERUGIA2012
RADLO
Single top PowHEG-Box CT10, PyTHIA 6.428 NNLO
vl PERUGIA2012
RADHI
Single top PowHEG-Box CT10, UE-EE-5 HERwWIGH++ NNLO
vl 2.7.1
Single top MG5_AMCQ@NL CT10, HErRWIGH+ NNLO-+NNLL
2.2.2 UE-EE-5 [87] 2.7.1
Single top PowHEG-Box CT1o, PyTHIA 6.428 NNLO
vl PERUGIA2012
Z + jets PowHEG-Box CT10, PyTHIA 8.186 NNLO
V2 AZNLO [91]
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2. The effect of the presence of non-b jets from tt events in the selected probe samples is
corrected for using a ¢t MC simulation. The correct b-tagging efficiency is denoted as £qata
and is obtained from the relation:

e = fEMO X egara+ (5.2)

(1=t MO xS, (5-3)

Here fff MC i5 the fraction of probe jets in the ¢ simulation that originate from a b quark,
and sffoflvi% is the b-tagging efficiency for non b-jets predicted by the t¢ simulation.

The b-tagging efficiency of b-jets in t events in data, qata, is thus obtained by solving the
previous equation:
t M t M
_ Egar};(;orr B (1 - fkt)t C) X E;ton—cb (5 4)

Edata =

ftt)f MC

The measurement is performed in bins of the jet kinematic quantities (pt, 1) on which the
b-tagging performance may depend on.

5.2.3 Object selection

This section describes the selection criteria for the primary vertex, lepton and jet candidates
used in this measurement.

Primary vertex: Primary vertex candidates (Section 4.2) should have at least three tracks
with transverse momentum greater than 400 MeV. If more than one primary vertex can-
didate is present in the same event, the one with the highest > p?r of the associated tracks
is chosen as the primary vertex.

Leptons: Electrons (Section 4.3) and muons (Section 4.5) are required to have |n| < 2.5 and
pr > 27 GeV.

Electron candidates are required to be in the fiducial region of the EM calorimeter where
there are three longitudinal layers (|n| < 2.47), and to pass the likelihood-based electron
selector using the medium working point in 2015 data and the (tight working point in 2016
data (for consistency with the electron trigger selection which was tighter in 2016 than in
2015). Electrons in the transition region between the barrel and endcap EM calorimeter
(1.37 < |nca1| < 1.52), which has large material upstream and is characterised by a poorer
rejection of fake electron and a worse energy calibration, are removed.

Only muon candidates reconstructed from a combination of the tracks reconstructed by
the inner detector and the muon spectrometer are used. The medium identification criteria
are applied.

Both electron and muon candidates are requried to have small impact parameters with
respect to the primary vertex, |do|/o4, <5 or 3 for electrons and muons respectively, and
|z08inf| < 0.5 mm for both electrons and muons.

Both electron and muon candidates are required to pass isolation criteria based on the
energy deposited in the calorimeter and the tracks reconstructed in the ID in cones with
axes centered on the lepton directions. The efficiency of the calorimeter (tracker) isolation
requirement is 96% (99%) for leptons from Z boson decays.
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Leptons with a lower p threshold (pp > 7 GeV) passing looser identification criteria (loose
working points of the electron and muon selectors) and isolation requirements are used to
veto events with extra leptons, typically from di-boson production.

Calorimeter Jets: Calorimeter jets (Section 4.4), or simply jets if not specified otherwise, are
required to have transverse momenta pr > 20 GeV and to be within the acceptance of
the inner detector, |n| < 2.5, where b-jet identification (which relies on the high spatial
resolution of the inner detector) is possible. In order to reduce the contamination of
jets arising from additional pile-up interactions, the jet-vertex tagger output of jets with
pr < 60 GeV and |n| < 2.4 is required to be greater than 0.59. Events with jet candidates
highly likely to originate from non-collision backgrounds or from calorimeter noise are
vetoed.

Track Jets: Track jets are reconstructed from inner detector tracks using the anti-k; algorithm
with distance parameter R = 0.2. The tracks are required to have pt > 0.5 GeV, to have
at least one hit in the pixel detector and six hits in the silicon strip detector, and to be
matched to the hard scatter vertex requiring |zgsin(6)| < 3 mm. Such thresholds greatly
reduce the number of tracks from pile-up interactions whilst being highly efficient for tracks
from the hard scatter vertex. Once the track jet axis is determined, a second step of track
association is performed to select tracks with looser impact parameter requirements in
order to collect the tracks needed for effectively running the b-tagging algorithms. Track
jets with at least two tracks, pr > 10 GeV and |n| < 2.5 are used for the analysis.

Jet Flavour: In the simulation, a jet flavour label is assigned using particle level information
by matching jets to weakly decaying b and ¢ hadrons with pt > 5 GeV, in a cone of radius
AR =0.3. The flavour labelling is exclusive, with the hadron matched only to the closest
jet. If a b-hadron is found within the cone the jet is labelled as a b-jet. If no b-hadron is
found, the search is repeated for c-hadrons, then for 7 leptons. If no match is found for
b-hadrons, c-hadrons or 7 leptons, the jet is labelled as a light-flavour jet.

B-tagging: The working points that are calibrated in this study have nominal efficiencies of
60%, 70%, 77% and 85% on simulated tt samples.

Overlap Removal: Loose leptons and calorimeter-jets in the event are subject to an overlap
removal procedure, to avoid double counting: electrons with shared tracks with muons are
removed; jets are removed if they are within AR = 0.2 of electrons, whereas those within
0.2 < AR < 0.4 are kept, and the electron removed instead; in case of jets that overlap
within AR = 0.4 of muons, those with only 1 or 2 associated tracks (with pp > 500 MeV)
are removed, while those with more than 2 associated tracks are kept, with the muon
being discarded. Track jets with pp < 10 GeV are not used as this sample is dominated by
light jets and the rejection of these jets by the b-tagging algorithms is low. Furthermore,
track-jets which overlap with either one of the two signal leptons within AR < 0.2 are
removed.

5.2.4 Event and probe jet selection

FEvents were recorded using single-lepton triggers with lower pr thresholds and looser identi-
fication and isolation criteria than those applied in the offline analysis. The trigger pr threshold
was 24 GeV for electrons and 20 GeV for muons in 2015, and 26 GeV for both lepton hypotheses
in 2016.
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The following event-level selection is applied to the reconstructed candidates:

e exactly one electron and one muon, passing the object selection criteria described in Sec-
tion 5.2.3;

e the electron and the muon are required to have opposite charges;
e events with extra loose leptons are vetoed;

o the number of jets in the collection being calibrated (either R = 0.2 track-jets or R =0.4
calorimeter-jets) is required to be exactly two after the overlap removal procedure;

o at least one of the two selected jets must b-tagged by the MV2c10 algorithm at the 85%
working point (single-cut efficiency). This jet is called a “tag” jet.

If the event contains exactly one “tag” jet, the other jet is considered as a “probe” jet. If
the event contains two tag jets, both jets are also considered as probes.

An alternative selection, in which the lepton charges are requested to have same sign (SS)
instead of opposite sign (OS), is used to provide a control region for the estimation of the small
contribution of events with non-prompt (fake) leptons, Ng,ke, in which at least one lepton is non-
prompt (i.e. it originates from a b or ¢ hadron decay, a photon conversion, or misidentification
of a hadron). The number of fake-lepton background events after the nominal selection is then
assumed to be the same as the number of events in this SS control region, since the charge of
fake leptons can be positive or negative with similar probability:

Nrake = nggta (5'5)

When comparing the data to the simulation in the following figures and tables, the fake-lepton
component (in green) is obtained as described. To avoid double counting of the fake-lepton
component, since part of the fake-lepton background is also included in the simulated MC
samples, simulated events that are identified as fake-leptons based on MC truth information are
removed from the other processes.

The yields in data and in the simulation are shown in Table 5.2. Omne can see that the
dominant processes that contribute to the selected sample are tt and, to a lesser extent (5-8%
of tt), single-top production. Di-boson production and Drell-Yan events only account, according
to the simulation, for 0.5-1.5% of the total number of selected events. The simulation predict
a yield which is slightly higher than the data, but the differences are covered by the integrated
luminosity uncertainty (3.2% relative) as well as by the modelling and experimental uncertainties
on the simulated backgrounds.

A few comparisons between data and simulation for events passing the selection for the
calorimeter-jet or track-jet calibrations are shown in Figure 5.4. A comparison between the
distribution of some probe kinematic and tagging quantities in data and simulation for the
selected probe jets is shown in Figure 5.5. The agreement between data and simulation is quite
good for the kinematic variable distributions, while a certain disagreement is observed at the
low value MV2c10 (dominated by light jets), which makes it very important to measure with
data-driven techniques the efficiency of the MV2c10 tagger and to extract data/MC scale factors.
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Figure 5.4 — Comparison of data and MC simulation for calorimeter-jets (left) and track-jets
(right) after the event selection: ER (top), my (middle) and multiplicity of the tag jets
(bottom). The contributions from the different processes are shown separately. The error band
includes the MC statistical uncertainty and the modelling (¢t single top and Z+jets) systematics
uncertainty. 74
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Figure 5.5 — Data/MC comparison of the probe jet pt (top), n (middle) and MV2¢10 (bottom),
for calorimeter-jets (left) and track-jets (right). In the simulation the contributions from the
different truth-flavoured jets (bottom, charm, or light ones) are shown separately. All simulated
processes (tt, single-top, diboson and Z-+jets) are included. In addition, the fake-lepton com-
ponent, estimated with data-driven techniques, is also shown. The error band includes the MC
statistical uncertainty and the modelling (¢, single top and Z-+jets) systematics uncertainty.
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Table 5.2 — The number of events and the statistical uncertainty, in 36.1 fb~! of pp collisions,
after the tag-and-probe selection for calorimeter-jets and track-jets calibration, as predicted by
the simulation and as observed in data. The “fake leptons” is estimated using a data-driven
method described in the text.

calorimeter-jets track-jets

diboson 291+ 9 201+ 7
singletop 5331 + 39 3078 £ 30
Z+jets 570 + 44 369 £+ 36
tt 66807 + 157 46556 + 132
fake leptons 853 + 29 567 + 24
total MC 73853 + 170 50770 + 142
data 72792 49566

5.2.5 Multivariate event discriminant

To further improve the b-jet purity of the selected sample, a multivariate classifier is applied
to distinguish bb jet pair candidates produced in ¢t events from other type of jet pairs. The
classifier is a boosted decision tree (BDT) and is trained, using the TMVA package [95], on
simulated ¢t and single-top events (neglecting for simplicity the very small contribution from
Z+jet and di-boson events), using as signal bb pairs in tt events and as background all non-
bb jet pairs selected in ¢t and single top events. The training is performed separately for the
calibration of calorimeter jets and of track jets. Seven kinematic variables, summarised in
Table 5.3, derived from the jets and leptons momenta, the missing transverse momentum and
the number of forward jets in the event are used as input variables to the BDT. The BDT output
is called “Purity BDT” or Da&P in the following.

Table 5.3 — Variables used in the Purity BDT to separate bb jets in t events from other types
of jet pairs.

Variable Meaning
Py pr of the leading-prjet
ng pr of the subleading-prjet
plT" pr of the leading-prlepton
B3 Missing transverse momentum
nFjets Number of forward jets
minR(lp,j) Minimal AR separation between the leading lepton to all jets

Minimum of the two averages of invariant masses of a jet and a lepton for the two combinations,

my; . .
lj SyIIlbOhC‘dHy7 mln((mlgjo + mlljl)/2, (mlgﬂ + m”jo)/2)

The data/MC comparison plots for the input variables of the Purity BDT are shown in
Figure 5.6 and Figure 5.7 respectively. Data and simulation agree well within the data statistical
and MC mismodelling uncertainties.

The comparisons between the simulated signal and background distributions of the training
variables are shown in Figure 5.8 and Figure 5.9 for the calorimeter-jets and track-jets calibra-
tion, respectively. The figures also show the distributions of a few other variables that were
initially considered but were not used because did not provide additional separation between
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Figure 5.6 — Data/MC comparison of the distributions of the input variables of the Purity BDT,
in the calibration of calorimeter jets, after having applied the tag-and-probe selection described
in Sec. 5.2.4. From top to bottom, left to right: number of forward jets, pr of the leading jet, pr
of the leading lepton, missing transverse energy, minimum AR separation between the leading
lepton and all jets, pr of the trailing jet, and lepton-jet invariant mass m;;. The error band
includes the MC statistical uncertainty and the modelling (¢, single top and Z+jets) systematics
uncertainty.
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Figure 5.7 — Data/MC comparison of the distributions of the input variables of the Purity

BDT, in the calibration of track jets, after having applied the tag-and-probe selection described

in Sec. 5.2.4. From top to bottom, left to right: number of forward jets, pr of the leading jet, pr

of the leading lepton, missing transverse energy, minimum AR separation between the leading

lepton and all jets, pr of the trailing jet, and lepton-jet invariant mass m;;. The error band
includes the MC statistical uncertainty and the modelling (¢t single top and Z+jets) systematics
uncertainty.
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signal (bE pairs in tt events) and background, as found in an optimisation study. The corre-
lation matrices between the input variables of the Purity BDT for signal and background for
the calorimeter-jet calibraion and the track-jet calibration are shown in Figures 5.10 and 5.11,
respectively.
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Figure 5.8 — Distributions of the input variables used for the Purity BDT, for signal (only bb
pairs from t¢) and background (other jet pairs from t¢ and single top (Wt channel)) events in
the calorimeter-jet calibration. The distributions of some additional variables not used in the
final BDT are also shown.
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Figure 5.10 — Correlation matrices among the seven input variables of the Purity BDT for the
calorimeter-jet calibration for signal (up) and background (down) events. The plots in the left
(right) column use odd (even) events to train the BDT.

81



b-jet identification in the ATLAS experiment: algorithms and performance

Correlation Matrix (signal) Correlation Matrix (signal)

Linear correlation coefficients in % Linear correlation coefficients in %

100
m_lj m_lj

pt_jet1 pt_jett

minl1j

minl1j

met met

—20 —20
pt_lep0 pt_lep0

—40 —40
pLieto 60 pLiet0 60
n_fiets —80 n_fiets —80

—100 —100

Llerg  Pliery Pliepy  Mer Mty Pljery My Moty Plietg Plieny et Mty Pljery My

Correlation Matrix (background) Correlation Matrix (background)

Linear correlation coefficients in % Linear correlation coefficients in %

100
m_lj m_lj

pt_jett pt jett

minl1j

minlij

met met

—20 —20
pi_lepd pi_lep0
—40 —40
pLjeto 60 pLIet0 60
n_fiets —80 n fiets —80
—100 —100
Lty Plietg Pliepy Met Mingy; Plje, My Mg Plisty Pllepy et Mingy; Plje, My

Figure 5.11 — Correlation matrices among the seven input variables of the Purity BDT for the
track-jet calibration for signal (up) and background (down) events. The plots in the left (right)
column use odd (even) events to train the BDT.
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5.2.5.1 BDT Training

The training settings of the BDT are listed in Table 5.4. The chosen values of the Ntrees,
MinNodeSize, MaxDepth and nCuts parameters were found to give the best performance among
a few different configurations with different settings that were tested.

Table 5.4 — Settings used for the training of the Purity BDT with TMVA.

Parameter Value
NTrees 850
MinNodeSize 2.5%
MaxDepth 3
BoostType AdaBoost
AdaBoostBeta 0.5
UseBaggedBoost Yes
BaggedSampleFraction 0.5
SeparationType Ginilndex
nCuts 20

A 2-fold approach is followed. The simulated ¢t and single-top samples are split into two
subsets: even-numbered events and odd-numbered events. Two BDTs are then trained with
either subset. In the event selection, for both MC and data, the BDT scores of even-numbered
(odd-numbered) events are calculated with the BDT trained with odd (even) subset to avoid
any possible selection bias. For each of the two BDTs, overtraining is checked by comparing the
ROC curve of the sample used for training to that of the other sample, as shown in Fig. 5.12 and
Fig. 5.13 for the calibration of calorimeter jets and track jets respectively. No strong indication
of overtraining is observed.

The distribution of the BDT of selected events in data and in the simulation is shown in
Fig. 5.14.

5.2.5.2 Optimisation of the requirement on BDT output

A requirement of the minimum value on the Purity BDT output is applied to improve the
b-jet purity of the selected sample. A series of working points for such requirement has been
tested. The working points correspond to a fixed cut on the value of the Purity BDT output,
which corresponds to a nominal efficiency (varying between 60% and 100% depending on the
chosen working point) for bb pairs selected in ¢t events. These working points are shown in
Table 5.5.

As an illustration, the b-jet purity in various jet pr bins of the selected probes in ¢t simulated
events after applying the various working points is shown in Figure 5.15. After the BDT re-
quirement, the b-jet purity increased significantly, especially in the high-pt and low-pr regions.
For example, the b-jet purity increased relatively by +40% and 4+25% in the high-pt and low-pp
regions for calorimeter jets.

For each working point the final uncertainty on the data/MC scale factor is estimated,
including the systematic uncertainties described later, and the working point that is chosen is
the one giving the smallest uncertainty on the b-tagging scale factor. Usually, working points
with lower efficiency lead to a larger statistical uncertainty and to a smaller modelling systematic
uncertainty due to the higher bb purity of the sample and reduce impact of the MC-based
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Figure 5.12 — Overtraining check for the Purity BDT of calorimeter jets. The top row shows
the comparisons of the BDT output distributions and the bottom row the ROC curves. The
results in the left column use the odd-numbered events for training and the even ones for test.
The results in the right column use the even-numbered events for training and the odd ones for

test.
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Figure 5.13 — Overtraining check for Purity BDT of track jets. The top row shows the com-
parisons of the BDT output distributions and the bottom row the ROC curves. The results in
the left column are used the odd events for training and even for test. The results in the right
column are used the even events for training and odd for test.

Table 5.5 — Cut points w.r.t to the efficiency of bb events in the ¢ simulation, from 60% to 100%,
for calorimeter-jet and track-jet calibration respectively. The cut points for odd-numbered events
are based on the BDT training with even-numbered events and vice versa.

Calorimeter-jet

bb efficiency [%] 60 65 70 75 80 85 90 95 100

Odd-number events  0.0536 0.0376 0.0216 0.0008 -0.0216 -0.0488 -0.0808 -0.1240 -

Even-number events 0.0568 0.0408 0.0232 0.0008 -0.0216 -0.0488 -0.0792 -0.1208 -
Track-jet

bb efficiency [%] 60 65 70 75 80 85 90 95 100

Odd-number events  0.0280 0.0168 0.0056 -0.0072 -0.0216 -0.0376 -0.0552 -0.0856 -

Even-number events 0.0296 0.0168 0.0040 -0.0088 -0.0232 -0.0408 -0.0600 -0.0888 -
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track-jet calibration (right). XXMVA means that the requirement applied to the Purity BDT
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corrections needed to measure the b-tagging efficiency. We observe that in general the 80%
working point of the Purity BDT for the calorimeter-jet calibration and the 70% working point
of the Purity BDT for the track-jet calibration provide the smallest total uncertainty in most
of the pr bins under study and we thus use those working points for the final results.
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Figure 5.16 shows the fraction of b-jets as a function of pt before and after applying the
chosen requirement on the Purity BDT (> —0.02) for the nominal and alternative t¢ generators,
in the calorimeter-jet calibration.
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Figure 5.16 — The fraction of b-jets in the selected calorimeter-jet probe sample as a function
of the jet pr, (a) before and (b) after the requirement on the Purity BDT, for the nominal and
alternative tt generators.

The pr distribution of the probes selected in data after application of the Purity BDT
requirement is shown in Figure 5.17.

The MV2c10 distribution of the calorimeter-jet probes selected in data and in the simulation
after the application of the Purity BDT requirement is shown in Figure 5.18. In the simulation,
the separate contribution of the different processes (Figure 5.18(a)) or of the different probe jet
flavours (Figure 5.18(b)) are also shown.

The number of events in data for the calibration of calorimeter jets, after the application of
the Purity BDT cut with 80% nominal efficiency for bb pairs is given in Table 5.6.

The number of events in data for the calibration of track jets, after the application of the
Purity BDT cut with 70% nominal efficiency for bb pairs is given in Table 5.7.

5.2.6 Statistical uncertainties

In the b-tagging efficiency scale factor calculation of Equations (5.1)—(5.4), only the yields
N gstsz and Ngata are obtained from the data. Their uncertainties are thus propagated to the
statistical uncertainty in the b-tagging efficiency, using an ensemble of ten thousand pseudo
experiments to take into account their correlations, in the following way. For each pseudo

experiment:
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probes selected after having applied the Purity BDT requirement.
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Table 5.6 — The number of events and the MC statistical uncertainty for calorimeter-jets cali-
bration with Purity BDT cut at 80% working point.

calorimeter-jets

diboson 55 + 4

singletop 1981 £ 24

Z+jets 147 + 21
tt 45135 £+ 130

fake leptons 436 £+ 21
total MC 47755 + 135
data 45675

Table 5.7 — The number of events and the MC statistical uncertainty for track-jets calibration
with Purity BDT cut at 70% working point.

track-jets
diboson 38 + 3
singletop 994 £+ 17
Z+jets 96 + 14
tt 27959 £+ 102

fake leptons 286 + 17
total MC 29374 + 106
data 28299
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e the number X of probes is obtained by sampling a Poisson distribution with mean Ngata

X ~ Poisson(\ = Ngata) (5.6)

e the number Y of probes that pass the b-tagging requirement is obtained by sampling a
binomial distribution corresponding to X total events and a passing rate:

Néata
Naata ( )
Y ~ Binomial(X,p) (5.8)

o the efficiency is then computed using Equations (5.1)-(5.4), and the the efficiency scale
factor is obtained from the ratio between the data and the MC efficiency.

The standard error of the scale factor distribution in the ensemble of pseudoexperiments is used
as the estimate of the statistical uncertainty in the measured scale factor.

5.2.7 Systematic uncertainties

Systematic uncertainties arise from the fact that some inputs of the measurement (Eqns. 5.1

and 5.2)

are taken from the simulation, as mentioned in Sec. 5.2.2. They are thus known

with limited accuracy, due to their statistical uncertainty originating from the limited size of
the Monte Carlo samples, and to uncertainties on their production rates and their selection
efficiency. In particular:

+ in Eq. (5.1), the numbers N,, s and NP**° - of all probe jets not from t events and of
those that pass the b-tagging requirement are taken from the simulation. Both numbers

are

1
2
3.
4

affected by uncertainties in:

. the integrated luminosity;
. the cross sections of the non-tt backgrounds;
the theoretical modelling of the non-tt backgrounds;

. the reconstruction and selection efficiencies of the objects used in the event (leptons,
jets, ..).

The NP**® _ vield is also affected by uncertainties in

non—tt

. the b-tagging efficiency for light, charm and b-jets in non-tt events. In the measure-

ment, the light and charm b-tagging efficiencies (i.e. mis-tag rates) are their uncer-
tainties are propagated to the final measurement; for the efficiency of b-jets in non-tt
events in Eq. (5.1), this is taken from the MC without any corrections and a gener-
ous 20% uncertainty (larger than the final uncertainty we determine on the b-tagging
efficiency scale factors) is used to estimate the possible impact on the measurement.
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« in Eq. (5.2), the fraction f{f MC of probe jets in the t# simulation that originate from a
b quark, as well as the b-tagging efficiency for non b-jets predicted by the tt simulation,

Eff()rll\{%, are used as inputs to obtain the final result. Such quantities are affected by:

1. the theoretical modelling of t¢ production;

2. the reconstruction and selection efficiencies of the objects used in the event (leptons,
jets, ..).

In the following all these sources of systematic uncertainties are discussed and their impact
on the final result is estimated.

5.2.7.1 Impact from the limited size of the simulation samples

A source of uncertainty in the measured scale factor that is statistical in nature is the limited
size of the simulated samples. However, since it is not related to fluctuations in the data under
study, it is considered here as part of the systematic uncertainty in the scale factors.

Such uncertainty is estimated with the same method for the statistical uncertainties in data.
In this case, however, the numbers Nt and Ngag, are fixed to the yields observed in data, and
the quantities that are sampled are the MC inputs of Equations (5.2) and (5.4). Those inputs

are functions of the six yields summarized in Table 5.8.

Table 5.8 — The yields taken from the simulation and used as inputs for the calculation of
the b-tagging efficiency scale factor. The “pass” yields indicate the number of (b or non-b) jet
probes that pass the b-tagging requirement corresponding to the operating point of MV2c10
under calibration.

Parameters Meaning
Nt'% N,:%’pass b-jet probes in tt events: total number, and after the b-tagging requirement
N g%on_b N r%on_b’pass non-b-jet probes in tf events: total number, and after the b-tagging requirement
non—tt IVboo? probes in non-tt events: total number, and after the b-tagging requirement

In each pseudo experiment, the total number X of probes (b or non-b jets in tt, or jets in
non-tt events) is obtained by sampling a Gaussian distribution with mean Nyota1 and width oogal
equal to the statistical uncertainty in Nigtar:

X ~ Gaussian(Niotal, Ototal) (5.9)
Given the passing rate:
Npass
= 5.10
P Ntotal ( )

the number Y of probes passing the b-tagging requirement is sampled from:

Y ~ Gaussian(X -p ,0total - /P (1 —P)) (5.11)

Again, the procedure is repeated ten thousand times. Each time the efficiency and the scale
factor is computed, and finally the standard deviation of the scale factor distribution in the
whole ensemble is taken as the systematic uncertainty due to the limited MC statistics.
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5.2.7.2 Luminosity uncertainty

The luminosity uncertainty is estimated by varying its value by 4+3.2% when scaling the
simulation to the data in order to subtract the non-tt contribution from the selected events. It
is determined in ”Van-der-Meer” x—y beam separation scans, following the technique described
in Ref. [96], performed in 2015 and 2016.

5.2.7.3 Uncertainties in the background cross sections

Theoretical uncertainties in the cross sections of the single-top Wt process (5.5%), Z+jets
(20%) and diboson production (50%) [97] are propagated to the final result by varying the
nominal cross sections of the simulated samples for such processes by their uncertainties.

5.2.7.4 MC modelling

The selected probe sample is dominated by tt and, to a lesser extent, single-top and Z-+jets
events. Since the measurement uses some inputs computed from the simulation, uncertainties in
the modelling of these processes lead to (systematic) uncertainties on the measured efficiency.

The sources of modelling systematic uncertainties that have been considered are listed in
Tables 5.9, 5.10, and 5.11. Each modelling systematic uncertainty is estimated in this way: the
b-tagging efficiency scale factors are re-calculated after replacing the nominal t¢, single-top and
Z+jets MC samples with the alternative one in the appropriate row of Tables 5.9, 5.10, and 5.11.
The difference between the new scale factor and the nominal one is considered as the systematic
uncertainty.

The tt and single-top uncertainties account for the uncertainties in the matrix element calcu-
lation for the generation of the hard scattering event, in the underlying event and parton shower,
and in the amount of parton radiation. Dedicated tt uncertainties have also been calculated to
account for the effect of PDF uncertainties and for the uncertainty on the top and ¢t pr spec-
trum (the latter are calcaulated by comparing the results applying or not a reweighting of the
top and tt pr spectra to match NNLO predictions. An additional uncertainty on the single-top
prediction accounts for the uncertainty in the overlap between Wt and tt events. Such overlap
arises at NLO and is subtracted from the nominal Wt simulated samples with a diagram re-
moval (DR) technique. The corresponding uncertainty is estimated by using single-top samples
in which a diagram subtraction (DS) technique is used instead [98]. For Z+jet events, which
constitute a very small fraction of the selected sample, the inclusive cross section uncertainty
mentioned above and the uncertainty in the matrix element calculation are considered. For
diboson events, which are even fewer, only the inclusive cross section uncertainty mentioned
previously is considered, and no extra modelling uncertainty is evaluated.

Table 5.9 — The pairs of samples used to study the modelling systematic uncertainties for tt
events, and the corresponding source of systematic uncertainty being tackled.

source of systematics Tools/samples
Hard Scatter Generation Powheg+Herwig++ aMCQNLO+Herwig++
Fragmentation/Hadronization Powheg+Pythiab Powheg+Herwig+-+
PDF central value aMC@QNLO+Herwig++ aMC@QNLO+Herwig++
with CT10 PDFs with PDF4ALHC15 NLO 100 PDFs
Additional Radiation radhi:hdamp=2xmy,scale=0.5 radlo:hdamp=1xmy,,scale=2
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Table 5.10 — The pairs of samples used to study the modelling systematic uncertainties for single
top (Wt) events, and the corresponding source of systematic uncertainty being tackled.

source of systematics Tools/samples
Hard Scatter Generation Powheg+Herwig++ aMCQNLO-+Herwig++
Fragmentation/Hadronization PowHeg+Pythiab PowHeg+Herwig+-+
Additional Radiation radhi:hdamp=2xmyp,scale=0.5 radlo:hdamp=1xmy,,scale=2
tt diagram overlap Diagl;);)zhfeiirziz:réiieme Powheg+Pythia6
. Diagram Subtract Scheme
(nominal)

Table 5.11 — The pairs of samples used to study the modelling systematic uncertainties for
Z+jets events, and the corresponding source of systematic uncertainty being tackled.

source of systematics Tools/samples
Hard Scatter Generation | MadGraph+Pythia8 Powheg+Pythia8

5.2.7.5 Z+heavy-flavour jets modelling

An extra modelling uncertainty is related to the fraction of Z+jet events with at least one
heavy flavour (b, ¢) hadron, which is known to be difficult to accurately predict with a simulation.
Te Z+heavy-flavour jet yield is thus varied by +50%. The VH, H — bb analysis described in
the next chapter measures in data — in the phase space selected by that analysis — a scale factor
of about 1.3+0.1, which is covered by this +£50% variation.

5.2.7.6 Light- and c-jet mis-tag rates

The mis-tag rates of light- /c-jets in the simulation, which affect the N™** - yield in Eq. (5.2),
are corrected for the nominal results using the data/MC efficiency scale factors measured else-
where, and the corresponding uncertainties are propagated to the systematic uncertainties in

the measurement of b-tagging scale factors.

5.2.7.7 Detector-related uncertainties

Detector-related uncertainties are estimated by repeating the measurement after varying
by +1o0 the nuisance parameter associated with each decorrelated source of uncertainty. The
differences between the result obtained after such variations and the nominal case are considered
as the systematic uncertainty in the measured efficiency (or scale factor). Uncertainties arise
from the jet and lepton efficiency and calibration (momentum scale and resolution) and from the
calibration and resolution of the soft term of the missing transverse momentum. The sources
of systematic uncertainties that have been considered are summarised in Tables 5.12-5.15. The
uncertainties on the lepton and jet efficiencies and energy scale and resolution are determined
from control samples selected in 13 TeV pp collisions. They are also propagated to the calculation
of the missing transverse energy, for which additional uncertainties from the moementum scale,
resolution and efficiency of the tracks not associated with any of the reconstructed objects (“soft
term”) are also considered.
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Table 5.12 — Muon-related sources of experimental systematic uncertainties that have been
evaluated.

Muon-related source of systematic uncertainty

trigger efficiency uncertainty

reconstruction and identification efficiency uncertainty
isolation efficiency uncertainty

track-to-vertex association efficiency uncertainty
energy scale uncertainty

energy resolution uncertainty from muon system
energy resolution uncertainty from inner detector

Table 5.13 — Electron-related sources of experimental systematic uncertainties that have been
evaluated.

Electron-related source of systematic uncertainty
trigger efficiency uncertainty

reconstruction efficiency uncertainty
identification efficiency uncertainty

isolation efficiency uncertainty

energy scale uncertainty
energy resolution uncertainty

Table 5.14 — Jet-related sources of experimental systematic uncertainties that have been evalu-
ated.

Jet-related source of systematic uncertainty

energy scale uncertainty

additional energy scale uncertainty for b-jets
energy resolution uncertainty

JVT cut efficiency

Table 5.15 — EXS_related and pile-up related sources of experimental systematic uncertainties
that have been evaluated.

EMmiss_related or pile-up related source of systematic uncertainty

EMIss track-based soft term related longitudinal resolution uncertainty
EXss track-based soft term related transverse resolution uncertainty
pile up reweighting
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5.2.7.8 Fake lepton background uncertainty

As shown in Figure 5.17 the contribution from fake-lepton background events to the selected
probe sample is much less than 1% in all bins. The systematic uncertainty related to the
normalization of such background is taken into account by scaling its yield up and down by
+50%. The impact of this source of uncertainty on the final measurement of the b-tagging
efficiency is very tiny.

5.2.8 Results

As shown in Section 5.2.5.2, the b-jet purity in ¢f events is strongly dependent on the cut point
of Purity BDT. The higher b-jet purity will lead to some decrease of the modelling systematics,
at the price of a smaller statistics and thus a larger statistical uncertainty. As mentioned before,
an optimisation procedure has been put in place to choose the value of the cut on the Purity
BDT, by repeating the calibration procedure for different values of the cut on the Purity BDT,
and then choosing the ones that gives the smallest sum in quadrature of the statistical and
systematic uncertainties on the b-tagging efficiency scale factors. The optimisation procedures
for the calibration of the 70% b-tagging working point for calorimeter-jets and track-jets are
illustrated in Figure 5.19 and in Figure 5.20, respectively.

In the following, tables with the measured efficiency scale factors and the breakdown of their
uncertainties are shown. The scale factors have been determined using a requirement on the
Purity BDT corresponding to an 80% (70%) efficiency for calorimeter (track) jets. Plots of the
data and MC efficiencies and of their ratios (i.e. the scale factors) with their uncertainties are
also shown. The tables and the plots are only given for the single-cut, 70% working point, but
the measurements have been performed — for the benefit of ATLAS analyses using them — also
for the other working points and for the flat-efficiency variant of the MV2c10 selection. The
scales factors are generally consistent with unity, within uncertainties of at most 10% in the bins
with largest sytematic uncertainties (the lowest-pp bin) or largest statistical uncertainties (the
highest-pp bin), while in the intermediate pr region, most relevant for the V.H, H — bb search
presented in the next chapter, the uncertainties are on the level of about 1%—4%.

5.2.8.1 Results of the calorimeter-jet calibration

The measured efficiencies and scale factors as a function of the jet pr are shown in Figure 5.21.
The scale factors are consistent with unity within their uncertainties. The scale factors have also
been measured as a function of the jet n and of the average number of interaction per bunch-
crossing. No strong dependence on either variable was observed, with maximum variations of
1% over the range 1 < (u) < 50 and of 5% for |n| varying between 0 and 2.5.

The measured b-tagging efficiency scale factors as a function of the jet p, together with their
uncertainties and a detailed breakdown of the various contributions to the total uncertainties,
are tabulated in Table 5.16.

5.2.8.2 Results of the track-jet calibration

The measured efficiencies and scale factors as a function of the jet pt are shown in Figure 5.22.
The scale factors are consistent with unity within their uncertainties.

The measured b-tagging efficiency scale factors as a function of the jet pr, together with their
uncertainties and a detailed breakdown of the various contributions to the total uncertainties,
are tabulated in Table 5.17.
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Figure 5.19 — The top plot shows the scale factors in each jet pr bin with total uncertainty
(solid line), systematic uncertainty (dashed line) and statistical uncertainty (in compact dashed
line) with all tested Purity BDT cut points (different colors).
systematic uncertainty, the systematic uncertainties are split into modelling systematic (dashed
line), detector related systematic (compact dashed line) and systematic due to MC statistics
(densely dotted line), as shown in the middle plot.
uncertainties for the lowest pr bin (left) and the highest pp bin (right) to check the details
of the total uncertainties in these two bins. The results are shown for calorimeter-jet b-tagging

(b,b) Eff. for cut on the Purity BDT

(c)

(b,b) Eff. for cut on the Purity BDT

(d)

calibration of the single-cut working point at 70% b-jet efficiency.
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Figure 5.20 — The top plot shows the scale factors in each jet pr bin with total uncertainty
(solid line), systematic uncertainty (dashed line) and statistical uncertainty (compact dashed
line) with all tested Purity BDT cut point (different colors). To check the details in the system-
atic uncertainty, the systematic uncertainties are split into modelling systematic (dashed line),
detector related systematic (compact dashed line) and systematic due to MC statistics (densely
dotted line), as is shown in the middle plot. The bottom two plots show the total uncertain-
ties for the lowest pr bin (left) and the highest pr bin (right) to check the details of the total
uncertainties in these two bins. The results are shown for track-jet b-tagging calibration of the
single-cut working point at 70% b-jet efficiency.
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Figure 5.21 — (a) b-tagging efficiency comparison between data (in black) and simulation (in red).
The total uncertainties are shown. (b) b-tagging efficiency scale factors with total uncertainty
(in green) and with statistical uncertainty only (error bars). The b-tagging efficiency refers to
calorimeter-jets and the single-cut 70% MV2c10 working point.
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Figure 5.22 — (a) b-tagging efficiency comparison between data (in black) and simulation (in red).
The total uncertainties are shown. (b) b-tagging efficiency scale factors with total uncertainty
(in green) and with statistical uncertainty only (error bars). The b-tagging efficiency refers to
track-jets and the single-cut 70% MV2c¢10 working point.
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Table 5.16 — Data-to-simulation scale factors and associated uncertainties for the 70% b-
tagging efficiency single-cut operating point of the MV2c10 b-jet tagging algorithm, for R = 0.4
calorimeter-jets, as a function of the jet pr.

Calorimeter jets, 70% single-cut MV2c10 working point

pr interval [GeV] | 20-30 | 30-60 [ 60-90 | 90-140 | 140-200 | 200-300
Scale factor 1.091 | 1.015 | 1.017 | 1.026 1.005 0.990
Total uncertainty 0.091 | 0.032 | 0.019 | 0.016 0.034 0.064
Statistical uncertainty 0.028 | 0.005 | 0.005 | 0.006 0.011 0.025
Systematic uncertainty 0.086 | 0.031 | 0.019 | 0.015 0.032 0.059
Systematic Uncertainties [%]

Matrix element modelling (tt) 2.6 0.5 1.1 0.8 1.3 3.5
Parton shower / Hadronisation (tt) 2.0 2.1 0.7 0.4 1.9 1.8
NNLO top pr, tt pr reweighting (tt) 0.2 0.2 0.1 0.1 0.1 0.2
PDF reweighting (tt) 2.9 0.6 0.6 0.7 1.3 2.2
More / less parton radiation (tt) 3.8 1.7 0.8 0.7 0.7 2.8
Matrix element modelling (single top) 1.1 0.2 0.3 0.2 0.5 0.9
Parton shower / Hadronisation (single top) | 1.1 0.2 0.2 0.2 0.5 0.9
More / less parton radiation (single top) 1.1 0.2 0.2 0.3 0.5 1.0
DR vs. DS (single top) 1.1 0.2 0.2 0.2 0.5 1.0
Modelling (Z+ijets) 1.1 | 02 | 02 0.2 0.5 0.9
Limited size of simulated samples 1.6 0.3 0.3 0.3 0.6 14
Normalisation single top 0.3 0.1 0.1 0.0 0.0 0.0
Normalisation Z+jets 0.0 0.0 0.0 0.0 0.0 0.0
Normalisation Z +b/c 0.1 0.1 0.1 0.0 0.1 0.0
Normalisation diboson 0.1 0.1 0.0 0.0 0.0 0.0
Normalisation misid. leptons 0.3 0.1 0.0 0.1 0.1 0.1
Pile-up reweighting 1.9 0.4 0.4 0.2 0.7 0.9
Electron efficiency /resolution/scale/trigger 0.0 0.0 0.0 0.0 0.1 0.0
Muon efficiency/resolution/scale/trigger 0.3 0.0 0.0 0.0 0.0 0.0
E%ﬂss 0.2 0.0 0.0 0.0 0.0 0.0
JVT 0.1 0.0 0.0 0.0 0.0 0.0
Jet energy scale (JES) 3.8 0.7 0.3 0.3 0.7 0.3
Jet energy resolution (JER) 1.5 0.5 0.2 0.1 0.2 0.7
Light-flavour jet mis-tag rate 0.2 0.0 0.1 0.0 0.1 0.0
c-jet mis-tag rate 0.1 0.0 0.0 0.0 0.0 0.0
Luminosity 0.2 0.1 0.0 0.0 0.0 0.0
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Table 5.17 — Data-to-simulation scale factors and associated uncertainties for the 70% b-
tagging efficiency single-cut operating point of the MV2c10 b-jet tagging algorithm, for R = 0.4
calorimeter-jets, as a function of the jet pr.

Track jets, 70% single-cut MV2¢10 working point

pr interval [GeV] | 10-20 | 20-30 | 30-60 | 60-100 | 100-250
Scale factor 1.046 | 1.018 | 1.022 | 1.016 0.993
Total uncertainty 0.047 | 0.030 | 0.016 | 0.012 0.013
Statistical uncertainty 0.018 | 0.008 | 0.004 | 0.006 0.011
Systematic uncertainty 0.044 | 0.029 | 0.015 | 0.011 0.008
Systematic Uncertainties [%]

Parton shower / Hadronisation (tt) 3.3 1.9 0.4 0.5 0.1
Matrix element modelling (¢t) 0.5 0.2 0.9 0.1 0.0
NNLO Top pr, tt prreweighting (tt) 0.2 0.2 0.1 0.1 0.1
PDF reweighting (¢t) 0.2 0.0 0.2 0.1 0.0
More / less parton radiation (t) 1.9 2.0 1.0 0.7 0.3
Matrix element modelling (single top) 0.2 0.3 0.2 0.5 0.9
Parton shower / Hadronisation (single top) | 0.2 0.1 0.1 0.1 0.0
More / less parton radiation (single top) 0.0 0.3 0.2 0.1 0.2
DR vs. DS (single top) 0.1 0.1 0.1 0.0 0.1
Modelling (Z-+jets) 01 | 01 | 01 0.0 0.0
Limited size of simulated samples 1.1 0.5 0.3 0.3 0.6
Normalisation single top 0.1 0.1 0.0 0.0 0.0
Normalisation Z-jets 0.1 0.0 0.0 0.0 0.0
Normalisation Z +b/c 0.2 0.1 0.1 0.1 0.1
Normalisation diboson 0.1 0.1 0.1 0.0 0.0
Normalisation misid. leptons 0.1 0.1 0.1 0.1 0.1
Pile-up reweighting 0.5 0.2 0.2 0.4 0.4
Electron efficiency /resolution/scale/trigger 0.1 0.0 0.0 0.0 0.0
Muon efficiency /resolution/scale/trigger 0.1 0.0 0.0 0.0 0.0
E%liss 0.0 0.0 0.0 0.0 0.0
JVT 0.0 0.0 0.0 0.0 0.0
Jet energy scale (JES) 04 0.1 0.0 0.0 0.1
Jet energy resolution (JER) 0.1 0.0 0.0 0.1 0.0
Light-flavour jet mis-tag rate 0.8 0.3 0.1 0.0 0.1
c-jet mis-tag rate 0.3 0.1 0.0 0.0 0.0
Luminosity (3.2%) 0.1 0.1 0.0 0.0 0.0
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Chapter 6

Evidence of VH, H — bb production

As shown in chapter 2, the associated production mode of a Higgs boson with a vector boson
V' is — among the main Higgs boson production modes — the only one not firmly established yet
in the past years. Similarly, among the Higgs boson decays with largest branching ratios, the
one to bb — despite being the most probable one — had not been discovered before summer 2018.
Observing the associated production V H of Higgs bosons decaying to bb with the ATLAS Run 2
data has thus been the purpose of my Ph.D. research activity.

The results of the study based on 36 fb~! of data collected in 2015 and 2016 were released
by the ATLAS Collaboration in summer 2017. They were shown at the European Physical
Society (EPS) conference and then published in Journal of High Energy Physics [23]. For a
Higgs boson mass of 125 GeV, an excess of events over the expected background from other
Standard Model processes was found with an observed significance of 3.5 standard deviations
(3.60 after combination with Run 1 data) and a yield in good agreement with the SM Higgs
boson predictions. This result, together with similar one (with 3.80 significance) presented by
the CMS Collaboration on the same timescale [99], constituted a strong evidence for the Higgs
boson decay into pairs of b quarks and for its production in association with a vector boson.
This analysis will we denoted in the following as the “EPS 2017 analysis”.

Recently, the ATLAS measurement has been updated to include also the additional 44 fb~!
of pp collisions collected in 2017; the results have been presented at the ICHEP 2018 confer-
ence [100] and are now published in Physics Letters B [24]. An excess of events over the SM
background, corresponding to a significance of 4.9¢ and in good agreement with the SM Higgs
boson predictions, is observed. The combination with other ATLAS searches of H — bb decays
provides a combined measurement of the H — bb branching ratio (assuming SM Higgs boson
production cross sections) with a 5.40 significance, constituting an observation of H — bb decays.
The combination with other ATLAS searches of V H production leads to a combined measure-
ment of its cross section (assuming SM Higgs boson branching ratios) with a 5.30 significance,
constituting an observation of V H production.

In the following sections of this chapter, the EPS 2017 analysis will be presented, while the
more recent results and the future prospects are deferred to the next chapter. The sections will
describe the overall analysis strategy, the various analysis steps, and the results.

6.1 Overview of the EPS 2017 analysis

The Higgs boson decays to b quark pairs are searched for, in this analysis, in the vector-boson
associated production mode V H, with the vector boson V' (V =W, Z) decaying to leptons. Due
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Evidence of VH, H — bb production

to the very large QCD multi-jet production cross section, the VH, V —leptons production mode
offers the best sensitivity for the search of H — bb events. The lower production cross section
than gluon-fusion, VBF, or V H production followed by hadronic decays of the vector boson V
is compensated by the much higher rejection of the backgrounds provided by the requirement
of an identified charged lepton or of large transverse momentum imbalance due to the neutrinos
in the final state.

Only vector boson decays producing electrons, muons and neutrinos (reconstructed in the
detector as large E%liss) are searched for. Decays producing tau leptons are not targeted explic-
itly, but events in which at least one 7 decays leptonically (branching ratio around 35%) still pass
the selection. Events in which the tau leptons decay to hadrons and neutrinos of low transverse
momentum are not selected; the signal-to-background ratio of such events is quite smaller than
for the other final states under study. The analysis thus targets ev, uv and 7(— e,u)v decays
of the W boson (BR ~ 25%), and vv, ee, uu, 7(— e, )7 decays of the Z boson (BR ~ 28%).

The analysis is performed in parallel on the three sub-samples of events classified according
to the number of selected charged leptons: 0, 1, or 2. The 0-lepton selection targets mainly ZH,
Z — vv events, with a small (1-2%) contamination from W H, W — (v events where the lepton ¢
is outside the detector acceptance or does not pass the selection criteria. Similarly, the 1-lepton
selection targets mainly WH, W — (v events, with a small (few %) contamination from ZH,
Z — Ul events. The 2-lepton selection targets ZH, Z — £¢ events. The event selection includes
a part common to all the three final states, which is based on the properties of the Higgs boson
decay products, and specific requirements that are different for each final state.

To reduce backgrounds from processes producing light jets, the jet candidates from the Higgs
boson decay are required to pass b-tagging requirements. Topological selections are applied to
suppress QCD heavy-flavoured jet production. After such requirements, the main backgrounds
for the signal under search are:

e production of a vector boson in association with b-jets, with the vector boson decaying to
leptons;

e production of a top-quark pair, with one or two W bosons from ¢t — Wb decaying to
leptons;

« diboson production, V' Z, followed by a Z — bb decay.

The b-quark pairs produced by such processes are not resonant, and their invariant mass, denoted
as myy, provides a powerful discriminanting variable between such backgrounds and the signal,
for which the my,, distribution instead is peaked around the Higgs boson mass. Other kinematic
quantities offer further separation between signal and background, and are combined with my,
in a boosted decision tree (BDT), BDTyy, which is trained on simulated signal and background
events. A fit to the distribution of BDTyy in data is then performed to extract the signal and
background yields.
Subleading but non-negligible backgrounds originate from:

o vector boson production in association with charm and light jets, due to the non negligible
mistag rate of the b-tagging algoritihm;
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6.2 Data sample

 single-top production in association with a W boson, Wt, with one of the two W bosons
in the event decaying to leptons, and a light-flavoured jet misidentified as a b-jet;

¢ QCD multi-jet production, in the 1-lepton channel.

Their contributions are also taken into account in the final fit.

To increase the sensitivity of the search, events are classified into categories with different
S/ S+ B. Events with different numbers of charged leptons (0, 1, 2) are analysed separately,
and further categorised according to the number of jets Nje; in the event and — for 2-lepton
events only — the transverse momentum of the vector boson, denoted as pr(V) or p¥ in the
following.

The results of the analysis are validated with two cross-checks. The first one, also called
the diboson analysis in the following, consists in using the same procedure to determine the
cross section of a relatively abundant and theoretically well known process similar to the signal,
the production of VZ, Z — bb events. Good agreement between the observed and expected
yields for this process would reinforce the confidence in the use of a similar strategy for the
determination of the background yields in data and the extraction of the V H signal yield. The
second cross-check, also called the dijet-mass analysis in the following, consists in extracting the
V H signal yield through a fit to the two b-jet invariant mass distribution, after having applied
some additional selections on the other variables used in the B DTy discriminant. Such analysis
is less sensitive than the nominal one but allows an easier visualisation of the signal, which is
expected to induce a peak around 125 GeV in the dijet invariant mass distribution.

The EPS 2017 analysis is described in detailed in the following sections. The data and
simulated samples used for the measurement are detailed in sections 6.2 and 6.3. The event
selection and categorisation are given in sections 6.4 and 6.5. The BDT discriminant used in the
final fit is described in section 6.6. The estimation from data of the multi-jet QCD background
is outlined in section 6.7. The main systematic uncertainties are illustrated in section 6.8, and
the fit used to extract the signal and background yields from the data in section6.9; its results
are given in section 6.10. The diboson and dijet-mass cross-checks are shown in sections 6.11
and 6.12.

6.2 Data sample

Proton-proton collisions at a center-of-mass energy of 13 TeV were collected by the ATLAS
detector during the LHC Run 2, in 2015 and 2016. Only events in which all subdetectors were
operating well and data quality is good are kept for subsequent analysis. Events were recorded
by one of the following triggers:

o in the O-lepton channel, events were recorded using EX' triggers with nominal thresholds
of 70 GeV in 2015, and of 110 GeV in 2016. Due to the poor online EIT]niSS resolution,
the efficiency of such triggers as a function of the ER reconstructed offline grows slowly,
with a turn-on curve that — for the trigger used in 2016 — reaches almost 100% only for
Emiss > 180 GeV. The trigger efficiency is 85-90% at EXSS =150 GeV.

e in the 1-lepton electron sub-channel, events were recorded using the lowest-pr threshold
unprescaled single electron triggers. They apply isolation and identification requirements
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Evidence of VH, H — bb production

that are looser than those used in the analysis. The nominal pr threshold was 24 GeV
in 2015 and 26 GeV in 2016; the electron trigger resolution is sufficiently good that the
trigger is fully efficient for reconstructed electrons with offline pr at least one GeV higher
than the nominal online threshold.

e in the 1-lepton muon sub-channel, events were recorded using the same E%‘iss triggers used
for the O-lepton channel, exploiting the presence of the neutrino from the W — uv decay.
This choice, which might seem counterintuitive, is due to the fact that the single muon
trigger has a reduced acceptance (around 80%) due to the fast muon chambers covering
only the region |n| < 2.4, with some gaps (particularly at || < 0.1) needed for the services
of the inner subdetectors. The ENSS trigger on the other hand is found to provide a
98% acceptance for the signal. This is due to the fact that the offline selection applies
a pp(V) > 150 GeV requirement, where pp(V) is computed from the muon transverse
momentum and the EXSS vector, and at trigger level — since muons are not included in
the online E}sS calculation — the trigger is in effect selecting events based on pr(V) and
is fully efficient for values of pp(V) above 180 GeV and rather highly efficient also for
150 < pr(V) < 180 GeV.

e in the 2-lepton channel, events were recorded using the lowest-pp threshold unprescaled
single electron and muon triggers. Similarly to the electron trigger, the muon trigger
includes isolation and identification requirements that are looser than those applied offline.
The nominal muon pr threshold was 20 GeV in 2015 and 24 GeV in 2016; the muon
momentum resolution in the trigger system is sufficiently good that the trigger is fully
efficient for reconstructed muons with offline pr at least one GeV higher than the nominal
online threshold.

The integrated luminosity of the selected data sample is 36 fb~!, and the average number of
pp inelastic collisions per bunch crossing is 25.

6.3 Simulated samples

For the optimisation of the analysis criteria and to determine the expected signal and back-
ground distributions of the discriminant used in the final fit, simulated samples of the signal
and of the main background processes are produced and studied. The only exception are QCD
multi-jet events, since their production cross section and the rejection of such events by the
analysis selection are so large that a prohibitively huge number of simulated multi-jet events
would need to be generated, in order to obtain enough candidates passing all the requirements
of the analysis. Such background is estimated using data-driven techniques, as described in
section 6.7.

The samples are produced with state-of-the-art Monte Carlo event generators. In some cases,
the events that are produced are filtered in order to keep only those with a high probability to
pass the selection requirements, in order to maximise the equivalent luminosity of the sample
for the same number of simulated events. For all samples, except those generated with SHERPA,
the EVTGEN v1.2.0 program is used to model the decay of bottom and charm hadrons. The
generated events passing the filter (if any) are passed to a detailed simulation of the ATLAS
detector response based on Geant 4. The detector simulation is quite slower than the event
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6.3 Simulated samples

generation, and for this reason it is convenient to simulate the interaction with the ATLAS
detector only of the events that are likely to pass the full analysis chain, thus introducing filters
between the generation and simulation steps. The effect of pile-up from multiple interactions in
the same and neighbouring bunch crossings is included in the simulation by overlaying minimum
bias events, simulated using PYTHIA 8 with the A2 parameter tune [101] and the MSTW2008LO
PDFs [102]. All simulated samples are then passed through the ATLAS reconstruction software.
Weights typically close to one are applied to the generated events to account for data/MC
differences in the trigger and offline selection efficiencies of leptons, jets, EXsS| b-jets (such as
the b-tagging efficiency scale factors measured in the previous chapter), as well as for data/MC
differences in the distribution of the number of pile-up collisions.

Table 6.1 — Monte Carlo samples used for the signal processes and the cross section times
branching ratios (BR) used to normalise the different processes at /s = 13 TeV. Branching
ratios correspond to the decays shown in the first column. Here £ is inclusive of e, u, 7 leptons.

Process Generator (PDF set) o X BR [fb]  Nevents

qq— ZH — vvbb ~ POWHEG V2 + MINLO + PyTHiA 8 (PDF4LHCI15) 89.08 2% 106
qq— WTH — (Tvbb  POWHEG V2 + MINLO + PyTnia 8 (PDF4LHC15) 164.6 1x108
qq—W~H —("vbb POWHEG V2 + MINLO + PyrHuia 8 (PDF4LHCI15) 104.5 2 % 106
qq— ZH — b POWHEG V2 + MINLO + PyTHiA 8 (PDF4LHCI15) 44.84 3% 106
99 — ZH — vvbb PowHEG v2 + PyTHiA 8 (PDF4LHC15) 14.30 3.8 x 10°
g9 — ZH — 00bb PowHEG v2 + PyTHIA 8 (PDF4LHC15) 7.228 7x10°

The simulated VH, H — bb signal samples are summarised in Table 6.1. Events from gq —
V H plus zero or one jet are generated at next-to-leading order (NLO) in the strong coupling
constant using the POWHEG-Box v2 + MINLO event generator [79, 103, 104, 105] and the
PDF4LHC15_NLO_30_PDFAS [106] PDF set. Electroweak corrections obtained with the
HAWK generator [107, 108] are applied as a function of the vector boson transverse momentum.
Gluon induced gg — ZH events are generated at leading order (LO) using POWHEG-BOX V2.
The generators are interfaced to PYTHIA 8 with the AZNLO tune for the modelling of the parton
shower (which can produce extra jet radiation), hadronisation and the underlying event.

The samples are produced assuming a Higgs boson mass of 125 GeV and are normalised to
the best available theoretical predictions for the V H cross section and H — bb branching ratio
for such a mass, as compiled in Refs. [26, 27, 28, 29]. W H signal samples are normalised to
the production cross section calculated at NNLO in oz and NLO in a. gg — ZH samples are
normalised to the cross section calculated at NLO in QCD, including next-to-leading logarithm
(NLL) corrections. qq — ZH signal samples are normalised to the difference between the inclu-
sive ZH cross section, which is calculated at NNLO in QCD with NLO EW corrections, and
the gg — ZH calculation, to avoid double counting of the gluon-induced contribution.

The simulated background samples used for the analysis are summarised in Table 6.2.

The production of vector bosons in association with jets is generated with SHERPA 2.2.1
using the NNPDF3.0 NNLO PDFs [86] with a dedicated parton shower tuning developed by the
SHERPA authors. The matrix elements are calculated at NLO for up to two partons and at LO for
up to four partons. In order to generate a sufficient number of events at high p¥ , several V+jets
samples are produced in intervals of the true vector boson transverse momentum. In addition, to
generate enough events with heavy-flavour jets, filters are used to produce independent samples
enhanced in different flavours of the jets by either requiring one b hadron, or vetoing b hadrons
and requiring a ¢ hadron, or vetoing b hadrons and ¢ hadrons. These samples are normalised
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Table 6.2 — Monte Carlo samples used for the background processes and the cross section times
branching ratios used to normalise the different processes at /s = 13 TeV. Branching ratios
correspond to the decays shown in the first column. £ is inclusive of e, u, 7 leptons.

Process Generator (PDF set) o X BR [pb] Nevents
Vector boson + jets
Z = vy SHERPA 2.2.1 (NNPDF3.0NNLO) 1914 146 x 10°
W — v SHERPA 2.2.1 (NNPDF3.0NNLO) 20080 410 x 106
Zy* — 0 SHERPA 2.2.1 (NNPDF3.0NNLO) 2107 (mge > 40 GeV) 171 x 109
Top-quark
tt POWHEG V2 + PyTHIA 8 (NNPDF3.0NNLO) 831.76 60 x 10°
t, s-channel POWHEG V1 + PyTHIA 6 (CT10) 3.31 2 x 106
t, t-channel POWHEG V1 + PyTHIA 6 (CT10) 66.51 10 x 10°
t, Wt-channel POWHEG V1 + PyTHIA 6 (CT10) 68.00 10 x 106
Diboson
wWw SHERPA 2.2.1 (CT10) 49.74 14.4 x 108
wZz SHERPA 2.2.1 (NNPDF3.0NNLO) 21.65 28.6 x 106
7ZZ SHERPA 2.2.1 (NNPDF3.0NNLO) 6.53 10.8 x 106

using cross sections calculated at NNLO accuracy in QCD [88]. The V+jets simulated events
are classified according to the true flavour of the dijet pair used to reconstruct the Higgs boson
candidate as V 4+bb, V +bc, V +cc, V+0bl, V +cl, V411 (I=light, either from light quarks u,
d, s, or from gluons g). The true flavour of a jet is determined as b, ¢ or [ as described in the
previous chapter. V+jets events in which at least one of the two jets used to reconstruct the
Higgs boson candidate is a b-jet, or both are c-jets (i.e. V 4+bb, V +bc, V +cc, V +bl), are called
in the following the V+heavy flavour (V+HF) background. Most of the events (70-90%) in the
V+HF background surviving the selection are from V + bb.

Top-quark pair events are generated using POWHEG-Box v2 [109] and the NNPDF 3.0
NNLO PDF set. The generator is interfaced to PyTHIA 8 with the Al4 tune [87] for the
modelling of parton shower, hadronisation and underlying event. The sample is normalised to
the theoretical cross section calculated at NNLO+NNLL [83].

Single top quark events (¢, s and Wt channels) are generated using POWHEG-Box v1 [110,
111] with the CT10 PDF set. The generator is interfaced with PYTHIA 6 using the CTEQG6L1
PDFs [112] for the modelling of parton shower, hadronisation and underlying event. The single-
top quark samples are normalised using cross sections calculated at NLO in QCD [113, 114, 115].
In all these samples the top quark mass is set to 172.5 GeV. A filter requires at least one of the
W bosons to decay leptonically in events that are passed to the detector simulation.

Diboson samples are generated using SHERPA 2.2.1 and the NNPDF 3.0 NNLO PDFs (W Z,
ZZ) or the CT10 PDFs (WW). The matrix elements are calculated at NLO for the real emission
of up to one additional parton and at LO for the real emission of up to three additional partons.
The inclusive NLO cross-section from Sherpa is used to normalise the events.

To estimate modelling systematic uncertainties, samples are produced with alternative event
generators or with alternative settings of the nominal generators, as described in Section 6.8.
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6.4 Event selection

6.4 Event selection

The event selection includes a part common to all the three final states, which is based on
the properties of the Higgs boson decay products, and specific requirements that are different
for each leptonic decay of the vector boson V. The selection is described in detail in the fol-
lowing subsections and summarized in Table 6.3. In the following, the reconstructed transverse
momentum pp (V') of the weak gauge boson produced with the Higgs boson signal is computed
as follows: in the O-lepton channel, pp(Z) is the total missing transverse energy, ETsS; in the
1-lepton channel, p%f is the magnitude of the vector sum of the transverse missing momen-
tum vector and of the lepton transverse momentum vector; in the 2-lepton channel, pp(Z) is
computed from the sum of the transverse momentum vectors of the two leptons.
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Table 6.3 — Summary of the event selection in the 0-, 1- and 2-lepton channels.

80T

Selection 0-lepton 1-lepton 2-lepton
e sub-channel 1 sub-channel
Trigger s Single lepton Ess Single lepton
Leptons 0 V H-loose leptons 1 V H-signal electron | 1 V H-signal muon | 2 V H-loose leptons with pp > 7 GeV
with ptr > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pt > 27 GeV
E%liss > 150 GeV > 30 GeV - —
My - — 81 GeV < myp < 101 GeV
Jets Exactly 2 or 3 jets Exactly 2 or > 3 jets
Jet pr > 20 GeV for |n| < 2.5 and > 30 GeV for 2.5 < |n| < 4.5
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pr > 45 GeV
Hry > 120 (2 jets), >150 GeV (3 jets) - -
min[A¢(ERSS jets)] > 20° (2 jets), > 30° (3 jets) — ~
Ag(ERSS bb) > 120° - -
A¢(b1,b2) < 140° - -
AG(BF™, B, = 00° - -
Yy > 150 GeV > 75 GeV
Signal regions vV myy > 75 GeV or myep < 225 GeV Same-flavour leptons
Opposite-sign charge (up sub-channel)
Control regions - my, <75 GeV and myep > 225 GeV Different-flavour leptons

uonponpoxd qq < H ‘H A JO 90UdpPIAY




6.4 Event selection

The acceptance of the selection criteria for the V H signal, together with the predicted cross
sections times H — bb branching ratios, are shown in Table 6.4. The acceptance for gluon-
induced ZH events is larger than for quark-induced ones because the p¥ spectrum is larger,
leading to larger acceptance and reconstruction efficiencies of the charged leptons (Z — ¢£) or
of the missing transverse energy (Z — vv).

Table 6.4 — The V H signal cross-section times branching ratio and acceptance in the three
channels at /s =13 TeV. The ¢g- and gg-initiated ZH processes are shown separately. The
branching ratios are calculated considering only decays to muons and electrons for Z — ¢/,
decays to all three lepton flavours for W — fv and decays to all neutrino flavours for Z — vv.
The acceptance is calculated as the fraction of events remaining in the combined signal and
control regions after the full event selection.

mpy =125 GeV at /s =13 TeV

Acceptance [%
Process o x BR [fb] 0-lepton 1—1ept0n[ g—lepton
qq — ZH — 00bb 29.9 <0.1 <0.1 7.0
g9 — ZH — (0bb 4.8 < 0.1 < 0.1 15.7
qq — WH — (vbb 269.0 0.2 1.0 -
qq— ZH — vubb 89.1 1.9 - -
g9 — ZH — vubb 14.3 3.5 —~ —~

6.4.1 Common event selection

The reconstruction of the primary vertices, of the hard-scatter vertex candidate, and of
the various particles is described in chapter 4. The following overlap-removal procedure is
applied to avoid the case of the same particle being reconstructed as two different candidates.
Hadronically decaying 7 lepton candidates within AR = 0.2 of an electron or muon of good
quality are removed. Electrons sharing the same track with muons are removed. Jets in a
cone of AR = 0.2 around an electron are removed. Jets in a cone of AR = 0.2 around a muon,
with less than three associated tracks or with energy close to that of the muon, are removed.
Electrons and muons, typically from semileptonic b or c-hadron decays, that are within a cone
of radius equal to the minimum between 0.4 and 10 GeV/pp around the remaining jets are
removed. Finally, jets in a cone of AR = 0.2 around hadronically decaying 7 lepton candidates
are removed.

The selection requirements applied to the leptons used for this analysis are summarised in
Tables 6.5 and 6.6. Two different level of selections are defined to select the leptons in the final
state under study or to veto extra leptons: a “V H”-loose selection and a “W H”- or “Z H”-signal
one. The V H-signal selections apply tighter transverse momentum thresholds and identification
and isolation requirements than the V H-loose one. Requirements on the significance of the
transverse impact parameter dy and on the longitudinal impact parameter zg with respect to
the hard-scatter vertex are applied to both loose and signal leptons to reject non-prompt and
pile-up tracks.

The isolation selection for V H-loose electrons requires them to be isolated from other tracks
reconstructed in the ID in a cone with AR varying with pp (maximum AR = 0.2). The require-
ment is tuned to give a 99% constant efficiency as a function of the electron pr. Signal eletrons
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must also pass a tighter calorimeter-based isolation selection requiring the sum of the transverse
energy of the clusters of calorimeter cells not associated to the electron and within AR = 0.2 of
the electron to be below 3.5 GeV.

The V H-loose muons are required to be isolated from tracks in the ID in a cone with
AR varying with pp (maximum AR = 0.3). The requirement is tuned to give a 99% constant
efficiency as a function of the muon pr. V H-signal muons are required to pass the tighter track-
based isolation requirement that the scalar sum of the pr of the tracks in a cone of AR =0.2
around the muon be below 1.25 GeV.

Also for the jets two sets of quality criteria are defined for this analysis, as summarised in
Table 6.7. “Signal” jets are required to be central (|n| < 2.5), to have pr > 20 GeV, and to pass a
JVT requirement in order to suppress pile-up jets. “Forward” jets are those in the 2.5 < |n| < 4.5
pseudorapidity region, which is not covered by the ID. To suppress pile-up forward jets, since
there is no JVT discriminant for them, their minimum pr threshold is raised to 30 GeV.

Table 6.5 — Electron selection requirements.

Electron category pT n ID dy® wrt. PV |Azpsind)| Isolation
V H-loose >7 GeV  |n| <247 Loose + hit in IBL <5 < 0.5 mm loose (only tracks)
Z H-signal >27 GeV  |n| <247 Loose + hit in IBL <5 < 0.5 mm loose (only tracks)
W H-signal >27 GeV  |n| <247 Tight <5 < 0.5 mm tight (tracks+calorimeter)

Table 6.6 — Muon selection requirements.

Muon category PT n ID dy® w.r.t. PV |Azpsind)| Isolation
V H-loose >7GeV || <2.7 Loose <3 < 0.5 mm loose (only tracks)
Z H-signal >27 GeV  |n| < 2.5 Loose <3 < 0.5 mm loose (only tracks)
W H-signal >25 GeV  |n| <2.5 Medium <3 < 0.5 mm tight (only tracks)

Table 6.7 — Jet selection requirements.

Jet category Selection Requirements
pr > 20GeV
Signal Jets I <2.5
JVT > 0.59 if (pr < 60GeV and |n| < 2.4)
pr > 30GeV

F
orward Jets 25<|n| <45

Jets from the hadronisation of the b-quarks from the Higgs boson decay in V H events tend
to be produced at small pseudorapidity; moreover, b-tagging can only be performed for jets
in the ID acceptance (|n| < 2.5). For this reason only the “signal jets” are used to select the
H — bb candidates. To this purpose they must be identified as containing b hadrons by the
MV2c10 algorithm described in the previous chapter. The MV2c10 working point, chosen to
maximise the expected signal significance, is the one with a fixed threshold yielding a nominal
average efficiency of 70% on b-jets and misidentification efficiencies of 8.2% and 0.3% for c-jets
and light-flavour jets, for jets with pr > 20 GeV and |n| < 2.5 produced in tt events.
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All events are required to have at least two jets, and exactly two must pass the b-tagging
requirement. These two jets are then used to form the Higgs boson candidate. Since Higgs
boson decays tend to produce at least one b-jet with pr above a few tens of GeV, a requirement
pr > 45 GeV is applied to the leading-pr jet to improve the signal-to-background ratio.

The momentum of the reconstructed b-jet candidates is corrected to improve the accuracy
of the standard jet energy calibration (which is derived with data control samples enriched in
light-flavoured jets). The following two effects are taken into account:

e First of all, when a muon with pp > 5 GeV and of medium quality is found in a cone of
size AR = 0.4 around the jet, the muon four-momentum is added to that of the jet, and
the energy deposited in the calorimeter by the muon is removed from the jet energy. This
“muon-in-jet” correction accounts for muons from semileptonic decays of b- or c-hadrons
and for the fact that the muon momentum is better measured by the tracking devices than
by the calorimeter. No isolation requirement is applied to the muon. Taking into account
that BR(W — uv)+ BR(W — 7v,7 — puvv) = 12% and that there are two W bosons in
the b — ¢ — d, s decay chain, the probability per b-jet to contain at least a muon is about
24%, and thus the probability of two b-jet events to receive such a correction is about 42%.
If there is more than one muon satisfying such requirements (which happens in 1.6% of
the cases in the simulation) only the closest one to the jet is used.

e Second, a “PtReco” correction is applied as a function of the jet transverse momentum
and is computed as the average relative difference between the calibrated energy of the
reconstructed b-jet and the true b-jet energy, as determined from the simulation. The
correction is determined separately for jets in which the b-hadron decay chain produces
only hadrons (“hadronic jets”) or also leptons and neutrinos (“semileptonic jets”). As
illustrated in Figure 6.1, the PtReco correction for “hadronic” jets increases the jet energy
by around 12% for a jet pt of 20 GeV and by around 1% above 100 GeV, while for
“semileptonic” jets the correction factors are about 10% larger to account for the neutrino
momentum.

For 2-lepton events the PtReco correction is replaced by a kinematic likelihood fit which
includes a constraint on the dilepton invariant mass (Breit-Wigner distribution with the Z boson
parameters), constraints on each of the transverse components of the £bb system momentum
(Gaussian distributions centered at zero with a width of 9 GeV, as obtained from ZH simulated
events), a prior distribution of the true jet pr in ZH events, and a transfer function relating the
reconstructed jet pr to its true value.

The effect of these corrections on the invariant mass distribution of simulated ZH — £/bb
signal events passing the 2-lepton selection and having p% > 150 GeV is shown in Figure 6.2.
The muon-in-jet and PtReco corrections lead to a resolution improvement close to 20% with
respect to the standard calibration; the kinematic fit doubles the gain to slightly more than
40%.

In the O-lepton channel, background from ¢t events arise typically from gqgblvb events (i.e.
one W boson decays hadronically and the other one leptonically)! where one lepton is not

Lqgbggb events (i.e. both W bosons decay hadronically) with large fake missing transverse momentum are
miss

suppressed by the large E1° requirement applied, as described later.
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Figure 6.1 — “PtReco” jet energy correction as a function of jet pr, for both semileptonic and
hadronic decays of the b hadrons inside the b-jets, obtained from simulated V H, H — bb samples.
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reconstructed. Such events have typically at least four jets in the event. Similarly, in the 1-
lepton channel, tt background events are dominated by the ggblvb final state. To reduce tt
contamination the number of jets is thus required to be at most three. In the 2-lepton channel,
both the signal and the backgrounds (including ¢, which contributes mostly through the fvbfvb
final state) have low jet multiplicity, and a maximum Nje; requirement does not improve S/B.
For this channel, also events with more than three jets are thus considered, increasing the
sensitivity (by about 5-6%) due to the slightly larger acceptance for the signal.

6.4.2 O-lepton channel specific selection

The 0-lepton channel targets mainly Z H events with Z bosons decaying to neutrinos. Events
are recorded using E%“ss triggers. In the offline analysis events are required to have no V H-
loose leptons and ER5 > 150 GeV. To remove a small region of phase space in which the trigger
efficiency exhibits a dependence on the jet multiplicity not well modelled in the data, a selection
is applied to the scalar sum Ht of the transverse momenta of the jets in the event. Two-jet
(three-jet) events are required to have Hp > 120 (150) GeV.

To suppress multi-jet background, mostly originating from jets poorly reconstructed in the
calorimeters, a selection on some variables exploiting the angular correlations of various particles
either in signal or background events is applied. The requirements are the following:

« AG(EFS ERL) < 90%,
. A(Z)(bl,bz) < 140°,

o A¢(EFSS bb) > 120°,

min[Ag(ERSS jets)] > 20° for 2 jets > 30° for 3 jets.

Here E2 and E%ltsfk indicate the missing transverse momentum vectors calculated using
calorimeter or tracking information (the latter is also sometimes denoted p'** elsewhere); by
and bg are the directions of the two b-tagged jets, and bb is the direction of the two-body
system formed by the two b-tagged jets. A¢(a,b) is the azimuthal angle between two vectors
a and b. The first requirement exploits the fact that for events with real transverse momen-
tum imbalance (such as the signal), its reconstructed direction should be similar when using
calorimeter or tracking information, while in multi-jet events with jets poorly reconstructed in
the calorimeter and low true momentum imbalance the direction of E%liss and %‘tsfk should
be largely uncorrelated. The second requirement accounts for the fact that the b-jets from the
decay of a 125 GeV Higgs boson recoiling against a high-pt V' boson tend (due to the boost
of the system) to be close in space, more than — on average — random jets in low-multiplicity
QCD events. The third requirement accounts for the fact that in signal events the directions of
ETs and of the bb system are close to those of the Z and Higgs bosons, which should be mostly
back-to-back in the transverse plane. The final selection suppresses QCD multi-jet events since
fake ENSS is usually due to a poor energy reconstruction of one jet which implies that E%ﬁss
tends to be aligned with the direction of the misreconstructed jet. The previous criteria have
been chosen in such a way that the fraction of multi-jet contamination is on the order of 1%
of the total background and on the order of 10% of the signal in a narrow bb invariant mass
window around 125 GeV.
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6.4.3 1-lepton channel specific selection

The 1-lepton channel targets mainly W H events with a W boson decaying to a charged
lepton and a neutrino.

In the 1-electron sub-channel, events are recorded using single-electron triggers. Events are
required to contain exactly one W H-signal electron and no additional V H-loose leptons. The
selected electron is required to have triggered the acquisition of the event.

In the 1-muon sub-channel, events are recorded using the E%iss triggers. Events are required
to contain exactly one W H-signal muon and no additional V H-loose leptons.

In both sub-channels, the transverse momentum of the W boson candidate, defined as the
magnitude of the vector sum of the lepton and E%ﬁss directions in the transverse plane, must
be larger than 150 GeV. Such requirement suppresses multi-jet contamination due to events
with jets faking prompt leptons. In the electron sub-channel, to reduce multi-jet contamination
further, EMsS is required to be larger than 30 GeV.

To better estimate the W + HF background from the data, the selected sample is split into
a signal region (SR) and a dedicated W+HF control region (CR). The W+HF control region is
defined by applying, on top of the previous selection criteria, the following requirements:

e my, < 75 GeV, to suppress signal and diboson contributions;

o Miop > 225 GeV, to suppress ¢t and single-top-quark events.

The quantity myep is the reconstructed mass of the top quark assumed to be decaying to one
of the two b-jet candidates and the W boson that has then decayed to the selected lepton.
The calculation of my.p uses the four-momenta of one of the two b-jet candidates, the signal
lepton, and of the hypothetical neutrino produced in the event. The transverse momentum
of the neutrino is assumed to be equal to the missing transverse momentum vector, while its
longitudinal momentum is determined from the lepton momentum and the missing transverse
momentum vector assuming that they originate from the decay of a particle (the W boson) with
known mass my = 81 GeV:

P = [ngiE,\/Xz —a(ph)2(Emis)z] (6.1)

2(php)?

where . .
X =miy + 2pL EJ 4 2p) B (6.2)

If the previous quadratic equation has imaginary solutions, the magnitude of E%ﬁss is increased

until the discriminant in the quadratic equation is equal to zero. myp is then reconstructed
from the combination of b-jet candidate and p? that yields a top quark candidate mass closest
to the nominal value of 172.5 GeV. The fraction of W+HF events in the W+HF control sample
expected from the simulation is around 75%.

6.4.4 2-lepton channel specific selection

The 2-lepton channel targets mainly ZH events with the Z boson decaying to a pair of same
flavour leptons (ee or ppu).
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Events are recorded using single-electron or single-muon triggers. Exactly two V H-loose
leptons of the same flavour are required. One of the two leptons is required to have pr > 27 GeV
(Z H-signal lepton) and to have triggered the acquisition of the event.

The charges of the two leptons are required to be opposite in muon sub-channel. A sim-
ilar requirement is not applied in the electron sub-channel due to the non-negligible charge
misidentification rate of electrons.

The invariant mass of the two leptons must be sufficiently close to the Z boson pole mass,
81 GeV < my, < 101 GeV, reducing contributions from #f and multi-jet events that produce
non-resonant lepton pairs.

Finally, the transverse momentum of the dilepton pair, which for signal events originates
from the Z boson recoiling against the Higgs boson, is required to be larger than 75 GeV.

To better estimate the ¢t and Wt background from the data, a dedicated top control re-
gion is defined, applying the nominal 2-lepton selection with the exception of the same-flavour
requirement, which is replaced by the requirement that the two leptons have different flavour
(i.e. selecting ey combinations), with no criteria applied to their charges. The different-flavour
request strongly suppresses processes with real Z bosons (Z+jet, diboson, Higgs boson produc-
tion) and thus the top control region is 99% pure in tt +Wt events. At the same time, since
the kinematic properties of top-quark events are flavour symmetric, the selected control sample
is highly representative of top-quark background events in the 2-lepton signal region, as shown
in Figure 6.3.
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Figure 6.3 — Shape comparison between top background distributions in the same flavor signal
region and in the different-flavor top control region in 2-jet low-pr (V) region: (a) pr(V), (b) bb
invariant mass, (¢) BDTyy. Both shapes are normalised to unity.

6.5 Event classification

The extraction of the signal and background yields in the selected sample is performed
separately in event categories with different S/ B, to increase the sensitivity of the analysis.
The events are classified based on:

» the number of charged leptons Nigpton: 0, 1, or 2. Electron and muon sub-channels are
combined together and not treated separately in the 1-lepton and 2-lepton channels.

 the number of jets in the event, Nje;. For each Niepion category, selected events are classified
into 2-jet events and events with 3 jets (or at least 3 jets in the 2-lepton channel).
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o the transverse momentum of the vector boson, pr(V'). In the 2-lepton channel, events are
classified in two categories, events with “medium” pp(V), 75 GeV < pr(V) < 150 GeV,
and events with “high” pp(V'), pr(V) > 150 GeV. No pr(V) categories are introduced for
the 0-lepton and 1-lepton channels.

The total number of signal regions is thus 8: events that pass the nominal selection and are
classified in one of the following categories:

0 leptons, 2 jets or 3 jets;

1 lepton, 2 jets or 3 jets;

2 leptons, 2 jets or > 3 jets, 75 GeV < pp(V) < 150 GeV;

2 leptons, 2 jets or > 3 jets, pp(V) > 150 GeV.
There are also six control regions:

o two W+HF control regions, corresponding to events passing the 1-lepton W+HF selection,
either with 2 jets or 3 jets;

o four top control regions, corresponding to events passing the 2-lepton top control sample
selection, with 2 jets or > 3 jets, and 75 GeV < pp(V) < 150 GeV or pp(V) > 150 GeV.

6.6 Multivariate analysis

In the nominal measurement, the signal and background yields are determined by means of
a simultaneous maximume-likelihood fit to the distribution, in each of the selected signal regions,
of a multivariate discriminant combining into a single output the values of several correlated
kinematic quantities. The expected signal and background distributions are determined from
the simulation. The normalisations of the various background processes are determined from the
theorical cross section calculations and the efficiencies predicted by the simulation, or directly
from the data. In particular, the multivariate algorithm that is used is a boosted decision
tree, in the implementation provided by the TMVA package [95]. To better constrain the top
and W+HF backgrounds, the bb invariant mass distribution or the number of events in the
control regions are fitted simultaneously with the fits to the BDT distributions of the eight
signal regions. The different regions entering the likelihood fit and the discriminant used in each
region are summarised in Table 6.8.

Two sets of BDTs are used. One, denoted as BDTyy, aims at separating the VH, H — bb
signal from all the backgrounds, and is used in the nominal analysis. The other one, denoted
as BDTyy, aims at separating V' Z, Z — bb events from the other background processes and the
V H signal; such BDT is used in the diboson analysis cross-check. Both BDTs use the same
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Table 6.8 — The distributions used in the global likelihood fit for the signal regions (SR) and
control regions (CR) for all the categories in each channel, for the nominal multivariate analysis.

Categories

75 GeV < p¥. < 150 GeV | p¥ > 150 GeV
Channel SR/CR 2 jets \ - 3 jets 2Tjets \ 3 jets
0-lepton SR - - BDT | BDT
1-lepton SR - - BDT | BDT
2-lepton SR BDT BDT BDT | BDT
1-lepton | W + HF CR - - Yield | Yield
2-lepton e CR Mpp Mpp Yield | myy

set of input variables, which describe the event kinematics and topology. The input variables
have been chosen to maximise the sensitivity of the analysis, using the following procedure.
Starting from the invariant mass of the two b-jets (mpp), variables are added one at a time to
the BDT, and the one that gives the best increase in separation between signal and background
is kept. The procedure continues until no more variables are found that give a non-negligibile
improvement in the signal-vs-background separation. The list of input variables retained after
the application of this procedure is shown in Table 6.9.
The input variables are defined as follows:

Table 6.9 — Variables used for the multivariate discriminant in each of the categories.

Variable O-lepton  1-lepton 2-lepton
Y = piss X X
Emiss X X X
prl X X X
pr2 X X X
Mpp X X X
AR(by,b2) X X X
|An(by, b2)| X
A¢p(V ,bb) X X X
An(V,bb)| x
Meeff X
min[A¢(£,b)] X
mlV «
Myy X
Mtop X
[Ay(V, bb)| x

Only in 3-jet events
pjfti’ X X X
Mpb; X X X
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o ET'°: missing transverse momentum;

o pYt: transverse momentum of the vector boson;

. pl:fl’Q: transverse momenta of the two b-tagged jets, which are labelled as b; and b, in order
of decreasing pr;

o AR(by,bs): angular separation of the two b-tagged jets;
o |An(by,by)|: separation in pseudorapidity of the two b-tagged jets;

o A¢(V,bb): azimuthal angle between the vector boson and the system of the two b-tagged
jets;

o |An(V,bb)|: pseudorapidity separation between the vector boson and the system of the
two b-tagged jets;

e Mef: scalar sum of the transverse momenta of all jets and Er}niss;

o min[A¢(£,b)]: angle between the lepton and the closest b-tagged jet in the transverse
plane;

o mi¥: transverse mass of the W boson candidate, defined as m'} = \/ 2p5 EISS (1 — cos(Ag (€, ERiss)));
e My invariant mass of the two leptons;

e Myop: assuming that the one-lepton selected event is from a semileptonic ¢¢ event, the
reconstructed mass of the top quark candidate decaying leptonically;

o |Ay(V,bb)|: the rapidity separation between the W and Higgs boson candidates; it is
calculated by reconstructing the neutrino longitudinal momentum using the W boson
mass constraint, similarly to mgop;

. pil(fts: the transverse momentum of the third jet, which is labelled as jets, in 3-jet events;

o My the invariant mass of the 3-jet system, in 3-jet events.

As an example, the signal and background input distributions passed to the BDT in the 0-
lepton channel are shown in Figure 6.4. The correlation matrices of such variables for signal and
background events are shown in Figure 6.5. The distributions and their correlations are different
between signal and background, and such properties are exploited by the BDT to maximise the
separation between the two kinds of processes. Compared to a simpler cut-based approach in
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Figure 6.4 — Signal (blue) and background (red) distributions of the BDT input variables in the
0-lepton channel.
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Figure 6.5 — Correlation matrices of the input variables used in the 0-lepton channel BDT for
(a) background and (b) signal events.

which a fit to a single kinematic variable like myy is performed, after having applied selections
on the other variables, the use of a multivariate approach provides an increase of the sensitivity
of the analysis by about 10%, as will be shown later when comparing the results of the nominal
analysis to those of the dijet-mass analysis.

The distributions of the input variables of the BDTs in data and simulation are found to be
in good agreement within the uncertainties, as exemplified in Figure 6.6.

The BDTs are trained using simulated signal and background events. Separate BDTs are
trained for each signal region. A 2-fold cross-validation strategy is used: one training is per-
formed using even-numbered MC events, and then it is validated on odd-numbered events to
estimate its performance on an unbiased sample and to check for overtraining, and viceversa.
To exploit the full simulated samples, the distribution of the BDT in half of the data events is
computed using the version trained on odd-numbered MC events, and that of the other half is
computed using the version trained on even-numbered MC events.

To increase the number of simulated events available in the training, for background pro-
cesses with large cross section but that are highly suppressed due to the large rejection of light
and charm jets by the b-tagging algorithm, a procedure called “parameterised tagging” is used
instead of applying the b-tagging algorithm explicitly (“direct tagging”). This procedure relies
on a parametrisation of the b-tagging efficiency of light and charm jets as a function of their
transverse momentum and pseudorapidity, determined from simulated ¢t events. Such efficien-
cies are then used to assign a weight to each simulated event, based on the probability that
exactly two jets are b-tagged. All simulated events that pass the selection criteria, with the
exception of the b-tagging ones, are then used, which reduces significantly the statistical fluc-
tuations for background processes with no b quarks. For this reason this procedure is applied
to the V 4+cc, V+cl, V+I1l and WW samples, which correspond to less than 2% of the total
background. Studies have been carried out to determine the impact of possible biases introduced
by this procedure. As an example, Figure 6.7 presents comparisons of the my;, distribution when
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Figure 6.6 — Data vs MC comparison for some of the BDT input variables used in the 0-lepton
channel, in the 2-jet signal region: (a) my, (b) AR(b1,b2), (¢) |A¢p(V,bb)|, (d) pr(b1). Both the
signal and background histograms are normalised to the yields determined from the maximum
likelihood fit described later. The dashed histogram shows the total background as expected
from the pre-fit MC simulation. The entries in overflow are included in the last bins of the
histograms. The combined statistical and systematic uncertainty for the sum of the signal and
fitted background are indicated by the hatched band. The ratio of the data to the sum of the
signal and fitted background is shown in the lower panels.
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using direct b-tagging (black points) and parameterised tagging (red points) for W + cc,cl,ll
processes in the 1-lepton 2-jet and 3-jet signal regions. As expected, the statistical fluctuations
are reduced by parameterised tagging. A reasonably good closure is observed, with possibly a
10-20% disagreement in the W + cc yield between the two approaches; however, given the small
contribution of this background process, and its large normalisation uncertainty, the impact of
such bias — if any — is minimal.

The parameters used for the training of the BDT were optimised for the VH, H — bb search
with ATLAS Run 1 data by means of one-dimensional “scans” of each of the parameters, in
which the BDT was retrained with different values of a particular setting, and the sensitivity
of the analysis on simulated samples was compared to some reference value. Checks of a few
alternative settings with the samples used in this analysis have indicated that the nominal ones
are still optimal, and are summarised in Table 6.10. Signal-like events correspond to BDT
output values close to 1, and background-like events have BDT output values close to —1. The
BDT output after the training from TMVA for the 0-lepton channel, and its validation on a
statistically independent sample, is shown in Figure 6.8.

Table 6.10 — BDT training settings.

TMVA Setting Definition Value
BoostType Boost procedure AdaBoost
AdaBoostBeta Learning rate 0.15
SeparationType Node separation gain Ginilndex
PruneMethod Pruning method NoPruning
NTrees Number of trees 200
MaxDepth Maximum tree depth 4
nCuts Number of equally spaced cuts tested per variable per node 100
nEventsMin Minimum number of events in a node 5%

The BDT output histograms from TMVA are re-binned in a way that optimises the sensitivity
of the analysis while minimising the number of bins, to reduce statistical fluctuations in the
templates determined from the simulation and used in the final fit. The binning procedure is
based on the following quantity:

zens(I[k 1)) zenp(I]k, 1))

Z(I[k, 1) = = 2 S (6.3)

where

o I[k,l] is an interval of the histograms, containing the bins between bin k and bin [;

Ny is the total number of signal events in the histogram;

Ny is the total number of background events in the histogram;

o ns(I[k,l]) is the number of signal events in the interval I[k,];
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6.6 Multivariate analysis
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Figure 6.7 — Comparison of the my, distributions for W+ cc (top row), W+ ¢l (middle row) and
W 411 (bottom row), for the 2-jet (left column) and 3-jet (right column) signal regions with
direct b-tagging (black) and parameterised tagging (red), in the 1-lepton W+HF control region.
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Figure 6.8 — (a) Expected background rejection as a function of the signal efficiency for the
O-lepton BDT. (b) The BDT distributions of signal (blue) and background (red) in the training
(dots) and test (histograms) samples.

o np(I[k,l]) is the number of background events in the interval I[k,l];

e z; and z, are parameters used to tune the algorithm.

The choice of the binning is performed in the following way:

1. Starting from the right-most bin (“last”) of the original histogram (i.e. from the region
of large values of the BDT score, thus with less expected background events and better
S/B, increase the range of the interval I(k,last) by adding one after the other, the bins
from the right to the left, until two conditions are satisfied: Z(I[ko,last]) > 1, and the MC
statistical uncertainty in the bin is < 20%.

2. Merge all the bins in the interval I(kg,last) into a single bin and repeat the previous step,
now starting from bin kg — 1.

3. Repeat steps 1 and 2 until kg is the left-most bin of the original histogram.

An optimisation procedure of the tuning parameters has led to the choice of z; = 10, 2z, = 5.

6.7 Multi-jet background estimation

Due to their large cross sections compared to the electroweak processes constituting the main
backgrounds for the search presented here, multi-jet QCD events, in which jets are misidentified
as leptons or misreconstructed and lead to a large, fake, E%iss, can give rise to a non-negligible
background. Simulating a sufficiently high number of such events, and properly modelling the
probability of jets faking leptons or Ell?iss, is very challenging. For this reason, data-driven
techniques are used to estimate this background.

In the 0-lepton channel, a QCD-enriched sample is obtained by removing the min[Agf)(E%ﬁss, jets)]
requirement applied in the nominal selection. A fit to the distribution of this variable is then per-

formed to 3-jet events selected in data to determine the multi-jet yield. Multi-jet events tend to
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6.7 Multi-jet background estimation

peak at values close to zero, while electroweak backgrounds are typically characterised by larger
values of this variable, as shown in Figure 6.9(b). In the fit, the multi-jet distribution is assumed
to be described by an exponential function, N exp(—x/c); the electroweak background distribu-
tions are taken from the simulation, with floating normalisation factors for t¢ and for V+jets,
and fixed normalisation for single-top and diboson production. The multi-jet yield and its shape
parameter ¢ are determined from the fit; once known, the expected multi-jet background in the
signal region is easily computed. The resulting fit is shown in Figure 6.10. The multi-jet yield is
found to be about 10% of the expected signal and less than 0.1% of the electroweak backgrounds.
Moreover, the BDT distribution of events in data with low min[A¢(ERSS jets)] is found to be
similar to that of the electroweak backgrounds, and thus the small remaining multi-jet contri-
bution can be “absorbed” in the floating normalisation factors of the electroweak backgrounds
in the final fit. The same data-driven estimation technique cannot be used in the 0-lepton 2-jet
region, because the stronger correlation between min[A¢(ERS, jets)] and the other anti-QCD
variables in 2-jet events implies that no multi-jet events with low min[A¢(EF®S jets)] survive
after having applied the other selection requirements, as shown in Figure 6.9 (a). However, it
is observed — using a multi-jet MC sample generated with PYTHIA 8 with the A14 tune and
the NNPDF2.3LO PDF set, and removing the b-tagging requirement to increase the number of
events — that the min[Agb(E%iss, jets)] distribution of 2-jet and 3-jet events passing the other
O-lepton selection criteria should be similar. Figure 6.9(a) thus indicates that the electroweak
backgrounds in 2-jet events are of the same order of magnitude as those in 3-jet events, while
the multi-jet background is much smaller (since no events are seen near zero) and thus can be
safely neglected in the analysis.
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Figure 6.9 — Pre-fit min[A¢(ERSS jets)] distributions for the 0-lepton (a) 2-jet and (b) 3-jet
categories excluding the selection on this variable.

In the 1-lepton channel, the multi-jet background arises mainly from leptons from semilep-
tonic decays of heavy-flavour hadrons, with a small additional contribution from conversions of
photons from 7¥ decays. Such background is strongly suppressed by the lepton isolation criteria,
but — due to its large cross section — some event still pass the selection. The multi-jet back-
ground yield is estimated with a fit to m'Y. In this fit, the multi-jet distribution is taken as the
distribution of events in a control region selected by inverting the lepton isolation requirement
of the nominal selection and lowering the required number of b-tagged jets to one, after subtrac-
tion of the expected electroweak background distribution. In the fit to determine the multi-jet
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Figure 6.10 — Multi-jet estimate in the 0-lepton channel. The plot shows the fit to data of the
min[A¢(ERS jets)] distribution in the O-lepton channel 3-jet category. The multi-jet contribu-
tion is parameterised as a falling exponential (exp(—cx)), with parameter ¢ determined in the
fit itself, while the templates for the other backgrounds are fixed to the MC expectation. The
normalisation of the tt, W+jets and Z-+jets are also determined in the fit, and are compatible
with the values determined in the global likelihood fit used to extract the Higgs boson signal.
The extracted multi-jet yield, together with the background normalisations, are also reported.
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yield, the shapes of the mlfv distribution of the electroweak backgrounds, tt and W+jets, are
fixed from the simulation, while their normalisation is floating; to better constrain the W+jet
normalisation, a simultaneous fit to the overall yield in the corresponding W+HF control region
is performed. This procedure is applied separately in the electron and muon sub-channels, and
in the 2-jet and 3-jet categories. The multi-jet contribution is found to be almost 5% of the
total background contribution in the 2-jet category and about 0.5% in the 3-jet category; both
numbers are affected by large relative uncertainties, between 60% and 200%. It is therefore a
non-negligible background and is thus included explicitly in the final fit. The shape of the BDT
discriminant for multi-jet events in the signal region is obtained in the same way as the m%v
multi-jet template.

In the 2-lepton channel, the multi-jet background is estimated from a control sample of events
with same-flavour, same-charge leptons. A three-component fit to the dilepton invariant mass
distribution is performed. The components in the fit are the multi-jet background, the Z+jet
background, and the other electroweak backgrounds. The multi-jet component is described by
an exponential function with floating yield and parameter of the exponential. The shapes of
the electroweak backgrounds are obtained from the simulation, as well as the normalisation of
the electroweak backgrounds other than Z+jet (they are mostly due to top-quark background),
while the normalisation of the Z+jet background is floating. The normalisation of the non
Z+jet background needs to be fixed because its shape is quite similar to that of multi-jet events.
It is seen from other control regions that the top background normalisation predicted by the
simulation is in good agreement with the data and it does not need to be multiplied by scale
factors largely different from one. The estimated contribution from multi-jet events to the
2-lepton signal region is 0.03% and 0.2% of the total background for the muon and electron
sub-channels, respectively. It is about 8% of the expected signal but its BDT shape is similar
to the one expected for the sum of the remaining backgrounds. For these reasons, as for the
0-lepton channel, the multi-jet component is not included in the final fit, and simply absorbed
in the floating normalisation factors of the electroweak backgrounds in the final fit.

6.8 Systematic uncertainties

As described in Sec. 6.1, the results are derived from a fit to the distribution in data events of
a discriminating variable, either B DTy or my, in each analysis category. The data distribution
is binned and is fitted with the sum of various “templates”, 7.e. histograms representing the
expected shapes of each signal or background process. Such templates are determined from
the expected kinematic properties of such processes, predicted by the theoretical calculations
implemented in the MC event generators and the cross section calculations used to normalise
some of the simulated samples, and the expected experimental reconstruction, identification, and
calibration performance (efficiencies, energy scale and resolution, ..). Systematic uncertainties
on such templates arise those from experimental uncertainties in the performance of the ATLAS
detector for the particles selected in the final states under study and in theoretical uncertainties
— also denoted modelling uncertainties in the following — on the expected kinematic properties
of the signal and background. There are also systematic uncertainties affecting the data-driven
estimate of the multi-jet background template. In the following subsections the various sources
of systematic uncertainties are described.

127



Evidence of VH, H — bb production

6.8.1 Experimental uncertainties

The main experimental uncertainties affecting the results are those in the b-tagging effi-
ciency, followed by those in the jet energy scale and resolution. Smaller uncertainties arise
from the lepton trigger, reconstruction and selection efficiency and calibration, from the EMss
reconstruction, and from the luminosity measurement. They are determined as follows:

o The b-tagging efficiency uncertainties are determined separately for b-jets, c-jets and light-
flavour jets from control samples enriched in each one of these three types of jets. A
detailed example of how such uncertainties are obtained for b-jets using a control sample
selected with tt events has been given in the previous chapter. Simulation-to-data efficiency
correction factors (scale factors), and corresponding uncertainties, are determined as a
function of jet pp (or pr and 7). The approximate size of these uncertainties are 2% for
b-jets, 10% for c-jets and 30% for light jets. Additional uncertainties for pt > 300 GeV are
introduced due to the extrapolation to a pr range where the size of the control samples is
too small and MC-based estimates are used.

e The uncertainties in the jet energy scale and resolution are determined as a function of
jet pr and 7 from in situ measurements based on data control samples like balanced
Z+jet, v+ jet or multi-jet events. An additional specific uncertainty from the simulation
is introduced to account for differences in the calibration of b or c-jets with respect to light
jets (which are largely dominant in the data control samples).

e The uncertainties in the reconstruction, identification, isolation and trigger efficiencies of
leptons are determined from control samples of dileptons from decays of the Z boson,
with a tag-and-probe technique. The uncertainties in the lepton energy calibration are
determined from the invariant mass distributions of dileptons from the decays of Z, T and
J/1 bosons. The uncertainty in the peak position (width) of the reconstructed dilepton
invariant mass distribution is translated into the uncertainty on the lepton energy scale
(resolution). Such uncertainties have a very small impact on the result.

e The uncertainty on the E%liss reconstruction is due to the uncertainties in the jet and lepton
energy scale and resolution (described in the previous two bullets), to the uncertainty on
the momentum scale and resolution and the reconstruction efficiency of the tracks used to
calculate the soft term, and to the contribution of the underlying event. In the 0-lepton
channel, and in the 1-lepton muon channel, the uncertainties in the simulation-to-data
Emiss trigger efficiency scale factors, determined from control samples of W+jets and tt
events, are also considered.

e The uncertainty in the luminosity is 3.2%, as for the b-tagging efficiency calibration per-
formed on the same amount of data. In addition, a pile-up uncertainty is computed as
follows. In the nominal simulation the average number of interactions per bunch crossing
is increased by 9% to improve the agreement between simulation and data. The full size
of the correction is taken as an uncertainty.
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6.8.2 Simulated background modelling uncertainties

Modelling uncertainties for the simulated backgrounds can affect either their overall normal-
isation, the relative acceptance of different analysis regions, or the shape of the distributions of
the main kinematic variables that are used to build the discriminant used in the fit to the data.

Two methods are used to compute such uncertainties: comparisons between the samples
produced with the nominal event generators and alternative samples produced with different
event generators or with different settings of the same event generator, or comparisons between
the nominal simulation and data in some dedicated control regions. The comparisons between
nominal and alternative MC samples were usually performed at the particle-level, since it was
possible to generate many more events than those that are passed through the full detector
simulation, because event generation is much faster than detector simulation. In a few cases
the events generated with alternative MC programs or settings were also simulated, so that the
particle-level comparisons could be cross-checked at the detector level. Good agreement between
the comparisons performed in the two approaches was found in such cases.

To compute acceptance uncertainties of a certain background process, all the corresponding
MC samples (nominal and alternative) are normalised to the same production cross-section, and
the differences between the acceptances predicted by the nominal and each of the alternative
samples are summed in quadrature.

Shape uncertainties are determined separately for each event category. They are determined
by comparing the shapes of the distributions of the variable under consideration in the nominal
and alternative samples, after having normalised each sample to the same integral in each
category. The largest shape difference between the alternative samples and the nominal sample
is considered as the shape uncertainty. We only consider shape uncertainties for the distributions
of the my, and p¥ variables, which are the two BDT input variables with the highest signal-vs-
background separation and are largely uncorrelated; it was observed that modifying these two
distributions of the nominal sample by the corresponding shape uncertainties would be sufficient
to obtain a BDTyy distribution whose difference with that of the nominal MC sample is equal
to or larger than that of each of the alternative MC samples.

The particle-level analysis is performed using the RIVET [116] framework, in which a se-
lection as similar as possible to the detector-level one is implemented. The same pr and 7
selections applied at detector-level to the reconstructed candidates are applied at particle-level
to the stable particles of the truth record of the MC samples. Track (calorimeter) isolation vari-
ables are computed using the true charged (charged and neutral, excluding neutrinos) particles’
transverse momenta. Jets are labelled as b, ¢ or light based on a AR matching to b-hadrons
or c-hadrons or neither, as decribed previously. The missing transverse energy is computed
from the transverse momentum of the negative sum of the four-momenta of all the true stable
particles, except neutrinos, in the detector acceptance, and the missing transverse momentum
is computed similarly but using only the charged stable particles. At least two central jets are
requested. Central jets are then ranked according to their flavour (with priority given to b-jets,
than to c-jets and finally to light jets). The two highest-ranked are used to form the Higgs boson
candidate, and are ordered according to their transverse momentum, in decreasing order. The
true flavour of the two jets selected as the Higgs boson candidate decay products also determines
the flavour-label of the event: bb, be, bl, cc, cl or Il.

The 0-lepton particle-level selection is defined as follows:

e exactly zero leptons passing the pr, n and isolation requirements corresponding to the
V H-loose selection
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o ERSS > 150 GeV;
o AG(ERS pi=) <m/2;
o min[A@(ERSS jets)]< 20° (using the first 3 leading jets);

o Y pr(jets) >120(150) GeV for 2(> 2)-jet events (the sum is over the first 2 leading central
jets and the first additional jet in pr);

. pT(jl) > 45 GeV;
o Ad(j1,J2) < 140°%

o Ap((EWSS 1 + o) < 120°.
The 1-lepton particle-level selection is defined as follows:

e exactly one lepton passing the pr, 1 and isolation requirements corresponding to the
W H-signal selection and no extra lepton passing the pr, n and isolation requirements
corresponding V' H-loose selection;

o P > 150 GeV;

o pT(jl) > 45 GeV.
The 2-lepton particle-level selection is defined as follows:

o exactly two same-flavour (and, in the case of muons, opposite-charge) leptons passing the
pT, 1 and isolation requirements corresponding to the V H-loose selection, of which at least
one passing the Z H-signal selection;

e 71 GeV < myp < 121 GeV;

o pr(j1) > 45 GeV.

6.8.2.1 V-+jets background uncertainties

The main contribution to the V+jets background originates from V+HF events. The V+HF
background cross sections have large theoretical uncertainties; since such events are relatively
abundant in the selected sample — and moreover for W+HF there is a dedicated control region
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with good purity — the data are used to constrain their yield, thus avoiding such large uncer-
tainties to propagate to the final results. Their overall normalisation, separately in the 2-jet and
3-jet categories, are thus determined directly from the fit to the data, and only acceptance and
shape uncertainties are considered. V+light events (V 4 c¢l, V +11) only constitute 1% or less of
the background in each signal or control region, and only uncertainties on their normalisation
are computed, as acceptance and shape uncertainties do not impact significantly the results.

Within the 2-jet or 3-jet categories, acceptance uncertainties affect the relative normalisa-
tions of V+HF events in the various signal and/or control regions: for Z+HF, this means an
uncertainty in the ratio of number of events between the 0-lepton and the 2-lepton categories;
for W+HF, this corresponds to an uncertainty in the ratio of event yields between the O-lepton
and 1-lepton categories, and — in the 1-lepton channel — in the ratio between the yield in the
signal region and in the W+4HF control region. Acceptance uncertainties are also considered
for the relative contributions of V 4 bb, bc, bl, cc events to the V+HF yield; they are computed
as uncertainties in the ratios of the V +bc, bl, cc yields over the V + bb yield, separately for O-
lepton, 2-lepton 2-jet and 2-lepton 3-jet events for Z+HF, and for 0-lepton and 1-lepton events
for W+HF.

The normalisation and acceptance uncertainties are determined by comparing the nominal
SHERPA 2.2.1 sample to alternative samples produced with the same event generator but different
settings of the renormalisation, factorisation, resummation and CKKW merging scales (varied
independently between 0.5 and 2 times the nominal value). In addition, a contribution to
these systematic uncertainties is also derived from the comparison between the nominal SHERPA
sample and an alternative sample produced with MADGRAPH5__AMC@NLO v2.2.2 [85] with LO
matrix elements calculated for real emission of up to four extra partons, using the NNPDF2.3L.O
PDF set, interfaced to PYTHIA 8 with the A14 tune for the modelling of the parton showering,
the underlying event and pile-up. The final uncertainties are summarised in Tables 6.11-6.14.

Table 6.11 — Effect of modelling systematics on Z4jets normalisation and acceptance in the 0-
lepton and 2-lepton regions. For systematic uncertainties implemented with a prior the effect of
1-0 variation is reported. The uncertainties labelled as Zbb act on the entire Z+HF background.

Process Name prior in region
2jet (>)3jets
21: medium p¥ 2l: high p¥ ‘ 01 | 21: medium p¥ ‘ 2l: high p¥ 01

Z+1 SysZclNorm 18%

Z+cl SysZ1Norm 23%

Z+HF norm_Zbb Floating Normalisation

Z+HF | SysZbbNorm_L2_J3 - - - 30% 30% -
Z+HF SysZbbNorm_J3 - - - - - 17%
Z+HF SysZbbNorm_OL - - ™% - - %

Shape uncertainties on the my, and p¥ distributions of the V+HF background are estimated
as follows. For Z+HF events, they are determined by comparing these distributions between data
and Z+jets simulation, in control regions that are dominated by Z+jet production: they are the
events passing the 2-lepton selection, on which an additional requirement E%liss/ VSt < 3.5v/GeV
is applied to suppress the ¢f contamination, and the region 110 < my, < 140 GeV is vetoed to
remove V H signal events. To increase the size of the control sample, also events in which only
one of the two signal jets is b-tagged are considered. The small contribution from non-Z-jet
events is subtracted from the data using the simulation. Examples for the 2-tag control regions
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Table 6.12 — The priors on the relative acceptance variations for Z+HF. The first column details
the flavour components across which the acceptance variation is being considered, the second
column lists the names of the corresponding nuisance parameter in the profile Likelihood Fit,
the third contains the value of the prior and the fourth column the processes and categories to
which this nuisance parameter is applied.

Category Nuisance Parameter Name | Prior Applied to

40% Z+bc events (0-lepton)

Z+bc/Z+bb SysZbcZbbRatio 40% | Z+Dbc events (2-lepton 2jet)
30% | Z+bc events (2-lepton >3jet)
25% Z+bl events (0-lepton)

Z+bl/Z+bb SysZblZbbRatio 28% | Z+Dbl events (2-lepton 2jet)
20% | Z+Dbl events (2-lepton >3jet)
15% Z+-cc events (0-lepton)

Z+-cc/Z+bb SysZccZbbRatio 16% | Z+cc events (2-lepton 2jet)
13% | Z+cc events (2-lepton >3jet)

Table 6.13 — Summary of the normalisation and acceptance uncertainties on the W+jets pre-
dictions in the various categories of the 0 and 1-lepton channels. For systematic uncertainties
implemented with a prior the effect of 1-o variation is reported. The uncertainties labelled as
Wbb act on the entire W+HF background.

Process Name Prior in Region

0-lepton 1-lepton

2-Jets | 3-Jets | WCR 2-Jets | SR 2-Jets | WCR 3-Jets | SR 3-Jets

W+l SysWclNorm 32%
Wl SysWlNorm 3%
W +hf norm_Wbb Floating Normalisation
W4+HF SysWbbNorm_J3 - 18% - - 18% 18%
W+HF | SysWbbNorm_DWhfCR_L1 - - - 10% - 10%
W+HF SysWbbNorm_LO 5% 5% - - - -

Table 6.14 — The priors on the relative acceptance variations for W+HF. The first column details
the flavour components across which the acceptance variation is being considered, the second
column quotes the name of the corresponding nuisance parameter in the profile Likelihood Fit,
the third contains the value of the prior and the fourth column the processes and categories to
which this nuisance parameter is applied.

Category Nuisance Parameter Name | Prior Applied to
Worbc/W4bb | SysibciboRatio | i | THEDe evens (Oepon)
W -+bl/W+bb SysWblWbbRatio 32;‘; %ig 2;’2%2 E?ig:gg
Wekce/W4bb | SysiicciibbRatio | ycr | e v I epon)
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6.8 Systematic uncertainties

are given in Figure 6.11. For W+HF events, there are no large control samples that can be used
in a similar way as for Z+HF event, and shape uncertainties are determined from comparisons
between the nominal and alternative MC samples used also to determine the W+HF acceptance
uncertainties.
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Figure 6.11 — The p% (a, b) and mj; distribution for the medium pZ region, 75 < pZ < 150 GeV
(c, d) and high pZ region, p% > 150 GeV (e, f) for the 2-tag 2-lepton control region of Z-+jets
events for 2 jets (a, c, e) and for > 3 jets (b, d, f)

133



Evidence of VH, H — bb production

6.8.2.2 tt background uncertainties

tt production is another large source of background events. The overall normalisation is
directly extracted from the fit, thanks to the top background control regions, separately for 0+1-
lepton, 2-lepton 2-jet and 2-lepton 3-jet events. The particular treatment of the ¢ background
normalisation factors, which are decorrelated between 0+1-lepton and 2-lepton channels, has two
reasons. First, in the 2-lepton channel, the ¢t background is almost entirely due to dileptonic
events (tt — WbWb — Lvblvb) with undetected neutrinos, while in the other two channels it is
due to both dileptonic events with undetected leptons and semi-leptonic events (tt — WboWb —
(vbqq'b) with undetected quarks. Second, the pr(V) range accepted by the 0- and 1-lepton
selections, pp (V) > 150 GeV, is different from the one of the 2-lepton selection, pr (V') > 75 GeV.

Acceptance uncertainties, as well as my, and p¥ shape uncertainties, are then computed
separately for tt events in the 0+1-lepton and 2-lepton channels. In the 0+1-lepton channels,
uncertainties are determined in the yield ratios between 3-jet and 2-jet regions, between the
1-lepton W+HF control region and the signal region, and between the 1-lepton and the 0-
lepton channels. In the 2-lepton channel there are no separated acceptance uncertainties, as
the ep control regions constrain the normalisations of each SR directly in the data. All these
uncertainties are calculated from particle-level comparisons of the nominal sample (POWHEG
interfaced to PYTHIA &) to:

 a sample produced with a different matrix-element generator (MADGRAPH5 _AMCQ@NLO
interfaced to PYTHIA 8);

» a sample produced with a different parton-shower model (POWHEG interfaced to HERWIG
7 (90, 117] for the parton showering);

e a sample produced with the nominal generator but different settings that increase or
decrease the amount of radiation.

The final normalisation and acceptance uncertainties are summarised in Tables 6.15-6.16.

Table 6.15 — Effect of modelling systematics on t¢ normalisation and acceptance in the 0 and
1-lepton analysis regions.

0-lepton 1-lepton
Systematic 2j | 3) | WCR 2j | SR 2j | WCR 3j | SR 3j
norm_ttbar floating normalisation
SysttbarNorm_LO 8% | 8% - - - -
SysttbarNorm_J2 9% | - 9% 9% - -
SysttbarNorm_DWhfCR_L1 | — - 25% - 25% -

6.8.2.3 Single-top background uncertainties

Single top-quark production is dominated by the t and Wt-channels. For the s-channel, which
gives a tiny overall contribution, only a normalisation uncertainty is included. For the Wt and
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Table 6.16 — Effect of modelling systematics on #¢ normalisation in the 2-lepton regions.

2jet >3jets
medium p¥ [SR/CR] ‘ high p¥ [SR/CR] | medium p¥. [SR/CR] ‘ high p¥ [SR/CR]
norm_ttbar_J2_L2 floating normalisation -
norm_ttbar_J3_L2 - floating normalisation

t channels normalisation, acceptance and shape uncertainties are evaluated. The normalisation
uncertainties are estimated by summing in quadrature the variations in the theoretical cross
sections obtained by changing the renormalisation and factorisation scales independently by
0.5 or 2.0 times the nominal value, or by changing the value of g or the PDFs according to
the PDF4LHC prescription. Acceptance uncertainties are computed separately for the ¢ and
Wt channels, as the uncertainties in the fraction of events in the 2-jet and 3-jet signal regions.
Shape mg, and p¥ uncertainties are also derived separately for the ¢ and Wt channels. All these
uncertainties are calculated from particle-level comparisons of the nominal sample (POWHEG
interfaced to PYTHIA 6) to:

a sample produced with a different parton-shower model (POWHEG interfaced to HER-
WIG++ for the parton showering);

o a sample produced with a different matrix-element generator and a different parton-shower
model (MADGRAPHS AMCQ@NLO interfaced to HERWIG++);

e a sample produced with the nominal generator but different settings that increase or
decrease the amount of radiation.

o for Wt, a sample in which the overlap with the ¢¢ simulated sample from NLO diagrams
is subtracted through the “diagram subtraction” (DS) technique instead of the “diagram
removal” (DR) one used in the nominal samples [98, 111].

The final normalisation and acceptance uncertainties are summarised in Table 6.17.

6.8.2.4 Diboson background uncertainties

Diboson backgrounds are dominated by WZ and ZZ production. The WW process con-
stitutes only less than 0.1% of the total background and thus only its overall normalisation
uncertainty is considered. For WZ and ZZ instead, normalisation, acceptance and my, and p¥
shape uncertainties are considered. Normalisation uncertainties (Table 6.18) are determined by
comparing the overall yields predicted by the nominal SHERPA 2.2.1 sample with those from
alternative SHERPA samples with factorisation, renormalisation and resummation scales halved
or doubled independently, and from a sample generated with POWHEG interfaced to PYTHIA 8.

Acceptance uncertainties are computed for W Z events for the ratio of yields in the 0-lepton
and 1-lepton channels, and for the ratio of yields in 2-jet vs 3-jet regions. For ZZ events,
acceptance uncertainties are computed for the ratio of yields in the 0-lepton and 2-lepton chan-
nels, and for the ratio of yields in 2-jet vs 3-jet regions. For both WZ and ZZ, my, and p¥
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Table 6.17 — Summary of all normalisation and acceptance uncertainties for the single top process
with short descriptions and the name of the corresponding nuisance parameters.

Production ‘ Uncertainty ‘ Value Source Nuisance Parameter
s-channel overall normalisation 4.6% sum in quadrature of ug, stopsNorm
1, ag and PDF uncertainties
t-channel overall normalisation 4.4% sum in quadrature of ppg, stoptNorm
ur, ag and PDF uncertainties correlated with 2 jet and 3 jet case
t-channel 2 jet region acceptance 17% sum in quadrature stoptAcc
of deviations in alternative generators | correlated with overall and 3 jet case
t-channel 3 jet region acceptance 20% sum in quadrature stoptAcc
of deviations in alternative generators | correlated with overall and 2 jet case
Wt channel overall normalisation 6.2% sum in quadrature of pg, stopWtNorm
1, ag and PDF uncertainties correlated with 2 jet and 3 jet case
Wt channel | 2 jet region normalisation | 35% sum in quadrature stopWtAcc
of deviations in alternative generators | correlated with overall and 3 jet case
Wt channel | 3 jet region normalisation | 41% sum in quadrature stopWtAcc
of deviations in alternative generators | correlated with overall and 2 jet case

Table 6.18 — Summary of all systematic uncertainties on the diboson cross section including
their value, source and the corresponding nuisance parameter name.

Sys Name \ source \ Norm. effect \ applied to

SysWWNorm | overall cross section uncertainty 25% WW in all regions
SysWZNorm | overall cross section uncertainty 26% WZ in all regions
SysZZNorm | overall cross section uncertainty 20% 77 in all regions

shape uncertainties are estimated. All these uncertainties are determined from the same scale
variations and alternative samples described before (Table 6.19). Scale variation uncertainties
for the acceptance in the jet multiplicity categories are derived using the Stewart—Tackmann
method [118]. Additional uncertainties from the parton-shower and underlying-event modeling
are derived from a comparison of events generated with POWHEG interfaced to either PYTHIA
8 or HERWIGH+ (Table 6.20). PDF and «; uncertainties are found to have a negligible impact
on the acceptance and on the my, and p¥ shapes, compared to the other sources of uncertainty.

Table 6.19 — Summary of the systematic uncertainties on the V' Z acceptance in each analysis
region and on the p¥ and my,; shapes originating from altering the QCD scale, including their
nuisance parameter name.

O: ZZ —wvvbb | 11: WZ — fvbb | 21: ZZ — (lbb
NP name 2i | 3 2i | 3 2i | =3
SysVZ_QCDscale_J2 10.3% - 12.7% - 11.9% -
SysVZ_QCDscale_J3 -15.2% | +17.4% | -17.7% | +21.2% | -16.4% | +10.1%
SysVZ_QCDscale_JVeto - +18.2% - +19.0% - -
SysVZ_QCDscale_VPT shape
SysVZ_QCDscale_MBB shape
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Table 6.20 — Summary of the effects of parton shower and underlying event variations on the
V Z acceptance in each analysis region and on the p¥ and my; shapes, including their nuisance
parameter name.

0: ZZ —wvwbb | 11: WZ — lubb | 21: ZZ — 00bb
NP name 2j | 3] 2j | 3 2j | >3]
SysVZ_UEPS_Acc | 5.6% | 5.6% |[3.9% | 3.9% | 58% | 5.8%

SysVZ_UEPS_32JR 7.3% 10.8% 3.1%
SysVZ_UEPS_VPT shape
SysVZ_UEPS_MBB shape

6.8.3 Multi-jet background uncertainties

In the O-lepton and 2-lepton channels the multi-jet background is negligible and the dis-
tribution of the discriminant used in the fit is similar between multi-jet events and the sum
of the other backgrounds, such that the multi-jet background can be “absorbed” in the float-
ing normalisation of the other backgrounds in the fit. In the 1-lepton channel, the multi-jet
yield and BDTyy distribution are determined from a data control sample, and are affected
by uncertainties that are considered uncorrelated between the electron and muon sub-channels.
Such uncertainties are estimated from the variations in the yields and BDT shapes obtained
by changing the definition of the multi-jet control region, or the normalisation of the top and
V +jets backgrounds in the control region, or fitting the ERS distribution instead of the m%v
one to extract the multi-jet yield.

6.8.4 Signal modelling uncertainties

The signal overall normalisation is determined from the fit to the data in the nominal and
dijet-mass analyses; in the diboson analysis, it is set to the SM prediction compiled by the LHC
Higgs cross section working group, with the following theoretical uncertainties.

e The production cross section is affected by the uncertainties in the proton PDFs and in the
value of ag, as well as from the missing higher-order terms in the fixed-order calculations.
The effect of the PDF uncertainties is estimated by recalculating the production cross
section with the 100 alternative replicas of the PDFALHC15_NNLO_MC PDF set and
taking the 68% confidence-level (CL) interval of the computed cross sections.

The effect of the ag uncertainty is determined by varying a, by plus or minus one times
its uncertainty in the calculation.

The impact of the missing QCD higher orders in the calculation is estimated by varying
the factorisation and renormalisation scales independently between 1/3 and 3 times the
nominal value.

e The predicted H — bb branching ratio is affected by uncertainties due to missing higher-
order QCD and electroweak corrections, and to the uncertainties in the b-quark mass and
in the value of ag. The total uncertainty on the branching ratio is 1.7% [119].
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The inclusive production cross sections for the various signal processes are summarised in
Table 6.21. The uncertainties in the V H cross section and in the H — bb branching ratio are
summarised in Table 6.22.

Table 6.21 — Inclusive cross section for the signal processes.

Process ‘ order ‘ cross section (pb)
WH | NNLO(QCD)+NLO(EW) 1.37+0.04
WTH | NNLO(QCD)+NLO(EW) 0.84
W-H | NNLO(QCD)+NLO(EW) 0.53
ZH NNLO(QCD)+NLO(EW) 0.887003
99— ZH NLO+NLL(QCD) 0.12
qq — ZH difference 0.76

Table 6.22 — Summary of all systematic uncertainties on the V H cross section including their
value, source and the corresponding nuisance parameter name.

Sys Name source Norm. effect applied to
ATLAS_BR_bb H — bb decay uncertainties (HO effects, myp, ) 1.7% all V H processes
ATLAS_QCDscale_VH QCD scale uncertainty 0.7% qq — V' H processes
ATLAS_QCDscale_ggZH QCD scale uncertainty 27% g9 — ZH
ATLAS_pdf_Higgs_VH PDF+ag uncertainty 1252 qqqq: I;/g
ATLAS_pdf _Higgs_ggZH PDF+a; uncertainty 5.0% 99—~ ZH

Acceptance and shape uncertainties arise from several sources and are computed in the
following way:

¢ uncertainties due to the missing higher-order QCD corrections are computed from the nom-
inal POWHEG+MINLO+PYTHIA 8 sample in which the generator weights corresponding
to alternative values (half or twice of the nominal value) of the factorisation and renor-
malisation scales (Table 6.23). The Stewart-Tackmann method is used to compute the
acceptance uncertainties for the Nje; categories. This leads to various uncertainties due
to the acceptance of the Nje; > 2 and Njer > 3 requirements and — for the 0 and 1-lepton
channel — the Nje; > 4 veto. Shape uncertainties for my, and p¥ are derived by parametris-
ing with a first-order polynomial for p¥ and a second-order polynomial for my, the ratio
between the variated and nominal distribution and taking the envelope among all the vari-
ations. For both variables, the shape uncertainties are determined separately for the 2-jet
and 3-jet categories.

e uncertainties due to the parton shower and underlying event model are computed from the
difference between the nominal POWHEG+MINLO+PYTHIA 8 sample and the alternative
PowHEC+MINLO+HERWIG 7 sample, which uses the Herwig 7 parton shower and the
H7-UE-MMHT tune. Additional uncertainties are computed from the difference between
a MADGRAPH5__AMCQNLO sample interfaced to PYTHIA 8 with the Al4 tune, and
alternative samples produced with the same generator but with different settings of the
A14 tune. The envelope of the two uncertainties is considered as the total uncertainty,
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computed separately for the total acceptance, for the relative acceptance between 3-jet
and 2-jet categories, and for the shapes of the my, and p¥ distributions (Table 6.24).

e uncertainties due to the PDFs and the value of a; are computed from the difference between
the nominal POWHEG+MINLO+PyYTHIA 8 sample, whose generator weights correspond
to the nominal PDFs and the nominal value of o of the PDF4LHC15 NLO_ 30 PDFAS
set, to the 32 alternative PDF replicas of the PDF4LHC15_NLO_ 30_PDFAS set, corre-
sponding to 30 PDF variations and 2 «y variations (Table 6.25). The acceptance uncer-
tainties are found to be similar for 2-jet and 3-jet categories.

Table 6.23 — Summary of the systematic uncertainties on the V H acceptance in each analysis
region and on the p¥ and mg, shapes originating from altering the QCD scale, including their
nuisance parameter name. The minus signs in the cells mean the uncertainties are negligible for

the jet multiplicity due to the splitting.
0l: ZH —vvbb | 11: WH — fvbb | 21: ZH — £0bb
NP name 2j | 3 2i | 3 2i | =3
QCDscale VH_ANA hbb_J2 | 6.9% - 8.8% — 3.3% -
QCDscale_VH_ANA_hbb_J3 -T% +5% | -8.6% | +6.8% | -3.2% | +3.9%
QCDscale_VH_ANA_hbb_JVeto — -2.5% - 3.8% - -
QCDscale_VH_ANA_hbb_VPT shape ‘
QCDscale_VH_ANA_hbb_MBB shape

Table 6.24 — Summary of the effects of parton shower and underlying event variations on the
V H acceptance in each analysis region and on the p¥ and my, shapes, including their nuisance

parameter name.

0l: ZH — vvbb | 11: WH — fvbb | 21: ZH — 00bb
NP name 2i | 3 2i | 3 2j | >3]
ATLAS _UEPS_VH_hbb 10.0% | 10.0% | 12.1% | 12.1% | 13.9% | 13.9%
ATLAS_UEPS_VH_hbb_32JR - 13.0% - 12.9% - 13.4%
ATLAS_UEPS_VH_hbb_VPT shape
ATLAS_UEPS_VH_hbb_MBB shape

Table 6.25 — Summary of all systematic uncertainties on the V H acceptance and shapes orig-
inating from altering the PDF and oy uncertainties, including their corresponding nuisance

parameter name.

0l: ZH — vvbb | 11: WH — fuvbb | 21: ZH — £0bb
NP name 2i | 3 2j | 3] 2j | =3
pdf _HIGGS_VH_ANA_hbb [ 1.1% [ 1.1% [13% [ 13% [05% | 05%
pdf_VH_ANA_hbb_VPT shape
pdf _VH_ANA_hbb_MBB shape
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6.9 Statistical Analysis

The signal yield in the selected data is determined by a maximum likelihood fit to the BDT
distribution. The fit is based on the RooStats framework [120, 121]. The parameter of interest
(POI) of the fit is the signal strength p, defined as the ratio between the observed signal yield
and the expected SM Higgs boson yield. The signal strength is assumed to be the same in each
category, corresponding to the hypothesis that the VH cross section times H — bb branching
ratio in data is a factor u times the SM prediction, independently of the vector boson type (W
or Z) and of the ZH production process (quark- or gluon-induced).

The likelihood function is built as the product, over all the bins of the BDT distribution,
of Poisson probability terms for the observed event yield in data, compared to the sum of the
expected signal and background yields:

£(1,0) = | TT Pois (n'|uvi(0) +4(6)) |, (6.4)

i€bins

where n' is the number of events in data and uv¢ and I/Z are the expected signal and background
yields in in each histogram bin 1.

Floating background normalisations, and systematic uncertainties, enter the likelihood func-
tion through a set of “nuisance parameters” (NP) 6, which the expected numbers of signal and
background events depend on. For each nuisance parameter corresponding to a systematic un-
certainty, the likelihood function is multiplied by a “penalty term” that constrains the value
of the systematic uncertainty around its estimate obtained from external sources (data control
samples, theoretical calculations), within the uncertainty on such estimate. The penalty terms
are Gaussian functions of the nuisance parameter # with mean equal to zero and width equal to
one, and the yields are multiplied by a term of the form:

e\/log(l—i-az)e7 (6.5)

where o is the “best estimate” of the relative uncertainty, such that the the rates in each category
are log-normally distributed, preventing normalisation factors from becoming negative in the fit.

The uncertainties in the background predictions due to the limited number of simulated
events are also accounted for in the likelihood function by including an additional nuisance
parameter per bin, using the Beeston—Barlow “light” technique [122]. For each bin i of the
discriminant used in the final fit, the Poisson term of the likelihood function

Pois (n'[;}(6) +v}(6)) (6.6)
is modified by introducing a nuisance parameter 7; (with nominal value equal to one) that
multiplies v, and a multiplicative Poisson constraint for the true number of background events
given the number of events predicted by the simulation:

Pois (nilul/;(a) —|—'yiyé(9)) Pois (m;|viT:), (6.7)
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i\ 2
_ Yy
m; = <51> , (6.8)
i 2
_ Yy

and §; is the MC statistical uncertainty on vj. The Poisson constrain expressed in terms of

where

i 2
<gb) corresponds to the fact that the equivalent size of a MC sample with relative uncertainty

N
di/v} is indeeed <gb) ; if we generated a new Monte Carlo sample, my;, would fluctuate about 7.

The «; NP only multiplies the background expectation since the signal expectation is affected
by much smaller MC statistical uncertainties. In the standard version of the Barlow-Beeston
technique, for each background contribution a v NP is introduced; in this “light” version, which
has been found in the literature to work reasonably well and permits a significant reduction of
the fit complexity, only a nuisance parameter per bin — corresponding to the total background
— is introduced.

The profile likelihood ratio test statistic, gy, is defined as follows:

qu=—2InA,, (6.10)

where

Ay = L(p.0,)/£(4.0). (6.11)

Here /i and 0 are the parameters that maximise the likelihood (“unconditional fit”), and éu are
the nuisance parameter values that maximise the likelihood for a given value of u (“conditional
fit”).

The compatibility of the data with the background-only hypothesis, used to identify the
presence of a significant excess if the probability py (called the “p-value of the background-
only hypothesis”) of such compatibility is sufficiently small, is evaluated with the test statistic
go = —2InAg. The measured signal strength is i+ 0, where 0, is determined from the variation
of g, by one unit. The expected py and signal strength are determined by applying the same
statistical procedures to a so-called “Asimov” dataset, obtained by replacing the data in each
input bin with the expected yields from the simulation with the nominal values of the nuisance
parameters (“pre-fit” expected results), or with all the nuisance parameters fixed to the values
(é) from the fit to the data, except for the signal strength parameter, which is set equal to one
(“post-fit”, conditional p =1 expected results).

6.9.1 Fit inputs

The signal and control regions used in the fit have been summarised in Table 6.8. The
primary inputs to the fit are the distributions of BDTy 5 in the 8 signal regions. Additional
inputs are the event yields in the two 1-lepton W+HF control regions and the my, distributions
or the event yields in the four 2-lepton (eu) top-quark control regions.

The following components are included in the fit:

o signal VH, H — bb (summed over all production modes);
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e Z+jets and W+jets. The V+jets backgrounds are split into three components, V+HF,
V +cl, and V +1l, depending on the origin of the two jets used to reconstruct the Higgs
boson;

o ti;
o single-top (summed over the s-, -, and Wt-channels);
o diboson (sum of WW, WZ, ZZ),

o multi-jet background (for the 1-lepton channel only).

The choice of the components to fit, as well as of which nuisance parameters to be allowed to
float freely in the fit, or on how to correlate or decorrelate various nuisance parameters among
different categories, has been the result of various studies of the fit stability, closure, sensitivity
to the signal, and fitted correlations between the various parameters.

For the multi-jet background, as explained before, the prediction is obtained from data
control samples. For the other backgrounds, the predictions are from the simulation and the
theoretical cross sections, with some exception indicated below. Parameterised b-tagging is used
to obtain the WW, V 4cl, V +cc, and V + 1l samples predictions, while direct b-tagging is used
in the other cases.

6.9.2 Nuisance parameters: normalisation and systematic uncertainties

All parameters of the likelihood function other than the parameter of interest(s) that are
floating in the fit are nuisance parameters. They can be classified into two categories: uncon-
strained normalisation factors, which float freely in the fit, and correspond to global rescaling
factors of some background components, and parameters associated to systematic uncertainties
that have external constraints, implemented as multiplicative penalty terms in the likelihood
function.

The fit model contains eight freely-floating normalisation parameters, one is the parameter
of interest yu, i.e. the V.H, H — bb signal strength; the other seven are

norm_Zbb_J2, norm_Zbb_J3: normalisation of Z+HF background (decorrelated between the
2-jet and 3 (or more) jet categories);

norm_Wbb_J2, norm_Wbb_J3: normalisation of W-+HF background (decorrelated between the
2-jet and 3 (or more) jet categories);

norm_ttbar, norm_ttbar_J2_L2, norm_ttbar_J3_L2: ¢t background normalisation (decorre-
lated between 041 lepton, and 2-lepton 2-jet and 2-lepton 3-jet categories).

Several additional nuisance parameters constrain the relative or absolute normalisation of
the backgrounds (knowing their cross section and acceptance), as well as their shapes. Priors on
these nuisance parameters are obtained from data-MC comparison or MC studies, as described in
Sections 6.8.2 and 6.8.3, and are summarised in Tables 6.26, 6.27, 6.28. Experimental systematic
uncertanties briefly summarised in Section 6.8.1 are also included in the fit through additional
nuisance parameters.

142



6.9 Statistical Analysis

Table 6.26 — Summary of the systematic uncertainties in the background modelling for Z + jets,
W + jets, tt, single top quark and multi-jet production. An “S” symbol is used when only a
shape uncertainty is assessed. The regions for which the normalisations float independently are

listed in brackets.

Z + jets
Z + 1l normalisation 18%
7 + cl normalisation 23%
Z + bb normalisation Floating (2-jet, 3-jet)
Z + be-to-Z + bb ratio 30 — 40%
Z 4+ cc-to-Z 4 bb ratio 13 - 15%
Z + bl-to-Z + bb ratio 20 - 25%
0-to-2 lepton ratio 7%
Mbb, PY. S

W + jets
W + Il normalisation 32%
W + ¢l normalisation 3%

W —+ bb normalisation

W + bl-to-W + bb ratio
W + be-to-W + bb ratio
W + cc-to-W + bb ratio
0-to-1 lepton ratio

W + HF CR to SR ratio

14
Mpp, pT

Floating (2-jet, 3-jet)
26% (0-lepton) and 23% (1-lepton)
15% (0-lepton) and 30% (1-lepton)
10% (0-lepton) and 30% (1-lepton)
5%
10% (1-lepton)
S

tt (all are uncorrelated between the 0+1 and 2-lepton channels)

tt normalisation

0-to-1 lepton ratio
2-to-3-jet ratio

W 4+ HF CR to SR ratio
Mbb, PY.

Floating (0+1 lepton, 2-lepton 2-jet, 2-lepton 3-jet)
8%
9% (041 lepton only)
25%
S

Single top quark

Cross-section
Acceptance 2-jet
Acceptance 3-jet

4.6% (s-channel), 4.4% (t-channel), 6.2% (Wt)
17% (t-channel), 35% (Wt)
20% (t-channel), 41% (W)

Mpp, p¥ S (t-channel, Wt)
Multi-jet (1-lepton)
Normalisation 60 — 100% (2-jet), 100 — 400% (3-jet)

BDT template

S

143



Evidence of VH, H — bb production

Table 6.27 — Summary of the systematic uncertainties in the background modelling for diboson
production. “PS/UE” indicates parton shower / underlying event. An “S” symbol is used when
only a shape uncertainty is assessed. When determining the (W/Z)Z diboson production signal
strength, the normalisation uncertainties in ZZ and W Z production are removed.

Z7Z

Normalisation

0-to-2 lepton ratio

Acceptance from scale variations (var.)
Acceptance from PS/UE var. for 2 or more jets
Acceptance from PS/UE var. for 3 jets

20%
6%
10 — 18% (Stewart—Tackmann jet binning method)
5.6% (0-lepton), 5.8% (2-lepton)
7.3% (0-lepton), 3.1% (2-lepton)

Mpp, p¥ , from scale var. S (correlated with W Z uncertainties)

Mpp, pre, from PS/UE var. S (correlated with W Z uncertainties)

Mpp, from matrix-element var. S (correlated with W Z uncertainties)
W2z

Normalisation 26%

0-to-1 lepton ratio 11%

Acceptance from scale var. 13 — 21% (Stewart—Tackmann jet binning method)

Acceptance from PS/UE var. for 2 or more jets 3.9%

Acceptance from PS/UE var. for 3 jets 11%

Mpb, P, from scale var. S (correlated with ZZ uncertainties)

Mpp, pre, from PS/UE var. S (correlated with ZZ uncertainties)

Mpp, from matrix-element var. S (correlated with ZZ uncertainties)
wWw

Normalisation

| 5%
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6.10 Results

Table 6.28 — Summary of the systematic uncertainties in the signal modelling. “PS/UE” indicates
parton shower / underlying event. An “S” symbol is used when only a shape uncertainty is
assessed.

Signal
Cross-section (scale) 0.7% (qq), 27% (gg)
Cross-section (PDF) 1.9% (qq — WH), 1.6% (qq — ZH), 5% (g9)
Branching ratio 1.7 %
Acceptance from scale variations (var.) 2.5 — 8.8% (Stewart—Tackmann jet binning method)
Acceptance from PS/UE var. for 2 or more jets 10 — 14% (depending on lepton channel)
Acceptance from PS/UE var. for 3 jets 13%
Acceptance from PDF+ag var. 0.5-1.3%
Mpp, p¥ , from scale var. S
My, p¥, from PS/UE var. S
Mpp, p¥, from PDF+ag var. S

6.9.3 Nuisance parameters: smoothing and pruning

When a systematic uncertainty - such as the JES uncertainties — may introduce changes in
the events selected, additional statistical fluctuations may be introduced in the corresponding
BDTyy or my, template. In that case, the varied templates of each analysis region are smoothed,
by merging bins together until the statistical uncertainty in each bin becomes smaller than 5%,
with the constraints that the BDTyy templates are monotonous, and the my, templates have
at most a local maximum.

To reduce the complexity of the fit, systematic uncertainties that have a negligible impact on
the final results are pruned away, region by region. The following pruning strategies are adopted.
A normalisation (shape) uncertainty is dropped if it induces a template variation below 0.5%
(below 0.5% in all bins). In regions where the signal contribution is less than 2% of the total
background, nuisance parameters leading to a variation of the total background prediction by less
than 0.5% are pruned. Shape uncertainties for which the +10 and —1o variations are expected
to lead to variations in opposite directions (referred to as "up" and "down"). The systematic
variations for which the difference between 'up’ and ’down’ is smaller than the difference between
"up" or "down" and the nominal shape are also pruned.

Studies were performed to verify that the smoothing and pruning procedures do not induce
any bias in the result.

6.10 Results

The fit described in the previous section is performed simultaneously to the signal and
control regions selected in the 36 fb~! of 13 TeV pp collisions collected in 2015 and 2016. The
fitted values of the background scale factors that are freely floating in the fit are summarized
in Table 6.29. They agree with the SM predictions within their uncertainties; for V+HF, such
uncertainties are rather large, and the nominal scale factors are around 1.2-1.3.

The fitted signal and background yields in the eight signal regions are given in Table 6.30.
The sum of the signal and background yields in each signal region is in good agreement with
the data. The fitted signal yield corresponds to a signal strength of

= 1.201034 (stat.) T0 54 (syst.), (6.12)
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Evidence of VH, H — bb production

Table 6.29 — Factors applied to the nominal normalisations of the tt, W+HF, and Z+HF back-
grounds, as obtained from the global fit to the 13 TeV data for the nominal multivariate analysis,
used to extract the Higgs boson signal. The errors include the statistical and systematic uncer-
tainties.

Process Normalisation factor
tt 0- and 1-lepton 0.90+0.08
tt 2-lepton 2-jet 0.97+0.09
tt 2-lepton 3-jet 1.04+0.06
W4+HF 2-jet 1.22+0.14
W4HF 3-jet 1.27+0.14
Z+HF 2-jet 1.30£0.10
Z+HF 3-jet 1.2240.09

in good agreement with the Standard Model prediction.
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Table 6.30 — The fitted Higgs boson signal and background yields for each signal region category in each channel after the full selection of
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.

Signal regions 0-lepton 1-lepton 2-lepton

pr > 150 GeV, 2-b-tag | p¥ > 150 GeV, 2-b-tag | 75 GeV < pr < 150 GeV, 2-b-tag | p¥. > 150 GeV, 2-b-tag
Sample 2-jet 3-jet 2-jet 3-jet 2-jet >3-jet 2-jet >3-jet
Z+1 9.0+5.1 | 15.5+8.1 <1 - 9.24+5.4 35+19 1.9+1.1 | 16.4+9.3
Z+cl 21.4£7.7 42414 2.2+0.1 42+0.1 | 25.3£9.5 105+ 39 5.3+1.9 46 + 17
Z + HF 2198 +84 | 3270£170 | 86.5+6.1 186 +13 | 3449+ 79 8270 + 150 651 £20 | 3052466
W+ 9.8+5.6 | 17.9£9.9 22410 47422 <1 <1 <1 <1
W+l 19.9+8.8 41+ 18 70 £ 27 138 +53 <1 <1 <1 <1
W + HF 460£51 | 1120+120 | 12804+160 | 3140420 3.0+04 5.94+0.7 <1 2.24+0.2
Single top quark 145+ 22 536 £ 98 830£120 | 3700670 53+ 16 1344+ 46 59+1.9 30410
tt 463 £42 | 33901200 | 2650+ 170 | 20640 £680 | 1453 £46 4904 £91 49.6 £2.9 | 430122
Diboson 116 + 26 119+ 36 79423 135 +47 73+19 1494 32 24.4+6.2 87+19
Multi-jet e sub-ch. - - 102 + 66 27+ 68 - - - -
Multi-jet g sub-ch. - - 133 +£99 90+ 130 - - - -
Total bkg. 3443 +£57 | 8560+£91 | 5255+£80 | 28110+170 | 5065+ 66 | 13600+ 110 738+19 | 3664+ 56
Signal (fit) 58 +17 60+ 19 63+ 19 65 + 21 25.6£7.8 46+ 15 13.6 4.1 35+11
Data 3520 8634 5307 28168 5113 13640 724 3708
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Evidence of VH, H — bb production

For a Higgs boson mass of 125 GeV the pg of the data is 0.019%, corresponding to a sig-
nificance of 3.5 standard deviations, providing an evidence of the H — bb decay and of VH
production. The expected pg, when the backgrounds are normalised to the values obtained from
the fit to the data, is 0.12%, corresponding to an expected significance of 3.0c. The contribution
to the observed and expected significance from each channel is shown in Table 6.31.

Table 6.31 — The expected and observed py and significance values (in standard deviations) for
the individual lepton channels and their combination using 36 fb~! of 13 TeV pp collisions. The
expected values are evaluated assuming a SM Higgs boson with a mass of 125 GeV.

Do Significance
Exp. Obs. | Exp. Obs.
0-lepton 4.2% 30% 1.7 05
1-lepton 3.5% 1.1% 1.8 2.3
2-lepton 3.1% 0.019% | 1.9 3.6
Combined | 0.12% 0.019% | 3.0 3.5

Dataset

The post-fit BDTyy distributions of the eight signal regions are shown in Figures 6.12
and 6.13.

The post-fit yields or my, distributions of the two W+HF control regions and the four top
background control regions used in the fit are shown in Figures 6.14.

For illustration purposes, figure 6.15 shows the data, background and signal yields of the
eight signal regions grouped together as a function of log(S/B), where S and B are the fitted
signal and background yields, respectively.

The uncertainty on the signal strength is dominated by systematic uncertainties (in which,
however, some uncertainties that are of statistical origin — like the freely floating background
normalisations — have been also included). The contribution of each group of sources of system-
atic unceratinties to the total uncertainty is summarised in Table 6.32. The contribution of each
group is determined by fixing all the corresponding NPs to their fitted values, repeating the fit,
and computing the difference in quadrature between the uncertainties for i in the nominal fit
and in this alternative fit and in the nominal fit.

The signal modelling uncertainties are the largest ones, followed by the uncertainty due to
the limited size of the simulated samples, the uncertainty in the modelling of the backgrounds,
and the uncertainty in the b-jet tagging efficiency.

In Figures 6.16 to 6.18 the nuisance parameter pulls and constraints are shown for the
unconditional combined fit, performed on an Asimov dataset and on 201542016 data.

The correlation matrices corresponding to the combined fit when fitting an Asimov dataset
and data can be found in Figure 6.19. Only correlations among parameters with a magnitude
greater than 0.25 are shown.

The fit is repeated by allowing either the three lepton channels or the WH and ZH pro-
duction processes to have independent signal strenghts. The results are shown in Figures 6.20
and 6.21. In the hypothesis that the true signal strength is the same for all N fitted signal
strengths (IV = 2 for the fit to determine uw g and pzg, and N = 3 for the fit with three signal
strenghts for the three leptonic channels), the difference of the maximum-likelihood estimates of
—2In L between the nominal fit (one single p) and the alternative configurations is expected to
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Figure 6.12 — The BDTy g output post-fit distributions in (top) the O-lepton and (bottom) 1-
lepton channels for 2-b-tag events, in the (left) 2-jet and (right) 3-jet categories The background
contributions after the global likelihood fit are shown as filled histograms. The Higgs boson signal
(mpg =125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to
the signal yield extracted from data (u = 1.20), and unstacked as an unfilled histogram, scaled
by the factor indicated in the legend. The dashed histogram shows the total background as
expected from the pre-fit MC simulation. 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.
The BDTy g output distributions are shown with the choice of binning used to define the global
likelihood fit.
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Figure 6.13 — The BDTyy output post-fit distributions in the 2-lepton (top) high p¥ and
(bottom) low p¥. regions, for 2-b-tag events, in the (left) 2-jet and (right) > 3 jet categories. The
background contributions after the global likelihood fit are shown as filled histograms. The Higgs
boson signal (my = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds
normalised to the signal yield extracted from data (u = 1.20), and unstacked as an unfilled
histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total
background as expected from the pre-fit MC simulation. 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. The BDTy g output distributions are shown with the choice of binning used
to define the global likelihood fit.
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Figure 6.14 — Additional distributions used as input to the global MVA fit: yields in the 1-lepton
W+HF (a) 2-jet and (d) 3-jet control regions and in (b) the 2-lepton top ey 2-jet, pp(V) >
150 GeV control region; my, distribution in the 2-lepton top eu (e) > 3-jet, pr(V) > 150 GeV,
(c) 2-jet, 75 < pr(V) < 150 GeV, (f) > 3-jet, 75 < pr(V) < 150 GeV, control regions. Shown are
the data (points with error bars) and expectation (histograms). The background contributions
after the global fit are shown as filled histograms. The Higgs boson signal (mpg = 125 GeV) is
shown as a filled histogram on top of the fitted backgrounds after rescaling the SM cross section
according to the value of signal strength extracted from data (u = 1.20) The dashed histogram
shows the total background as expected from the pre-fit MC simulation. 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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Figure 6.15 — Event yields as a function of log(S/B) for data, background and a Higgs boson
signal with mpy = 125 GeV. Final-discriminant bins in all regions are combined into bins of
log(S/B), with the fitted signal being S and the fitted background B. The Higgs boson signal
contribution is shown after rescaling the SM cross section according to the value of the signal
strength parameter extracted from data (4 = 1.20). The pull (residual divided by its uncer-
tainty) of the data with respect to the background-only prediction is also shown with statistical
uncertainties only. The full line indicates the pull of the prediction for signal (x = 1.20) and
background with respect to the background-only prediction.
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Table 6.32 — Breakdown of the contributions to the uncertainties in . The sum in quadrature of
the systematic uncertainties attached to the categories differs from the total systematic uncer-
tainty due to correlations. The b-tagging extrapolation uncertainty refers to the extrapolation
of the b-jet calibration above pt = 300 GeV.

Source of uncertainty oy
Total 0.39
Statistical 0.24
Systematic 0.31
Experimental uncertainties
Jets 0.03
Emiss 0.03
Leptons 0.01
b-jets 0.09
b-tagging c-jets 0.04
light jets 0.04
extrapolation 0.01
Pile-up 0.01
Luminosity 0.04
Theoretical and modelling uncertainties
Signal 0.17
Floating normalisations 0.07
Z + jets 0.07
W 4 jets 0.07
tt 0.07
Single top quark 0.08
Diboson 0.02
Multi-jet 0.02
MC statistical 0.13
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Figure 6.16 — Pull distribution of nuisance parameters associated to the modelling uncertainties

of various backgrounds, in the unconditional V H fit: (a) Z+jets, (b) W+jets, (c) top, for the

combined unconditional fits performed on Asimov datasets (red) and 201542016 data (black).
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follow a x? distribution with N —1 degrees of freedom. The corresponding p-value is quoted as
a measure of the compatibility of the fitted u values. The compatibility of the signal strengths
in the three lepton channels is 10%; the compatibility of the W H and ZH signal strengths is
75%.

ATLAS VH, H(bb)  {s=13 TeV, 36.1 fb™
—Total Stat. (Tot.) ( Stat., Syst.)
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Figure 6.20 — The fitted values of the Higgs boson signal strength for mpy = 125 GeV for the 0-,
1- and 2-lepton channels and their combination.
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Figure 6.21 — The fitted values of the Higgs boson signal strength for mpy = 125 GeV for the
W H and ZH processes and their combination.
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The W H and ZH production modes are observed with a significance of 2.4 and 2.6 standard
deviations, respectively. Using the signal simulation to determine acceptance and correction
factors to the full phase space, and removing from the likelihood the theoretical uncertainties
for the production cross sections and branching ratio, the fit with two parameters of interest is
used to determine the W H and ZH production cross sections times the H — bb branching ratio:

o (WH)x BR(H —bb) = 1.08705% pb, (6.13)
o(ZH)x BR(H —bb) = 0.577035 pb. (6.14)

They are in good agreement with the SM predictions of 0.80 pb and 0.51 pb, respectively (the
theory uncertainties are negligible with respect to the experimental ones).

The one-POI fit is used instead to determine the sum of the W H and ZH cross sections
times the H — bb branching ratio:

o (VH) x BR(H — bb) = 1581552 pb, (6.15)

in good agreement with the SM expectation of 1.31 pb.

The results of this study are combined with those of the search for the same Higgs boson
production and decay mode with 7 and 8 TeV pp collisions [19], by means of a single simultaneous
fit to the signal and control regions selected in the 7, 8 and 13 TeV datasets. Before proceeding to
the fit, studies were performed to quantify the correlations of the main systematic uncertainties
between the two analyses:

o b-tagging efficiency: due to the changes between Run 1 and Run 2 of the ID (with the inclu-
sion of the IBL), of the b-tagging discriminating variable, and of the b-tagging calibration
procedure, we assume negligible correlation between the b-tagging efficiency uncertainties
of Run 1 and Run 2. We checked that even after correlating the leading b-jet efficiency
uncertainties between the two runs only shifted the measured p by less than 5%, with a
negligible effect on its uncertainty.

o jet energy scale: different correlation schemes were tested, with no significant impact on
the combined result observed. In the end only b-jet-specific jet energy scale uncertainties
were considered correlated between Run 1 and Run 2.

« modelling of the background processes: changes in the centre-of-mass energy, in the event
generators used to produce the samples, in the event selection and in the overall AT-
LAS simulation, reconstruction and analysis framework make it difficult to quantify such
correlations. Instead, we estimated the maximum potential shift of the combined signal
strength under different hypothetical values of these unknown correlations. To this pur-
pose we performed y?-combinations of the Run 1 and Run 2 x4 measurements as a function
of different linear correlation coefficients between their uncertainties. Such coefficients
were calculated for different values of the correlation coefficients between the Run 1 and
Run 2 tt, Z+HF, and W+HF normalisations and systematic shape variations, taking into
account the relative contribution of a specific uncertainty to the total uncertainty for .
The combined signal strength changes by less than 1%, while its uncertainties varies by
at most 4%. For this reason we neglected the correlations between the Run 1 and Run 2
background modelling NPs.
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 modelling of the signal: theory uncertainties in the production cross section, in the H —
bb branching ratio, and in the p¥—dependent NLO EW corrections, are considered fully
correlated between Run 1 and Run 2.

For a Higgs boson mass of 125 GeV, the observed (expected) pg of the combined Run 1 and
Run 2 data is 0.018% (3 x 107°), corresponding to a significance of 3.6 (4.0) standard deviations.
The combined signal strength is:

1= 0.90+0.18(stat.) 7074 (syst.), (6.16)

in good agreement with the Standard Model. The overall compatibility of the six measurements
(three leptonic channels for each of the two LHC data-taking periods) is 7%. A fit performed
with the signal strength floated independently for Run 1 and Run 2 yields a 21% compatibility
between the two signal strengths, as shown in Figure 6.22. The signal strengths for the WH
and ZH channels are measured to be

pwr = 1.2175:30(stat.) 030 (syst.), (6.17)
pzr = 0.6970% (stat.) 033 (syst.). (6.18)
Figure 6.23 shows the data, background and signal yields as a function of log(S/B): the excess

of the data with respect to the total background is clearly visible in the pull plot of the bottom
panel.

T T I T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
ATLAS VH, H(bb) Vs=7TeV, 8 TeV, and 13 TeV
JL dt=4.7 fo, 20.3 fb, and 36.1 fo™
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(Tot.) ( Stat., Syst.)
7TeV| p——e—— 1.61 *L%0 (+1.22 +0.87
) -1.46 -1.13 » -0.92
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8 Tev g 065 i—o,4o (j0.32 ’ ir0.24
+0.42 +0.24 +0.34
13 TeV Ked 1.20 2036 (—0.23 y -0.28
0.28 0.18 0.21
Comb. IWI 0.90 f0.26 (j0.18 , iro_lg
I Il i Il ‘ Il ‘ Il ‘
-2 0 2 4 6 8

Best fit p for m =125 GeV

Figure 6.22 — The fitted values of the Higgs boson signal strength parameter p for my =125 GeV
separately for the 7 TeV, 8 TeV and 13 TeV datasets and their combination.
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Figure 6.23 — Event yields as a function of log(S/B) for data, background and Higgs boson signal
with mpy = 125 GeV, for the 7 TeV, 8 TeV and 13 TeV datasets combined. Final-discriminant
bins in all regions are combined into bins of log(S/B), with the fitted signal being S and the
fitted background B, for the 7 TeV, 8 TeV and 13 TeV datasets combined. The Higgs boson
signal contribution is shown after rescaling the SM cross section according to the value of signal
strength extracted from data (u = 0.90). The pull (residual divided by its uncertainty) of the
data with respect to the background-only prediction is also shown with statistical uncertainties
only. The full line indicates the pull of the prediction for signal (x =0.90) and background with
respect to the background-only prediction.
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6.11 Cross-check: the diboson analysis

In the diboson analysis, the event selection and classification is the same as in the nominal
analysis. The signal under study, however, is the production of diboson VZ, Z — bb events,
instead of VH, H — bb ones, and its determined from a fit to a dedicated BDT (BDTyz) which
has been trained independently of the BDTy used in the nominal analysis.

The V Z process has a very similar signature to the V H signal, except mainly for the two-b-
jet invariant mass distribution — peaking towards lower values — and the softer pt spectrum of
the two b-jet system. On the other hand, the V' Z process has a production cross section which
is almost an order of magnitude larger than that of the associated Higgs boson production and
its theoretically well known. For these reasons, it provides an important test of the validity of
the nominal analysis, if the measured V Z signal strength is in good agreement with one.

As described before, the BDTyy discriminant uses the same set of input variables and
training settings as BDTyy, with two exceptions:

e in the training, the VZ, Z — bb simulated sample is treated as signal, and all the other
simulated samples — including SM V H events with py =1 — are treated as background.

e since the size of the simulated diboson samples is smaller than that of the V. H samples,
a coarser binning of the final BDTyy distribution is adopted to reduce the impact of MC
statistical uncertainties, by setting both the parameters z; and z; to 5 instead of 10 and 5
as for BDTyy.

In the fit, the parameter of interest is the diboson signal strength puy z, which is freely
floating. The normalisation uncertainties on the W2 and ZZ processes are thus removed from
the likelihood function, while all other systematic uncertainties of the nominal fit are kept. The
SM V H, H — bb process is also included in the fit as a background component, with a nominal
signal strength py g equal to one and a 50% pre-fit uncertainty.

The measured V Z signal strength is:

vz = 11170 3 (stat.) T0 T2 (syst.), (6.19)

in good agreement with the SM prediction. The observed (expected) significance of the VZ
signal is 5.8 (5.3) standard deviations. The contribution from each channel is summarised in
Table 6.33. Compared to the V H results, the softer p’fb spectrum makes the contribution of the
2-lepton channel more important, being the only one to select events with p¥ < 150 GeV, in
the categories with 75 < p¥ < 150 GeV. Unlike V H, the significance in the 1-lepton channel is
quite poorer than in the 0-lepton and 2-lepton channels. This is attributed to the fact that in
the 1-lepton channel the composition of the background is different for the two processes: for
VZ, W+HF — which is the least constrained background and has large p¥ and my, modelling
uncertainties — contributes more and tt less to the background than for V H.
The signal strengths for the WZ and ZZ channels are measured to be

pwz = 1.0240.24(stat.) 025 (syst.), (6.20)
pzz = 1.1340.16(stat.) )50 (syst.), (6.21)

in good agreement with the SM and with each other (the compatibility is 88%).
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Table 6.33 — The expected and observed py and significance values (in standard deviations) for
the individual lepton channels and their combination using 36 fb~! of 13 TeV pp collisions, for
the diboson (V' Z) signal.

Significance
Dataset

Exp. Obs.
0-lepton 3.6 4.2
1-lepton 1.8 1.7
2-lepton 3.5 3.5
Combined | 5.3 5.8

Figure 6.24 shows the data, background and V' Z signal yields as a function of log(S/B).

6.12 Cross-check: the dijet-mass analysis

The dijet-mass analysis consists in extracting the V H signal yield through a fit to the two
b-jet invariant mass distribution, after having applied some additional selections on a few other
variables used in the BDTyy discriminant. In addition to the requirements of Table 6.3, which
are common to the nominal analysis, the requirements of Table 6.34 are also applied.

Table 6.34 — 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 6.3 for the multivariate
analysis.

Channel
Selection 0-lepton 1-lepton 2-lepton
mi¥ - < 120 GeV -
Emiss [\ /Sy - - < 3.5V GeV
p¥ regions
p¥ (75, 150] GeV | (150, 200] GeV | (200, o0) GeV
(2-lepton only)
AR(bl,bg) <3.0 <1.8 <1.2

A maximum AR separation between the two b-jets is imposed, decreasing with p¥ as the
Higgs boson recoiling aganst the V' boson is more boosted and thus the two b-jets from the Higgs
boson decay are closer in space. AR(b1,b2) is requested to be smaller than 3.0 for p¥ <150 GeV,
than 1.8 for 150 GeV <p¥ <200 GeV, and than 1.2 for p¥> 200 GeV.

To suppress tt background, two different selection criteria are applied in the 1-lepton and
2-lepton channels. In the 1-lepton channel, the W boson transverse mass m‘fv is required to be
lower than 120 GeV: in tt events with two or three reconstructed jets, at least one jet from the
hadronic W boson decay contributes to E%liss, thus increasing the value of m%v with respect to

the W H signal, for which the m%v distribution has a Jacobian peak near myy. In the 2-lepton
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Figure 6.24 — Event yields as a function of log(S/B) for data, background (including the SM
V H production) and V' Z signal. Final-discriminant bins in all regions are combined into bins
of log(S/B), with the fitted signal being S and the fitted background B. The V Z contribution
is shown after rescaling the SM cross-section according to the value of signal strength extracted
from data (u=1.11). The pull of the data with respect to the background-only prediction is
also shown with statistical uncertainties only. The full line indicates the pull of the prediction
for signal (u = 1.11) and background with respect to the background-only prediction.
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channel, in which the signal is expected to produce negligible E%liss compared to its resolution,

unlike t¢ events in which the two neutrinos from the two leptonic W boson decays can produce
high ER the missing transverse momentum significance, defined as the ratio EXS/\/St,
where St is the scalar sum of the transverse momenta of all jets and leptons in the event, is
required to be lower than 3.5v GeV.

The signal and control regions used in the fit for the dijet-mass analysis are slightly different
than the ones of the nominal analysis, and are summarised in Table 6.35. To increase the
sensitivity, the p > 150 GeV signal regions are split in two, p¥. > 200 GeV and 150 < p¥ <
200 GeV, leading to a total of fourteen signal regions. To simplify the fit, no dedicated W+HF
control region is used, since — after the t¢ background is suppressed by the m?f requirement —
the low part of the my, spectrum used in the fit is found to be sufficient to constrain the W+HF
background normalisation. The only control regions are the top ey ones, defined similarly to
the nominal analysis.

Table 6.35 — The distributions used in the global likelihood fit for the dijet-mass analysis, for
the signal regions (SR) and control regions (CR), for all the categories in each channel. The two
regions marked with * (T) are merged into a single region, to reduce statistical uncertainties.

Categories
75 GeV< p¥. <150 GeV | 150 GeV< pY. <200 GeV | p¥ > 200 GeV
Channel | SR/CR 2 jets \ 3 jets 2 jets \ 3 jets 2 jets \ 3 jets
0-lepton SR - - Mpp Mpp Mpp Mpp
1-lepton SR - - Mpp Mpp Mpp Mpp
2-lepton SR mMpp Mpp Mpp mpp Mpp Mpp
2 lepton | eu CR Mpp Mpp Yield* My Yield* | mp!

Figure 6.25 shows the my, distributions in the dijet-mass analysis for the most sensitive
signal regions, the 2-jet, p¥ > 200 GeV ones. Figure 6.26 shows the sum of the my, distributions
of all channels and regions, weighted by their ratio between the fitted Higgs boson signal and
background yields, and after subtraction of all backgrounds except for the V' Z diboson processes.
The data is in good agreement with the sum of the fitted signal and backgrounds.

The fit yields a signal strength of
1= 1.30"5-2(stat.) T037 (syst.), (6.22)

in good agreement with the SM prediction and with the result of the multivariate analysis.
The data is in excess of the predicted background with a significance of 3.5 standard deviations,
compared to an expected significance — assuming SM V' H production cross sections and BR(H —
bb) — of 2.8 standard deviations, about 10% lower than the multivariate analysis. The breakdown
of the significance provided by each lepton channel is given in Table 6.36. The pattern is similar
to that observed in the multivariate analysis.

The breakdown of the systematic uncertainties in the cut-based analysis is given in Table 6.37

A dijet-mass analysis is also used to measure diboson production, as a further cross-check of
the multivariate analysis. The V Z signal strength is

prvz = 1.0140.12(stat.) 720 (syst.), (6.23)
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Figure 6.25 — The my, distributions in the 0-lepton (left), 1-lepton (middle) and 2-lepton (right)
channels for 2-b-tag events, in the 2-jet categories for p¥ > 200 GeV. The background contri-
butions after the global likelihood fit are shown as filled histograms. The Higgs boson signal
(mp =125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to
the signal yield extracted from data (u = 1.30), and unstacked as an unfilled histogram, scaled
by the factor indicated in the legend. The dashed histogram shows the total background as
expected from the pre-fit MC simulation. 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.

T{TTT{TTT{TTY‘YYT{YTT{TTT‘TYK‘{{{NY
12? ATLAS —e— Data ]
[ Vs=13TeV,36.110" B VH - Vbb (u=1.30):
10 0+1+2leptons [ Diboson

L Uncertainty
L 2+3jets, 2 b-tags

8; Weighted by S/B Dijet mass analysis

Lo b b v by oy |

Lo b b b b by by Py 0 |

Events / 10 GeV (Weighted, backgr. sub.)

40 60 80 100 120 140 160 180 200
m,, [GeV]

Figure 6.26 — The distribution of my, in data after subtraction of all backgrounds except for
the WZ and ZZ diboson processes, as obtained with the dijet-mass analysis. The contributions
from all lepton channels, p¥ intervals and number-of-jets categories are summed weighted by
their respective value of the ratio of fitted Higgs boson signal and background. The expected
contribution of the associated W H and Z H production of a SM Higgs boson with my =125 GeV
is shown scaled by the measured combined signal strength (= 1.30). The size of the combined
statistical and systematic uncertainty for the fitted background is indicated by the hatched band.
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Table 6.36 — The expected and observed py and significance values (in standard deviations) for
the individual lepton channels and their combination using 36 fb~! of 13 TeV pp collisions, for
the dijet-mass analysis.

Significance
Exp. Obs.
0-lepton 1.6 0.4
1-lepton 1.5 2.0
2-lepton 1.6 3.5
Combined | 2.8 3.5

Dataset

Table 6.37 — Breakdown of the contributions to the uncertainties in p in the cut-based analysis.

Source of uncertainty oy
Total 0.43
Statistical 0.27
Systematic 0.33
Experimental uncertainties

Jets, Eiss 0.06
Leptons 0.01
b-tagging 0.08
Pile-up 0.01
Luminosity 0.03
Theoretical and modelling uncertainties
Signal 0.18
Floating normalisations 0.07
Z + jets 0.06
W + jets 0.06
tt 0.09
Single top quark 0.05
Diboson 0.05
Multi-jet 0.02
MC statistical 0.15
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in good agreement with the Standard Model prediction and with the result of the multivariate
diboson analysis.
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Chapter 7

Observation of VVH production and
H — bb decays, and future prospects

In summer 2018, at the ICHEP 2018 conference, the ATLAS Collaboration has presented
the results of the VH, H — bb search with 80 fb~! of Run 2 data, leading to the observation
of VH production and of H — bb decays. The first section of this chapter will present the
small differences between the study presented at the ICHEP 2018 conference and the EPS 2017
analysis described in the previous chapter, some details about the combination with the other
V H production and H — bb decay searches, and the results of such combinations.

A few weeks after ICHEP 2018, in August 2018, the CMS Collaboration has also presented
its latest results on the VH, H — bb search [25], based on a similar amount of data as that
analysed by ATLAS. An excess of events with a significance of 3.30 over the SM background is
observed in the 13 TeV data collected in 2017. Combined with previous results at 7, 8 and 13
TeV, the observed significance for this production and decay mode is 4.8¢, and the corresponding
signal strength is 1.0140.22. A combination with the other CMS searches for H — bb yields
an observed (expected) significance of 5.6 (5.5) standard deviations and a signal strength of
1.04 +0.20. The results provide an independent confirmation of the Standard Model Higgs
boson predictions and of the results obtained by the ATLAS Collaboration. Some details about
this result are given in the second section of this chapter.

The third section of the chapter is devoted to a measurement, not yet published, of a reduced
set of the so-called “stage-1” simplified template cross sections of the V H production mode using
H — bb decays, based on the ATLAS data analysed for the H — bb observation presented in
ICHEP 2018. A brief introduction to the simplified template cross section framework will also
be given.

Finally, the last section of this chapter contains the results of perspective studies performed to
estimate the ultimate sensitivity to V.H, H — bb production with an upgraded ATLAS detector
at the high-luminosity LHC, performed in the context of the update of the European particle
physics strategy that will take place in 2019.

7.1 Analysis of 2017 data and observation of H — bb decays and
of VH production

In summer 2018 the ATLAS Collaboration has presented an updated measurement of the
VH, H— bb cross section, and a combination with the results of other H — bb decays or VH
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production mode studies. Preliminary results were shown at the ICHEP 2018 conference [100],
and recently published Physics Letters B [24].

Compared to the results presented in the previous chapter, a larger data sample has been
analysed, corresponding to about 80 fb~! of 13 TeV pp collisions collected in 2015-2017, more
than doubling the integrated luminosity of the previous study. In addition, enhancements were
introduced in the analysis to reduce the impact of the systematic uncertainties, and larger
samples of simulated events were used to model the background processes, in order to reduce
the size of the “MC statistical” uncertainty of Table 6.32.

The MC samples — with sizes between 2.25 and 2.8 times larger than those used in the “EPS
2017” analysis — were generated to simulate the data taking conditions of the full 2015-2017 data
sample. The MC event generators used are similar to those of the previous analysis, with some
updates to exploit recent technical developments in some of such programs: single-top samples
are produced with POWHEG-BOX Vv2 instead of POWHEG-Box V1, interfaced to PYTHIA 8
instead of PYTHIA 6 for the modelling of underlying event, parton shower and hadronisation.
The PDF set used for the generation of the WW sample is NNPDF 3.0 (CT10 in the previous
analysis), consistently with all the other background samples. In addition to the quark in-
duced diboson samples, semi-leptonic loop-induced gg — V'V samples were also generated, using
SHERPA 2.2.2 with the NNPDF 3.0 NNLO PDF set. These samples use LO accurate matrix
elements for the V'V 40 parton and V'V +1 parton final states.

Both data and simulation were reconstructed with a new version of (release 21) of the ATLAS
reconstruction software, with improved reconstruction, identification and calibration algorithms
for lepton, jets, b-jets and EMS and efficiencies and resolutions determined with larger data
control samples collected until the end of 2017. The analysis strategy itself, including the
selection, the event categories, the fit strategy to determine signal and background yields, the
BDT input variables and training settings, and the evaluation of systematic uncertainties, was
left unchanged. However, the BDT in each category was retrained using the latest available
simulation samples, and systematic uncertainties were recomputed based on the uncertainties
on the latest calibrations and using the newest MC samples.

Concerning the systematic uncertainties, the main changes are the following:

the uncertainty on the luminosity itself, exploiting the larger size of the samples used for
its measurement, is reduced from 3.2% to 2.0%.

e Other experimental uncertainties exploit the latest calibrations, performed with twice
larger control samples than those used for the EPS 2017 results;

e Modelling uncertainties were recomputed and found to be largely similar to those used for
the previous round of analysis; for simplicity, the same numbers for the EPS 2017 results
were used for most of the modelling uncertainties;

e An important exception is the systematic uncertainty from the parton shower and un-
derlying event modelling in signal simulated samples. After the EPS 2017 results were
published, a bug was discovered in the calculation of the sum of event weights in the alter-
native MC samples used to estimate this uncertainty, leading to an inflated estimate of the
systematic uncertainty when comparing the acceptance between the nominal and alterna-
tive signal samples. In addition, an extra contribution to the parton-shower uncertainty
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was determined by looking at the variation in signal acceptance induced by the variations
of the AZNLO parton shower tune. After fixing the bug, and using the larger simulated
samples produced for the analysis presented in this section and the new approach to esti-
mate this uncertainty, the underlying event and parton shower uncertainties were typically
reduced from 10-14% to 2-6%.

e A second exception is represented by Wt single-top events, for which a more refined mod-
elling strategy has been implemented, taking into account the flavour composition of the
events. In events where the two b-tagged jets are b-flavoured (Wt — bb), the comparison
between the DR and DS schemes is the the dominant source of systematic uncertainty. In
events where at most one of the b-tagged jets is b-flavoured (Wt — other), the dominant
source of systematic uncertainty is from a combination of the comparisons between sam-
ples generated with different ME calculators or parton showers. Such differences are due
to the different topologies of selected candidates, where Wt — bb mostly select one b-jet
from the top and one from the W decay, while Wt — other often selects both jets from
the top quark decay chain. For this reason, modelling uncertainties were computed and
treated separately for these two different processes.

The acceptance of the selection for signal events is summarised in Table 7.1.

Table 7.1 — The V H signal cross section times branching ratio and acceptance in the three
channels for data collected at /s =13 TeV in 2015-2017. The ¢g- and gg-initiated ZH processes
are shown separately. The branching ratios are calculated considering only decays to muons and
electrons for Z — ¢, decays to all three lepton flavours for W — fv and decays to all neutrino
flavours for Z — vv. The acceptance is calculated as the fraction of events remaining in the
combined signal and control regions after the full event selection.

mg =125 GeV at /s =13 TeV

Acceptance [%
Process o x BR [fb] 0-lepton lﬁepton[ ;—lepton
qq — ZH — (lbb 29.9 < 0.1 0.1 6.0
g9 — ZH — 00bb 4.8 <01 0.2 13.5
qq — WH — (ubb 269.0 0.2 1.0 -
qq — ZH — vvbb 89.1 1.9 - -
g9 — ZH — vubb 14.3 3.5 = -

A fit to the signal regions and control regions is performed, yielding a signal strength value
in good agreement with the SM prediction of 1:

= 116515 (stat.) T035 (syst.), (7.1)

Compared to the previous measurement, the statistical uncertainty is reduced by a factor 1.5
due to the twice larger sample. Systematic uncertainties are also reduced by a similar factor due
to important reductions of the MC statistical uncertainty and floating normalisations (almost
halved), the signal uncertainty (down by a factor 1.8 largely due to the reduced underlying event
and parton shower uncertainty), as well as the improved b-tagging efficiency calibration of b and
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light jets and the reduced luminosity uncertainty. The contribution of each group of sources of
systematic unceratinties to the total uncertainty is summarised in Table 7.2.

Table 7.2 — Breakdown of the contributions to the uncertainties in y in the VH, H — bb mea-
surement based on 80 fb~! of 13 TeV pp collisions. The sum in quadrature of the systematic
uncertainties attached to the categories differs from the total systematic uncertainty due to
correlations. The b-tagging extrapolation uncertainty refers to the extrapolation of the b-jet
calibration above pp = 300 GeV.

Source of uncertainty oy
Total 0.259
Statistical 0.161
Systematic 0.203
Experimental uncertainties
Jets 0.035
Episs 0.014
Leptons 0.009
b-jets 0.061
b-tagging c-jets 0.042
light 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
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005
MC statistical 0.070

The fitted values of the background scale factors that are freely floating in the fit are sum-
marized in Table 7.3. They agree with the previous estimates and with the SM predictions
within their uncertainties; the only large deviation being observed for the Z+HF scale factor
(1.37£0.11) in the 2-jet category.

Figure 7.1 shows the data, background and signal yields of the eight signal regions grouped
together as a function of log(S/B), where S and B are the fitted signal and background yields,
respectively. Good agreement between the data and the fit projection can be observed.

172



7.1 Analysis of 2017 data and observation of H — bb decays and of V H production

Table 7.3 — Factors applied to the nominal normalisations of the tt, W+HF, and Z+HF back-
grounds, as obtained from the global fit to the 13 TeV data for the nominal multivariate analysis,
used to extract the Higgs boson signal. The errors include the statistical and systematic uncer-
tainties.

Process Normalisation factor

tt 0- and 1-lepton 0.98 £0.08

tt 2-lepton 2-jet 1.06 +£0.09

tt 2-lepton 3-jet 0.954+0.06

W+HF 2-jet 1.19+£0.12

W+HF 3-jet 1.05+0.12

Z+HF 2-jet 1.374+0.11

Z+HF 3-jet 1.094+0.09
LD T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T
g 10%E —e-Data _ —
o = ATLAS B VH H - bb (u=1.16) 3
§2) - Vs=13TeV, 79.8fb™ tt 3
o sl [ Single top 7
o 10°E*— Bl Z+jets =
= Multijet E
B W+jets 7]

—e— pm Diboson
10* =
10° E
102 E
g sk =
9 E ]
= OF -
D_ i N N B | I 1 I_I*_rl | I | - I | I | - I | I 1 H

35 3 25 2 -15 -1 05 0

log (S/B)

Figure 7.1 — Event yields as a function of log(S/B) for data, background and a Higgs boson
signal with mpy = 125 GeV, in the analysis of 80 fb~! of 13 TeV pp collisions. Final-discriminant
bins in all regions are combined into bins of log(S/B), with the fitted signal being S and the
fitted background B. The Higgs boson signal contribution is shown after rescaling the SM cross
section according to the value of the signal strength parameter extracted from data (u = 1.16).
The pull (residual divided by its uncertainty) of the data with respect to the background-only
prediction is also shown with statistical uncertainties only. The full line indicates the pull of the
prediction for signal (u = 1.16) and background with respect to the background-only prediction.
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For a Higgs boson mass of 125 GeV the py of the data is 5.3 x 1077, corresponding to a
significance of 4.9 standard deviations, close to the conventional 50 threshold used in particle
physics to claim an observation. The expected pg, when the backgrounds are normalised to the
values obtained from the fit to the data, is 7.3 x 107, corresponding to an expected significance

of 4.30. The contribution to the observed and expected significance from each channel is shown
in Table 7.4.

Table 7.4 — The expected and observed py and significance values (in standard deviations) for
the individual lepton channels and their combination using 80 fb~! of 13 TeV pp collisions. The
expected values are evaluated assuming a SM Higgs boson with a mass of 125 GeV.

Do Significance
Exp. Obs. Exp. Obs.
O-lepton | 9.5-107* 5.1-107* | 3.1 3.3
l-lepton | 8.7-1073 4.9-1073 | 24 2.6
2-lepton | 4.0-107% 3.3-107% | 26 34
Combined | 7.3-1076 5.3.1077 | 4.3 49

Dataset

The fit is repeated by allowing the W H and ZH production processes to have independent
signal strengths. The results are shown in Figure 7.2. Both signal strengths are in good agree-
ment with the SM predicted value of one. The compatibility of the signal strengths of the W H
and ZH signal strengths is 84%.
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Figure 7.2 — The fitted values of the Higgs boson signal strength for my = 125 GeV for the W H
and ZH processes and their combination, in the analysis of 80 fb~! of 13 TeV pp collisions.
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The same cross-checks as in the EPS 2017 analysis, namely the dijet-mass analysis and the
diboson analysis, are performed. The dijet-mass analysis yields a signal strength of

ft=1.06+0.20(stat.) 032 (syst.), (7.2)

in good agreement with the result of the multivariate analysis. The observed excess has a
significance of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations.
Figure 7.3 shows the sum of the my distributions of all channels and regions, weighted by their
ratio between the fitted Higgs boson signal and background yields, and after subtraction of all
backgrounds except for the V' Z diboson processes. The data is in good agreement with the sum
of the fitted signal and backgrounds.
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Figure 7.3 — The distribution of my, in data after subtraction of all backgrounds except for
the WZ and ZZ diboson processes, as obtained with the dijet-mass analysis of 80 fb~! of
13 TeV pp collisions. The contributions from all lepton channels, p¥ intervals and number-of-
jets categories are summed weighted by their respective value of the ratio of fitted Higgs boson
signal and background. The expected contribution of the associated W H and ZH production
of a SM Higgs boson with mpy = 125 GeV is shown scaled by the measured combined signal
strength (u = 1.06). The size of the combined statistical and systematic uncertainty for the
fitted background is indicated by the hatched band.

The diboson analysis yields a V' Z signal strength of:
prvz = 1.2040.08(stat.) T 13 (syst.), (7.3)

in good agreement with the SM prediction. Analogously to the V H signal, fits are also performed
with separate signal strengths for the WZ and ZZ production modes, leading to the following
results

pwz = 0.90+0.17(stat.) 043 (syst.), (7.4)
pzz = 1.2640.10(stat.) 20 (syst.),
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in good agreement with the SM and with each other (the compatibility is 47%).

A combination with the result of the Run 1 V.H, H — bb search, similarly to what described
in Section 6.10 was performed, leading to the following measurement of the V.H, H — bb signal
strength:

1 =0.9840.14(stat.) T0 17 (syst.), (7.6)

in excellent agreement with SM predictions. The significance of the excess corresponding to
the signal is of 4.9 standard deviations, compared with an expectation of 5.1 standard devia-
tions. The WH and ZH, H — bb signal strenghts are in good agreement with each other (72%
compatibility) and with the SM prediction, as shown in Figure 7.4.
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Figure 7.4 — The fitted values of the Higgs boson signal strength for mp = 125 GeV for the W H
and ZH processes and their combination, using the 7 TeV, 8 TeV and 13 TeV (80 fb~!) data.

This result is further combined with those of the searches for the Standard Model Higgs
boson decays to bb with other production modes (association with a t¢ pair and in vector-boson
fusion), using both Run 1 and Run 2 data. Assuming that the ratios of the cross sections of
various production modes are as predicted by the SM, the observed (expected) significance of
the H — bb decay is 5.4 (5.5) standard deviations, yielding to the observation of this decay.
Assuming further that the production cross sections themselves are those predicted by the SM,
the signal strength for the H — bb branching ratio is determined:

fer ey = 1.01+0.12(stat.) 7015 (syst.). (7.7)

The contribution from each channel to the significance of the excess is shown in Table 7.5. The
signal strength for pg . of the three production modes is shown in Figure 7.5.

Finally, the result of the Run 2 VH, H — bb search is combined with those of the other
searches with the same dataset of V H production, based on H — vy and H — ZZ* — 4¢ decays.
Assuming SM predictions for the relative branching ratios of the three decay modes leads to
an observed (expected) significance of the excess with respect to the background of 5.3 (4.9)
standard deviations. Most of the significance comes from the bb decay (4.90), with the other
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Table 7.5 — Expected and observed significance values (in standard deviations) for the H — bb
channels fitted independently and their combination using the 7 TeV, 8 TeV and 13 TeV data.

Significance
Channel ————

Exp. Obs.
VBF 0.9 1.5
ttH 1.9 1.9
VH 5.1 4.9

Combined 5.5 5.4

T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
ATLAS H_ bb Vs=7 TeV, 8 TeV, and 13 TeV
4.7 b, 20.3 fb%, and 24.5-79.8 fb*

—Total Stat.
(Tot.) ( Stat., Syst.)

1.16 101 +0.57
VBF+ggF F—= - 1.68 J:1.12 (%00 051

056 +0.28 +0.48
ttH|  p———— 1.00 Toon  (Zoa7 s Tous
022 (4014 +0.17
VH Ko 0.98 51 (L4 016
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Figure 7.5 — The fitted values of the Higgs boson signal strength p,pp for mpyg = 125 GeV
separately for the VH, ttH and VBF analyses along with their combination, using the 7 TeV,
8 TeV and 13 TeV data. The individual pg_p values for the different production modes are
obtained from a simultaneous fit with the signal strengths for each of the processes floating inde-
pendently. The probability of compatibility of the individual signal strengths is 83%. The VBF
analysis is labelled as VBF+ggF since a significant contamination from gluon fusion production
is expected.

177



Observation of V H production and H — bb decays, and future prospects

two channels contributing an extra 1.10 (H — ZZ* — 4¢) and 1.90 (H — 7). Assuming SM
branching ratios to the three decay channels, the signal strength for uy r is measured:

pve = 1.1340.15(stat.) 70 15 (syst.). (7.8)

The signal strength for each of the three decay modes is shown in Figure 7.6. Thanks to this
result also the VH production mode is now established, as it was already the case for gluon
fusion, VBF and ttH.
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Figure 7.6 — The fitted values of the Higgs boson signal strength py g for my = 125 GeV sepa-
rately for the H — bb, H — v and H — ZZ* — 4¢ decay modes, along with their combination,
using 80 fb~! of 13 TeV data. The individual pyy values for the different decay modes are
obtained from a simultaneous fit with the signal strengths for each of the processes floating
independently. The probability of compatibility of the individual signal strengths is 96%.

7.2 Observation of H — bb decays by the CMS Collaboration

Soon after ATLAS observation of the H — bb decay documented in Ref. [100], the CMS
Collaboration released an article on the observation, with a similar amount of data, of the same
Higgs boson decay; the article was recently published in Physical Review Letters [25].

Similarly to ATLAS, the observation is obtained through the combination of the results of
searches in various production modes. The dominant contribution to the significance of the
observed excess comes from the measurement of the VH, H — bb cross section, performed with
around 80 fb~! of 13 TeV and 25 fb~! of 7 and 8 TeV pp collisions.

The VH, H — bb analysis performed by CMS is rather similar to the ATLAS one. Three
channels, based on the number (0, 1, 2) of charged leptons (electrons or muons), are considered.
For each channel, a signal region enriched in V H events is selected. Alternative selections lead
to control regions enriched in events from individual background processes. The Higgs boson
signal and background yields are determined from a simultaneous binned-likelihood fit to the
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distributions of discriminating variables in the signal and background regions. All sources of
systematic uncertainty are included in the fit as independent nuisance parameters. The analysis
procedure is validated with a diboson cross section measurement.

Simulated signal and t¢ or single-top background samples are generated with the same event
generators as ATLAS; V+jet events and diboson events (but also s-channel single top pro-
duction) are generated with MADGRAPH5 AMC@NLO (interfaced to PyTHIA 8 for parton
shower and hadronisation) instead of SHERPA or POWHEG. Diboson background events are
generated with NLO matrix elements for real emission of up to two additional partons. V+jet
events are generated with LO matrix elements for real emission of up to four additional partons.

Events are collected with missing transverse momentum (0-lepton channel), single-lepton (1-
lepton) and di-lepton (2-lepton) triggers. The offline selection requires exactly 0, 1, or 2 charged
leptons (muons or electrons) passing quality and isolation lepton requirements, and exactly two
b-tagged jets with |n| < 2.5. The b-tagging requirements use different working points: a tighter
one with misidentification rate of 0.1% for light quark and gluon jets and efficiency around 70%
for b-jets, and a looser one with a 10% misidentification rate and an efficiency around 85%.
The leptons are required to have pp > 25(30) GeV in the 1-lepton muon (electron) channel, and
pr > 20 GeV in the 2-lepton channel. In the two-lepton channel leptons are required to have
same flavour, opposite sign, and invariant mass in the range 75-105 GeV. The two b-tagged jets
are required to have pp greater than (60, 35), (25, 25), and (20, 20) GeV in the 0-, 1-, and 2-
lepton channels, respectively. The vector boson transverse momentum is required to be greater
than 170 GeV in the O-lepton channel (using the transverse momentum imbalance), 150 GeV
in the 1-lepton channel (from the transverse momentum imbalance and the lepton transverse
momentum vector), and 50 GeV in the 2-lepton channel. Two p¥ categories ( below or above
150 GeV) are defined in the latter. Background from ¢t in the 1-lepton channel is suppressed
by vetoing events with two or more extra jets with pp > 30 GeV and |n| < 2.5, and background
from QCD multi-jet production is suppressed in the 0-lepton channel by requirements on the
angular separation between the missing transverse momentum vector and its nearest jet.

The invariant mass resolution of the two jets selected to reconstruct the Higgs boson candi-
date is improved by recovering final-state radiation adding to the m;; calculation the momenta
of the jets near to either of the Higgs boson candidate jets. In the 2-lepton channel, similarly
to what is done in the ATLAS analysis, transverse momentum conservation is exploited in a
kinematic fit that requires that the pr of the dilepton and dijet systems balance each other
within the experimental uncertainty. The average resolution on m;; is 10-13%.

The discriminating variable used in the final fit is the output of a deep neural network
which uses as input several variables, among which the most discriminating ones are m;;, p¥ ,
the b-tagging score of the two jets, the number of additional jets in the event, and the angular
separation between the two jets forming the Higgs boson candidate. The neural network training
is performed separately for each channel, using simulated signal and background samples.

In the 2017 data an excess with respect to the background with an observed (expected)
significance of 3.3 (3.1) standard deviations is found, corresponding to a signal strength p =
1.08i0.26(stat.)f8:§g(syst.). The breakdown of the uncertainties on p is given in Table 7.6.

The diboson cross-check analysis leads to the observation of a significant excess with an
observed (expected) significance of 5.2 (5.0) standard deviations, with a signal strength pu =
1.054+0.22 in good agreement with the Standard Model.

The combination of these VH, H — bb results with those of the same analysis performed
on 35.9 fb™! of 13 TeV data collected in 2015 and 2016 leads to an observed (expected) signal
significance of 4.4 (4.2) standard deviations, with a signal strength g = 1.06 +0.26. A further
combination with previous results based on Run 1 data leads to an observed (expected) sig-
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Table 7.6 — Breakdown of the contributions to the uncertainties in y in the V.H, H — bb CMS
measurement based on 44 fb~! of 13 TeV pp collisions.

Source of uncertainty ou
Total fg:gg
Statistical +0.12
Floating normalisations +0.035
Systematic To-s

Experimental uncertainties

Jet energy scale and resolution  40.05

Lepton identification o2
b-tagging o0
Luminosity 40.03
Other gy
Theoretical and modelling uncertainties
Signal modeling fg:gz
Background modeling +0.08
MC statistical +0.12
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nal significance of 4.8 (4.9) standard deviations, with a signal strength = 1.01+£0.22. The
results are very similar to those obtained by the ATLAS Collaboration. A combination with
other CMS measurements of the H — bb decay in the gluon fusion, vector boson fusion, and
associated production with top quarks collected in Run 1 and/or Run 2 finally yields an ob-
served (expected) signal significance of 5.6 (5.5) standard deviations, with a signal strength
@ =1.0440.20, providing an independent observation of this decay mode of the Higgs boson.

7.3 V H simplified template cross section measurements with
H — bb decays

A cross section measurement that is more granular and has smaller theoretical uncertainties
compared to the inclusive signal strength or total cross section measurement presented in the
previous sections can be performed by doing differential studies and using of a fiducial definition
of the phase space in which the cross sections are measured. This is the goal of the simplified
template cross section (STXS) framework, described in Section 7.3.1. Section 7.3.2 describes
the measurement of simplified template V H cross sections with H — bb decays using the same
80 fb™! of 13 TeV pp collisions analysed for the observation of the H — bb decay and the
measurement of the inclusive signal strengths p described in Section 7.1 and in Ref. [24]. The
analysis is still being reviewed internally by the ATLAS Collaboration, but a publication of the
results in the near future is foreseen. I am one of the three main contributors to these studies
and editors of the ATLAS internal supporting document in which the details of the analysis are
described.

7.3.1 The Simplified Template Cross Section framework

The concept of simplified template cross sections [29] was developed in the past few years to
provide a way to perform measurements that

e are more granular than the signal strength measurements of Run 1;
o are less affected by theoretical uncertainties;

e can allow using advanced analysis techniques such as event categorization, multivariate
techniques, and so on;

e can allow the combination of results from the analysis of different Higgs boson production
modes.

To satisfy the first requirement, which has the goal of providing more information for theo-
retical interpretations, the phase space is divided in several mutually exclusive regions, in which
the cross sections are measured.

The second requirement is satisfied by having such regions pass some fiducial criteria that
reduce the theoretical uncertainties due to large extrapolations when going from the phase space
selected by the analysis criteria to the phase space in which the cross sections are measured. An
additional way in which the measurements are made more resilient against theoretical uncer-
tainties is by changing the observable of interest from the ratio between observed and predicted
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cross sections (i.e. signal strenghts), in which uncertainties on the predicted Higgs boson cross
sections and branching ratios enter in the denominator, to cross sections themselves. The cross
section and branching ratio uncertainties are thus factorised and left to the theoretical predic-
tions that enter later in the interpretation step. This makes the measurements more useful on
the long-term as they are less affected by improvements in the theory calculations, which usually
take time to be propagated properly to the experimental results, and makes it easier to compare
the results against updated (or alternative, such as BSM) theory predictions.

The third requirement is met by using a simplified selection to define the fiducial volume,
so that there is no attempt — unlike the case of “fully” fiducial differential cross section mea-
surements — to make the particle-level selection as close as possible to the reconstruction-level
one in order to minimise extrapolations and associated uncertainties. This way, one accepts to
have slightly larger theoretical uncertainties than for fiducial cross section measurements, but
reconstructed-level criteria can fully exploit event categorisations and advanced (e.g. multivari-
ate) analysis techniques to improve signal-to-background discrimination.

In order to satisfy the fourth requirement of making it possible to combine all possible Higgs
boson decay channels, the fiducial volumes are defined based only on the kinematic properties
of the Higgs boson production (such for instance as the Higgs boson transverse momentum, or
the number of jets produced in association with the Higgs boson), but not on the properties of
the Higgs boson decay products, which differ from one final state to another.

Simplified template cross section measurements are complementary to “fully” fiducial and
differential measurements but are not designed to replace these. Fully fiducial differential mea-
surements, which are optimised for maximal theory independence, are still essential for a com-
plete understanding of the Higgs boson production and decays, but they can only be performed
relatively easily in in a subset of decay channels, and do not discriminate between production
modes, thus offering limited sensitivity to the different couplings of the Higgs boson to different
particles.

The measured exclusive regions of phase space are specific to the different production modes.
Their definitions are motivated by the previous requirements, with two extra goals of maximizing
the experimental sensitivity while minimising the number of regions, and of isolating possible
BSM effects in regions which are potentially more sensitive to them, like typically regions of
high Higgs boson transverse momentum that could arise in high-pr transfer events mediated by
new massive particles. In practice, it is hard to define a set of regions that satisfies all of the
previous requirements for every final state and production mode. Moreover, future addition of
more data will make it possible to probe a larger number of smaller phase space regions. For
this reason, three stages (0, 1, 2) with an increasing number of regions have been proposed.

So-called “stage-0” regions are simply cross sections splitted by production mode, as shown
in Figure 7.7, in a fiducial Higgs boson pseudorapidity region |yz| < 2.5 mainly driven by the
ATLAS and CMS detector acceptance for most of the reconstructed particles (leptons, photons,
b-jets). VBF and VH, V — qq processes, that lead to the same final state particles, are considered
as part of the same “EW qqH” region. V H events with leptonic V' boson decays are isolated
in a separate region, which combines the three processes q¢ - WH, qq — ZH, and gg — ZH.
Recent measurements with 80 fb~! of 13 TeV ATLAS data of stage-0 simplified template cross
sections, with some merging due to lack of sensitivity of the current data to rarer decay modes
like bbH (merged with ggF), tH (merged with t¢H) and individual V H production modes, have
been obtained with H — ~+ decays [31] and H — ZZ* — 4¢ decays [35], with results in good
agreement with SM predictions.

A finer granularity is provided by the “stage-1” STXS regions. They amount to 31 regions,
splitted typically according to the number of jets produced in the event (excluding — if present
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Figure 7.7 — Stage-0 simplified template cross section regions. A fiducial Higgs boson pseudora-
pidity requirement |yg| < 2.5 is applied.

— jets from Higgs boson decay themselves) and the transverse momentum of the Higgs boson
or of the vector boson V produced in association with the Higgs boson in the case of VH
events. Refs. [31] and [35] also contain some “reduced” stage-1 STXS measurements of ggF and
VBEF regions, after merging together regions for which the data lacks sufficient sensitivity. For
VH,V —leptons, the stage-1 STXS regions are shown in Figure 7.8. First of all, the regions
are separated according to the production mode. Inside production modes, further splitting is
performed based on p¥ , smaller or larger than 150 GeV. For gg¢-initiated processes, an extra high-
p¥% bin potentially more sensitive to BSM effects is defined as p¥. > 250 GeV. The 150 — —250 GeV
qq — V H regions and the > 150 GeV gg — Z H region are split according to the presence or not
of extra jets in the event. The “(+)” symbol in the figure shows potential merging of regions
for which data is insufficient to resolve them. Given the small V H production cross section,
the only decay mode that currently provides sufficient sensitivity to resolve (at least some of)
the stage-1 STXS V H region is the H — bb one, with its large branching ratio of 58%. The
measurement of these cross sections with 80 fb~! of 13 TeV ATLAS data, using the sample of
events selected in the analysis that led to the observation of H — bb described at the beginning
of this chapter, is detailed in the next section.

7.3.2 Simplified Template Cross Section measurements with VH, H — bb

The V H simplified template cross sections have been measured using 80 fb~! of 13 TeV pp
collisions collected by ATLAS in 2015-2017. Events are selected and classified in event categories
in exactly the same way as in the analysis described in Section 7.1. A fit to the same observables
is performed, but instead of a single signal shape (BDTyy or mj;) or yield per category, multiple
shapes or yields are introduced, one for each STXS region under study.

The current data is not enough to constrain all the stage-1 V H simplified template cross
sections, and some merging has thus been performed as described later. For technical reasons, to
allow for some flexibility in the choice of the regions to be merged, to start from regions that are
closer to the experimental categories, and also to make it possible to study the sensitivity to finer
regions with more data to be collected in the future (study not presented in this manuscript),
a finer splitting has been first considered. This splitting, called maximum split in the following,
proceeds in this way:

o first, the V H (leptonic) signal is divided in five production and decay modes, gqq — Z(vv)H,
99— Z(w)H, qq— W(lv)H, qq — Z(L)H, g9 — Z(L0)H;
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Figure 7.8 — Stage-1 simplified template cross section regions for associated production of a
Higgs boson with weak gauge bosons decaying to leptonic final states. A fiducial Higgs boson
pseudorapidity requirement |yz| < 2.5 is applied.

e second, each mode is divided into a “forward Higgs” region and a “central Higgs” region
according to the Higgs boson rapidity, whether |y?| is greater or smaller than 2.5, where
this threshold basically matches the detector acceptance for signal jets from the Higgs
boson decay (due to b-tagging) and for charged leptons;

o third, the central Higgs boson regions are further split according to the vector boson trans-
verse momentum, p¥, in five smaller regions, corresponding to the intervals 0 — 75 GeV,
75— 150 GeV, 150 — 250 GeV, 250 —400 GeV, > 400 GeV;

o fourth, each of the p¥ central Higgs boson regions are split according to the number of
jets (0, 1, or at least 2) with pp > 30 GeV produced in the event in association with the
V' and Higgs bosons.

The splitting is based on particle-level quantities. Jets are clustered from true stable particles
using the anti-k; algorithm with a radius parameter R = 0.4; particles from the Higgs boson
decay are used. The maximum split has thus 80 regions. They are shown in Figure 7.9. For
simplicity, the splitting of the q¢ — ZH and gg — ZH production modes according to the Z
boson decay mode (vv or ¢¢) are not shown. This latter merging effectively corresponds to the
splitting scheme that in the following will be called “stage-1++".

The expected cross sections for each region in the maximum splitting scheme are shown in
Figure 7.10. They are obtained by computing, from simulated signal samples, the fractions
of events in each region, and multiplying such fractions by the theoretical predictions of the
inclusive cross sections (at NNLO in QCD and NLO in EW theory) compiled in Ref. [29].
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Figure 7.9 — V H simplified template cross section regions in the maximum splitting scheme.
For simplicity, the forward Higgs boson regions and the splitting of the q¢ — ZH and g9 — ZH
production modes according to the Z boson decay mode (vv or ¢/) are not shown.

10 ATLAS Simulation Internal

cross section [fb]

80

60

40

20 [

]

QQZHLNU_PTV_0_75_GE2J

GG2HNUN
GGZHNUNU_F

GazH
GG2HNUNU_F

Figure 7.10 — SM cross section in each region of the maximum splitting scheme.
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The expected cross sections for each region in the stage-1 splitting scheme are shown in
Figure 7.11.
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Figure 7.11 — SM cross section in each region of the stage-1 splitting scheme (Figure 7.8).

The measurement presented here uses a coarser splitting, which is even less granular than
that of stage-1. The previous regions are merged together into six regions in the following way.
The different ZH production and Z boson decay modes are all merged together. No splitting is
applied based on the number of extra jets is applied. This splitting is shown in Figure 7.12.

Figure 7.12 — V H simplified template cross-section regions used for the measurement presented
in this thesis.

The expected cross-sections of each region in the splitting scheme adopted in this thesis are
shown in Figure 7.13.

The event categories of the V H, H — bb analysis are sensitive to these regions in the following
way. 0- and 2-lepton categories are mostly sensitive to ZH while the 1-lepton events are mostly
sensitive to W H production. The 2-lepton 75— 150 GeV category provides sensitivity to the ZH
0< p¥ < 150 GeV region, while the 0, 1 and 2-lepton > 150 GeV categories provide sensitivity to
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Figure 7.13 — SM cross section in each region of the splitting scheme used for the measurement
presented in this thesis.

the ZH and WH 150 < p¥ < 250 GeV and p¥ > 250 GeV regions (through their different BDTyy
shapes, as it will be shown later). The only region among these six to which the data with the
current selection and categories do not provide enough sensitivity is the WH 0 < p¥ < 150 GeV
region, due to the fact that the 1-lepton selection applies a p¥ > 150 GeV requirement. In
the future, sensitivity to this region could be recovered by introducing in the analysis a 10W—p¥
(< 150 GeV) category. In the measurement presented here, the signal cross section in that region
is set equal to the Standard Model prediction with a 50% relative uncertainty. Since this region
is expected to contribute only marginally to the selected event sample, the impact on the results
is minimal.

The expected event yield in each reconstructed category due to the different regions, the
fraction of events in each reconstructed category originating from the different regions and
the acceptance for each region and reconstructed category are shown in Figure 7.14 for the
maximum-split scheme, in Figure 7.15 for the stagel-split scheme, and in Figure 7.16 for the
splitting scheme used by the final measurement. The signal regions and the W+HF control
region are shown, while the top eu control regions are not shown since the signal contribution
there is negligible.

Despite the reconstructed categories do not distinguish between events with p¥ below or
above 250 GeV, sensitivity to the two regions 150-250 GeV and > 250 GeV is provided by
the different BDTyy shape expected for events in the > 150 GeV reconstructed category that
originate from either of the two regions. This is due mainly to the fact that one of the inputs
to the BDT is indeed p¥. This is illustrated as an example in Figure 7.17 for the O-lepton and
1-lepton channel and in Figure 7.18 for the 2-lepton channel.

An important part of this work on the STXS measurement is, in addition to the implemen-
tation of the likelihood model in order to fit the data and determine the cross sections, the
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ATLAS Simulation Internal

Figure 7.14 — In the maximum splitting scheme, (a) the expected yield of signal events in each
reconstructed category, as a function of the STXS region; (b) the purity in percentage of each
STXS bin in each reconstructed category (defined as the fraction of events reconstructed in one
category that are due to a specific STXS region); (c) the acceptance (in percentage) of each
STXS region in each reconstructed category (defined as the ratio between the expected yield
shown in in (a) and the cross section shown in Figure 7.10). The STXS regions are shown along
the x axis, while the reconstructed categories are shown along the y axis. The last columns show
the sums over all regions for the same reconstructed category.
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Figure 7.15 — In the stage-1 splitting scheme, (a) the expected yield of signal events in each
reconstructed category, as a function of the STXS region; (b) the purity in percentage of each
STXS bin in each reconstructed category; (c) the acceptance (in percentage) of each STXS
region in each reconstructed category (defined as the ratio between the expected yield shown in
in (a) and the cross section shown in Figure 7.11 ). The STXS regions are shown along the x
axis, while the reconstructed categories are shown along the y axis. The last columns show the
sums over all regions for the same reconstructed category.
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Figure 7.16 — In the splitting scheme used in the measurement presented in this thesis, (a)
the expected yield of signal events in each reconstructed category, as a function of the STXS
region; (b) the purity in percentage of each STXS bin in each reconstructed category; (c) the
acceptance (in percentage) of each STXS region in each reconstructed category (defined as the
ratio between the expected yield shown in in (a) and the cross section shown in Figure 7.13).
The STXS regions are shown along the x axis, while the reconstructed categories are shown
along the y axis. The last columns show the sums over all regions for the same reconstructed
category. 190
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Figure 7.17 — BDTyy distributions for different p¥%. STXS regions in the O-lepton channel (a) 2-jet
and (b) 3-jet, and 1 lepton channel (c) 2-jet signal and (d) 3-jet signal reconstructed categories.
The distributions of the total signal and background are also shown. The BDT distributions
have been scaled to the same area in order to highlight the shape differences. As a cross-check,
the total signal shown with red lines, obtained from the sum of the shapes in the three STXS
regions (with proper normalisations), is compared to the inclusive signal shape in yellow taken
from the inclusive cross section measurement of Section 7.1.
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Figure 7.18 — BDTyy distributions for different p¥ STXS regions in the 2-lepton channel (a)
2-jet, 75 < p¥% < 150 GeV, (b) 3-jet 75 < p¥ < 150 GeV, (c) 2-jet, p¥ > 150 GeV, (d) 3-jet
p¥ > 150 GeV reconstructed categories. The distributions of the total signal and background
are also shown. The BDT distributions have been scaled to the same area in order to highlight
the shape differences. As a cross-check, the total signal shown with red lines, obtained from
the sum of the shapes in the three STXS regions (with proper normalisations), is compared
to the inclusive signal shape in yellow taken from the inclusive cross section measurement of
Section 7.1.
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estimation of the uncertainties on the signal model, which arise from the further splitting of the
phase space in the fiducial regions in which the measurement is performed. This is described to
some extent in the following. Uncertainties have been calculated for each region of the stage-
14+ splitting scheme, and then translated into uncertainties on the stage-1 regions by taking
the weighted averages of the uncertainties in the stage-1++ regions, with weights proportional
to the cross section of each region.
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7.3.2.1 QCD scale uncertainties

QCD scale uncertainties account for the impact of higher order terms in the perturbative
expansion of the cross section that have been neglected. Such uncertainties are computed by
varying the renormalisation scale pur and the factorisation scale pur independently in a range
between 0.5 and 2 times their nominal value (equal to 1 in units of some characteristic kinematic
quantity of the hard-scattering process). The six scale variations considered are:

(R, wr) < 0.5,1][1,0.5][2,1][1,2][0.5,0.5][2, 2]

The calculation of these uncertainties has been determined following the recommendations of
Refs. [123, 29]. For simplicity I illustrate first the case of a two-region splitting. Let us consider
a single boundary a/b that splits the phase space in two regions a and b. The splitting can
either be based on the vector boson p¥ or the number of extra jets, nje;. The cross sections in
the two regions defined by the splitting are o, and o3, and they are related to the total cross
section oy, by o4 = 04 +0p. Let us denote the absolute uncertainty on the expected value of
the total uncertainty o, as AZI)' The total uncertainties on o, and o, are both the sum of two
contributions:

o AY¥ and A?g: uncertainties on o, and o due to the absolute uncertainty on the total cross
section AY,: AY =AY+ AY;

o A, uncertainties on o, and o, due to the uncertainty on the fraction of events which
belong to either of the two regions of phase space. This migration uncertainty affects the
two regions in an anti-correlated way and should cancel when the regions are merged.

These uncertainties are implemented in the “workspace” containing the fit model as two inde-
pendent nuisance parameters (NP), a correlated NP 6Y affecting simultaneously and in the same
way all cross sections, and an anti-correlated NP 0,/ that affect the cross sections in opposite
ways. On the set of three quantities o4,04,0 they act in the following way:

0 {AYALAY (7.9)
Ha/b: {OvAa/b7_Aa/b} (710)

We consider now the general case of multiple regions. Each region can have more than
one boundary, and each boundary can be shared by different regions. This case is treated by
repeating the procedure described previously for any given single bin boundary a/b, with all
additional subdivisions removed. Then, given the bin boundary a/b, additional binning cuts
that further subdivide o, and o}, as 0, =) ;04 and op = Zj op; can be included. Since the
a/b boundary is interpreted as a common uncertainty source, it is considered as fully correlated
among each set of sub-regions and implemented via a single nuisance parameter 6, ,, leading to
uncertainties given by:

Qa/b :Aa/b X {{xai},{—wbj}} with me‘ = Zl'bj =1
i J

where the parameters z,; and zp; specify how the absolute uncertainty A,/ gets distributed
among the sub-regions. As an example, we consider the case in which we start from the full phase
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space and then introduce a p¥ split at 150 GeV. The migration uncertainty induced by such
p¥ cut will be fully anti-correlated between the regions 0 < p¥. < 150 GeV and p% > 150 GeV.
If the high p¥ region is further split by a 250 GeV cut in two regions 150 < p¥ < 250 GeV and
p¥ > 250 GeV, the migration uncertainty induced by the cut at 150 GeV will be fully correlated
among these two regions.

The procedure to estimate the migration uncertainties due to p¥ and nje; boundaries is
described in the next paragraphs. One common feature is that the uncertainties have been
computed in inclusive regions (p¥ >z, njet > x) and then propagated to the final regions under
study, since scale variations applied directly to exclusive fixed-order cross section predictions have
been found to underestimate the perturbative uncertainty for such cross sections sections [118].

To compute the uncertainties due to the p¥ splitting, the cross section variations induced
by the six QCD scale variations are evaluated in four (semi) inclusive p¥ regions: p¥ > 75 GeV,
p¥ > 150 GeV, p¥ > 250 GeV and p¥ > 400 GeV. They are evaluated separately for the three
production WH, qq— ZH and gg — ZH. They are estimated from the generated POWHEG NLO
V H signal samples. All the relative variations are smaller than 4% and the maximum relative
variation is approximately constant across the inclusive p¥ regions. We denote the maximum
of the six scale variations in each region p¥ > x GeV 0, ). In addition, the scale uncertainty
on the overall cross section, denoted dyyerair, is taken from the NNLO calculations of Ref. [29]:
it amounts to +0.7% for WH, +0.6% for q¢ — ZH and +25% for gg — Z H, where asymmetric
uncertainties have been symmetrised by taking the largest of the absolute values of the positive
or netative uncertainty. The final QCD scale relative uncertainties d for the inclusive p¥ regions
for the WH, qq — ZH and gg — ZH production modes are shown in Figure 7.19. The overall
cross section uncertainties are also shown in the same plots, in the first bin of each histogram.
For WH and qq — ZH the overall uncertainty is significantly smaller then the uncertainties on
the inclusive p¥ regions.

The QCD scale uncertainties in each STXS region are then computed from the uncertainties
in the inclusive p¥ regions in the following way. Absolute uncertainties are computed as

AY = Y01 X doverall (7.11)
A75 = Y[75,00] X O[75,00] (7.12)
A150 = Y[150,00] X 0[150,00] X K (7.13)
A250 = Y[250,00] X 0[250,00] X K (7.14)
A400 = Y400,00] X 9[400,00] X K (7.15)
(7.16)

where y are the cross sections in each inclusive p¥ region and K is a factor, equal to 0.5,
chosen so that there is a reasonable closure when propagating back the scale uncertainties on
the STXS regions to the inclusive p¥ regions, with respect to the uncertainties on the inclusive
regions computed before. Each A, represents the migration uncertainty due to the splitting
at pY = GeV and is implemented in the workspace as fully anti-correlated between regions
with p¥ >z GeV and p¥ < x GeV. This anti-correlation is introduced in the workspace through
correlated nuisance parameters, with positive sign for p¥ >z GeV and negative sign for p¥ <
x GeV. For example the impact of Agsg is:

—Aa250/Y[0,250) for STXS bins with Y < 250 GeV
A250/Y[250,00) for STXS bins with py. > 250 GeV
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Figure 7.19 — Maximum of the six relative QCD scale variations computed in inclusive p¥ regions,
for the three production modes (a) WH, (b) g¢ — ZH (b), and (¢) gg — ZH. The overall scale
uncertainties (p¥ >0 GeV), shown in the first bin of each histogram, are taken from the more
accurate NNLO (in QCD) calculations of Ref. [29], while the others are computed from NLO
simulations.
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where yjg 250] and y[as0,00) are the cross sections for the bins p¥ < 250 GeV and p¥ > 250 GeV
respectively. The relative QCD scale uncertainties on the STXS stage-14++ regions for the W H,
qq — ZH and gg — ZH production modes, as well as their sum in quadrature, are shown in
Figure 7.20. The QCD scale uncertainties on the stage-1 simplified template cross sections are
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Figure 7.20 — Relative QCD scale uncertainties for the stage-14++ simplified template cross
sections due to the p¥ splitting and overall uncertainty for (a) WH, (b) ¢¢ — ZH, and (c)
99 — ZH (c). Azs, Ais0, Agso and Aygp are the four migration uncertainties due to the split
in p%, while AY is the overall scale uncertainty on the cross section. The black line represents
the sum in quadrature of all the scale uncertainties. The correction factor K = 0.5 is applied to
A150, Aosp and Aygo-

computed as weighted averages of the variations in stagel+-+ bins:

Var(250,400] X Y[250,400] + Var(400,00] X Y[400,00]
Y[250,00]

Vaf[zso,oo} =

where y are the cross sections in the various regions. They are summarised in Table 7.7. Un-
certainties smaller than 0.5% are not shown in the Table and neglected in the fit.

QCD scale uncertainties due to migrations between nje; regions are also shown in the same
table and have been estimated similarly to p‘T/ uncertainties, using the inclusive nje; bins njer > 1
and nje; > 2. They have been computed independently in each p¥ exclusive region, for the stage-
14+ splitting, and then merged to obtain the stage-1 cross section uncertainties of Table 7.7.
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Table 7.7 — QCD scale uncertainties for the stage-1 binning. Var¥ are uncertainties due to
Varzss, Varisg, Varssg and Varygg are migration

the knowledge of the overall cross section.

uncertainties due to the p¥ splitting. Var! and Var? are migration uncertainties due to the Njet
splitting. Uncertainties smaller than 0.5% are not shown.

Var? | Varys | Varisg | Varasg | Varago | Var! | Var?
WH, p¥ €[0,150] GeV 0.7 | -0.52 - - - - -
WH, p¥. € [150,250] GeV, 0-jet 0.7 | 3.3 1.3 - - 4.1 | -1.7
WH, p¥ €[150,250] GeV, > 1-jet 0.7 | 33 1.3 - - 5 2
WH, p¥. € [250,00] GeV 0.7 | 3.3 1.3 1.4 - - -
99 — ZH, p¥ €[0,150] GeV 25 -14 -6.7 | -0.79 - - -
g9 — ZH, p¥. € [150,00] GeV, 0-jet 25 26 13 - - -58 | -11
99 — ZH, p¥ € [150,00] GeV, > 1-jet 25 26 13 2.1 - 26 | 5.4
qq — ZH, pY. €[0,150] GeV 0.6 - - - - - -
qq — ZH, p¥ €[150,250] GeV, O-jet 0.6 | 3.3 1.4 - - 46 | -1.9
qq — ZH, p¥ € [150,250] GeV, > 1jet | 0.6 | 3.3 1.4 - - 55 | 24
qq — ZH, p¥ €[250,00] GeV 0.6 3.3 1.4 1.4 - - -
WH qqZH
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Figure 7.21 — Relative QCD scale uncertainties for the stage-1++ simplified template cross
sections due to the nje splitting for (a) WH, (b) g¢ — ZH, and (c) g9 — ZH. Ay and A, are
the uncertainties due to the mje; > 1 and > 2 splitting. The green line is the quadrature sum
of all the uncertainties in a STXS bin: the overall uncertainties, the p¥ migration uncertainties

and the nje; uncertainties.
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The njer migration uncertainties uncertainties are null for STXS regions that are inclusive in
Njet, such as the p¥ > 250 GeV regions, while they are the largest source of QCD uncertainties
(except for gg — ZH) for the other regions.

7.3.2.2 PDF and o, uncertainties

PDF and a; uncertainties have been computed using the variations of the PDFALHC15_30_ as
set [106]. This PDF set includes a nominal set of PDFs and 30 PDF variations that correspond
to the same nominal value of as(m%) = 0.118; in addition, it contains two PDF sets obtained
for two alternative values of as(m%), as(m%) =0.1165 and as(m?%) = 0.1195.

The relative uncertainties in the STXS cross sections due to PDF uncertainties were com-

puted in each STXS region as:
__ YPDFi — YPDFO

Vari =
YPDFO0

where yppro and yppr; are the cross sections in a STXS region for the nominal PDF (PDFO0)
and for an alternative PDF (PDF1).
The relative uncertainties in the STXS cross sections due to the ag uncertainty were com-

puted as the average:

Var,.— Var, —
Var%:| ra5_0.1165‘;‘| ra5—0.1195|'

of the relative variations Var,,—o.1165 and Varg,—o.1195 of the as(mQZ) =0.1165 and ozs(mQZ) =
0.1195 samples with respect to the nominal sample produced with o (mQZ) =0.118.

The PDF and ag relative uncertainties computed for the stage-1++ STXS regions are shown
in Figure 7.22. Most of the PDF variations lead to negligible uncertainties, lower than 0.5%.
The a4 variation is represented with a dotted line and is amongst the largest variations. The
uncertainties implemented in the final fit are those for the stage-1 STXS regions, shown in
Table 7.8. Negligible variations, smaller than 0.5%, are not shown and are not implemented in
the workspace.

7.3.2.3 Parton shower and underlying event model uncertainties

Uncertainties from the parton shower and underlying event model are determined by com-
paring signal samples produced with the nominal parton shower and underlying event model of
PyTHIA 8 to those produced with an alternative model provided by HERwWIG 7. Such uncer-
tainties are still being quantified.

Table 7.8 — PDF and ag relative cross section uncertainties for the stage-1 STXS regions. Each
column corresponds to a different PDF or «, variation. Since variations smaller than 0.5% are
not shown, the columns corresponding to PDF variations that have an impact smaller than 0.5%
on all stage-1 regions are not shown.

PDF1PDF2|PDF3|PDF4PDF5/PDF6/PDF8PDF9|PDF11|PDF12|PDF14|PDF17|PDF18PDF19|PDF20|PDF22|PDF24(PDF28| o
WH, pY. € 0,150] GeV - - - 098] - - - - - - -0.75 - - - 0.72 - - - 12
WH, p¥ € [150,250] GeV, O-jet Jomt| - || - fom| - | - - Y B N B - o2
WH, p¥. € [150,250] GeV, > 1-jet e . 061 | - B o |13
WH, p¥ € [250,00] GeV 0.8 |-0.76 | - 0.56 - 0.84 - - - - - - - - 1 - - - 10.96
99— ZH, ["1 €[0,150] GeV - [-0.83| - -1.1 | 0.58 [-0.69| - - -0.64 - - 0.57 - -0.77 - - - 09 |1.2
99— ZH, pY € [150,00] GeV, 0-jet - -1 - |-13| - |-0.86| - ]-0.56|-0.78 - - 0.8 - -0.93 - 0.63 - 0.97 | 1.2
99— ZH, p% € [150,00] GeV, > 1jet | - |-098| - |-1.3| - |-082| - |-055|-075 Slom| - |09 - o056 - | o098 |12
g — ZH, pY € [0,150] GoV T - [ - fooa| - | - - | - N T 063 - N 10638 | - B T 12
aq— ZH, p¥ € [150,250] GV, Ojet | - | - | - | 12| - |o7| - | - B - Joom | - B B 1 - B - o2
aq— ZH, p¥ € [150,250] GeV, > 1jet| - | - | - | - | - | - | - | - N N . - N - | os6 | - N - 13
g — ZH, pY € [250,00] GeV 081|051 - |o57| - |osa| - | - - B : - B - oo | - B - 099
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Figure 7.22 — PDF and «, relative variations in STXS bins for (a) WH, (b) g¢g — ZH, and (c)
gg — ZH. The a4 variation is represented with a dotted line.

200



7.3 V H simplified template cross section measurements with H — bb decays

7.3.2.4 Results

The measured simplified template cross sections for the five regions under study (the sixth
one is constrained to the SM prediction as already mentioned) are shown in Figure 7.23. This is
the first attempt fo measure V H simplified template cross sections behind the inclusive stage-
0 approach. The results are in good agreement with SM predictions. Uncertainties, both
statistical and systematic ones, are fairly large; however, the POIs of this fit are “signal-strength-
like” quantities, in which the simplified template cross sections have been divided by their SM
prediction, and the uncertainty on the SM prediction itself has been folded into the measurement.
This will be fixed in the future.

The contribution to the total uncertainty on each POI from each group of correlated uncer-
tainties is summarised in Table 7.9.

Table 7.9 — Breakdown of the uncertainty on each of the five parameters of interest in the STXS

fit.

POI Central Value POI Central Value
piw (150 — 250) 0.849505 fow (> 250) 1.25171
Set of nuisance Impact on error Set of nuisance Impact on error
parameters parameters
Total +1.054 /-1.038 | +£1.046 Total +0.774 / -0.716 | +0.745
DataStat +0.682 / -0.678 | +0.680 DataStat +0.647 / -0.608 | £0.627
FullSyst +0.803 / -0.785 | +0.794 FullSyst +0.425 / -0.379 | £0.402
Floating normalizations +0.150 / -0.161 | +0.156 Floating normalizations +0.124 / -0.100 | £0.112
Multi Jet +0.047 / -0.049 | +0.048 Multi Jet +0.014 / -0.015 | +0.014
Modelling: single top +0.216 / -0.215 | +0.216 Modelling: single top +0.081 / -0.078 | +£0.079
Modelling: ttbar +0.119 / -0.125 | +0.122 Modelling: ttbar +0.094 / -0.085 | +0.089
Modelling: W+jets +0.177 / -0.181 | £0.179 Modelling: W+jets +0.189 / -0.198 | +0.194
Modelling: Z+jets +0.101 / -0.111 | +0.106 Modelling: Z+jets +0.036 / -0.023 | +0.030
Modelling: Diboson +0.168 / -0.174 | +£0.171 Modelling: Diboson +0.046 / -0.043 | +0.045
Modelling: VH +0.175 / -0.018 | +0.096 Modelling: VH +0.182 / -0.055 | +0.118
Detector: lepton +0.015 / -0.017 | +0.016 Detector: lepton +0.011 / -0.008 | +0.009
Detector: MET +0.023 / -0.027 | £0.025 Detector: MET +0.016 / -0.010 | +0.013
Detector: JET +0.148 / -0.078 | +0.113 Detector: JET +0.064 / -0.031 | £0.047
Detector: FTAG (b-jet) +0.108 / -0.138 | +0.123 Detector: FTAG (b-jet) +0.131 / -0.073 | £0.102
Detector: FTAG (c-jet) +0.253 / -0.231 | +0.242 Detector: FTAG (c-jet) +0.029 / -0.029 | +0.029
Detector: FTAG (1-jet) +0.120 / -0.119 | £0.120 | | Detector: FTAG (l-jet) +0.024 / -0.023 | +0.024
Detector: FTAG (extrap) | +0.020 / -0.020 | £0.020 Detector: FTAG (extrap) | +0.024 / -0.024 | £0.024
Detector: PU +0.001 / -0.027 | £0.014 Detector: PU +0.021 / -0.005 | +0.013
Lumi +0.039 / -0.004 | +0.022 Lumi +0.034 / -0.006 | £0.020
MC stat +0.403 / -0.420 | +0.411 MC stat +0.268 / -0.282 | +0.275
PO Central Value POI Central Value POI Central Value
41281 (0— 150) 1.5922 41711 (150 — 250) 0.729573 Jizn (> 250) 1.74343
Set of nuisance Impact on error Set of nuisance Impact on error Set of nuisance Impact on error
parameters parameters parameters
Total +1.150 / -0.903 | £1.027 Total +0.698 / -0.662 | +0.680 Total +0.871 / -0.800 | +£0.836
DataStat +0.647 / -0.634 | +£0.641 DataStat +0.546 / -0.544 | +£0.545 DataStat +0.781 / -0.742 | +£0.761
FullSyst +0.951 / -0.644 | £0.797 FullSyst +0.435 / -0.379 | +0.407 FullSyst +0.387 / -0.300 | +£0.343
Floating normalizations +0.250 / -0.238 | +0.244 Floating normalizations +0.105 / -0.145 | £0.125 Floating normalizations +0.094 / -0.045 | +£0.069
Multi Jet +0.025 / -0.025 | £0.025 Multi Jet +0.010 / -0.011 | £0.010 Multi Jet +0.006 / -0.005 | +0.005
Modelling: single top +0.038 / -0.051 | £0.045 Modelling: single top +0.035 / -0.039 | +0.037 Modelling: single top +0.019 / -0.007 | +£0.013
Modelling: ttbar +0.160 / -0.194 | £0.177 Modelling: ttbar +0.091 / -0.112 | £0.101 Modelling: ttbar +0.041 / -0.030 | +0.036
Modelling: Wjets +0.045 / -0.047 | £0.046 Modelling: Wjets +0.064 / -0.068 | +0.066 Modelling: W+jets +0.051 / -0.049 | +0.050
Modelling: Z+jets +0.274 / -0.215 | £0.245 Modelling: Z+jets +0.183 / -0.184 | £0.183 Modelling: Z+jets +0.060 / -0.041 | £0.051
Modelling: Diboson +0.142 / -0.113 | +0.128 Modelling: Diboson +0.126 / -0.125 | £0.125 Modelling: Diboson +0.054 / -0.044 | +£0.049
Modelling: VH +0.749 / -0.248 | £0.499 Modelling: VH +0.210 / -0.098 | £0.154 Modelling: VH +0.259 / -0.156 | +0.208
Detector: lepton -+0.069 / -0.051 | +0.060 Detector: lepton +0.024 / -0.023 | £0.024 Detector: lepton +0.031 / -0.028 | +0.029
Detector: MET +0.254 / -0.256 | £0.255 Detector: MET +0.043 / -0.047 | £0.045 Detector: MET +0.036 / -0.033 | £0.035
Detector: JET +0.204 / -0.165 | +0.184 Detector: JET +0.082 / -0.070 | +0.076 Detector: JET +0.072 / -0.047 | £0.059
Detector: FTAG (b-jet) +0.115 / -0.197 | £0.156 Detector: FTAG (b-jet) +0.123 / -0.159 | £0.141 Detector: FTAG (b-jet) +0.130 / -0.062 | +0.096
Detector: FTAG (c-jet) -+0.011 / -0.025 | +0.018 Detector: FTAG (c-jet) +0.015 / -0.006 | +0.011 Detector: FTAG (c-jet) +0.042 / -0.027 | +£0.034
Detector: FTAG (l-jet) +0.081 / -0.071 | £0.076 Detector: FTAG (l-jet) +0.023 / -0.021 | £0.022 Detector: FTAG (l-jet) +0.002 / -0.004 | £0.003
Detector: FTAG (extrap) | 4+0.006 /-0.002 | +0.004 Detector: FTAG (extrap) | 4+0.003 / -0.004 | +0.004 Detector: FTAG (extrap) | +0.006 / -0.005 | £0.005
Detector: PU +0.046 / -0.046 | £0.046 Detector: PU +0.003 / -0.005 | £0.004 Detector: PU +0.020 / -0.009 | £0.015
Lumi +0.057 / -0.017 | £0.037 Lumi +0.027 / -0.003 | £0.015 Lumi +0.046 / -0.015 | +0.030
MC stat +0.457 / -0.318 | +0.388 MC stat +0.198 / -0.201 | £0.199 MC stat, +0.223 / -0.219 | £0.221
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ATLAS Internal VH, H(bb) Vs=13 TeV, 79.8 fb™

—Total Stat.

(Tot.) ( Stat., Syst.)
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Best fit p° for m =125 GeV

Figure 7.23 — Measured V H simplified template cross sections normalised by their SM predic-
tions.
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7.4 Prospects for the VH, H — bb measurement at the HL-LHC

The LHC Run 3 will allow ATLAS and CMS to collect about 300 fb~! of pp collisions with a
maximum center-of-mass energy of 14 TeV by the end of 2023. After the end of the LHC Run 3,
A high-luminosity (HL) phase (also called Phase-II) of the LHC [124] is planned to take place.

The HL-LHC will exploit an improved LHC injector complex and better collimation and
focusing quadrupoles to deliver a (constant, levelled) peak luminosity of 5 —7.5 x 103 cm =2 571,
leading to an integrated luminosity of 250-350 fb~! per year at /s =14 TeV, with the goal of
3000-4000 fb~'in about a dozen years after the upgrade. While work on the injector complex
has already started and should be completed in the long shutdown (LS2, 2019-2020) between
Run 2 and Run 3, installation of the new focusing magnets and other LHC upgrades will take
place in the long shutdown (LS3, 2024-2025) after Run 3. The larger instantaneous luminosity
will pose challenges to the ATLAS detector, in terms of radiation hardness and of occupancy in
the detectors. Event reconstruction will have to deal with an average number of 140-200 pile-up
interactions per bunch crossing. For these reasons, parallel to the LHC upgrade work, also the
ATLAS detector will undergo important upgrade activities (in particular, with a completely new
charged particle tracker) with the new hardware being installed in LS3, in order to be ready for
commissioning at the beginning of 2026 and then for high-intensity collision data-taking later
on.

A study of the physics case of the HL-LHC upgrade with an updated ATLAS detector was
performed for the 2012 update of the European Strategy for Particle Physics [125] and in the
ATLAS Phase-II upgrade Letter of Intent [126]. One of the main opportunities provided by the
very large data set produced by the HL-LHC is the precise measurement of the Higgs boson
properties. If the Higgs boson discovered in 2012, and whose mass is known to better than 2 per
mille accuracy, is that of the Standard Model, then its properties are predicted very precisely.
On the other hand, experimentally, the results obtained until today (which are all in agreement
with the predictions) are affected by uncertainties of at least 12-14% and often larger. Precise
measurements in the Higgs sector are therefore a high priority in the future programme of
particle physics.

A comprehensive study of the prospects for measuring Higgs boson production cross sections
times branching ratios, and couplings to individual fermions and bosons, was presented by
the ATLAS Collaboration at the ECFA HL-LHC workshop in 2014 [127]. In particular, the
study included a study of the expected sensitivity to V.H, H — bb with 3000 fb~! of 14 TeV pp
collisions with an assumed number of pile-up events per bunch crossing of 140. The analysis used
particle-level simulations, corrected with parametrisations of the response (efficiency, resolution)
of the upgraded ATLAS detector to final state particles as determined from studies of ATLAS
full simulation events samples. The projected p (signal strength) uncertainties are shown in
Figure 7.24.

The VH, H — bb prospect studies were performed based on an analysis strategy similar
to the one performed in Run 1, through a fit to the my, distribution, using only the 1 and
2-lepton channels. Systematic uncertainties were projected based on Run 1 experience, with
extrapolations accounting for recent improvements in analysis techniques and in calibrations.
Two scenarios were considered, with (i) 10% jet energy scale uncertainties and (ii) 5% jet energy
scale uncertainties. Projections were provided with current theoretical uncertainties and without
theoretical uncertainties, to show the ultimate experimental sensitivity in case of import progress
on the theory side that would render the measurements basically unaffected by uncertainties in
the calculations. The results are shown in Figure 7.25.
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ATLAS Simulation Preliminary
/s = 14 TeV: [Ldt=300 fb™ ; [Ldt=3000 fb™*
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Figure 7.24 — Relative uncertainty on the signal strength p for various Higgs boson final states,
assuming a SM Higgs boson with a mass of 125 GeV expected with 300 fb~! (green) or 3000 fb~?
(blue) of 14 TeV HL-LHC data, according to studies performed in 2014. The hashed areas indi-
cate the increase of the estimated error due to systematic uncertainties on theory calculations
available when the study was performed. The abbreviation “(comb.)” indicates that the preci-
sion on p is obtained from the combination of the measurements from the different experimental
sub-categories for the same final state, while “(incl.)” indicates that the measurement from the
inclusive analysis was used.
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| One-lepton | Two-lepton | One+Two-lepton
Stat-only Significance 15.4 11.3 19.1
[Istats €ITOT +0.07 - 0.06 | +0.09 —0.09 +0.05 - 0.05
Theory-only  firheory error | +0.09 —0.07 [ +0.07 = 0.08 |  +0.07 — 007
Significance 2.7 8.4 8.8
Scenario | flw/Theory error | +0.37 —0.36 | +0.15 —0.15 +0.14 - 0.14
fiwo/Theory €rTor | +0.36 —0.36 | +0.14 —0.12 | +0.12 —0.12

Significance 4.7 - 9.6
Scenario I fiy/Theory error | +0.23 —0.22 - +0.13 - 0.13
Pwo/Theory erTor | +0.21 —0.21 - +0.11 —0.11

Figure 7.25 — Expected signal sensitivity as well as the precision on the signal strength mea-
surement for VH, H — bb with myg = 125 GeV for the one-lepton, two-lepton and combined
searches with 3000 fb~! with ()pu = 140 after including the perspective of a more performant
analysis.

The next update of the European Strategy for Particle Physics will take place in 2019, with
the goal of reaching a decision endorsed by the CERN Council in May 2020. For this reason, the
ATLAS and CMS Collaborations are re-evaluating their projections for the HL-LHC sensitivity
of various physics measurements and searches in order to provide updated inputs based on the
latest advances in such analyses (building on the experience gained with Run 2 data) as well as
the latest developments in detector R&Ds towards the Phase-II upgrade. A public document
(“yellow report”) is being prepared by ATLAS, with a full chapter dedicated to SM Higgs boson
couplings measurements. It is in this context that I worked on HL-LHC extrapolation studies
of the VH, H — bb sensitivity based on the experience gained with the Run 2 analysis that led
to the H — bb observation. The study was performed in the following way.

As in the Run 2 analysis, the V. H, H — bb signal cross sections are determined through fits
to a discriminant variable, which is in the signal regions a boosted decision tree, called BDTyy,
that uses as input several kinematic quantities characterising the selected events; in the control
regions, the discriminating variables are either the dijet invariant mass my, or the event yield.
The same BDTyy or my, distributions as used in the fit to the 13 TeV data are used, but their
normalisations (and the yields used to fit some control regions) are increased to account for the
larger integrated luminosity (3000 fb~! instead of 79.8) and production cross sections due to the
higher pp center-of-mass energy (y/s = 14 TeV instead of 13 TeV). Using the most up-to-date
calculations, the W H, qq — ZH and gg — ZH cross sections were rescaled by factors of 1.102,
1.105, and 1.176 respectively, while the background was rescaled by an average factor of 1.1.

The extrapolation assumes that object reconstruction efficiencies, resolutions and fake rates
are similar between Run 2 and the high-luminosity phase. This assumes that the ATLAS
upgraded detectors at the HL-LHC, with their improved intrinsic performance, will be able to
provide similar performance to the current ATLAS detector in events with much larger pile-
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up. Such assumptions are motivated by the guiding lines that have permeated all R&D studies
on the ATLAS upgrade and on simulations of the proposed upgraded detectors that seem to
indicate that such target can be achieved.

Two different scenarios for the extrapolation of the experimental and modelling systematic
uncertainties have been considered. The first scenario, denoted S1, assumes the same values
of the uncertainties as those used in the Run 2 analysis. In the second scenario, denoted S2,
a reduction is assumed of the systematic uncertainties, both of experimental and theoretical
origin. The reduction factors have been discussed and agreed upon between ATLAS, CMS and
the theory community, based on guesses of how large the improvements might be in 20 years
on both the theory side and when exploiting the full potential of the HL-LHC data to constrain
backgrounds and determine with data control samples the detector performance, thus relying
as little as possible on simulations. This made it possible for ATLAS and CMS to define a
common, consistent strategy for the HL/HE-LHC CERN Yellow Report to be submitted at
the end 2018. Theory uncertainties, except for the already small uncertainty on the H — bb
branching ratio, have been scaled down by a factor two. Several experimental uncertainties have
also been reduced (typically by factors between 2 and 3) or neglected, as shown in Table 7.10.
Systematic uncertainties due to limited MC statistic are removed, in the assumption that most
of the inputs of the analysis will be constrained by making use of large enough data control
samples.

Two type of fits are performed: a fit in which there is a single parameter of interest (POI),
the inclusive signal strength vy,
_ o(VH)-BR(H — bb)
W= GSM(VH). BRSM(H — bb)

, and a fit in which there are three POIs, the signal strengths pgqwh, fqqzn and pgezn of
the three signal production processes, q¢ - WH, qq — ZH and gg — ZH. In both fits the
denominator in the signal strength includes theoretical uncertainties on the predictions. Fits
are also performed in which the POI is the product of the cross section times H — bb branching
ratio, removing theoretical uncertainties on o°™ (VH)- BRSM (H — bb). The resuls of such fits
are more representative of the experimental sensitivity to the V.H, H — bb cross section, and
are easier to compare to SM predictions in case for instance of improved future calculations.
The inputs to the fits are the yields, my, or BDTy g distributions from the simulations used in
the Run 2 analysis, scaled by the data/MC scaling factors observed in the fit to Run 2 data and
further multiplied by the cross-section and luminosity ratios.

In the 1-POI fit to determine the inclusive signal strength pyvy (with H — bb), the expected
scenario S1 result is:
pvi = 1.00070033 (stat.) 1007 (syst.),

while with the improved uncertainties of scenario S2, the expected result is:
pve = 1.00070035 (stat.) £:.057 (syst.)

where the first uncertainty is the statistical one and the second is the systematic one. The
measurement is limited by the systematic uncertainties, and in particular those related to the
modeling of the V H signal, and thus treatly benefit from the reduced systematic uncertainties
of scenario S2. Figure 7.26 shows the ranking of top 15 most important systematic uncertainties
for scenario S2.
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Table 7.10 — Scale factors applied to reduce the prior systematic uncertainties for the HL-LHC
VH, H— bb from scenario S1 to scenario S2 projections. The electron and muon related sys-
tematic uncertainties are not reduced since they have negligible impacts on the y measurement.
The systematic uncertainties denoted with “removed” are considered not to be applicable to the
HL-LHC analyisis and they are not included in the fit. The systematic uncertainties denoted

with “-” are kept the same as in the Run 2 analysis.
Nuisance parameter ‘ Scenario 1 Scenario 2
MC statistics removed removed
Luminosity - 2% reduced to 1%
JET_ EffectiveNP_ 2 - 0.5
JET Etalntercalibration * - removed
JET_Pileup_* - removed
JET _PunchThrough_* - removed
JET SingleParticle  HighPt - removed
JET_JER_SINGLE_NP - 0.5
TAU_SME_TES_INSITU - 0.6
FT_EFF_Eigen B_[1-3] - 1/3
FT_EFF_Eigen_ C_[1-3] - 1/3
FT_EFF_Eigen L_[1-5] - 0.5
Shape syst. of Stopt & StopWt - 0.5
Shape syst. of ttbar - 0.5
Shape syst. of VV from ME - removed
Shape syst. of W+jets - 0.5
Shape syst. of Z+jets - 0.5
Shape syst. of Multijet (MJ) - 0.5
Shape syst. of VH signal from QCDscale - 0.5
Shape syst. of VH signal from PDF - 0.5
Shape syst. of VH signal from UEPS - 0.5
Shape syst. of VH signal from NLOEWK - 0.5
Theory of backgrounds - 0.5
Theory acceptance of signal from QCD scale - 0.5
Theory acceptance of signal from PDF - 0.5
Theory acceptance of signal from UEPS P8-H7 diff. dropped | P8-H7 diff. dropped
Theory XS of qqV H from QCD scale - 0.5
Theory XS of ggZH from QCD scale - 27% reduced to 15%
Theory XS of signal from PDF - 0.5

The three-POI fit to determine the WH, qq — ZH, and g9 — ZH signal strenghts yields

PUWH = 1.000’:8:831(stat.)fgjggg(ea:p.)

0.089 0.056
figqzir = 1.000 5 0ge (stat.) Tgo20 (ex

0.307 0.228
figgzn = 1.00070:5307 (stat.) g3 (e
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Figure 7.26 — Ranking of the 15 most important systematic uncertainties according to their
post-fit impact on the V. H — bb signal strength at scenario S2 of the HL-LHC extrapolation
assumption.

0.041 0.026 0.051( . 1+0.072 0.005 -

pown = 1.000Zg701 (stat.) T.034 (ewp.) T.014 (sig.) Zo:060 (0kg) o010 (lumi),
0.089 0.057 0.035( ;  \+0.048 0.008 ;

paqzi = 1.00070 055 (stat.) Ty o35 (exp.) To 030 (s19-) To045 (bkg) To-06 (lumi),

0.307 0.192 0.250( . \40.182 0.026 ,
pggzir = 1.0005 0307 (stat.) T 105 (exp.) T 174 (sig.) Fo 151 (bkg) To:008 (lumi),
as shown in Figure 7.27.

The ranking of the top 15 most important systematic uncertainties on the signal strengths
for the three production mode qq — WH, qq — ZH, g9 — ZH in scenario S2 in the 3-POI fit,
is shown in Figure 7.28.

Finally, the three cross sections for WH, q¢ — ZH and gg — ZH production times the
H — bb branching ratio are determined from a 3-POI fit similar to the one discussed in the
previous section, but in which the signal distribution (for each of the three production modes) is
expressed as the product of its production cross section times branching ratio to be measured,
and the acceptance times efficiency from the simulation. Theoretical uncertainties related to the
signal thus affect only the acceptance times efficiency prediction.

The measured product of the cross-section times the H — bb branching ratio for each signal,
are the following, where the uncertainties outside (inside) the parentheses correspond to scenario
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o T o T o T o T
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Figure 7.27 — The fitted values of the Higgs boson signal strength parameter p for the WH,
qq — ZH and gg — Z H processes and their combination expected with 3000 fb~! of pp collisions
at the HL-LHC in the (a) scenario S1 and (b) scenario S2 extrapolations. The individual p
values for the three processes are obtained from a simultaneous fit in which the signal strength
parameter for each of the WH, qq — ZH and gg — ZH processes are floating independently.
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Figure 7.28 — Ranking of the 15 most important systematic uncertainties according to their
post-fit impact on the (a) WH, H — bb, (b) q¢ — ZH, H — bb, (c) g9 — ZH, H — bb signal

(c)

strengths in scenario S2 of the HL-LHC extrapolation.
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7.4 Prospects for the VH, H — bb measurement at the HL-LHC

(a9 — ZH) x B(H — ) = 0.084 *§E8 653
0.026 (+0.026
=0.084 +0 026 +0 026

(Zo.036) Pb
(Co026)
+0.018( 0. 016)
(Zo007)
(Co015)

stat)

+
—0.0181-0.016
+

+0.015 (+0.008
—0.013\—-0.007

(

(exp)

(sig)
To01s(F0013) (bkg)
0003 (10001 ) (lumi) pb

(7.19)

These numbers are translated in relative precision in Table 7.11.

Table 7.11 — Expected results for WH, q¢ — ZH and gg — ZH production times the H — bb
branching ratio with 79.8fb~% of Run 2 data and at the HL-LHC. Uncertainties are reported
relative to the SM cross section at the corresponding center-of-mass energy. Two scenarios have
been considered for the uncertainties in the HL-LHC extrapolation. The last column shows the
theory uncertainty when fitting production mode signal strengths instead of cross sections.

: Atot Astat Aexp Apkg Asig .

Prod. mode | Scenario ‘ oy ‘ oy ot oy oy Alltheo sig
—1 1+0.462 | +0.272  +0.157 +0.224  +0.176 +0.180
WH Run 2, 79.8fb —0.425 | —0.265 —0.127 —0.213 —0.075 —0.077
: +0.149 | +0.041 +0.040 +0.108  -+0.090 +0.090
HL-LHC w. Scenario S1 | Ty'y58 | Zo'041 0036 —0.101 —0.072 —0.076

: 4+0.104 | +0.041 +0.027 +0.072  +0.048 +0.051
HL-LHC w. Scenario 52 | T5701 | Zo'041 0027  —0070 —0.042 —0.044

-1 +0.667 | +0.578 +0.129 +0.143  +0.175 +0.180
99— ZH Run 2, 79.8tb —0.629 | —0.562 —0.101 —0.126 —0.105 —0.105

: 4+0.138 | +0.089 +0.057 +0.053  -+0.059 +0.064
HL-LHC w. Scenario S1 | 155 | Zoloss 0082  —0.047 —0.051 —0.057

. +0.121 | +0.089  +0.057 +0.048  +0.027 +0.035
HL-LHC w. Scenario 52 | 75173 | Tol0s8 0.5 0046 0,027 —0.030

1 +2.629 | +2.105 +0.606 +1.012 +0.658 +1.269
99— ZH Run2, 79.8tb —2.608 | —2.105 —0.677 —1.037 —0.454 —0.645

. +0.498 | +0.307 +0.212 +0.208 -+0.182 +0.503
HL-LHC w. Scenario S1 | Touss | 20307 0215 —0210 —0.154 —0.199

. +0.431 | +0.307 +0.185 +0.174  +0.090 +0.250
HL-LHC w. Scenario S2 | T35 | Zo307 0190 —0.182 —0.081 —0.114

Higgs boson production in association with a vector boson followed by a decay to bb is thus
expected to be measured with 10-12% accuracy at the HL-LHC in scenario S2 for ¢q production,
and about 40% accuracy for gg — ZH production. This should lead to a measurement of the
Higgs boson coupling to the bottom quark with few % relative uncertainty. In addition, the
large data sample available should allow much more differential measurements, including most
likely a full determination of the stage-1 simplified template V H cross sections, going possibly
to even more granular phase space regions. The projection of the sensitivity of the VH, H — bb
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Observation of V H production and H — bb decays, and future prospects

analysis to the stage-1 VH STXS with the HL-LHC dataset would provide valuable additional
information for these perspective studies, but is beyond the scope of this thesis manuscript.
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Chapter 8

Conclusion

In this manuscript I have presented two measurements, performed using data collected by
the ATLAS experiment at the LHC: the measurement of the b-jet identification (“tagging”)
efficiency [22], and the measurement of the cross section times branching ratio of a Higgs boson
produced in association with a vector boson V = W, Z and decaying to b-quark pairs, VH,
H — bb [23, 24].

The b-tagging efficiency of a multivariate identification algorithm widely used in ATLAS
(MV2c10) has been measured in data for several “working points” and different jet clustering
algorithms exploited in different ATLAS analyses. The measurement is using a control sample
enriched in b-jets produced in I events, selected in the 36 fb~! of pp collisions collected at
a center-of-mass energy /s = 13 TeV by the ATLAS detector. To suppress backgrounds, a
final state consistent with tf — e*vuTubb is selected. A boosted decision tree (BDT), based
only on kinematic and topological event variables, is used to select events in which the two
selected jets are from b quarks, reducing the contamination from events in which only one b-jet
is reconstructed in the detector acceptance.

The b-tagging efficiencies have been measured as a function of the jet transverse momentum
(p1), pseudorapidity (n), and of the average number of pile-up collisions (u). The efficiencies
measured in data have been compared to those predicted from the simulation, and simulation-to-
data efficiency scale factors have been determined, that can then be used to correct the simulation
of physics processes with identified b-jets in the final state. No significant dependence of the scale
factors on the jet pseudorapidity and on the average number of interaction per bunch-crossing
was observed, with maximum variation of 1% over the range 1 < < 50 and of 5% for |n| varying
between 0 and 2.5.

The efficiency scale factors are close to unity, with total uncertainty ranging between 2% and
12%; the uncertainty is dominated by the limited number of selected jets at the low and high-pr
ends of the spectra, while it is dominated by systematic uncertainties in the intermediated pr
range, relevant for the H — bb searches. The leading source of systematic uncertainty is the
modelling of the flavour of the jets in ¢t events, and the use of a BDT to increase the b-jet purity
of the control sample has significantly reduced such uncertainty. In the future, with the data
collected in 2017 and 2018, which will correspond to about 115 fb™! of pp collisions at 13 TeV,
it will be possible to increase the number of jet probes, in order to improve the measurement at
low and high pr, and to tighten the selection criteria in the intermediate pt range to select a
control sample even purer in b-jets and thus less affected by systematic uncertainties than the
current one.

The measurement of the V H production cross section times H — bb branching ratio has been
performed twice, first using 36 fb~! of 13 TeV pp collisions collected in 2015 and 2016, and later
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Conclusion

adding 44 fb~! of 13 TeV pp collisions collected in 2017. The results, published respectively in
2017 and 2018, provide a strong evidence of such process, with excesses of events with respect
to the Standard Model (SM) background expectations that have observed significances of 3.5
standard deviations and of 4.9 standard deviations, respectively. The signal strength, defined
as the ratio between the measured cross section times branching ratio and the SM prediction,
is measured with the 2015-2017 dataset to be ul?,, = 1.16702 = 1.16+£0.16 (stat.)fgfé (syst.),
in good agreement with the SM prediction of 1. The uncertainty is dominated by signal and
background modelling uncertainties, that need to be improved in the future by exploiting larger
data samples to constrain directly the shape of the background, and through improved theory
predictions for the signal. The leading source of experimental uncertainty (6%) is the b-tagging
efficiency uncertainty for b-jets, which makes it important to work on further improving the
determination of the b-tagging efficiency in the future.

A combination of the results of the VH, H — bb results based on 80 fb~! of 13 TeV collisions
with the results of the same analysis performed on data collected at lower (7 and 8 TeV) center-
of-mass energies in 2011 and 2012 and with those of searches for H — bb decays in other Higgs
boson production modes (vector-boson fusion, associated production with a top-quark pair) have
led to the observation of the H — bb decay with a significance of 5.4 standard deviations, and a
signal strength p®* =1.0140.20 = 1.014+0.12 (stat.)fgjig (syst.). This establishes unequivocally
the coupling of the Higgs boson to down-type quarks and the decay of the Higgs boson to the bb
final state which, in the Standard Model, is predicted to be the preferred one, with a branching
ratio of about 58%. The measured branching ratio — determined assuming SM cross sections for
the different production modes — is in agreement with the SM prediction within a 20% relative
uncertainty.

A combination of the results of the V.H, H — bb results based on 80 fb~! of 13 TeV collisions
with the results of searches for the same production mode on the same amount of data in the
diphoton and ZZ* — 44 Higgs boson final states has led to the observation of V H production
with a significance of 5.3 standard deviations, and a signal strength p" = 1.13Jj8:§§ =1.13+
0.15 (stat.)f%}? (syst.) in good agreement with the SM.

These results, together with those by the CMS Collaboration and the results of other searches
in different production modes and final states, confirm the validity of the Standard Model
predictions in the Higgs boson sector: all main Higgs boson production modes at the LHC (gluon
fusion, vector-boson fusion, VH and ttH associated productions), as well as several decays to
either bosons (yy, ZZ*, WW) or fermions (bb, 77), are now firmly established and agree with
the predictions for a Higgs boson with a mass (as measured with vy and ZZ* — 4¢ decays) of
125.09 GeV. For the future, improved measurements of these decays are needed to further stress
the SM prediction, as well as measurements of the branching ratios of rarer decay modes like
Z~ and — particularly interesting as it would probe the couplings to second-generation fermions
= ~ ~

Now that V H production and H — bb decays are observed, the VH, H — bb analysis has
to be improved and refined in order to do more fiducial measurements, that are less affected by
theory uncertainties, and more granular ones, in order to exploit the increasingly larger samples
to separately measure the cross sections of the different VH processes (¢qq - WH, qq — ZH,
g9 — ZH) and to probe phase space regions that are more sensitive to physics beyond the
Standard Model, such as production of V' and Higgs bosons at high-pr. This is the goal of the
“simplified template cross section” measurement that I have performed with 80 fb~! of 13 TeV pp
collisions. The results are the first attempt to measure V H “simplified template” cross sections
beyond the so-called “stage-0” approach in which the inclusive cross section in a fiducial Higgs
boson pseudorapidity region |y | < 2.5 is measured. To obtain these results, and compare them
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to SM predictions, theory uncertainties had to be computed for the first time, implementing the
recommendations of the theoretical community taking part to the LHC cross section working
group. The results indicate that the data are still not enough to perform measurements with
relative uncertainties significantly smaller than 100%, as soon as one starts to divide the phase
space in a non trivial number of bins. However, the results could still be used to infer limits
on new physics scenarios in an effective field theory (EFT) approach; this study is ongoing, but
it is expected that these results can constrain the coefficients of dimension-6 operators of the
EFT lagrangian corresponding to anomalous HWW and HZZ couplings more than current
measurements with H — ZZ or H - WW decays can.

Finally, the high-luminosity (HL) phase of the LHC, which will start in 2026, will allow
collecting 3000 fb~! of 14 TeV pp collisions. This sample, almost 40 times larger than the
one used for the observation of the H — bb decay presented in this thesis, will definitely allow
for much more precise measurements of the Hbb coupling as well as of simplified template
cross sections. Some seminal studies presented in this thesis, performed in the context of the
update of the European particle physics strategy that will take place in 2019, use the results
of the current measurement and reasonable guesstimates of the performance of the upgraded
ATLAS detector at the HL-LHC to extrapolate the sensitivity to the WH and (qq, gg —)
ZH cross sections. Measurements of the VH production cross sections times the branching
ratio of H — bb with 10-12% accuracy can be performed (for the gg-initiated processes) with an
analysis similar to the current one; further refinements of the analysis to exploit the larger sample
and introduce more event categories with better signal-to-background ratio or less affected by
systematic uncertainties could further improve the precision of such measurements. Simplified
template cross sections with a finer granularity and better accuracy than those presented in this
manuscript will also be measured (though the expected sensitivity at the HL-LHC to such cross
sections has not been estimated in this manuscript), significantly extending the constraining
power and the sensitivity to new physics of the V (— leptons) 4+ H(— bb) final state.
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